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Abstract 

Arman Aghahosseini 

Analyses and comparison of energy systems and scenarios for carbon neutrality – 

Focus on the Americas, the MENA region, and the role of geo-technologies 

Lappeenranta 2023 

Acta Universitatis Lappeenrantaensis 1071 

Diss. Lappeenranta-Lahti University of Technology LUT 

ISBN 978-952-335-924-6, ISBN 978-952-335-925-3 (PDF), ISSN 1456-4491 (Print), 

ISSN 2814-5518 (Online) 

Energy systems underpin the economic growth of nations but are contributing to 

worsening climate change in the current state dominated by fossil fuels. Transitioning to 

a fossil-free renewables-based energy system is essential to decrease the impact of climate 

change across the world, which is compatible with the Paris Agreement and the UN 

SDGs. However, it is crucial to consider appropriate investments in renewable energy 

(RE) prior to and in line with the phasing-out of fossil fuels for an orderly transition 

worldwide. If these actions are delayed, the respective consequences on climate and 

ecosystems become increasingly hard to overcome. Current global events reflect the 

delicate nature of the global energy system that is based on fossil fuels with regard to 

increasing costs and insecurity of the energy system.  

This dissertation aims to analyse the energy transition based on 100% RE through energy 

system modelling under various system configurations, constraints, and scenarios within 

the context of two major regions in the world, the Americas and the MENA region. The 

techno-economic feasibility of shifting away from a fossil-dominated power system 

towards a 100% RE-based system is investigated in both regions for 2030 conditions. The 

role of sector coupling is explored through the integration of seawater desalination and 

non-energetic industrial gas demand. Furthermore, Iran and Chile, as two representatives 

of each major region located in the Sunbelt region, are selected with their unique energy 

system structures to transition towards a fully RE-based system by 2050 in 5-year 

intervals, from 2015 to 2050. A comprehensive assessment and comparison are conducted 

for the energy transition pathways under an identical modelling environment and uniform 

assumptions for the electricity sector. All the energy system modelling in this dissertation 

is performed by the LUT Energy System Transition Model. The model is a linear 

programming technique based on investment optimisation that includes multiple features 

such as spatially-resolved, temporally-resolved, cross-border transmission network, and 

sector coupling. Additionally, the resource potential of compressed air energy storage 

(CAES) and enhanced geothermal systems (EGS) are evaluated. 

The global CAES potential, analysed through a GIS-based model, was estimated at 6574 

TWhel storage capacity worldwide which can contribute to high penetration of RE. 

Moreover, a global estimate of EGS was presented in a 1˚×1˚ spatial resolution under 

theoretical, technical, economic, and sustainable constraints. The economic and 

sustainable potential was found to be at 108 TWe and 256 GWe, respectively, by 2050. 
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Regarding the energy transition studies, solar photovoltaics and wind power together with 

battery storage are the main drivers of the energy transition, complemented by other RE 

and energy storage technologies. Cross-border grid interconnections can decrease the 

need for energy storage while decreasing the total system costs. Moreover, the hypothesis 

of great benefits that can be achieved through linking North and South America over a 

long-distance grid interconnection was examined. The results revealed that fully 

interconnected Americas lead to a decrease of just 1.4% of the LCOE than separated 

North and South America. High electrification and sector coupling are identified as the 

cornerstone of the fully balanced and optimised energy system, as they increase the 

overall system efficiency while declining the total system costs. Various flexibility 

measures would smoothen the energy supply across all sectors, such as energy storage, 

grid interconnections, and power-to-X. The role of e-hydrogen was found to be important 

as it can be used directly and indirectly for e-fuels production. In the heat sector, power-

to-heat presented the least-cost solution, either by heat pumps or via electric heating, in 

the Chilean energy system. These components were complemented by biomass, 

concentrated solar thermal power, and geothermal energy in a Best Policy Scenario 

aiming to achieve a 100% RE system by 2050.  

Thanks to low-cost electricity from solar photovoltaics and wind power, which can be 

complemented by other RE sources and energy storage, future energy systems can run 

uninterrupted throughout the year without relying on fossil fuels (with or without carbon 

capture and storage) and nuclear power. Such a transition can pave the way for shifting 

away from fossil fuels in all energy sectors towards a carbon-neutral and sustainable 

energy system by 2050. In addition, the role of desalinated water as an alternative source 

for water production was found crucial for various purposes to tackle the growing water 

demand, especially in the MENA region which is one of the most water-stressed in the 

world. It is hoped that the key takeaways from this research help governments, 

policymakers and the public society better understand how to shift away from the 

conventional energy system towards a fully sustainable, renewable, and competitive 

system for all by mid-century. 

Keywords: renewable energy transition, energy system model, defossilisation, system 

flexibility, power transmission, compressed air energy storage, enhanced geothermal 

system, Americas, MENA, Iran, Chile 
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1 Introduction 

1.1 Energy systems overview: then and now 

Reflecting on the history of energy, the very first source of energy was the sun, as it 

generated light and heat during the day. Human beings awoke and slept with the sun, 

while benefiting from the heat provided by the sun. Humankind’s collective story 

developed as men discovered how to make fires by concentrating sunlight with glasses 

and mirrors, using solar energy for cooking, and today to solar photovoltaics (PV) which 

is one of the most promising sources of electricity worldwide (Scheer, 2004; Perlin, 

2013). Solar power has gained momentum in the last few years and is rapidly becoming 

cost competitive, or even lower in cost, than conventional power generators (Haegel et 

al., 2019; Breyer, 2021; Victoria et al., 2021). Traditionally, people have also depended 

on biomass, such as wood and manure, for heating and cooking for centuries. Wood is 

considered to be the first energy source for mankind and still plays an important role in 

peoples’ livelihoods in many parts of the world. Sustainably-sourced biomass can 

contribute to the future energy system powered by renewables across different sectors 

(Mensah et al., 2022). The first method of converting mechanical energy to electrical 

energy was the water wheel which converted the energy in flowing water to power. A 

combination of the water wheel and the mill, called a water mill, played a crucial role in 

local food production. It is worth noting that wind and water mills are the old forms of 

wind farms today. Wind energy has been harnessed through sails and used for 

transportation in the past as well. There is evidence of the quite early utilisation of 

windmills for grinding grains in Iran and Afghanistan (Fleming and Probert, 1984; Gasch 

and Twele, 2012). Further, water wheels were used to supply water to villages as well as 

irrigation of the crops. The modern version of the water wheel is the hydraulic turbine 

that is currently used in hydropower stations. Hydropower is the main renewable energy 

(RE) source for electricity generation today (IRENA, 2021a). Another source of energy 

that was used by ancient civilisations is geothermal energy. The utilisation of heat in the 

form of hot springs coming from geothermal resources has been practised throughout the 

ages. The springs have been used for spiritual and practical purposes, bringing people 

together for trade, diplomacy, and cultural exchange as well as cooking, heating, bathing 

and medicinal benefits. Geothermal energy has developed considerably over time and can 

provide heat via ground-sourced heat pumps, generate electricity or even both in form of 

a combined heat and power (CHP) plant (IEA, 2011).  

Further technological progress and industrialisation shifted the initial organic sources of 

energy towards a fossil fuel-dominated energy system. However, changing energy 

regimes has always been challenging. For instance, switching from firewood to coal in 

the 18th and 19th centuries posed complex design problems. The layout of the house had 

to change to a new style because it was not possible to burn coal in the centre of the room 

of a medieval house similar to wood (Allen, 2013). This was because burning coal creates 

sulphurous fumes that would have made the house uninhabitable, and the fire would have 

gone out. The adoption of coal as a main domestic heating source drove investment in the 
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production and delivery of coal and thus reduced its cost more rapidly. The easily 

available and accessible energy source led to progress in innovation in many other 

economic sectors as well (Allen, 2013). Coal, oil and gas have been the primary sources 

of energy since almost the last two hundred years, and are the main drivers of climate 

change and global warming today (WWF, 2021). To reduce and eventually cut down 

greenhouse gas (GHG) emissions released to the atmosphere by the combustion of fossil 

fuels, a rapid and radical transition towards an entirely sustainable energy system globally 

is necessary and unavoidable. Therefore, the biggest challenge ahead of the energy 

transition is how to meet the growing global demand for energy using a reliable, efficient 

and cost-effective system powered by clean and renewable resources. A just transition to 

such a system would prevent environmental destruction while maintaining and improving 

global living standards and creating energy equity across society. These concerns 

underpin the motivation of this dissertation. In essence, the energy transition allows us to 

get back to directly harnessing energy from the sun and wind, as humankind did prior to 

the industrial revolution but in a more efficient and advanced way. 

Although the initial discovery of electricity is credited to the Ancient Greeks (NASA, 

2010), its power has been harnessed since over two centuries ago. In 1752, Benjamin 

Franklin conducted his famous kite experiment, which is known as the first spark for 

progress in electricity generation (Live Science, 2021). Since then, our knowledge of 

electricity has grown tremendously. Electricity extended into many areas such as 

industry, transport (railway), and street lighting before it found its way into people’s 

homes. In the 1920s, electricity networks were built in industrial countries thanks to the 

rapid expansion of electricity. Since the late 1990s, electricity production and 

development as well as research on the impact of GHG emissions on Earth’s systems 

have become important topics for society. Although the discussion about humans altering 

the global climate took place long ago in history, the discussion became increasingly 

important by the end of the 20th century (Heymann, 2010; Weart, 2010). Energy security, 

self-sufficiency, and environmentally friendly sourced energy have slowly become 

matters of political and public debate. In 1997, respect for the environment was 

strengthened with the Kyoto Protocol on climate change (UNFCCC, 1997), which was 

decided at the third Conference of the Parties (COP3) in Kyoto, and has been involved in 

the world’s, in particular the OECD countries, energy policy since then. According to the 

Protocol, developed nations must decrease their emissions by an average of 5% during 

the five year period of 2008 to 2012, compared to 1990 levels, while developing countries 

would be protected from the costs of emissions reduction. This agreement came into force 

in 2005. The second most important agreement between countries to avert climate change 

and limit temperature rises to below 2°C, or even optimistically lower at around 1.5°C, 

occurred in Paris, France, in 2015 as the so-called Paris Agreement or Paris Accord 

(UNFCCC, 2015). In the 21st Conference of the Parties in Paris (COP21), a universal 

agreement on climate with a total of 174 nations signed the agreement was eventually 

reached. This agreement came into force in 2016. On top of that, the United Nations 

Sustainable Development Goals (UN SDGs) had been announced in 2015 (UN, 2015a), 

the same year as the Paris Agreement, as part of the 2030 Agenda. Among the defined 

goals in SDGs, Goal 13 dealt with climate change, Goals 3 and 11 partially with air 
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pollution reduction, Goal 7 with energy justice and Goal 6 with water availability and 

sustainability through, for example, RE-based desalination. 

Even though the world is far behind all the targets mentioned above, there has been 

significant progress made since 2010. For instance, the number of people without access 

to electricity has improved from 1.15 billion to 759 million in 2019 (IEA; IRENA; UNSD; 

World Bank; WHO, 2021). According to the report, Southern Asia experienced the 

highest rate of electricity access deficit with around 77% progress over nine years, while 

sub-Saharan Africa lags on energy access and efficiency. Decentralised renewables-based 

alternatives and mini-grids gained momentum in developing countries during this time 

(World Bank; Gogla and IFC, 2020). However, given the current plans and policies of 

the countries and further impacted by the coronavirus disease (COVID-19) pandemic, it 

is estimated that reaching zero energy poverty by 2030 is highly unlikely (IEA, 2021b). 

According to Sustainable Energy for All (SEforALL, 2021), providing clean cooking 

solutions for 2.6 billion people currently without access to clean cooking is essential to 

decrease their vulnerability to COVID-19 and other illnesses as a result of exposure to 

indoor air pollution. Many donations have been allocated for emergency response during 

the COVID-19 crisis, which is expected to be targeted mostly towards sustainable, clean 

and RE in the post-COVID transition phase. This indeed helps to accelerate progress 

towards SDGs and provide secure and sound economic development while enhancing 

employment (IEA; IRENA; UNSD; World Bank; WHO, 2021). To achieve the UN SDGs 

and the Paris Agreement targets, a just and inclusive energy transition is required urgently 

for all countries in the world, with a certain focus on the most vulnerable population in 

emerging economies. 

1.2 The importance of modelling energy systems and scenarios 

Electricity plays a vital role in everyday life and consumption increases rapidly 

worldwide as everything can be powered by electricity, such as charging a phone, heating 

a home or driving a car. The majority of electricity production comes from fossil fuel 

resources. Historically, coal-fired power plants have been the dominant source of energy 

since the 1750s. In other words, the industrial revolution was powered by coal. The 

expansion of fossil fuel use has continued since then and amounted to around two-third 

of global electricity generation at the end of 2019, thereof 37% of coal (Ritchie et al., 

2020). Although the overall generation from coal, after several ups and downs, has 

increased from 8347 TWh in 2010 to 10,042 TWh in 2021, the share of coal to the total 

electricity supply mix declined by nearly 4% over this period (Ritchie et al., 2020). In the 

meantime, fossil gas contribution to global electricity generation has remained constant 

by 22% despite an increase of 30% in absolute value. However, gas production is 

currently facing a massive shortage, particularly in Europe which presages issues 

globally. This has led to an increase in electricity price and blackouts across the world 

(Bloomberg, 2021). At the same time, there has been a strong debate about what energy 

sources should be considered sustainable. Many argue that fossil gas and nuclear power 

should be among sustainable and clean energy sources, as European Union officials 
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recently claimed that they would be included in the list of green forms of energy (Abnett 

and Jessop, 2022). Fossil fuel companies often claim that fossil gas can be blended with 

hydrogen, in the form of blue hydrogen, to make the so-called low-carbon energy through 

carbon capture and storage (CCS) to tackle the climate change crisis (Sekera and 

Goodwin, 2021). The importance of hydrogen is especially discussed when it comes to 

the decarbonisation of hard-to-abate energy sectors, such as long-distance aviation and 

the industry sector. However, numerous studies have shown that blue hydrogen cannot 

be a solution to the decarbonisation of the energy sector and it might even emit more 

emissions than fossil gas (Howarth and Jacobson, 2021, 2022). Meanwhile, it is quite 

commonly argued that fossil gas would be a ‘bridge fuel’, which is usually marketed as a 

replacement for coal and one that can be easily eliminated once renewables kick-in 

tremendously. But this bridge is just becoming longer and soon enough it might be 

impossible to see an end to it (Dewan, 2021). Even worse, Howarth (2014) investigated 

methane emissions and GHG footprint of fossil gas and concluded that both shale gas and 

conventional fossil gas have a more profound GHG emissions level than coal or oil. The 

author emphasised that society needs to overcome its addiction to fossil fuels urgently 

and convert the energy systems to ones that rely on RE sources. 

Despite the abovementioned challenges regarding the energy transition and climate 

change emergency, the share of RE is catching up gradually. Currently, hydropower is 

the largest renewable electricity generation technology globally, accounting for 15% of 

generation by early 2021 (Ritchie et al., 2020). Bioenergy resources, especially the 

traditional use of biomass for cooking and heating, has been another significant 

contributor to RE resources in sub-Saharan Africa, Latin America and Asia (Ekouevi and 

Tuntivate, 2012; Overend, 2019; Keiner et al., 2021). RE installed capacity, in particular 

solar PV and wind, is increasing sharply as the prices go down. From the total of 

approximately 350 GW of the new electricity capacity in 2020, about 80% came from 

renewables from which solar PV and wind account for 127 GW (~27%) and 111 GW 

(~23%), respectively (IRENA, 2021a). Low-cost renewables make these resources more 

attractive to investors and utility planners. Although the progress in RE deployment and 

development has been remarkable to date, limiting global warming to 1.5°C would barely 

be possible with the current policies in place (IRENA, 2021c). To achieve a net zero 

emissions world by mid-century, urgent actions and strategies on multiple fronts are 

needed. At the time of writing this dissertation, almost 61 countries have planned to 

switch to 100% RE for at least the power sector (REN21, 2020). A minimum of 110 cities 

and municipalities are planning to achieve 100% renewables-based heating and cooling 

targets. The pace and depth of the energy transition are bounded by a rapid shift in the 

power sector as the main driver, along with greater efforts in the electrification of all 

energy sectors as much as possible, followed by defossilisation of the heat, transport and 

industry sectors. The energy transition requires a systematic change that considers the 

maturity and competitiveness of technologies as well as the effectiveness of regulatory 

frameworks. To create an effective pathway that is sound both technically and 

economically, while taking into account environmental concerns, social acceptance and 

equity issues, it is crucial to study energy system models and scenarios. Analysing various 

energy transition pathways would allow governments and policy-makers to understand 
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the consequences of their actions prior to making final decisions. To put the vision of a 

sustainable energy future in practice, we need to go beyond the contemporary fossil fuels-

based infrastructure and create a world that is more resilient, just and inclusive. 

1.3 Motivation, research gaps and objectives 

With all the evidence in hand regarding climate change and global warming, it is 

necessary to take quick actions to accelerate the implementation of the energy transition 

and thus limit the temperature rise to well below 2°C or even better to keep it less than 

1.5°C. The recent climate change conference in Glasgow (COP26) was, however, no 

different from any other COP held in the previous years since 1995. Looking at the 

positive side, there are several hopeful news that came out from the negotiating 

framework of the COP26, such as the phase-out of coal by 2050, but with exception of 

China and India. Another important takeaway from the COP26 is that 22 countries have 

pledged to phase out the internal combustion engine during 2035-40 and replaced it with 

zero-emission new vehicles. Yet again, some of the biggest car manufacturers have not 

joined the pledge (Plumer and Tabuchi, 2021). Further, a vital agreement has been made 

to end and reverse deforestation and secure funding for sustainable agriculture (Rannard 

and Gillett, 2021). However, the gap between the announced pledges to a real action 

seems quite uncertain. It is very unclear if the 2 or 1.5°C targets can be reached based on 

the current political agreement and plans. 

RE investment has increased over the last few years and they overtake the new capacity 

addition from fossil fuels lately. The costs of solar PV and wind power have declined 

drastically over the last decade. Economies of scale, consistent improvement in 

technologies, higher developer experience and competitive supply chain are considered 

the main drivers for such a sharp cost reduction (IRENA, 2021b). According to the 

International Energy Agency (IEA), solar PV now offers the least-cost electricity in 

history with the technology being cheaper than coal and gas (IEA, 2020b). In 2020, the 

levelised cost of electricity (LCOE) for utility-scale solar PV was at 0.057 $/kWh (0.05 

€/kWh) and for onshore wind at 0.039 $/kWh (0.034 €/kWh) that is 85% and 56% cheaper 

than that in 2010, respectively, according to the International Renewable Energy Agency 

(IRENA, 2021b). It is expected that with the right regulations and frameworks in place, 

solar PV continue to deliver extremely competitive electricity worldwide as currently do 

so in Chile, Mexico, Peru, Saudi Arabia, and the United Arab Emirates among other 

countries (IRENA, 2021c). Low-cost RE brings various benefits into the energy systems 

as, for instance, hydrogen could potentially be generated for 1.62 $/kg H2 (1.43 €/kg H2) 

in Saudi Arabia today (IRENA, 2021b), or even lower for 0.3-0.9 €/kg H2 by 2050, as the 

costs of solar PV and water electrolysis decreases (Vartiainen et al., 2022). There are 

already a few projects in the pipeline for the production of green hydrogen, but also blue 

hydrogen, in Saudi Arabia (Parnell, 2020; Mirza, 2021) as the country set a goal to 

achieve net-zero GHG emissions by 2060 just a week prior to the COP26 (BBC News, 

2021). Additionally, battery storage costs have been falling rapidly in the last three 

decades, accounting for about a 97% reduction since 1991 (Ritchie, 2021; Ziegler and 
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Trancik, 2021). As the installed capacity doubled, the prices dropped by approximately 

19% on average. This rate of price decrease has not slowed down over many years and 

keeps falling owning to massive deployment and technological improvement (Schmidt et 

al., 2017; Ziegler and Trancik, 2021). Therefore, battery storage continuously becomes 

an attractive option, for both electrifying transportation and stationary energy storage, to 

combine with solar PV and wind power to facilitate the energy transition. 

The further progress of RE, in particular variable RE such as solar PV and wind power, 

raise a concern about the viability and reliability of running energy systems entirely based 

on 100% RE systems (Trainer, 2010, 2012). One of the main barriers ahead of the energy 

transition with high shares of variable RE is argued to be that the sun does not always 

shine and the wind does not always blow (Trainer, 2010, 2012). Therefore, the RE-based 

system is not able to provide a constant flow of generation 24/7/365 only with solar PV 

and wind power. However, storage options allow us to overcome technical challenges 

(Fasihi and Breyer, 2020). The recent harsh climate events in Texas and California led to 

a power shortage for a few days which led to fingers being pointed towards the high 

acceleration of RE in the states. It was convenient for some to blame the variability of RE 

and frozen wind turbines as the reasons for blackouts (Searcey, 2021). However, a variety 

of factors resulted in the rotating outages in both states, such as extreme weather 

conditions, lack of de-icing equipment for wind turbines and the failure of thermal power 

plants, in particular fossil gas, as the primary source of electricity generation in Texas 

(Specht, 2021; Jacobson et al., 2022). Moreover, the recent increase in electricity price 

was directed towards rapid RE installation. The IEA has clearly stated in its latest World 

Energy Outlook (WEO) flagship report that drastic increase in energy prices lately is not 

related to earlier investments on RE. Instead, it originated from a fast economic recovery 

from the COVID-19 pandemic, weather-related issues and disruption on the supply side 

(IEA, 2021b). 

There has been a relatively old debate from the adversaries of a 100% RE system to 

question its feasibility (Clack et al., 2017; Heard et al., 2017; Trainer, 2017; Heuberger 

and Mac Dowell, 2018). Multiple criteria have been listed to support this argument, 

namely consistent energy demand projection, high temporal resolution energy system 

modelling of ≤ 1 h, determining the required transmission and distribution, and providing 

ancillary services. These arguments have been taken in turn by comprehensive responses 

provided by Brown et al. (2018b) and Diesendorf and Elliston (2018). It is worth noting 

that these debates have intensified as the numbers of research on 100% RE systems soared 

(Hansen et al., 2019) and the need for rapid energy transition became vivid (IPCC, 2022). 

Over the last few years, several studies explored and confirmed the feasibility and 

reliability of a 100% RE-based system on different regional scales and globally (Breyer 

et al., 2022). 

At the start of this doctoral study, the concentration on highly RE system studies has been 

growing gradually, but it was limited to specific countries, regions and a few cases for 

the world, e.g. (Lund, 2006; Fthenakis et al., 2009; Sovacool and Watts, 2009; Teske et 

al., 2010; Delucchi and Jacobson, 2011; Jacobson and Delucchi, 2011; Teske et al., 2012; 



1.3 Motivation, research gaps and objectives 27 

Deng et al., 2012; Pleßmann et al., 2014; Teske et al., 2015; Jacobson et al., 2015a). In 

addition, there were research gaps related to modelling energy systems with a high spatial 

and temporal resolution, evaluation of system flexibility options, benefits of long-distance 

grid interconnections, RE resource potential estimate, the role of energy storage, analyses 

and comparison of the energy system scenarios among others. The work presented in this 

dissertation is motivated by the need for a rapid energy transition towards a fully 

sustainable, renewable and GHG emissions-free energy system, as guided by the Paris 

Agreement (UNFCCC, 2015) and UN SDGs (UN, 2015a). The aim of this dissertation is 

to analyse the feasibility and reliability of future energy systems running on 100% RE 

through computer tools under various system setups, constraints, scenarios and 

configurations. Moreover, the potential of compressed air energy storage (CAES) and 

enhanced geothermal systems (EGS) as the technologies that can contribute to such a 

radical energy system transition are evaluated and presented. The following research 

questions were posed along the way to address research gaps and formed the objectives 

of this dissertation: 

1. As the share of RE increases rapidly, the need for system flexibility and grid

reliability becomes more vital. Energy storage can be coupled with variable RE

sources to ensure the security of supply. CAES is a utility-scale storage

technology that has been in operation for many years now. However, the

scalability and expansion of this energy storage technology depend on the

geological formations. What is the geological resource potential of CAES

worldwide and to what extent can CAES support the coming sustainable energy

transition? Which locations in the world are the most favourable for CAES?

(Publication I)

The assessment in this study was used as input data for the Publications Ⅲ-Ⅶ. 

2. Geothermal energy can produce energy throughout the year and round the clock

thanks to the constant flow of heat from the Earth. It is expected that the share of

geothermal energy in total electricity and heat generation increases in the decades

to come. However, the applications for geothermal resources are restricted to

certain geographical regions with specific geological features, such as active

volcanos. Unlike the conventional forms of geothermal energy, EGS can be built

with lesser limitations across the world. In this regard, what is the theoretical,

technical, optimal economic, and sustainable potential of the EGS globally? Can

EGS compete with other RE sources that experience a rapid cost reduction?

Where EGS can be built and what is its thermal and power potential in each

country? (Publication II)

The very early results of this research were used as an upper limit for geothermal energy 

in the Publications Ⅲ-Ⅶ. 

3. Large and long-distance grid interconnections are considered an asset to smoothen

the electricity production in a 100% RE system. Several research papers have
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assessed the benefits of interconnecting two distanced regions or continents via 

power transmission grids. Grossmann et al. (2013, 2014) analysed such a 

hypothesis for the case of the Pan-American network by connecting North 

America to South America. Publication Ⅲ was built on such a hypothesis to 

further evaluate i) the feasibility of a cost-optimised 100% RE system for all the 

countries in North, Central and South America by 2030. A similar approach was 

applied for the study on the Middle East and North Africa (MENA) region 

utilising region-specific data (Publication Ⅳ); ii) What is the advantage of 

regional and long-distance grid interconnections? iii) Comparing the cost and 

viability of locally produced e-methane or synthetic natural gas (SNG) and long-

distance transportation of e-methane through liquefaction. 

4. Accelerating the energy transition at the pace required for carbon neutrality and 

limiting global temperature rise to well below 2°C, or even 1.5°C, is crucial for 

all the countries across the world. Iran (as a case study in the MENA region – 

Publication Ⅴ) and Chile (as a case study in the Americas – Publication Ⅵ) were 

selected with two unique energy system structures for such a radical systematic 

shift towards a fully sustainable and renewable-based energy system. The former 

is the study of the energy transition from 2015 to 2050 in 5-year intervals for the 

power, desalination and non-energetic industrial gas sectors and the latter covers 

all energy sectors. To understand the feasibility and cost competitiveness of each 

study, several scenarios have been defined and analysed and the findings 

compared with a business-as-usual (BAU) scenario. Is it cost-effective to switch 

from a fossil fuel-dominated energy system towards a 100% RE system? What 

are the value adds of sector coupling? What is the role of energy storage in a 

system that mainly relies on solar PV to meet the demand in every hour of the 

applied year? Can resource complementarity and synergy between solar PV and 

wind power in two strategic locations in Chile, i.e. strong wind potential of 

Patagonia, coupled with excellent solar resources in the Atacama Desert, decrease 

the required energy storage and flexibility options in any of the cost-optimised 

energy transition pathways built? 

5. Various research groups, institutions and organisations have put forward energy 

system pathways for the future. While the key features and outcomes of the 

scenarios and models have been compared and discussed in the literature, a 

comprehensive assessment and a direct comparison between the scenarios, created 

via different energy system models, under an identical modelling environment and 

uniform assumptions is still missing. Two scenarios from the World Energy 

Outlook 2020 report published by the IEA (2020b) and two scenarios from the 

latest publication of Teske et al. (2019) were selected to be reproduced and 

compared with five new scenarios using the LUT Energy System Transition 

Model (LUT-ESTM). Is the cost-optimised model able to reproduce the results of 

other energy system models built on a simulation model? What degree of 

additional system flexibility is required to find an optimal solution for the 
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scenarios? What are the advantages and drawbacks of the explored scenarios? 

(Publication VII) 

1.4 Contribution and impact of the research 

At the beginning of this dissertation, the LUT-ESTM was under development and several 

research gaps had to be filled. One of the missing items was related to the energy storage 

category: CAES. The component to be added to the model was the second generation of 

CAES, named adiabatic CAES (A-CAES). The main reasons for choosing A-CAES over 

the conventional CAES application were the higher efficiency of nearly 70% compared 

to 42-54% efficiency of diabatic CAES and carbon dioxide (CO2) emission-free process. 

A-CAES does not require fossil gas in the expansion mode, unlike CAES, making it a 

suitable option for renewables-based energy systems. The main requirement was to 

estimate the resource availability and maximum potential in each country or region to 

determine the upper limit for this type of storage technology. To do so, it was planned to 

identify the suitable area with geologies favourable for CAES by overlapping geological 

formations using the geographic information system (GIS) tool (Publication Ⅰ). The 

estimated CAES potential is then used for the first time in a conference proceeding 

delving into the impact of CAES on a 100% RE system for Eurasia and Southeast Asia 

(Gulagi et al., 2016). The research had been extended to other geographical regions and 

applied to several publications that adopted the LUT model, such as (Aghahosseini et al., 

2017, 2018; Bogdanov et al., 2019b; Aghahosseini et al., 2020), and several further 

publications, as well as externally by other research groups, e.g. (King et al., 2021). 

Moreover, this research has been recently highlighted in the latest Intergovernmental 

Panel on Climate Change (IPCC) report on climate change mitigation (IPCC, 2022). 

The second component to be integrated into the LUT model was geothermal energy. 

Similar to CAES, the potential of geothermal resources was needed for energy system 

analyses globally. Since geothermal energy is limited to a few geographical areas with 

specific geological characteristics, a more advanced technology for geothermal energy 

had been selected, named enhanced geothermal systems (EGS), for this analysis. The 

research was built based on the Protocol (Beardsmore et al., 2010) aiming to provide a 

framework for estimating the theoretical and technical potential of the EGS in different 

regions using uniform methods and assumptions. Further investigation and new 

approaches were integrated and conducted throughout the research to provide more 

insights regarding the development of this technology (Publication Ⅱ). The initial 

findings of this research were used as input data for various research articles using the 

LUT model, such as (Aghahosseini et al., 2017; Barbosa et al., 2017). In the next step, 

the method was further strengthened, and the final results were applied to a few submitted 

and ongoing studies such as (Oyewo et al., 2022). The estimated numbers in this research 

were also recognised and included by Perez and Perez (2022) in their latest update on 

estimated renewable and non-renewable energy sources on the planet. The authors 

explained that solar energy is by far the largest energy source, which together with wind 



1 Introduction 

 

30 

can meet the growing energy demand of the world, followed by geothermal, biomass, 

ocean energy and further renewables. 

The earlier version of the LUT model was employed to analyse the feasibility of a 100% 

RE system for the Americas (Publication Ⅲ) and the MENA region (Publication Ⅳ) 

for the reference year 2030. The energy system modelling was carried out based on an 

overnight scenario approach aiming to achieve carbon neutrality for all the countries or 

regions considered in the studies under the given constraints and assumptions by the mid-

term future. There had been some variations in scenarios and differences in the aims and 

approaches making each of this research insightful and important for the scientific 

community and socio-political discussions. The article for the Americas received a 

prestigious scientific award from the Elsevier publishing company, so-called the Elsevier 

Atlas Award (Elsevier Connect, 2020), dedicated to SDG 7 as a showcase research that 

could significantly impact people’s lives around the world. The research for the MENA 

is the first of its kind for this region focusing on a 100% RE system with hourly resolved 

data at country-independent and region-interconnected (multi-node) levels as well as 

sector coupled approach. 

In the next step, the more advanced version of the LUT-ESTM was applied, which is able 

to run energy systems in a cost-optimised, high temporal resolution (hourly), multi-nodal, 

multi-sectoral and technology-rich environment. The case studies were two unique 

countries in the Sunbelt region, Iran (Publication Ⅴ) and Chile (Publication Ⅵ), with 

completely different energy system configurations today but both have access to abundant 

RE sources, in particular solar and wind energy. Various energy transition pathways had 

been defined and assessed in 5-year intervals, from 2015 to 2050. The impact of system 

flexibility measures, such as energy storage, grid interconnections, e-hydrogen and e-

fuels in a 100% RE system had been evaluated and the results quantified and discussed. 

The findings in both studies indicate that a faster pace of the energy transition powered 

by renewables, electrification of almost everything and switching to more efficient 

technologies are profitable for countless reasons. These include, for example, a stronger 

economy through the production of the least-cost energy, lesser air pollution thanks to a 

GHG emissions-free energy system and higher social welfare. 

At the final stage of this dissertation, a state-of-the-art approach was used to analyse 

energy system models and scenarios under an identical modelling platform and 

assumptions (Publication Ⅶ). The aim of this analysis was to integrate and compare 

energy system studies conducted by two peer groups in the field to identify the limitations, 

research gaps and ways to improve future energy transition trajectories. The advantages 

and disadvantages of the selected options for decarbonisation of the global power system 

had been explored and quantified. The feasibility of the proposed energy transition 

pathways had been assessed in hourly resolution via the latest version of the LUT-ESTM 

at the time. It had been examined for the first time the possibility of reproducing the 

energy transition scenarios, with the given data extracted from the original sources and 

performed with a third-party energy system model, through the linear cost-optimised 

LUT-ESTM. Moreover, additional flexibility requirements provided by energy storage 
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technologies for an optimal energy system had been identified and presented. It is hoped 

that such evaluation can advance the knowledge in the field and shed light on further 

progress of the global sustainable energy transition while RE costs drop continuously and 

energy storage technologies are increasingly becoming cost competitive. 

1.5 Structure of the dissertation 

The first chapter prepares the ground for discussions of the motivation, research gaps, and 

objectives of this dissertation. An overview is provided on the systematic changes in 

energy systems from the past until today, with a view to the necessity to explore and study 

the energy transition pathways and potential upcoming changes in the energy systems. 

Further, the scientific contribution and impact of the research works have been reviewed 

and highlighted, and the structure of the dissertation is specified. The subsequent two 

chapters of this dissertation discuss the importance of analysing energy systems through 

computer tools and studying the energy transition pathways and scenarios. These chapters 

cover a variety of aspects from challenges and opportunities ahead of the energy 

transition, to technologies that can play key roles on the way forward to a profound impact 

of these assessments for informing governments and society. Chapters 4 and 5 discuss the 

methods applied and the results obtained. Chapter 6 provides a discussion of the research, 

a comparison with relevant research, policy implications, limitations and uncertainties, 

and recommendations for future work. Lastly, Chapter 7 summarises all the findings of 

the presented studies in this dissertation. 
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2 Why is it important to develop energy system models 

and scenarios? 

Energy scenarios provide insights into how energy systems in the future can look like and 

how we can get there. As climate change intensifies, rapidly decreasing costs of RE and 

the increasing energy insecurity caused by fossil fuels push the need to change our energy 

systems, energy system modelling becomes a vital tool. In the next paragraph, a short 

introduction to the history of entirely renewables-based energy system studies is 

provided, followed by two sub-sections focusing on the current and future state of the 

energy systems within the Americas and the MENA region. 

The history of high penetration of RE in scenario building points to 1975 for the first 

study of 100% RE system analysis for Denmark by Sørensen (1975). The study revealed 

that a 100% RE system powered by solar and wind energy by 2050 not only is technically 

and economically feasible, but also brings various benefits for the country, such as energy 

security, a high employment rate and additional payoffs compared to an energy system 

dependent on energy imports. The land requirement for such a proposal for building solar 

and wind farms was calculated to be less than 1% of the total land area. One year after 

the first publication of a 100% RE system, Lovins (1976) contributed to the field by 

designing two different pathways, namely hard and soft paths, where the former shows 

the continuation of the fossil and nuclear fuels-based energy system and the latter 

represents high penetration of RE. The author argued that the main challenge of selecting 

pathways is rather social and ethical than technical or economic. In 1996, Sørensen (1996) 

continued his endeavour on a first scenario analysis for a future global energy system 

with five scenarios, where two out of five were built on decentralised and centralised RE 

systems. This research article is the first of its kind that includes a very high penetration 

of RE as a scenario for the world. The focus on exploring highly renewables-based energy 

systems has continued and accelerated since then with many researchers developing 

numerous models and scenarios across the globe, as explained explicitly by Breyer et al. 

(2022). 

2.1 Overview of energy system models and scenarios with high shares 

of renewables for the Americas 

Several studies with trajectories built on high shares of RE have been carried out for the 

Americas (South, Central and North America – Publications Ⅲ and Ⅵ). A review of 

the high penetration of RE in various countries or regions in the Americas with different 

scenarios and sectors is given in Table 1 and some research highlights are provided here. 

In 2009, Fthenakis et al. (2009) carried out the first research in terms of the high share of 

RE systems in the US. The authors concluded that solar PV combined with CAES and 

concentrated solar thermal power (CSP) plus thermal energy storage (TES) secure solar 

power production even on the lowest radiation days in winter. Solar energy would be able 

to meet 69% and 35% of electricity and energy demand in the US, respectively, by 2050. 

Expansion of the scenario up to 2100 showed that solar energy can satisfy almost 90% of 
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the energy demand while the remaining 10% would come from other RE sources. Plug-

in hybrid electric vehicle (PHEV) and hydrogen are expected to meet the demand of the 

transport sector by 2100. Jacobson et al. (2015a) conducted a resources analysis based on 

a 100% RE system across all energy sectors for the 50 states of the US by 2050. According 

to their analysis, wind power accounts for 50% of the total electricity generation, solar 

PV for 38%, CSP for 7% and the remaining comes from other RE sources. Similarly, 

Jacobson and his team analysed the feasibility of an entirely renewables-based system for 

Washington State (Jacobson et al., 2015b), New York State (Jacobson et al., 2013) and 

California (Jacobson et al., 2014). The findings reveal that wind power, solar PV and CSP 

are predominant sources of RE for electricity generation, followed by other RE with a 

lesser contribution. Furthermore, net-zero emissions can be achieved, and efficiency 

gains decrease the final electricity demand in the future. Frew et al. (2016) explored 

multiple scenarios about the high penetration of RE in the electricity sector in the US. 

The conclusions depict that interconnected energy systems are more beneficial and lower 

in cost than isolated region cases. The cost reduction for 80% and 100% RE targets are 

50% and 42%, respectively. Grossmann et al. (2014) discussed the role of solar energy in 

interconnected energy systems in South and North America. It has been identified that 

the combination of all the RE sites can result in the least cost solution despite the 

differences in assumptions and configurations. Grossmann et al. (2015) analysed a large-

scale distributed solar energy system combined with Li-ion battery storage as the main 

energy storage technology and CAES as balancing storage. The main aim of the study 

was to achieve the least cost solution while ensuring the reliability of the electricity supply 

via solar energy alone. The results of a Pan-American network connecting North and 

South America are compared with an isolated site and three linked deserts in North 

America. It has been concluded that a long-distance grid interconnection decreases the 

total system cost plus electricity generation and storage capacities. Aghahosseini et al. 

(2017) modelled a cost-optimised renewables-based energy system for North America to 

meet the growing demand across electricity, water desalination and non-energetic 

industrial gas sectors in 2030. The region consists of three countries, Canada, the US and 

Mexico, which is further divided into 20 clusters fully interconnected via high-voltage 

direct current (HVDC). The results suggest that grid interconnection is profitable within 

the countries and beyond. Furthermore, sectoral integration brings the cost down further 

compared to the case for the electricity sector alone. Williams et al. (2021a) modelled the 

US energy and industrial system to achieve net zero and net negative CO2 emissions by 

2050 under nine scenarios. It is concluded that a 100% RE system is feasible but has a 

higher costs and land use. Conversely, the Central scenario with more than 80% RE-based 

system covering the primary energy demand is determined to be the least-cost 

decarbonised pathway. Solar and wind power are the main drivers of the transition 

pathways, followed by biomass and hydropower. Larson et al. (2021) analysed five 

pathways aiming to achieve net-zero emissions by 2050 for the 14 US regions. Priority 

actions to attain such a target are identified across high electrification of end uses, RE 

capacity and power transmission expansion, industrial productivity improvement, 

enhancing land sinks, and reducing all GHG emissions.  
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Several studies have been carried out addressing the need for the energy transition in 

Chile (Publication Ⅵ). However, the target functions and ultimate goals vary widely 

among the published articles. Munoz et al. (2017) studied the effect of a 70% RE target 

by 2050 in Chile. The hourly resolution data for electricity demand and availability of 

hydropower, solar and wind energy has been accounted for using an integrated resource 

planning model. The findings indicate that not only the proposed target, but also a higher 

RE target could be still profitable in Chile. Meanwhile, interconnection with a large 

amount of transmission capacity decreases the total system cost compared to a scenario 

without interconnection. Raugei et al. (2018) carried out an analysis for supplying 60% 

of Chilean electricity via RE sources, mainly solar and wind, by 2035 in accordance with 

the national targets. The overall results suggest that deployment of high shares of RE, 

mainly solar and wind and to a lesser extent hydropower, into the electricity generation 

mix coupled with pumped-hydro energy storage (PHES) appears to be quite a promising 

policy strategy for the country. Maximov et al. (2019) developed a cost-optimised linear 

programming model to meet the growing Chilean electricity demand by 2050 based on 

four nodes. A 70% RE target is set for all the proposed scenarios and the range of the 

determined RE generation is 83-87%, depending on the scenarios. A low carbon tax of 5 

€/tCO2 has been applied that makes coal and combined-cycle gas turbine (CCGT) more 

favourable for the optimiser than energy storage as a backup generator and flexibility 

provider. Therefore, the amount of CO2 emissions remains unchanged for the cases with 

or without energy storage. Nevertheless, energy storage integration increases the 

deployment of solar PV compared to wind power due to the great solar resources in the 

considered nodes. In the view of 100% RE system studies, Barbosa et al. (2017) 

investigated the feasibility of a 100% RE system for South and Central America by 2030 

meeting the hourly demand of electricity, water desalination and non-energetic industrial 

gas sectors. The region is divided into 15 clusters and Chile is considered a single node. 

Continental grid interconnections (Area scenario) versus an isolated case (Region 

scenario) and sector coupling (Integration scenario) versus the Area scenario decreases 

the LCOE by 9% and 18%, respectively. There are other research focusing on highly RE-

based systems and energy storage integration for Chilean power system (Haas et al., 2018, 

2019; Gaete-Morales et al., 2019), as indicated in Table 1. 

Table 1 Overview of 100% or highly RE studies for the Americas. It should be noted that the 

studies follow the overnight approach unless otherwise specified in the articles as transition, 

which then the respective article is highlighted by a * symbol. Global studies consisting of 

American countries are not included. 

Author(s), 

year of 

publication 

Simulation 

period 

Region/ 

Country 
Model 

Considered 

energy 

sectors 

Temporal 

resolution 

Multi 

or 

single 

node 

Fthenakis et 

al. (2009)* 

2011-

2020, 

2020-

2050, and 

2050-2100 

USA Own model (n/a)  All sectors Hourly Multi 
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Hart and 

Jacobson 

(2011) 

2005-2006 

and 2050 

California 

(Independent 

System 

Operator - ISO) 

Deterministic 

renewable portfolio 

planning model & 

Monte Carlo dispatch 

simulation 

Electricity Hourly Single 

Hart and 

Jacobson 

(2012) 

2005-2006 California 
Monte Carlo least-

cost dispatch model 
Electricity Hourly Single 

Budischak et 

al. (2012) 

1999-2002 

(technolog

y costs for 

2008 and 

2030) 

PJM 

Interconnection, 

a Transmission 

System 

Operator (TSO) 

spanning part of 

the US Eastern 

Interconnect 

Regional Renewable 

Electricity Economic 

Optimization Model 

(RREEOM) 

Electricity Hourly Multi 

Jacobson et 

al. (2015c) 
2050-2055 

USA (the 48 
contiguous 
United States) 

LOADMATCH & 

GATOR-GCMOM 
All sectors Time-slices Multi 

Becker et al. 

(2015a) 
2010-2050 

USA (the 50 
United States) 

GATOR-GCMOM All sectors 

Annual 

(partially 

hourly) 

Multi 

Becker et al. 

(2015) 
2006-2007 

USA (the 48 
contiguous 
United States) 

Own model (n/a) Electricity Hourly Multi 

Barbosa et al. 

(2016) 
2030 Brazil  LUT-ESTM 

Electricity, 

seawater 

desalination 

and non-

energetic 

industrial 

gas 

Hourly Multi 

Barbosa et al. 

(2017) 
2030 

South and 

Central America 
LUT-ESTM 

Electricity, 

seawater 

desalination 

and non-

energetic 

industrial 

gas 

Hourly Multi 

Gils et al. 

(2017) 
2050 Brazil REMix 

All sectors 

(power, heat 

and 

transport) 

Hourly Multi 

Aghahosseini 

et al. (2017) 
2030 North America LUT-ESTM 

Electricity, 

seawater 

desalination 

and non-

energetic 

Hourly Multi 
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industrial 

gas 

Hall and 

Swingler 

(2018) 

n/a 
Prince Edward 

Island, Canada 
HOMER Electricity Time-slices Single 

Haas et al. 

(2018) 
2050 Chile 

Long-term Energy 

Expansion Linear 

Optimization 

(LEELO) 

Electricity Hourly Multi 

Zapata et al. 

(2018)* 
2015-2038 Colombia 

System Dynamics 

(SD) 
Electricity 

Monthly & 

yearly 
Single 

Dranka and 

Ferreira 

(2018) 

2016 and 

2050 
Brazil EnergyPLAN Electricity Hourly Multi 

Sarmiento et 

al. (2019)* 
2015-2050 Mexico GENeSYS-MOD All sectors Time-slices Multi 

Haas et al. 

(2019) 
2050 Chile 

Long-term Energy 

Expansion Linear 

Optimization 

(LEELO) 

Electricity Hourly Multi 

Aghahosseini 

et al. (2019) 
2030 

North, Central 

and South 

America 

LUT-ESTM 

Electricity, 

seawater 

desalination 

and non-

energetic 

industrial 

gas 

Hourly Multi 

Osorio-

Aravena et al. 

(2020)* 

2015-2050 Chile LUT-ESTM All sectors Hourly Single 

Osorio-

Aravena et al. 

(2021)* 

2015-2050 Chile LUT-ESTM All sectors Hourly Multi 

Lopez et al. 

(2021)* 
2020-2050 Bolivia LUT-ESTM All sectors Hourly Multi 

Buira et al. 

(2021)* 
2020-2050 Mexico 

EnergyPATHWAYS 

& Regional 

Investment and 

Operations (RIO) 

All sectors 

plus non-

energy 

sectors  

Time-slices Multi 

Williams et 

al. (2021a)* 
2020-2050 USA 

EnergyPATHWAYS 

& RIO 

All sectors 

plus non-

energy 

sectors 

Time-slices Multi 
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Larson et al. 

(2021)* 
2020-2050 USA 

EnergyPATHWAYS 

& RIO 

All sectors 

plus non-

energy 

sectors 

Time-slices Multi 

Jacobson et 

al. (2022)*  
2020-2050 USA 

LOADMATCH & 

GATOR-GCMOM 
All sectors Time-slices Multi 

 

2.2 Current and future trends of energy systems in the MENA region 

The MENA region (Publication Ⅳ) historically is known to be the centre of the oil and 

gas industry with the Organization of the Petroleum Exporting Countries (OPEC) 

headquartered in Austria. According to the IRENA (2019b) which is headquartered in the 

UAE, a strong linkage between the fossil fuels industry and socio-economic development 

put the region at serious risks of climate change. Nevertheless, one can observe the shift 

to renewables in the local energy markets in the form of the world’s biggest and cheapest 

solar PV utility-scale plants (Weaver, 2021), such as a 1.5 GW plant in Saudi Arabia with 

12.3 $/MWh (10.9 €/MWh) and a 1.5 GW plant in the UAE with 13.5 $/MWh (12.0 

€/MWh). This is also supported by PV module manufacturing plants in Saudi Arabia with 

a 1.2 GW capacity (Bellini, 2021) and in Iran with a 150 MW capacity (Hutchins, 2021). 

Boosting the deployment and development of RE and maximising their socio-economic 

impact, including health improvement, emission reductions and job creation, requires the 

appropriate policy frameworks and commitment of the nations to their targets and plans. 

Technological transformation, investment promotion mechanisms, education and training 

are the important factors to drive the energy transition in the region (IRENA, 2019b). For 

instance, countries can develop a local value chain for solar PV leveraging existing 

industries to produce the required materials. For the materials that cannot be easily 

provided domestically, they can be imported and assembled by professional technicians 

and workers inside the countries. Meanwhile, assembling transformers and converters are 

more straightforward than complex and technical processes in oil and gas installations 

(IRENA, 2019b). Renewables have become a major plank of economic diversification 

and can bring thousands of jobs to decrease the rate of unemployment for several 

countries in the region (Ram et al., 2020, 2022b). According to the IRENA (2019a), there 

are five main reasons that push countries in the Gulf Cooperation Council (GCC), but 

also other countries in MENA, to turn to RE: i) practicality and availability ii) cost-

competitiveness iii) job creation ⅳ) abundant RE potential ⅴ) saving water resources. 

Concerning the last point, water scarcity is a major challenge in the MENA countries, 

where 12 out of the 17 (~70%) most water-stressed countries in the world are in this 

region, including Iran (Publication Ⅴ). High water demand for fossil fuels power plants 

can push the countries’ water stress to its maximum limits. Reducing the amount of 

freshwater withdrawal for cooling down the thermal power plants by shifting to a fully 

renewables-based energy system can reduce the region water consumption significantly 

(Lohrmann et al., 2019). In addition to the fact that the region is quite hot and dry, 

growing population paired with the expansion of cities and inadequate governance 
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managements have increased the water stress in the countries even further. On top of that, 

there are the impacts of climate change. According to the Work Bank (2018), climate-

related water scarcity can lead to the region’s economic losses at the rate of 6-14% of 

gross domestic product by 2050. Fortunately, there have been some progress to increase 

the water productivity through diminishing wasteful nonrevenue water, wastewater 

recycling and water desalination (World Bank, 2018). The MENA region accounts for 

almost half of the global desalination capacity today. Recent technological improvements, 

and decreases in the cost of desalination paired with RE, mean that desalination is 

progressively becoming a viable solution to address the water crisis (Caldera, 2020). 

By decreasing the price of RE and investing abroad, the MENA region, led by Saudi 

Arabia, the UAE, Morocco, and Oman, is shaping the energy transition not only in the 

region itself, but also in other world regions as well. The vision of the EU-MENA 

DESERTEC (DESERTEC Foundation, 2007; Zickfeld and Wieland, 2012) to supply a 

part of the electricity demand in Europe by the plentiful solar resources in the MENA 

region is slowly becoming a reality, as many projects have been announced or are in the 

pipeline. This has been happening via e-hydrogen projects development in the above-

mentioned MENA countries, but it is expected that other MENA countries will also 

expand their international partnerships with Europe in the coming years (Dii Desert 

Energy, 2020). For instance, an Italian company is planning to assess the feasibility of 

producing green hydrogen powered by solar PV and wind power in Egypt and Algeria 

(Bailey, 2021). ACWA Power, a utility-scale project developer in Saudi Arabia, aims for 

international investments in solar energy that can help produce RE at a low cost. The 

company plans to invest in solar PV and CSP overseas across several countries, including 

South Africa, Egypt and Ethiopia. Moreover, ACWA Power has joined the seven-team 

consortium to produce green hydrogen below 2 $/kg H2 by 2026 (MEED, 2020). Trieb et 

al. (2006, 2012) investigated and co-developed the DESERTEC Foundation concept 

considering imports from CSP produced within MENA, which is complemented by TES, 

to provide dispatchable electricity for Europe. The authors concluded in the latest study 

that approximately 700 TWh electricity can be produced and exported to cover 15% of 

the electricity demand across 16 European countries by 2050. Additionally, integrating 

MENA into the neighbouring regions in a 100% RE-based power system has been 

discussed through interconnecting Europe, Western Eurasia and MENA (Czisch, 2005), 

Europe, Eurasia and MENA (Bogdanov et al., 2016) or global interconnection of the nine 

major regions, including MENA (Breyer et al., 2020). However, a question regarding the 

techno-economic feasibility of a 100% RE-based system with scenario variations via a 

full hourly resolved energy system modelling approach for the countries within the region 

remained unanswered and was used to form the main research objectives for the 

Publication Ⅳ. 

Iran, the second most populated and the fourth largest nation in MENA, the heart of the 

fossil gas and oil reserves in the world can shift away from fossil fuels towards a fully 

sustainable energy system powered by solar PV and wind energy. In a petroleum-rich 

nation like Iran, easy access to fossil fuels with low energy prices, due to huge 

subsidisation, has been taken for granted. Figure 1 illustrates the current status of the 
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power system in Iran. Both utility planners and end users pay the least attention to 

climate-related consequences, massive opportunities for RE deployment and 

development, and energy efficiency improvements. Future energy system modelling with 

a perspective for the rapid energy transition towards sustainable, affordable and reliable 

energy systems under various scenarios can enlighten policymakers, developers and civil 

society to understand the importance of the energy transition. 

 

 

Figure 1. Historical trend of electricity installed capacity by fuel source and total electricity 

generation (Tavanir, 2016) (top) and the energy flow of the power system in 2015 (bottom). 
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Aghahosseini et al. (2018) carried out the first research addressing such a concept to cover 

the country’s electricity demand in 2030 by integrating 100% RE and energy storage. The 

research work was published online in 2017 and issued in the journal one year later in 

2018. The results revealed that electricity generated from renewables would be sufficient 

to not only meet the power sector demand, but also cover the required electricity for 

desalination and e-methane production. The model was designed in a linear cost-

optimised programming tool to analyse the feasibility of a RE-based power system in 

hourly resolution for the applied year (overnight method). The estimated LCOE for the 

power sector and the integrated system is at 45.3 €/MWh and 40.3 €/MWh. To follow up 

on the results of this research, the very first energy transition study powered by 100% RE 

was conducted to cover the same sectoral demand with updated data in 5-year intervals, 

from 2015 to 2050, using the LUT-ESTM (Ghorbani et al., 2017). At the beginning of 

the transition, a considerable installed capacity of onshore wind power and solar PV kick 

in and only a small fraction of energy storage capacity is installed until 2030. From 2035 

onwards, the combination of solar PV and battery storage is identified as the least-cost 

solution, complemented by wind power, hydropower and other storage technologies. The 

LCOE is estimated at around 41-47 €/MWh by 2050, depending on the sectoral 

integration. Securing the future water supply for Iran is vital because the country is 

located in arid and semi-arid areas with several parts suffering from high or extremely 

high water stress. Caldera et al. (2019) investigated the role of water desalination in Iran 

powered by 100% RE systems in high spatial and temporal resolutions for the year 2030. 

The findings suggest that hybrid RE power plants, solar PV, onshore wind, battery storage 

and power-to-gas (PtG), optimise the use of the desalination plant capacity. The levelised 

cost of water (LCOW) ranges mainly between 1.0 and 2.5 €/m3, depending on the RE 

resource availability and water transportation costs. The previous studies focusing on the 

energy transition for Iran have been performed as a single node and the role of grid 

interconnection was not evaluated in the model. Therefore, in order to understand the 

benefits and challenges of the renewables-based electricity system across the country, a 

more practical, detailed and multi-node approach is needed to pave the way for the energy 

transition across disparate sectors in Iran (Publication Ⅴ). In addition to exploring the 

feasibility of matching electricity demand and supply for the three sectors assessed in the 

earlier research works, a new scenario is modelled to illustrate the future energy systems 

of the country built based on the current policies and plans. 
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3 Type of models, scenarios and key drivers for energy 

transition pathways 

3.1 Characteristics of energy system models 

Energy system modelling is a toolkit that assists to identify technologies capable of 

accelerating the energy transition, reducing CO2 emissions, offering a sustainable energy 

system, and determining the least technical and financial risks with respect to meeting the 

future energy demand. A large range of dedicated energy systems models have been 

developing for decades now (Connolly et al., 2010; Prina et al., 2020; Kittel and Schill, 

2021). Depending on the model design and the considered approaches, energy system 

modelling can be conducted over the short term (i.e. 2030, 2040 or 2050 – Publications 

Ⅲ and Ⅳ) or the long term (i.e. from 2015 to 2050 - Publications Ⅴ-Ⅶ). The former 

is also called the overnight scenario and the latter is also known as the transition scenario. 

The time horizon for the long-term modelling is divided into shorter periods in which the 

modelling is performed. The range can be varied starting from 2 to 10 years with 5 years 

being the most common type. Such subdivision of the periods reduces the computational 

effort and saves time for analyses of other important aspects. On the other hand, short-

term modelling is rather easier as the time horizon coincides with the simulation year. In 

either case, the model must balance the energy supply and demand in each time step of 

the given simulation year. The time step defines the time or temporal resolution in which 

the modelling is carried out. In this regard, the term time-slice should be introduced in 

which the simulation year is split into several time steps. Examples of energy system 

models for this concept are TIMES (Loulou et al., 2016) and GENeSYS-MOD (Löffler 

et al., 2017) which consider several time slices including seasons, weekly and diurnal. 

The diurnal one can consist of day, night and peak times. The time-slice concept is mostly 

suitable to model an energy system with a large dependency on fossil fuels and nuclear 

power where variation in the weather is not a matter of concern. Further, it helps to 

increase the number of steps for the time horizon and decrease the time-consuming 

modelling of large-scale multi-nodal system setups. In recent years, as the installed 

capacity of RE has soared, almost all model developers concur that the share of RE along 

with other low-carbon technologies and applications must increase rapidly to reach the 

net zero emissions target of the Paris Agreement by 2050. However, larger integration of 

variable RE sources, in particular solar PV and wind power, requires significant flexibility 

measures for the power systems. This level of flexibility can only be observed over a high 

temporal resolution and chronological modelling due to the variation and seasonality of 

solar and wind resources. It has been argued that the impact of temporal resolution and 

techno-economic operational detail are more valuable for a system with high penetration 

of RE (Haydt et al., 2011; Deane et al., 2012; Poncelet et al., 2016). Hourly resolved 

energy systems models are the most common sort available today that are able to capture 

this challenging but important aspect. Brown et al. (2018b) discussed that hourly resolved 

models are sufficient to monitor and control the variation in RE sources and sub-hourly 

representation might just increase the computational time without any further value-add. 
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It is noteworthy to point out that high temporal resolution is quite crucial in order to 

carefully represent the variability of RE sources, especially in the power system in which 

energy storage devices should balance electricity generation and demand (Schyska et al., 

2021). Prina et al. (2020) classified the time resolution under three categories: low (1-32 

time-slices), medium (36-288 time-slices) and high (8760 time-slices or hourly). The 

hourly resolved model has been used for Publications Ⅲ-Ⅶ. 

When it comes to variable RE sources, spatial resolution is also a decisive factor for RE 

potential, generation profile and the respective costs. As the number of nodes increases, 

higher spatial resolution can be achieved. Single-node modelling is characterised as low 

spatial resolution. Depending on the simplification of the approach and computational 

time, the number of nodes is defined. Regarding the multi-node approach, the challenge 

becomes more severe when nodes are interconnected via the transmission network. The 

number of power transmission lines that are specified for each node to be connected with 

the neighbouring nodes can intensify the computational burden. Publications Ⅲ-Ⅵ 

follow on regional and national scale the multi-node method and Publication Ⅶ is an 

aggregated single-node study on a major region level (e.g. Europe, Eurasia, North 

America etc.). 

High details in the techno-economic assessment of energy system models are vital to 

understanding the model behaviour in response to a radical system change. Some 

indicators for high-resolution techno-economic models include ramping costs, changes in 

the performance of technologies and prosumer features. Observing the interaction 

between various technologies within an integrated power system can underpin crucial 

decisions regarding the development and deployment of a plant. Assessment of the 

potential of energy sources, energy yields, system flexibility measures, energy storage 

requirements, sector coupling and job creation estimates can be classified under technical 

evaluation and comparisons. On the other hand, an economic assessment may include 

LCOE, annual system costs, capital expenditures (CAPEX) and operational expenditures 

(OPEX). Cross-technology comparisons between fossil fuels, nuclear power and RE with 

regard to the current status and future development of the energy systems would allow 

the selection of optimal technologies while minimising the cost. 

3.2 Which types of energy system models have been developed? 

Although an energy system model is a simplified representation of reality, it is still rather 

complex and depends on a large quantity of data and several parameter approximations. 

What makes the models more interesting is that each model comes with different strengths 

and weaknesses. Energy system models have been classified under different categories. 

Grubb et al. (1993) define six dimensions of such classification as follows: i) top-down 

and bottom-up, ii) short-term and long-term, iii) sectoral coverage ⅳ) optimisation and 

simulation ⅴ) aggregation level ⅵ) geographic coverage. Beeck (1999) provides a nine 

ways approach to classifying energy system models: general and specific purposes, model 

structure, analytical approach, underlying methodology, mathematical approach, 
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geographical coverage, sectoral coverage, time horizon and data requirements. In 

addition, energy system models have been reviewed and compared by various researchers 

exploring and highlighting further characteristics of the models (Worrell et al., 2004; 

Jebaraj and Iniyan, 2006; Connolly et al., 2010; Lund et al., 2017; Ringkjøb et al., 2018).  

The most common separation of energy system models is related to the analytical 

approach, i.e. top-down and bottom-up models. Top-down models mainly focus on 

economic-related matters and strive to interact the energy system with other 

macroeconomic sectors (Grubb et al., 1993). The main core of this model type is driven 

by observed market behaviour. The interaction between the energy system and economy 

is conducted through econometric techniques in which inputs such as energy, capital and 

labour can be converted to useful outputs. Aggregated data are used for connecting the 

energy systems and other economic sectors, which makes the detailed focus on the 

specific sectors challenging. This type of model is found useful if no change in the 

historical trend of the energy systems is observed (Beeck, 1999). In other words, if the 

historical pattern and the relationship among the main variables remain unchanged, the 

same pattern can be adapted for the future as well. On the other hand, bottom-up models 

are mostly appropriate if interactions between the energy sector and the other sectors are 

inconsequential. Additionally, hybrid integrated models are introduced to combine a top-

down model with a bottom-up model through manually transferring the data and 

respective parameters, so-called soft-linking, or via an automated approach (hard-

linking). Well-known model types are the Integrated Assessment Models (IAMs) that 

typically aim to address climate, energy, economy and impacts on related systems. 

One of the advantages of the bottom-up method is that it allows the model user to set and 

modify the assumptions, whereas assumptions in the top-down model are mainly defined 

by the model developer internally. Furthermore, bottom-up models would allow the user 

to explore the system while top-down models are generally suitable for projections. 

Moreover, the bottom-up models provide a possibility for a detailed description of 

technologies, unlike the top-down models. In this dissertation, a bottom-up model is 

employed due to the following reasons: detailed access to the technologies, easily 

adjustable technical and financial assumptions by the user, cost assessment of 

technological options, and using disaggregated or aggregated data freely for exploring 

purposes, among others. The following sub-section focuses on the time horizon aspects 

of the bottom-up energy system models explored in this dissertation. 

3.2.1 Bottom-up overnight (short-term) modelling 

The most common term for this type of energy system model is short-term, but also 

known as static, greenfield or overnight. As explained earlier, a specific year can be 

chosen for short-term models that is set for the analysis of the model. This translates to 

the fact that the target and objective function have to be met in the selected year with no 

attention given to the pathway of achieving such a target. Furthermore, the existing 

capacity of fossil fuels is not taken into consideration in a 100% RE-based electricity 

system, meaning only the mix of the current and new capacity additions of RE is among 
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the technologies for the given target and timeline. The findings should, therefore, be 

treated as a benchmark for an optimised future energy system, and not interpreted as a 

forecast. In this modelling practice, long-term market equilibrium and perfect foresight 

are assumed. For the studied regions, Americas (Publication Ⅲ) and MENA 

(Publication Ⅳ), the feasibility of a 100% RE-based power system in hourly temporal 

resolved configuration is examined for the power, seawater desalination and non-

energetic industrial gas sectors based on the overnight approach for the year 2030. 

3.2.2 Bottom-up transition (long-term) modelling 

Energy transition pathways or long-term energy system planning captures the pathway of 

reaching the ultimate target in a higher resolution and further details. The time step is 

typically every 5-year and the time horizon is often between 20-40 years. The most 

common type of long-term energy system models mostly concentrates on the time slices 

rather than a more consecutively modelling of all days or even hours within a year, as 

discussed at the beginning of this section. The coarse temporal resolution is due to the 

longer time horizon and more computational power required to produce the results 

(Welsch et al., 2014). However, as the share of variable RE soars, the need for more 

accurate observation of the energy system, in particular ensuring reliability and constant 

operation of the power generators to meet the demand, becomes increasingly vital. 

Therefore, high temporal resolution helps identify the role of RE, energy system, system 

flexibility, and grid interconnections more accurately for a robust energy system 

modelling. For this reason, full hourly energy system modelling has been conducted for 

the energy transition studies in Publication Ⅴ for the case of Iran and Publication Ⅶ 

for the case of Chile. In Publication Ⅴ, the energy system transition is carried out for the 

power, seawater desalination and non-energetic industrial gas sectors over nine nodes in 

a fully interconnected energy system, where the country is considered an island with no 

imports and exports with the neighbouring countries. The same setup has been applied to 

the Publication Ⅶ, but with higher sectoral coverage including power, heat, transport 

and seawater desalination sectors. 

3.3 System flexibility measures in a high RE penetration system 

System flexibility is a critical factor in response to the increasingly complex challenge of 

balancing supply and demand as the share of variable RE is soaring. PtG, power-to-heat 

(PtH), seawater desalination, especially reverse osmosis technology, and synthetic e-fuels 

production, such as with Fischer-Tropsch, can operate as a bridging technology. The 

bridging technologies, energy storage, sector coupling and use of green hydrogen and 

dispatchable RE sources integrate different sectors, improve the overall system 

efficiency, and decrease the total system costs. Meanwhile, some researchers still 

perceive that significant shares of RE may make the energy systems unreliable and the 

only way to maintain its reliability is by integrating so-called ‘clean firm electricity 

generating technology’ (Baik et al., 2021). This sort of technology can be categorised as 

low- or zero-carbon and include biomass, biogas, hydropower, geothermal energy, 



3.3 System flexibility measures in a high RE penetration system 

 

47 

nuclear power, fossil fuels with CCS, and hydrogen. Some of these technologies can be 

integrated into energy transition pathways with consensus among experts such as 

sustainable bioenergy, green hydrogen, and geothermal energy, while other options lack 

some aspects of sustainability that are briefly addressed in sub-section 3.3.3. 

3.3.1 Importance of energy storage in the energy transition 

Energy storage technologies, such as batteries, PHES, CAES, TES, gas and hydrogen can 

contribute to complex future energy systems powered by high shares of RE sources. 

Electricity produced from solar and wind energy can be stored, if not otherwise 

consumed, in energy storage applications to be utilised when needed. Energy storage can 

facilitate a high penetration of RE, help in demand side management, decrease energy 

variations, make the power system more reliable and lower the electricity cost. Energy 

storage can be classified under storage time duration. Short-term energy storage is suited 

for storing energy for hours to days, such as batteries. Meanwhile, mid-term and long-

term energy storage can store energy from a few hours to a season. An example of 

seasonal storage is storing heat produced via underground TES in the summer and using 

it during the winter. 

PHES and CAES technologies have been commercialised and utilised for decades, but 

they both have conventionally faced high upfront capital costs because of large project 

sizes, geographic conditions and low efficiency. Both storage technologies, particularly 

PHES, were originally developed to balance the cycle of electricity demand and 

generation required for coal and nuclear plants by storing excess electricity at night and 

re-using it during the daytime (Stocks et al., 2021). PHES is the most common and widely 

deployed storage system in the electricity sector capable of short- to long-term energy 

storage (Guittet et al., 2016). A global atlas of closed-loop PHES is analysed based on a 

GIS model suggesting there are 616,000 potential sites all around the world which is 

summed up to a total of 23,000 TWh storage capacity potential (Stocks et al., 2021). 

According to Ghorbani et al. (2019), the potential of PHES in Iran could be technically 

increased up to 1000 times the current capacity, from 5.1 GWh to 5108 GWh. This 

research was executed through a GIS analysis under various topologies consideration. 

The same approach has been applied to a case study in the South Andes (Chile, Peru and 

Bolivia), resulting in over 450 suitable locations equivalent to a total energy storage 

capacity of 20 TWh or 1600 GW with 12 h of storage (Haas et al., 2022). Chile accounts 

for the highest energy storage capacity with 9.9 TWh, which is further applied as an upper 

limit to the energy system analysis in Publication Ⅶ. 

Another example of long-term energy storage is CAES in which the air is compressed 

into reservoirs such as salt caverns, and in the expansion cycle electricity is produced via 

turbines (Ferreira et al., 2013). The current CAES plants are diabatic systems storing 

energy in an underground storage cavern, both with relatively low efficiency and using 

natural gas as the primary fuel. Adiabatic CAES (A-CAES) is a more promising 

technology with an efficiency of about 70% suitable for integration with RE thanks to 

additional TES that eliminates the need for fuel use during the expansion mode. Several 
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studies explored the role of CAES in integration with variable RE sources. CAES has 

been found effective in particular when combing with solar PV and wind power, which 

leads to a higher power system quality and reliability (Denholm and Margolis, 2007; 

Daneshi et al., 2010; Bouman et al., 2016; Gulagi et al., 2016). The global potential of 

CAES is investigated and presented in Publication Ⅰ. The recent upcoming long-term 

energy application is hydrogen storage, which can be used for a wide variety of end-use 

purposes including electricity, heat and transport. However, the lack of existing 

infrastructure for large-scale scalability might be a hindrance to the prompt 

implementation of hydrogen storage (IEA, 2014b). The role of the abovementioned 

energy storage has been explored in the context of the energy transition in this dissertation 

(Publications Ⅲ-Ⅶ). 

3.3.2 The role of untapped renewable energy potential 

Several RE sources are considered dispatchable due to the functionality of providing 

energy all around the year. For instance, geothermal energy, hydropower, biomass and 

CSP paired with TES are able to provide great support for growing variable RE sources. 

Geothermal energy can be used for both heat and electricity purposes under various 

applications, such as power plants, district heating, ground-sourced heat pumps, direct-

use and CHP. Thanks to the constant flow of heat from the Earth, geothermal energy can 

be supplied throughout the year. It is expected that geothermal energy gains momentum 

in the years to come, especially because geothermal energy would not be affected by the 

depletion of natural resources and price increases similar to that for fossil oil and gas. For 

electricity generation, a minimum temperature of around 100-150°C is needed. This 

limits the availability of geothermal energy and restricts its resources to areas with active 

volcanos, abnormal geothermal gradients and impermeable rock around a hydrothermal 

system (Huenges, 2010). This type of geothermal system is called hydrothermal. 

However, there is a more advanced type of geothermal system available that is known as 

hot dry rock (HDR) or enhanced geothermal system (EGS). Enhanced geothermal 

systems are one of the emerging technologies in the energy market that can be expanded 

widely around the world due to its special characteristics (Publication Ⅱ). 

3.3.3 Other low-carbon alternatives 

There are many ways that system flexibility can be provided in power systems. Ramping 

up and down or switching on and off of dispatchable power plants, such as open cycle 

gas turbine (OCGT) or CCGT, can ensure grid reliability. This can be done via fossil gas 

today and in the later stage of the energy transition through PtG, if needed. Some, 

including the Intergovernmental Panel on Climate Change (IPCC, 2005, 2018), argue that 

fossil fuels, especially fossil gas, can remain in the energy system, whilst CO2 associated 

with the combustion process can be captured and stored via CCS facilities. In principle, 

the notion behind this concept sounds quite interesting assuming that CO2 emissions can 

be eliminated from the atmosphere via the capturing equipment and stored underground 

for hundreds or thousands of years. However, in reality, the technology is not as 
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promising as it sounds. The first issue is related to the required energy to power the 

equipment. Currently, gas turbines run the equipment in order to capture CO2 from coal-

fired power plants, which makes the whole system extremely inefficient as it was 

supposed to capture but not produce more CO2. Jacobson (2019) estimated that the 

amount of captured CO2 is about 11% over 20 years and 20% over 100 years. The limited 

net captured rates are because of uncaptured CO2 from the combustion of fossil gas 

running the equipment, coal-fired plants and upstream emissions from mining and 

processing of coal and gas including methane emissions. Furthermore, the whole process 

produces more air pollution and intensifies land degradation as a result of additional 

mining (Jacobson, 2019). The second concern about CCS is the rate of leakage back into 

the atmosphere. The CCS capturing equipment has an efficiency of a maximum of 90% 

(Rubin et al., 2015) and in comparison to that renewables return better on investment as 

well (Sgouridis et al., 2019). Therefore, equipping fossil fuel power plants with CCS and 

keeping it in the energy system for longer terms while the RE share climbs in parallel can 

increase the social costs and hardly reduce any emissions. 

Nuclear power is a baseload generator technology capable of producing electricity over 

the clock. Even though nuclear power is categorised under CO2-free technologies and 

made this technology superior to conventional power plants running on coal, gas or oil, 

various obstacles come with nuclear power that hinders its capacity expansion. One of 

the main issues associated with nuclear is its high cost compared to RE. Nuclear power 

has become slightly more than 30% more expensive during the last decade while RE costs 

have decreased by nearly 90% (Abbott et al., 2021). Another issue is regarding the 

duration of the construction of a plant, which lasts 10-20 years. Even so, the electricity 

costs of a nuclear plant are expected to be double than that generated by RE by 2040 

(Abbott et al., 2021). With delays in technological development, cost overruns and 

growing safety concerns, the future of nuclear power is highly ambiguous (Markard et 

al., 2020; Wealer et al., 2021). In addition, the rapidly declining cost of RE makes the 

development of nuclear power even less attractive. However, it is likely that existing 

nuclear power plants continue to operate until the end of their technical lifetime, with the 

possibility to expand the lifetime, given their relatively low running price and low air 

pollution (Stokes, 2020; Griffith, 2021). However, a study depicts that keeping the 

existing nuclear power plants online from 2016 to 2050 for the case of New York would 

be more costly than building new onshore wind capacity to replace the nuclear plants 

(Cebulla and Jacobson, 2018). Furthermore, the study states that considering all the 

upstream and downstream life-cycle emissions of construction of a nuclear plant, nuclear 

causes more emissions than RE, as the associated life-cycle emissions for nuclear power 

are assumed at 66 g-CO2/kWhel and for onshore wind is at 10 g-CO2/kWhel. Nuclear 

power plants are also called for provoking potential health risks by exposure to ionizing 

radiation and nuclear waste (Vaiserman et al., 2018). On the social aspects of accepting 

nuclear energy as the main energy source in the future, a study conducted for the US 

identified a strong correlation between nuclear energy and nuclear weapon in the eyes of 

the public. The researchers concluded that in addition to the general fears based on 

previous incidents, such as Fukushima and Chernobyl, nuclear physiologically brings 

feelings of dread (Baron and Herzog, 2020). 
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3.4 The importance of investigation and comparison of the energy 

system pathways 

Clean energy transition scenarios are designed to showcase the most promising pathways 

for transitioning the energy system from fossil fuels-based towards carbon neutral by the 

second half of this century, as addressed in the Paris Agreement (UNFCCC, 2015). 

Comparison of long-term energy scenarios is helpful to understand scenario assumptions 

and results, validate and improve the reliability of the scenario output, and advance the 

robustness of insights for policymakers. One can understand the similarities and 

differences between the scenarios in terms of the main requirements for the energy 

transition. For instance, it has been often stated in scenarios that RE is the backbone of 

the energy transition, which is mainly powered by solar PV and wind power (Gioutsos et 

al., 2018; Pursiheimo et al., 2019; Teske, 2019; IEA, 2020b; Bogdanov et al., 2021b; 

Luderer et al., 2021; Williams et al., 2021a; IRENA, 2022b). Other similar findings could 

include, but are not limited to, electrification of all energy sectors as much as possible, a 

rapid phase-out of fossil fuels, integration of hydrogen to be utilised directly or indirectly 

across the sectors, increasing heat pump installations for the heat sector or the building 

sector as a part of the increasing efficiency strategy, and the need for short-term and long-

term energy system scenarios alongside with government policies and plans. On the other 

hand, the differences can be listed as, for example, changes in final energy demand 

(increase due to the socio-economic metrics vs. decrease because of efficiency 

improvement), the role of natural gas as a bridging fuel, the degree of integration of RE 

into the energy system throughout and by the end of the energy transition, the contribution 

of energy storage applications, the importance of carbon dioxide removal for GHG 

emissions mitigation, the role of CCS and small modular nuclear reactors (Ramana, 2021; 

Wealer et al., 2021). 
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4 Methods  

4.1 Estimating the compressed air energy storage potential 

As the share of RE soars in the power system, it becomes increasingly crucial to control 

the variability of these resources for a stable transmission grid. Energy storage is a key to 

this puzzle to store excess and low-value off-peak electricity and use the stored electricity 

during peak demand periods. CAES technology has been around for decades to store 

excess electricity from coal and nuclear power generators to balance the power system 

(Saruta et al., 2021). There are two commercially available plants as of today in Huntorf, 

Germany, and in McIntosh, USA. The conventional or diabatic CAES (D-CAES) works 

under two modes: compression and expansion. In the compression mode, the air is 

pumped into an underground cavern via a compressor. In the expansion or generation 

mode, the pressurised air is released and transferred into a recuperator. To get the air in 

the desired pressure and temperature, the hot air is inserted into a combustion chamber 

fuelled by natural gas. The exhaust air is re-heated in the high-pressure expander before 

transferring it to the low-pressure expander. Finally, electricity is generated by low- and 

high-pressure expanders rotating the generator. A considerable amount of heat is 

produced as a side-effect of the given electricity to the compressor for pressurising the air 

stream, which decreases the system efficiency to approximately 25-45% (Elmegaard and 

Brix, 2011). The McIntosh plant has an efficiency of 54% since a part of the excess heat 

is recovered and reused which leads to a decrease in fuel consumption (Chen et al., 2009; 

Barnes and Levine, 2011). In the second generation of CAES, so-called adiabatic CAES 

(A-CAES), the second injection of heat and the need for natural gas fuel in the expansion 

mode is eliminated by using a TES for storing the exhaust heat from the compression 

mode. As a result, the round-trip efficiency of the system increases to about 70%, almost 

20%-30% percentage points higher than the conventional CAES. This would allow A-

CAES to be well-integrated with RE and other system flexibility applications in a highly 

RE-based system to ensure grid reliability for a constant power supply with zero CO2 

emissions. Integrating RE and CAES has been discussed for various system 

configurations in the literature (Denholm and Margolis, 2007; Fthenakis et al., 2009; 

Lund et al., 2015; Sun et al., 2015). A simplified block diagram representing the 

difference between D-CAES and A-CAES is illustrated in Figure 2. 
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Figure 2. Block diagram of D-CAES supplied by fossil fuel and A-CAES powered by RE. 

 

In this dissertation, the CAES geological resource potential is evaluated worldwide, 

which is further divided into nine major regions and 145 sub-regions, using a GIS-based 

model. Figure 3 shows the regional subdivision considered for this analysis. In the first 

step, areas with geologies favourable to CAES are identified by overlapping two or more 

suitable geological formations, such as salt deposits, porous rocks and hard rocks (for 

further details see Publication Ⅰ). The country-specific geological maps are collected, 

where publicly available, and the global lithological database (Hartmann and Moosdorf, 

2012) is employed as the basis for this analysis. The areas with proper lithological 

formations are marked as suitable for CAES operations. Once this step is completed, the 

total surface area of the identified spots is evaluated. A cylindrical-based cavern shape is 

considered similar to the existing CAES plants with a surface area of 25,000 m2 (Kushnir 

et al., 2012). By using the calculated surface area for suitable CAES sites and the assumed 

surface area for building a cavern (𝑆. 𝐴𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡), the number of caverns is estimated, as 

shown in Equation 1.  

𝑁𝑐𝑎𝑣𝑒𝑟𝑛 = 𝑆. 𝐴𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑/𝑆. 𝐴𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (1) 

To calculate the approximate volume of the caverns, the volume of the Huntorf plant, 

270,000 m3 (Foley and Díaz Lobera, 2013), is taken as a proxy for all the caverns 

(𝑉𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡), as given in Equation 2.   

𝑉𝑐𝑎𝑣𝑒𝑟𝑛 = 𝑁𝑐𝑎𝑣𝑒𝑟𝑛 ∙ 𝑉𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (2) 

In the final step, the estimated energy storage potential of CAES sites is obtained using 

the weighted average of maximum energy of the Huntorf (480 MWh) and the McIntosh 

(2000 MWh) plants relative to the volume of the caverns, which is calculated at 0.0028 
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MWh/m3. Equation 3 presents the energy storage estimate for the identified caverns in 

this study.  

𝐸𝐴−𝐶𝐴𝐸𝑆 = ∑(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 [(𝑉𝑐𝑎𝑣𝑒𝑟𝑛,𝑙 ∙ 𝐸𝑚𝑎𝑥1); (𝑉𝑐𝑎𝑣𝑒𝑟𝑛,𝑙 ∙ 𝐸𝑚𝑎𝑥2)])

𝑛

𝑙=0

 (3) 

Where 𝐸𝐴−𝐶𝐴𝐸𝑆 is the estimated energy storage potential of A-CAES, 𝑙 is the selected 

location in the interval of numbers between 0 and 𝑛 (the maximum number of sites), and 

𝐸𝑚𝑎𝑥1 and 𝐸𝑚𝑎𝑥2 are the maximum energy of Huntorf and McIntosh plants, respectively. 

 

Figure 3. Subdivision of the world into 9 major regions and 145 sub-regions for CAES geological 

potential estimate (Breyer et al., 2017). 

4.2 Estimating the enhanced geothermal systems' potential 

EGS is a generic term to describe a process by which heat is extracted from beneath the 

Earth’s surface by circulating water through an engineered system of fractures in hot 

rocks (Beardsmore et al., 2010). In theory, the only limitation of EGS deployment is the 

mechanical challenges of drilling and fracture engineering. At the same time, geothermal 

systems are categorised among the lowest land-use requirements between electrical 

generating technologies (UNCCD and IRENA, 2017). EGS is currently cost-competitive 

in a few locations. As EGS's current commercialisation efforts continue to evolve and 

reduce in cost, improving and diffusing the knowledge of the global potential and its 

regional applicability and distribution is fundamental for strategic research and 

development (R&D), energy system policy and broad-scale deployment. Another 

important reason for analysing the global EGS potential is a relative lack of knowledge 

about the geothermal resource availability that limits the presence of geothermal energy 

in the national governments' plans and international non-governmental organizations’ 

future energy scenarios. Moreover, attracting developers and investors in EGS technology 

is complex since there is unclear information regarding relative EGS energy potential, 
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business case on a specific location, and documented reserve data. Finding common 

ground between the technical and business communities could ease the path for EGS 

commercialisation. 

The EGS potential has been analysed by various research groups and for different 

geographical locations, such as the US (Blackwell et al., 2006; Tester et al., 2006; 

Augustine, 2011; Lopez et al., 2012), Europe (Chamorro et al., 2014b; Limberger et al., 

2014), Germany (Jain et al., 2015), Iberian Peninsula (Chamorro et al., 2014a), 

Switzerland (Gerber and Maréchal, 2012), Great Britain (Busby and Terrington, 2017), 

China (Wang et al., 2013) and Korea (Lee et al., 2010). A Protocol for evaluation of the 

theoretical and technical EGS potential has been proposed by Beardsmore et al. (2010) 

using consistent methods and assumptions for comparable results in various regions 

around the world. In this dissertation, the global EGS resource potential is estimated in 

1˚×1˚ grid cell resolution by applying the Protocol’s methods and recommendations, 

where applicable, while delving into other sources, methods and assumptions. The main 

equations used to calculate EGS reservoir potential are discussed below and the more 

detailed equations, assumptions and sources can be found in Publication Ⅱ. 

The very initial step for estimating the recoverable heat content from the Earth’s crust is 

to model temperature at depth. The considered depth here is from 1 km beneath the 

surface down to 10 km in every 1 km step. Therefore, the required data for measuring 

temperature are collected, including surface heat flow, thermal conductivity, radiogenic 

heat production and surface temperature. Each of this data is taken from various databases 

and sources, which are explicitly elaborated in Publication Ⅱ. Once the input data are 

gathered, the temperature as a function of depth can be calculated using the simple form 

of Fourier law based on Equation 4 and assuming the equilibrium thermal regime of the 

continental crust for a steady state condition.  

𝑇(𝑧) = 𝑇0 + (𝑞0 ∙
𝑧

𝑘
) − (𝐴 ∙

𝑧2

2𝑘
) (4) 

where 𝑇(𝑧) is the subsurface temperature as a function of depth, 𝑧 is the depth, 𝑇0 is the 

surface temperature, 𝑞0 is the surface heat flow, 𝑘 is the thermal conductivity, and 𝐴 is 

the heat production. 

The next step is to compute the theoretical heat potential of EGS (Equation 5), which can 

be obtained from the temperature at every depth interval, base or reference temperature 

(𝑇𝑟), specific heat capacity (𝐶𝑝), density (𝜌) and volume (𝑉𝑐) of the rock. For the base 

temperature, it is assumed a temperature of 80˚C above the mean annual surface 

temperature at each location in which the crust can be theoretically cooled down.   

𝐻 =  𝜌 ∙ 𝐶𝑝 ∙ 𝑉𝑐 ∙ (𝑇𝑧 − 𝑇𝑟) ∙ 10−18 (5) 

In the above equation, 𝐻 is the total available heat content that can be extracted from the 

underground and converted to usable energy in the form of heat, electricity or a 



4.2 Estimating the enhanced geothermal systems' potential 

 

55 

combination of both (CHP). To calculate the theoretical power capacity, Equation 6 is 

employed to estimate physically exploitable energy at a certain time. However, only a 

fraction of the theoretical potential can be ultimately harvested and used under certain 

technical, economic and sustainable constraints. In the following equation, 𝜂𝑡ℎ is the 

thermal efficiency, 𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 is the lifetime of power plants, which is assumed to be 30 

years (Beardsmore et al., 2010), and capacity factor (CF) is the average geothermal 

capacity factor of 90% (Beckers et al., 2014).  

𝑃𝑡ℎ𝑒𝑜 = 𝐻 ∙
𝜂𝑡ℎ

𝐿𝑖𝑓𝑒𝑡𝑖𝑚𝑒 ∙ 𝐶𝐹
 (6) 

There are numerous obstacles ahead of mining and extracting the entire determined 

theoretical EGS reservoirs. Several technical limitations can reduce the amount of 

theoretical extractable heat considerably. The technical potential refers to the fraction of 

the theoretical potential that can be extracted and utilised with current technology while 

considering geographic, ecology, legal and regulatory restrictions (Rybach, 2010). 

Knowing the difference between theoretical and technical potential allows the benefits of 

new technology to be better exploited and communicated. Among the parameters that 

might lead to the technical limitations, land availability is one of the principal factors for 

the EGS development, which is included in the current analysis based on the following 

criteria: 1) protected and conservation areas; 2) densely populated areas; 3) large lakes 

and reservoirs; 4) areas of high water stress. Some restrictions might change over time 

and should be re-evaluated at the time of the establishment of the EGS plants. Population 

density, water-stressed regions and costs of drilling and operation are some elements that 

can change with time. Additionally, there are other parameters that limit the reservoir 

volume to technically accessible depth and resources, such as recoverability factor and 

allowable temperature drawdown.   

Another crucial aspect in the evaluation of geothermal resource potential is the economic 

factor. Eventually, it is of utmost importance to realise the cost of electricity generation 

in the power plants. Therefore, the LCOE is adopted as a useful tool (Short et al., 1995) 

to evaluate the optimal sites at the least-cost solutions. An optimum depth has been 

ultimately identified by applying two constraints: 1) temperature ≥ 150˚C; 2) LCOE cut-

off 150 €/MWh. A 150˚C temperature limit is considered as a minimum temperature 

suitable for electricity generation and a 150 €/MWh as the maximum cut-off value for the 

LCOE. Moreover, an industrial cost curve is developed for the LCOE as a function of 

EGS technical power capacity in 5 €/MWh intervals, from 10-15 €/MWh to 95-100 

€/MWh. 

Regarding the way of utilisation and socio-environmental impact of a geothermal 

resource, the sustainable potential of geothermal energy is analysed (Equation 7). The 

extracted geothermal heat can be refurbished over time although at a slow rate. A slow 

extraction rate can ensure consistent heat recovery and production over the lifetime of 

EGS systems. A restrictive method developed by Chamorro et al. (2014b) is applied, 
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where it is assumed that the heat can be extracted at the same rate as it is captured and 

generated with the same volume of rock.   

𝑊𝑠𝑢𝑠𝑡𝑎𝑖𝑛 = ((𝑞10000 ∙ 𝑆𝐴𝑇 ∙ 𝜂𝑡ℎ) + (𝐴 ∙ 𝑉𝑐 ∙ 𝜂𝑡ℎ))  ∙ (1 − 𝑅𝐴) (7) 

where Wsustain is the sustainable power capacity, q10000 is the heat flow at 10,000 m depth, 

SAT is the surface area at 10,000 m depth and temperature T, ηth is the thermal efficiency, 

A is the heat production, Vc is the volume of rock, and RA represents technical limitations 

related to land availability for EGS. 

4.3 Overview of the LUT Energy System Transition Model 

The LUT-ESTM is built on a linear programming technique and identifies the least-cost 

solution based on cost-optimisation (myopic approach). In the overnight model setup, the 

feasibility of achieving a 100% RE-based power system is assessed for the year 2030 in 

a fully optimised energy system under the given technical and financial assumptions. The 

modelling is performed in a high temporal resolution, i.e. full hourly resolved data, 

ensuring electricity generation and demand are matched in every hour of the applied year. 

The main target function of the optimiser is to minimise the total annual system costs for 

the studied energy sectors, as shown in Equation 8. The optimisation is carried out via 

MOSEK (Mosek ApS, 2015), but the model can be easily adopted by other solvers, such 

as Gurobi and CPLEX. The data structuring, computer programming, post-processing and 

visualisation are built in a Matlab environment (The MathWorks, 2016). Figure 4 presents 

the block diagram of the LUT-ESTM for the explored energy sectors in the Americas 

(Publication Ⅲ) and the MENA (Publication Ⅳ) case studies. 
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Figure 4. Block diagram of the LUT Energy System Model for the power system in the overnight 

approach. Abbreviations: ST: steam turbine; PtH: power-to-heat implemented by heating rod; 

ICE: internal combustion engine; GT: gas turbine and HHB: hot heat burner. 

 

min (∑ ∑(𝐶𝐴𝑃𝐸𝑋𝑡 ∙ 𝑐𝑟𝑓𝑡 + 𝑂𝑃𝐸𝑋𝑓𝑖𝑥𝑡) ∙ 𝑖𝑛𝑠𝑡𝐶𝑎𝑝𝑡,𝑟 + 𝑂𝑃𝐸𝑋𝑣𝑎𝑟𝑡 ∙ 𝐸𝑔𝑒𝑛,𝑡,𝑟

𝑡𝑒𝑐ℎ

𝑡=1

𝑟𝑒𝑔

𝑟=1

+ 𝑟𝑎𝑚𝑝𝐶𝑜𝑠𝑡𝑡 ∙ 𝑡𝑜𝑡𝑅𝑎𝑚𝑝𝑡,𝑟) 

 

(8) 

where 𝑟 and 𝑟𝑒𝑔 are the indicators for region, 𝑡 and 𝑡𝑒𝑐ℎ are for technologies, 𝐶𝐴𝑃𝐸𝑋𝑡 

is the capital expenditures for each technology, 𝑂𝑃𝐸𝑋𝑓𝑖𝑥𝑡 is the fixed operational 

expenditures for each technology, 𝑂𝑃𝐸𝑋𝑣𝑎𝑟𝑡 is the variable operational expenditures for 

each technology, 𝑖𝑛𝑠𝑡𝐶𝑎𝑝𝑡,𝑟 is the installed capacity by technology and region, 𝐸𝑔𝑒𝑛,𝑡,𝑟 is 

the annual energy generation by technology and region, 𝑟𝑎𝑚𝑝𝐶𝑜𝑠𝑡𝑡 is the ramping cost 

by technology, 𝑡𝑜𝑡𝑅𝑎𝑚𝑝𝑡,𝑟 is the sum of power ramping throughout the year for each 

technology and region (Equations 9 and 10).  

Regarding the ramping rates, the model optimises the energy system based on the 

minimisation of the total annual system cost in which the ramping rates and their 
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associated costs are a part of cost-optimisation, as shown in Equation 8. Therefore, the 

model ramps a technology up (Equation 9) and down (Equations 10) at various 

operational timescales if it is found to be an optimal solution given the additional cost 

associated with ramping. Furthermore, a constraint is set for the minimum generation of 

gas turbines with a capacity factor of 0.6 in the first three periods of the energy transition 

as the cost of other flexible resources, in particular battery storage, decline over time. 

𝑅𝑎𝑚𝑝ℎ[2..8760],𝑡,𝑟 ≥ 𝐸𝑔𝑒𝑛,ℎ,𝑡,𝑟 − 𝐸𝑔𝑒𝑛,ℎ−1,𝑡,𝑟                                            ∀ℎ, 𝑡, 𝑟     (9) 

𝑅𝑎𝑚𝑝ℎ[2..8760],𝑡,𝑟 ≥ 𝐸𝑔𝑒𝑛,ℎ−1,𝑡,𝑟 − 𝐸𝑔𝑒𝑛,ℎ,𝑡,𝑟                                            ∀ℎ, 𝑡, 𝑟 (10) 

where ℎ is for hour starting from 2 to 8760 and 𝑅𝑎𝑚𝑝ℎ[2..8760],𝑡,𝑟 is for power ramping in 

every hour throughout the year for each technology and region. 

The model consists of a wide range of power-generating technologies, energy storage, 

and power transmission network. The power system model is clustered into a centralised 

and prosumer-based system. In the prosumers model, the demand for residential, 

commercial and industrial sectors are met via a combination of solar PV, battery storage 

and electricity from the grid. The electricity can be purchased from the grid based on the 

estimated electricity cost taken from Gerlach et al. (2014) and Breyer and Gerlach (2013), 

and excess electricity can be sold to the grid according to a specified feed-in price. The 

difference between the objective function of the system optimisation in the prosumers 

and the main model is the electricity that can be purchased from or sold to the grid for the 

prosumers model and power ramping in the main model. In this dissertation, the value of 

excess electricity is assumed to be 2 €cents/kWh. The share of the electricity demand met 

by solar PV prosumer installations can be set by the user for the overnight scenario, which 

is assumed to be 20% for the target year 2030. In the centralised power system, the 

remaining electricity demand of the studied region or country is met via RE connected to 

the local alternating current (AC) grids. Meanwhile, the grid is linked to the energy 

storage capacities as well as interregional high-voltage direct current (HVDC) and HVAC 

grids. 

The main constraint for balancing the energy system and system optimisation is an hourly 

matching of the electricity generation and demand as shown in Equation 11. Here, ℎ is 

the hours of a year, 𝐸𝑖𝑚𝑝,𝑟 is the electricity imports by region, 𝑠𝑡𝑜𝑟 is the storage 

technologies, 𝐸𝑠𝑡𝑜𝑟,𝑑𝑖𝑠𝑐ℎ is the electricity from discharging storage, 𝐸𝑑𝑒𝑚𝑎𝑛𝑑 is the 

electricity demand, 𝐸𝑒𝑥𝑝,𝑟 is the electricity exports by region, 𝐸𝑠𝑡𝑜𝑟,𝑐ℎ is the electricity for 

charging storage, and 𝐸𝑐𝑢𝑟𝑡 is the curtailed excess energy. 
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∀ℎ ∈ [1, 8760] ∑ 𝐸𝑔𝑒𝑛,𝑡 + 

𝑡𝑒𝑐ℎ

𝑡

∑ 𝐸𝑖𝑚𝑝,𝑟 + 

𝑟𝑒𝑔

𝑟

∑ 𝐸𝑠𝑡𝑜𝑟,𝑑𝑖𝑠𝑐ℎ = 

𝑠𝑡𝑜𝑟

𝑡

𝐸𝑑𝑒𝑚𝑎𝑛𝑑

+  ∑ 𝐸𝑒𝑥𝑝,𝑟 + 

𝑟𝑒𝑔

𝑟

∑ 𝐸𝑠𝑡𝑜𝑟,𝑐ℎ +  𝐸𝑐𝑢𝑟𝑡

𝑠𝑡𝑜𝑟

𝑡

 

(11) 

In addition, other aspects of the energy system can be evaluated in the greenfield 

overnight approach, such as fuel exports to neighbouring regions. In this regard, a 

scenario with e-methane trading through a liquified natural gas (LNG) value chain is 

developed and analysed in Publication Ⅲ. The LNG value chain is selected due to its 

lower volume than e-methane to decrease the cost of exported e-methane in a very long 

distance between the importing and exporting regions. The schematic route for the e-

methane trading is drawn in Figure 5. This allows to identify the techno-economic 

possibility of such an application, and it can potentially open a door for fuel exchange 

from a site with abundant RE resource availability to a location with high demand.  

 

Figure 5. e-Methane trading via an LNG value chain. 

 

Water demand can be met by seawater desalination technologies (Caldera and Breyer, 

2020) such as Seawater Reverse Osmosis (SWRO), Multi Effect Distillation (MED), and 

Multi Stage Flash (MSF). The water is delivered to the end-users by water piping systems 

using the closest water sources to the coasts in terms of both distance and altitude. In this 

system configuration, water storage is a part of the solution by storing and discharging 

water to optimise the production cost in the energy system. The heat demand required for 

MED and MSF can be covered by CSP solar field, TES and PtH process or via the PtG 

route, if needed. Figure 6 presents the simplified structure of the desalination sector. The 

corresponding results of the desalination sector are discussed in Publications Ⅲ-Ⅵ. 
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Figure 6. The simplified structure of the desalination sector in the LUT-ESTM. 

 

In the energy transition model, the development of the energy system is simulated for 

several time steps in the future with specific technical and financial assumptions. The 

current status of the energy system is first created as a starting point. It is crucial to verify 

the robustness and validity of the model with the existing data related to the current energy 

system. This has been specifically examined in Publications Ⅴ-Ⅶ. The input data such 

as electricity demand, historical power plants capacities, the share of electricity use in 

different sectors, and capacity factors of fossil fuels and nuclear power plants have been 

gathered and used in the model for reproducing the actual state of the energy system. The 

detailed explanation and corresponding references for each study can be found in the 

respective publication. Then, the remaining energy generation and storage capacities of 

the previous transition periods alongside the new capacity needed to meet the demand is 

optimised in each time step. The results provide insights for a fully optimised energy 

system in every time step, the costs of all the products and elements and the entire system, 

and CO2 emissions development. Regarding the PV prosumers model, the share of the 

electricity demand met by rooftop solar PV installation is set to increase in accordance 

with a logistic function in steps of 3, 6, 9, 15, 18 and 20%. It is assumed that the share of 

each step remains constant if electricity coming from the grid is lower in cost than that 

from rooftop solar PV. 

As the current energy systems mostly rely on fossil fuels and to a lesser extent nuclear 

power and RE, modelling the energy system transition calls for the integration of all the 

technologies and resources for the scenario development. Therefore, the energy system 

model has been further improved to meet the requirements by adding the respective 

technologies and energy flows to the model (Publication Ⅴ). The LUT-ESTM has been 

continuously advancing over the recent years to cover all the energy sectors, i.e. power, 

heat, transport and industry, and to provide possibilities for analyses of other aspects of 

the energy transition. Figure 7 presents the most recent updates on the model used in this 

dissertation. The results of the fully sector-coupled energy system are discussed in 

Publication Ⅵ, as well as several supporting publications of the author of this 
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dissertation. A detailed description of the model with all the individual elements 

described can be found in Bogdanov et al. (2019b, 2021b, 2021a).  

The demand-side management is partially reflected through load projection in the 

transition time horizon as expected that some changes in macro-economic variables occur 

on the way forward, such as advancing energy intensity of gross domestic product and 

changing the temperature regime due to progressing climate change. Additionally, the 

self-consumption of on-site generation by solar PV and battery prosumers reduces local 

net demand, which must be balanced by the rest of the system otherwise. The use of very 

efficient technologies such as heat pumps can facilitate peak load reduction or other grid 

services. Considering a wide range of technologies for electricity and heat production can 

provide additional flexibility in a 100% RE system. In addition to the complementarity 

of the technologies, switching between energy carriers for heat production is beneficial 

as electric boilers and heat pumps can be utilised when the electricity prices are low. 

During the high electricity prices, alternative technologies such as bioenergy, solar 

thermal, and geothermal heat can be used, thereby decreasing electricity consumption. 

Other flexible resources, such as social behaviour adaptation, efficiency improvements in 

buildings, automation of electrical appliances, and smart charging and vehicle-to-grid 

(V2G) are not considered in this dissertation. 

 

Figure 7. Block diagram of the advanced version of the LUT-ESTM for an integrated energy 

system including the power, heat, transport and desalination sectors. 
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4.4 Scenario development and analysis 

Modelling the future energy systems would be best possible by setting a clear target and 

making several constraints and assumptions required to reach that target. One of the 

biggest challenges of the energy system today is a massive dependency on fossil fuels, 

which is a depleted energy source, and its associated GHG emissions that lead to several 

major crises such as global warming as discussed in the Introduction section. Another 

issue is that a large amount of fossil fuels is produced and exported by a handful of 

countries. Concerning the energy independency and security of supply, the situation is 

more manageable and less precarious when each country could be self-sufficient in 

energy supply, but still energy exchange would be practical and considered an asset for 

boosting economies. Energy system scenarios allow to conceptualise future energy 

systems and to address the challenges and opportunities of decarbonisation. The learning 

and insights from the scenarios help inform policy-makers to take more effective 

decisions within the context of the energy transition. The main scenarios discussed in 

Publications Ⅲ-Ⅶ are as follows: 

1. Best Policy Scenario (BPS): aims to achieve a cost-optimised 100% RE-based 

system and carbon neutrality by 2030 for the short-term (overnight) model and by 

2050 for the long-term (transition) model. The latter is carried out in 5-year time 

steps, from 2015 to 2050, and it includes CO2 costs. Furthermore, new capacity 

additions of fossil fuels and nuclear power plants are blocked, and the existing 

ones are phased out according to their lifetimes. However, the installation of gas 

turbines is allowed since they have higher efficiency and less CO2 emissions. 

Most importantly, e-methane and biomethane can be used in gas turbines for 

electricity generation, if needed. The use of gas turbines is similar in both energy 

system models. The variation of the BPS scenario is listed below: 

a. Power sector: only electricity demand is covered in this scenario 

presenting an optimal mix of electricity generation and storage capacities 

for the applied year or throughout the transition time horizon.  

i. Region-wide: regions or nodes are optimised independently and 

electricity exchange between countries are not allowed. This 

scenario examines the feasibility and reliability of a 100% RE-

based system in a fully self-supplied and isolated manner.  

ii. Country-wide: regions are interconnected by power transmission 

infrastructure inside the same country. 

iii. Area-wide: similar to the Country-wide scenario, but electricity 

trade is permitted inter-regionally under an entirely interconnected 

power grid network. 

b. Integrated: two or more energy sectors are integrated, and the energy 

system can benefit from the flexibility provided by sector coupling and 
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long-distance grid interconnections. Moreover, the opportunities for fuel 

exports are also investigated in Publication Ⅲ.  

Additionally, Publication Ⅵ includes two more variations of the BPS, named 

BPS-100RE and BPS-Un. The former scenario aims to focus on regional 

resources by restricting electricity exchange between the regions, while the latter 

is not limited by the standard constraints as for the other BPS scenarios and seeks 

to achieve a high level of decarbonisation across all energy sectors.   

2. Current Policy Scenario (CPS): nations’ policies and strategies are reproduced

for the overall cost comparison (Publications Ⅲ and Ⅳ) or modelled thoroughly

as stated by the governments (Publications Ⅴ-Ⅶ) to compare different aspects

of the energy transition, such as CO2 emissions development, energy demand

projection, capacity expansion, and RE share among others. Moreover, it is

assumed that all policies and targets can be reached as planned. This scenario is

also known as BAU.

In addition, nine energy system transition scenarios are developed or reproduced based 

on the three following global energy system models (Publication Ⅶ):   

• The Stated Policy Scenario (STEPS) and the Sustainable Development Scenario

(SDS) were modelled originally via the World Energy Model and led by the IEA

(IEA, 2020b, 2020a). The Net Zero Emissions by 2050 (NZE2050) scenario is not

included due to a lack of sufficient data on a regional basis.

• The 2 °C and 1.5 °C scenarios were modelled originally via the [R]E 24/7 and

Energy System Model and led by Teske and the German Aerospace Center (DLR)

et al. (Teske, 2019; Teske et al., 2021).

• The Best Policy Scenario (BPS) and its derivations (5 scenarios in total) are

modelled by the LUT-ESTM and led by Breyer et al. (Bogdanov et al., 2019b,

2021b).

Each of the nine scenarios aims to assess future energy systems under different 

assumptions, constraints, and configurations. The LUT scenarios are built on the LUT-

ESTM. The Teske/DLR and the IEA scenarios are based on simulation models in the 

source publications (Teske, 2019; IEA, 2020b), which have been remodelled using the 

LUT-ESTM in hourly resolution over the time horizon from 2015 to 2050 in 5-year 

intervals. The world is clustered into 9 major regions according to the structure of the 

LUT-ESTM (Bogdanov et al., 2019b). The main reason for this regional setup is the 

accessibility to detailed data required for hourly modelling over 145 regions in the world, 

which collectively form the 9 major regions. Therefore, the data can be easily expanded 

or compressed for other studies as well and used to restructure data of different studies. 

Since the detailed data is not available for all the countries/ sub-regions within the major 
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regions for remodelling, proxies are used to distribute the data while restructuring the 

regions. 

Examining the current energy system with a model is a good way of verifying the 

robustness and validity of the results. In this manner, in Publications Ⅴ-Ⅶ, the current 

energy system for each case study has been reproduced in hourly resolution with the data 

gathered from publicly available and local sources.In addition, the current policy scenario 

is designed or reproduced based on the existing national targets and policy plans to further 

evaluate the techno-economic impacts of the energy transition. 
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5 Results 

The following sections demonstrate the main insights and findings of each publication 

that forms this dissertation.  

5.1 Publication I: Assessment of geological resource potential for 

compressed air energy storage in global electricity supply 

Using the methods described in section 4.1, the geological resource potential of CAES is 

assessed globally, as illustrated in Figure 8. The total global potential of CAES storage 

capacity is estimated at 6,574 TWhel. The main concentration of CAES is identified in 

North America with 0.26% suitability of its total area, followed by sub-Saharan Africa 

and South America at 0.20% and 0.19%, respectively. This estimate is for the most 

conservative constraint applied, which is 1% of the total area can be only utilised for 

underground storage due to technical limitations as well as a dearth of sufficient input 

data. North America benefits from huge salt deposits and favourable geological 

formations for CAES. Likewise, sub-Saharan Africa has large aquifer reservoirs and salt 

deposits, which match with appropriate geological formations. On the contrary, Northeast 

Asia, Southeast Asia, and South Asian Association for Regional Cooperation (SAARC) 

have the least potential among the nine major regions considered. In addition to the 1% 

rule, two other constraints of 5% and 10% total available land rules are also applied, 

which leads to a total storage capacity of 32,870 TWhel (+400%) and 65,740 TWhel 

(+900%), respectively. The results show that the net zero emission target of the Paris 

Agreement can be achieved by integrating energy storage, such as CAES which is 

available in all major regions at a large scale, with RE for securing grid stability. 

To validate the presented data, a sensitivity analysis is conducted by overlapping natural 

gas underground storage facilities, i.e. aquifers, depleted fields (gas and oil), and salt 

caverns, of the US with the identified CAES layers (EIA, 2017). The US data is chosen 

due to the freely and publicly available data. Furthermore, one of the two large-scale 

operating CAES plants is located in the US. It is assumed that underground natural gas 

storage sites have similar conditions as CAES. Three scenarios are developed, named 

Optimistic, Moderate and Pessimistic. In the Optimistic scenario, it is presumed that the 

buffer zone of underground natural gas storage facilities could be 100 km from the 

identified CAES. The Moderate scenario is similar to the Optimistic scenario, but the 

maximum distance is set to 50 km. However, the Pessimistic scenario covers only the 

intersected nodes by the CAES layers.  



5 Results 

 

66 

 

Figure 8. The global geological resource potential of CAES. 

 

The analysis is done by evaluating the total field capacity for each site and the number of 

natural gas storage fields associated with the CAES layers depending on the defined 

scenarios. Total field capacity refers to the maximum volume of natural gas that can be 

stored in an underground storage cavern. The results of the analysis show that the 

accuracy of the findings lies in the range of 66-85% based on the total field capacity and 

63-82% according to the number of underground natural gas storage facilities. The 

estimated range, of course, depends on the scenarios and the reservoir types. Natural gas 

storage capacity in salt domes has the highest overlap with CAES sites, whereas aquifers 

have the least matching points with the CAES layers due to considering only the largest 

aquifer reservoirs in the world (Table 2). The sensitivity shows reasonable adequacy of 

the results that can be considered as a starting point for further investigation of the CAES 

site identification. 

Table 2. Sensitivity analysis for identifying the overlapped CAES layers with the natural gas 

underground storage facilities in the US. 

 Total field capacity Number of existing fields 

Scenarios Aquifer 
Depleted 

field 
Salt dome Aquifer 

Depleted 

field 
Salt dome 

Optimistic 37.3% 93.8% 100.0% 38.3% 85.4% 100.0% 

Moderate 17.4% 89.0% 99.5% 27.7% 78.1% 97.4% 

Pessimistic 10.0% 74.5% 92.6% 12.8% 67.2% 87.2% 



5.2 Publication II: From hot rock to useful energy: A global estimate of 

enhanced geothermal systems potential 

 

67 

5.2 Publication II: From hot rock to useful energy: A global estimate 

of enhanced geothermal systems potential 

This study aims to estimate the theoretical, technical, economic and sustainable potential 

of EGS in a 1˚×1˚ spatial resolution globally. Multiple input parameters are needed, which 

obtained from various sources and assumptions, such as surface heat flow, thermal 

conductivity, radioactive heat production, and surface temperature. The constructed 

temperature at depth maps are computed for every 1 km thick layer, from 1 to 10 km. In 

the next step, the theoretical potential of EGS is obtained from the available heat stored 

underground within a volume of rock. The results indicate that a significant geothermal 

resource base can be found between the depths of 6 and 10 km, and to some extent at the 

depths of 3 and 4 km, in the temperature range of 150 to 300˚C. As the drilling process 

goes deeper, a higher temperature and more heat content is expected. However, at higher 

depths, the distribution of temperature might change. In fact, there is less heat content in 

the lower temperature range, but more heat content in the higher temperature range. The 

technical potential is then estimated by employing the constraints described in section 

4.2. Several technical limitation factors applied reduce the amount of stored thermal 

energy and block some areas that were previously specified as having high potential. This 

phenomenon results in considerably higher heat contents in the temperature range of 

400˚C or higher, making it relatively comparable with the amount of heat in the range of 

300-350˚C. A noticeable resource base is detected at depths of 5 to 10 km in most of the 

temperature classes, and moderately lower resources at depths of 3 and 4 km.  

To follow the timeline set by the Paris Agreement (UNFCCC, 2015), the UN SDG (UN, 

2015a), and the latest IPCC report (IPCC, 2022), the economic assumptions for the years 

2030 and 2050 are applied to determine the role for geothermal energy in the global 

energy transition. The economic constraint excludes the optimum values with LCOE 

higher than 150 €/MWh. At the same time, an optimum depth is determined by finding 

the first cell at each depth interval with temperature greater than or equal to 150˚C. 

Ultimately, there is a minimum LCOE and an optimum depth in which all the EGS 

components are at their optimal points. The respective maps of the technical power 

capacity at the optimum depth is shown in Figure 9 (left). The global EGS economic 

potential regarding power capacity is found to be around 6 and 108 TWe for the cost years 

of 2030 and 2050, respectively. Among all countries, Russia has the highest EGS power 

capacity potential with 16% of the total global capacity in 2050, increasing noticeably 

from just 1% in 2030. The gradual cost reduction of EGS provides an opportunity for 

countries to integrate geothermal energy into their energy mix. The other leading 

countries are China (9%), Brazil (7%), the US (5%), Canada (5%) and Australia (5%) by 

2050.  

The global sustainable heat in place and power capacity are also estimated (Figure 9, 

right). The global EGS sustainable power capacity is around 256 GW, which is 0.2% of 

the estimated technical potential. The main parameters that result in the drastic reduction 

of sustainable potential are the decrease in the amount of surface heat flow, excluding the 
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impact of density and specific heat capacity of the rock and the temperature, albeit the 

temperature is indirectly considered through efficiency. This indicates that sustainable 

extractable geothermal resources are by far less than technical ones. 

Moreover, an industrial cost curve is developed for the LCOE as a function of EGS 

technical power capacity in 5 €/MWh intervals, from 10-15 €/MWh to 95-100 €/MWh. 

The findings reveal that roughly 4600 GW of EGS power capacity can be built at a cost 

of 50 €/MWh or lower. A greater amount of 49,600 GW can be obtained in the LCOE 

range of 50 – 100 €/MWh. 

 

Figure 9. EGS maps of technical power capacity potential (left) and sustainable power capacity 

potential (right) at optimal depth for the year 2050. 

5.3 Publication III: Analysing the feasibility of powering the Americas 

with renewable energy and inter-regional grid interconnections by 

2030 

This research aims to evaluate the benefits of an interconnected energy system for the 

Americas. A cost-optimised 100% RE-based system is analysed and quantified for the 21 

regions in the Americas in 2030 using high spatially and temporally resolved data. Several 

scenarios are applied, from a decentralised power system towards a fully centralised and 

interconnected one. The LCOE ranges from 48.8 - 59.0 €/MWh depending on the 

scenario. The integration benefit is observed as more regions are interconnected 

compared to the isolated scenario (i.e., Region-wide). The Area-wide scenario reaches 

the highest benefits in terms of the total LCOE, accounting for 6% and 14% cost reduction 

in comparison with the Country-wide and the Region-wide scenarios, respectively. 

Moreover, the RE capacities and electricity generation decrease by 16% and 6%, 

respectively, in the Area-wide scenario in reference to the Region-wide scenario. In 

addition to the electricity transmission network, sector coupling, non-energetic industrial 

gas, and seawater desalination sectors bring further flexibility to the energy system by 

decreasing the need for long-term energy storage. The LCOE is reduced by 17% in the 

Integrated scenario compared to the Region-wide scenario. The importer and exporter 

regions in the Area-wide and Integrated scenarios are presented in Figure 10. 
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Figure 10. Electricity exchange between the regions across the Americas for the Area-wide (left) 

and Integrated (right) scenarios in 2030 (in TWh). The three relative indicators from outside to 

inside the figures are as follows: overall total, amount of imports and amount of export. 

 

A Pan-American energy system connecting North and South America based on solar, 

battery storage and transmission grid has been proposed (Grossmann et al., 2014, 2015). 

The authors concluded that a large-scale grid interconnection leads to less electricity 

curtailment, energy storage, and fuel. The notion behind such research is to combine two 

hemispheres and various time zones to benefit from electricity generated via solar energy 

and transfer the excess generation to the neighbouring regions throughout the day while 

decreasing the need for energy storage. Consequently, it is stated that the LCOE of an 

interconnected energy system is lower than an isolated system. The current results are in 

line with the findings of a Pan-American energy system but with fewer benefits identified. 

The reason could be using a mix of RE sources and storage options than just solar PV, 

batteries, and grid interconnections, which makes the system more cost-competitive on a 

regional level. Further, the grid expansion is restricted to the regions with a common 

border. 

The results of optimisation in all considered scenarios demonstrate that existing RE 

technologies are sufficient to cover all electricity demand in the Americas for the year 

2030, dominated by solar PV and wind power. Almost evenly distributed solar and wind 

resources across the Americas combined with other RE sources, transmission networks, 

and energy storage result in a 100% renewable, cost-effective and reliable based power 

system. Inexpensive energy storage, in particular Li-ion batteries, would emerge in the 

coming years. Other RE technologies such as hydropower, bioenergy and geothermal 

energy complement solar PV and wind power to balance the variability of these resources. 

Regarding an all energy sectors integrated case, the role of CSP is also crucial, especially 
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in the heat sector. However, a more rapid cost decline of solar PV and battery storage 

than of CSP plus TES makes CSP less cost-competitive in the power system. 

Additionally, the cost of electricity generation is compared with a BAU scenario based 

on the Current Policies Scenario published in the WEO 2014 (IEA, 2014c). The LCOE is 

calculated according to the cost assumptions of this research. The LCOE is calculated 

with and without CO2 emissions cost. The LCOEBAU and LCOEBAU,CO2 are estimated at 

62.9 €/MWhel and 83.3 €/MWhel, respectively, which is higher than all analysed 

scenarios, ranging between 6% and 43%, depending on the scenario. In one scenario 

variation, the RE-SNG scenario, the role of e-methane trading through an LNG value 

chain between two nodes, from Buenos Aires to Houston, is considered. The findings 

show a very small benefit for this trading with just a tiny fraction of e-methane being 

transferred (0.03 TWhth). The main reason is the very high cost of the liquefaction 

process, 65% of the total LNG cost, which makes the cost of local production competitive 

with the exported e-methane. The levelised cost of gas (LCOG) for Buenos Aires and 

Houston decreases by 2.5% and 1.6%, respectively. 

5.4 Publication Ⅳ: Towards sustainable development in the MENA 

region: Analysing the feasibility of a 100% renewable electricity 

system in 2030  

This research explores the feasibility of 100% RE systems for the MENA region in 2030 

using the LUT-ESTM. The demand for three sectors is included: power, non-energetic 

industrial gas and seawater desalination. Three scenarios are considered, namely Region, 

Area and Integrated, mainly differing in level of regional grid interconnection and sector 

coupling. The results suggest that solar PV and wind power are the most economically 

competitive RE sources with the highest installed capacity in the region, accounting for 

91% in the Region and Area scenarios each and 96% in the Integrated scenario. The 

onshore wind capacity goes up by 49% when all countries are interconnected compared 

to the isolated case. In the Integrated scenario, the share of wind power capacity increases 

by just below threefold in reference to the Area scenario, from 261 GW to 705 GW. 

Similarly, the installed capacity of solar PV climbs up by about 1.5 times, reaching 864 

GW in the Integrated scenario. In the integrated energy system with high electrification 

rate, some sectors can co-benefit from one another by using the excess electricity rather 

than storing it. This would result in lower energy storage capacity, and thus decreases the 

cost of electricity generation. 

The estimated LCOE lies between 40.3-52.8 €/MWhel, depending on the scenarios. The 

LCOE decreases by 17% as a result of sector coupling compared to the interconnected 

power sector alone. The strategic transition towards a fully sustainable energy system 

becomes more vital when a direct comparison with a BAU case is implemented. 

According to studies from IEA (IEA, 2014a) and Greenpeace International (Teske et al., 

2015), which is also linked to the IEA study (IEA, 2014c), a BAU scenario for the year 

2030 is analysed. A comparison with a BAU strategy shows that a 100% RE-based power 
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system is 55-69% cheaper than a BAU strategy without and with CO2 emission costs, as 

depicted in Figure 11. 

SWRO desalination powered by renewables could potentially be a proper solution to 

overcome the water challenges in the MENA region at an affordable cost of 1.4 €/m3. The 

lowest LCOW is found to be 0.9 €/m3 in several countries, such as Algeria, Bahrain & 

Qatar, Egypt, Libya, and the UAE. Iran has the highest LCOW at 1.8 €/m3, followed by 

Yemen at 1.6 €/m3. In 2030, the total estimated desalinated water demand and electricity 

demand for the desalination sector are about 76 billion m3 and 990 TWhel, respectively. 

The total gas demand for non-energy use is projected to be 523 TWhth for the MENA 

region by 2030. The total electricity demand to fulfil the gas requirement is around 800 

TWhel, which is supplied mainly through e-methane and complemented by bio-methane. 

The overall estimated LCOG for the region is 92.7 €/MWhth. Iran, Saudi Arabia, Egypt, 

Bahrain & Qatar, Algeria and Oman have the largest non-energetic industrial gas demand, 

accounting for 93% of the total demand. 

Figure 11. Comparison of LCOE in BAU scenarios with and without CO2 emissions costs with 

LCOE in the Region and the Area scenarios. The percentages represent the cost reduction in each 

scenario in comparison to the respective scenario in the BAU trajectory. 
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5.5 Publication Ⅴ: Assessment of a cost-optimal power system fully 

based on renewable energy for Iran by 2050 – Achieving zero 

greenhouse gas emissions and overcoming the water crisis 

An energy transition for the Iranian power system is modelled from 2015 to 2050 through 

three scenarios from which two aim for a 100% RE-based system with different sectorial 

configurations and the third one is based on the country’s current policies. The energy 

model performs an hourly resolution to ensure balancing electricity supply and demand 

throughout a year. It is found that RE resources, mainly solar PV and onshore wind, can 

satisfy the projected power sector demand of 625 TWhel by 2050. Additionally, RE can 

cover the remaining electricity demand for supplying 101 billion m3 desalinated water 

(524 TWhel) and 249 TWhLHV e-methane for non-energetic industrial gas demand (391 

TWhel).  

Solar PV is the dominant technology in all regions by 2050, followed by wind power with 

lesser shares in most of the regions. Solar PV emerges starting in 2020 and its capacity 

expands afterwards to eventually dominates the power system from 2040 onwards. In 

2050, 77% (546 TWhel) of total generated electricity comes from solar PV technologies, 

from which 44%, 36% and 20% are delivered by PV fixed tilted, PV single-axis tracking 

and PV prosumers, respectively. The next in line is wind power with a rapid increase from 

0.3 TWhel in 2015 to 172 TWhel in 2030. Afterwards, the share of wind power remains 

constant up to 2045. In 2050, a part of the wind power capacity decommissions are due 

to reaching the technical lifetimes, and there are no wind power re-investments due to the 

lower cost of solar PV and battery systems. 

Storage technologies play a crucial role in providing a resilient and reliable power system. 

Batteries with 632 GWh capacity deliver 90% of total storage output to cover diurnal 

storage demand while gas storage with 10 times the capacity of batteries but a small share 

of 7% of total storage output provides seasonal storage in 2050. Moreover, electricity 

exchange via power transmission grids leads to a decrease in energy storage capacity and, 

therefore, lower electricity cost. Sector coupling brings additional benefits to the Iranian 

power system resulting in a 24% lower electricity cost while addressing the serious water 

scarcity in the country through desalination. Further, non-energetic gas demand is 

supplied by e-fuels. 

A 100% renewable power system with an LCOE of 54 €/MWhel is more cost-effective 

than a contemporary power system dominated by fossil fuels with an LCOE of 88.3 

€/MWhel. The LCOE can decrease further and reach 41.3 €/MWhel in 2050 via sector 

coupling, as shown in Figure 12. On the other hand, the current policies of the country 

lead to an inefficient power system with an LCOE of 128 €/MWhel by 2050. Moreover, 

CO2 emissions increase through the transition time horizon, from 119 Mt/a in 2015 to 188 

Mt/a in 2050. 
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Figure 12. The LCOE by technology throughout the transition (left) and the regional LCOE in 

2050 (right) for the Integrated scenario. 

5.6 Publication Ⅵ: The impact of renewable energy and sector 

coupling on the pathway towards a sustainable energy system in 

Chile 

The impact of massive electrification, across all energy sectors powered by RE, and sector 

coupling are analysed for the Chilean energy system by developing four scenarios using 

the LUT-ESTM. The energy system includes the sectors power, heat, transport, and 

desalination. A scenario based on the current government targets and strategies (CPS) is 

modelled and compared with the three BPSs. The results showed that the transition to a 

100% renewables-based energy system by 2050 is technically feasible. Further, such an 

energy system would be more cost-efficient than the CPS to reach carbon neutrality by 

2050.  

The key drivers for the energy transition are identified to be solar PV, grid 

interconnections and sector coupling. In a 100% renewables-based energy system, solar 

PV contributes to 86% of electricity generation, which represents 83% of the total final 

energy demand for the year 2050. Currently, the energy system in Chile is highly 

inefficient and decoupled with 14% of energy lost in the transfer of primary energy to 

useful energy in 2015 compared to just 0.1% losses in the fully sector-coupled BPS-

100RE by 2050. This fully sector-coupled energy system includes the integrated use of 

different energy infrastructures and carriers, in particular electricity, heat, and e-fuels. 

Mainly based on renewable electricity, the energy flows through a variety of flexibility 

options: batteries for short-term storage, PHES and TES for short- and medium-term 

storage, gas storage for seasonal variations, and power-to-X (PtX). Table 3 provides the 

key technologies that contributed to the energy transition in the BPS-100RE scenario. 
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Detailed model output is presented in the Supplementary Material of Publication Ⅵ. 

Moreover, three vital elements to facilitate and accelerate the energy transition are a high 

level of renewable electrification across all sectors, flexibility, and RE-based fuel 

production. High electrification improves the overall system efficiency by about 24 – 

34% for the BPSs by 2050. The current fuel supply dominated by fossil fuels is replaced 

by sustainable fuels produced by RE-based PtX. Hydrogen, produced via water 

electrolysis, is the main technology for fuel conversion in all scenarios, which can be used 

directly in the transport sector, for electricity production through the power-to-hydrogen-

to-power route, and as a basis for producing various fuels and chemicals. In addition, heat 

is produced as a co-product of e-fuels production, which can cover some parts of the heat 

demand, especially in the industry sector. The adoption of electric heating systems like 

heat pumps in buildings and partially in the industry is also key for improving the 

efficiency of energy systems.  

Chile could contribute to the global sustainable energy transition and benefit from the 

associated business opportunities through sustainable and responsible development of 

key raw materials, like copper and lithium, and RE-based fuels and chemicals production. 

 

Table 3. Installed capacity and generation of key technologies for electricity, heat and energy 

storage are presented throughout the transition. 

Installed electricity capacity (GW) 2015 2020 2025 2030 2035 2040 2045 2050 

PV prosumers 0.0 0.9 3.9 8.0 17.3 23.2 29.1 32.8 

PV utility 0.6 5.9 38.5 70.7 104.0 142.7 171.8 200.6 

Wind onshore 0.9 1.0 1.5 2.3 3.0 2.8 3.0 3.1 

Hydro (RoR and dam) 6.4 7.0 7.9 8.1 8.1 8.1 8.1 8.1 

Geothermal 0.0 2.4 2.4 2.4 2.4 2.4 2.4 2.4 

Bioenergy (including CHP) 0.5 0.6 0.7 0.7 0.6 0.4 0.4 0.6 

CCGT 3.3 3.3 3.3 3.3 1.5 0.4 0.0 0.0 

OCGT 0.6 1.6 4.2 4.5 4.2 3.9 3.9 3.9 

Gas CHP 0.0 0.4 0.4 0.4 0.4 0.4 0.4 0.0 

Coal PP 4.3 4.2 3.9 3.9 3.9 3.3 2.5 2.5 

Coal CHP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ICE 2.8 2.7 2.5 2.5 2.2 0.2 0.0 0.0 

Oil CHP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Electricity generation (TWh) 2015 2020 2025 2030 2035 2040 2045 2050 

PV prosumers 0.0 1.6 7.1 14.5 31.4 42.2 52.8 59.6 

PV utility 1.2 13.1 81.2 151.7 238.4 324.0 387.8 445.0 

Wind onshore 2.2 3.0 5.3 10.0 14.6 14.8 15.6 16.4 
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Hydro (RoR and dam) 23.9 26.2 29.5 30.1 30.1 30.1 30.1 30.1 

Geothermal 0.0 20.1 20.1 20.1 19.7 19.7 19.7 19.7 

Bioenergy (including CHP) 2.6 1.5 1.4 2.1 2.0 2.0 2.1 2.3 

CCGT 9.1 3.9 1.7 1.6 0.0 0.0 0.0 0.0 

OCGT 2.2 0.8 2.1 2.2 0.0 0.0 0.0 0.0 

Gas CHP 0.0 3.0 0.2 0.5 0.4 0.3 0.2 0.0 

Coal PP 28.6 24.4 6.2 0.0 0.1 0.1 0.0 0.0 

Coal CHP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ICE 2.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Oil CHP 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Installed heat capacity (GW) 2015 2020 2025 2030 2035 2040 2045 2050 

GAS CHP 0.0 0.4 0.4 0.4 0.4 0.4 0.4 0.0 

Oil CHP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Coal CHP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Bioenergy CHP 0.4 0.5 0.6 0.6 0.6 0.4 0.4 0.6 

Electric heater District Heat 0.0 0.1 12.1 24.0 32.7 37.7 41.8 45.5 

Heat pump District Heat 0.0 4.8 7.5 8.2 9.4 10.5 11.7 13.3 

GAS District Heat 6.6 11.1 11.2 11.2 9.0 7.5 8.1 8.0 

Oil District Heat 13.2 12.7 12.2 11.6 7.5 4.8 2.0 0.0 

Coal District Heat 1.5 1.4 1.4 1.3 1.0 0.8 0.3 0.0 

Biomass District Heat 5.3 5.6 5.7 7.3 7.6 7.4 8.1 9.2 

Electric heater Individual Heat 0.2 0.2 0.1 0.1 0.1 0.0 0.0 0.1 

Heat pump Individual Heat 0.0 0.0 2.1 4.3 5.8 9.4 11.7 17.0 

GAS Individual Heat 1.7 4.7 3.2 2.6 2.6 0.0 0.0 0.0 

Oil Individual Heat 0.9 1.1 3.0 3.0 3.0 3.9 3.5 2.9 

Biomass Individual Heat 5.9 6.7 2.5 2.6 2.6 2.4 2.2 2.5 

Biogas Individual Heat 0.0 0.1 0.1 0.1 0.1 0.1 0.2 0.2 

Heat generation (TWh) 2015 2020 2025 2030 2035 2040 2045 2050 

GAS CHP 0.0 2.1 0.1 0.3 0.3 0.2 0.2 0.0 

Oil CHP 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Coal CHP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Bioenergy CHP 3.0 2.7 2.9 4.5 4.4 4.3 4.1 4.7 

Electric heater District Heat 0.0 0.1 25.8 57.2 76.3 89.3 102.6 114.8 

Heat pump District Heat 0.0 36.9 49.9 53.4 58.1 61.1 72.2 81.1 

GAS District Heat 31.4 73.6 46.7 25.1 23.1 28.1 38.7 48.6 

Oil District Heat 71.7 0.1 0.1 0.0 0.0 0.1 0.0 0.0 

Coal District Heat 8.8 11.8 11.3 11.0 8.3 6.4 1.8 0.0 

Biomass District Heat 27.1 13.4 23.4 33.5 33.6 33.6 33.5 33.5 

Electric heater Individual Heat 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
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Heat pump Individual Heat 0.0 0.0 13.0 25.6 32.4 40.7 45.2 51.5 

GAS Individual Heat 7.8 22.8 13.7 6.1 3.8 0.0 0.0 0.0 

Oil Individual Heat 1.5 0.8 0.6 0.3 0.3 0.4 0.3 0.0 

Biomass Individual Heat 13.5 5.4 6.0 6.1 6.1 6.2 6.4 6.6 

Biogas Individual Heat 0.0 0.7 0.7 0.8 0.8 0.8 0.8 0.8 

Storage capacity (GWh) 2015 2020 2025 2030 2035 2040 2045 2050 

Battery prosumers 0.0 0.6 7.8 14.2 26.9 36.5 45.8 52.2 

Battery utility 0.0 0.0 0.0 0.0 0.0 10.8 32.3 67.5 

A-CAES 0.0 0.0 0.0 0.0 0.0 0.0 2.0 2.0 

PHES 0.0 0.5 71.1 129.8 167.2 172.7 174.2 176.3 

TES HT 0.0 0.2 33.1 90.3 118.9 134.8 152.4 172.0 

TES DH 0.0 9.8 30.9 32.4 43.3 65.0 64.1 63.5 

Gas storage 0.0 9.4 15.3 44.2 1582.8 3676.8 3681.6 6732.8 

Storage output (TWh) 2015 2020 2025 2030 2035 2040 2045 2050 

Battery prosumers 0.0 0.2 2.5 4.7 9.8 14.0 24.2 27.8 

Battery utility 0.0 0.0 0.0 0.0 0.0 4.5 19.9 28.9 

A-CAES 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.3 

PHES 0.0 0.2 17.1 34.6 49.6 53.1 53.4 51.8 

TES HT 0.0 0.1 6.6 23.0 35.4 42.0 54.5 54.2 

TES DH 0.0 3.5 10.7 11.8 18.1 33.6 33.7 21.8 

Gas storage 0.0 0.2 3.9 5.8 19.1 29.9 41.4 52.5 

 

5.7 Publication VII: Energy system transition pathways to meet the 

global electricity demand for ambitious climate targets and cost 

competitiveness 

This study presents a novel energy system modelling approach for the analysis and 

comparison of global energy transition pathways for the decarbonisation of the electricity 

sector under a uniform modelling environment with identical technical and financial 

assumptions. The results of the IEA and the Teske/DLR scenarios are each reproduced. 

Additionally, five new energy transition trajectories, labelled LUT, are presented. The 

main differences between the energy transition paths are identified across: (1) the average 

electricity generation costs; (2) energy diversity; (3) system flexibility; (4) energy 

security; and, (5) transition dynamics.  

Results reveal that the LUT scenarios are the least-cost pathways, while the Teske/DLR 

scenarios are centred around energy diversity with slightly higher LCOE of around 10-

20%. The IEA shares similarities with the Teske/DLR scenarios in terms of energy 

diversity yet depends on the continued use of fossil fuels with carbon capture and storage, 
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and nuclear power. The IEA scenario based on current governmental policies (IEA-

STEPS) presents a worst-case situation regarding CO2 emissions reduction, climate 

change and overall system costs. The results of the (re)modelling indicate that scenarios 

with lower shares of RE can meet hourly demand with minimum storage requirements, 

whereas variability of solar PV and wind power in deep decarbonisation pathways must 

be balanced via additional storage capacity and throughput. Other flexibility options such 

as grid interconnections, demand-side management, sector coupling, and negative 

emissions technologies were not considered for the analysed scenarios. 

As the analysis of LUT scenarios indicates a faster pace of the energy transition, i.e. 

reaching zero CO2 emissions by 2030, would cost slightly less than that by 2040. It may 

be one of the most relevant results of this study that a zero CO2 emission system for the 

power sector reached by 2030 or 2040 costs substantially less than a low-performing 

current policy scenario, i.e. CO2 reduction benefits are to be expected not costs while 

transitioning to zero emissions. 

The Teske/DLR scenarios show a more diverse and therefore more costly technology mix 

in the electricity sector, resulting from the attempt to deal with uncertainties regarding 

regional or local societal, economic and political developments and their risks for the 

transition pathways. However, although the technology mix in 2050 is different from the 

LUT scenarios, the LCOE are only around 10% to 20% higher. This shows that the 

transition of the energy system to 100% RE can be achieved via different pathways. 

The IEA-SDS is found as a scenario with strong transition dynamics worldwide, albeit 

with remaining specific CO2 emissions of about 27 g/kWh in 2050. The LCOE of the 

technology mix in 2050 is also lower than today's electricity generation costs, but higher 

than in the other scenarios. The IEA-STEPS scenario reflects all of today’s announced 

policy plans, targets, and strategies. The STEPS is identified as the most expensive 

scenario with an LCOE of 69.5 €/MWh in 2050, even though conservative CO2 costs 

have been applied. 

It is worthwhile mentioning that the depth and the speed of CO2 emissions reduction can 

vary significantly from one path to another, depending on the defined targets and applied 

constraints. In the Teske/DLR pathways, the aim is to achieve a net zero CO2 emissions 

target by 2050 while limiting the global temperature to 2.0°C and 1.5°C by following a 

carbon budget approach. Further, these pathways consider different preferences and 

barriers of the world regions aiming to create a basis for discussion that reduces possible 

risks through parallel technological development and gains industrial support and 

momentum. On the other hand, the LUT-BPS scenarios represent a faster pace of 

defossilisation based on a techno-economic optimisation while pushing forward the 

societal aspects of the energy transition, such as the role of prosumers, the use of waste 

incineration but not landfills, and limiting the potential of RE due to not only technical 

but also sustainability reasons. This leads to a deeper defossilisation and a more rapid 

penetration of RE in the global power system by 2050 thanks to the swift cost reduction 
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of RE, energy storage, and power-to-X options coupled with an ambitious carbon cost. 

Therefore, the energy transition pathways can have a common target year to achieve net 

zero CO2 emissions, to be in line with the target of the Paris Agreement, but with totally 

different annual and cumulative CO2 emissions throughout the transition time horizon.  
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6 Discussion 

6.1 General discussion of presented results with comparative research 

In this section, the key findings of this dissertation are elaborated on and compared with 

the existing literature. 

6.1.1 Renewable energy is the key to a rapid and inclusive energy transition 

Events and crises of recent years have accentuated the cost of energy systems relying on 

fossil fuels, resulting in an increase in energy bills. On top of that, the impact of human-

caused climate change becomes more visible to nations across the globe. The energy 

transition across all energy use provides a great opportunity for countries to be 

independent or less dependent on energy imports. The LCOE of newly commissioned 

solar PV fell by 85% over the last decade, followed by CSP, onshore and offshore wind, 

making renewables-based electricity the cheapest source and default option for capacity 

expansion in the power sector (IRENA, 2022b). However, other energy sectors like 

transport, industry and domestic heating need a more drastic shift from solely relying on 

fossil fuels. As the results of this dissertation suggest, and also discussed in length in the 

literature (Brown et al., 2018b; Jacobson, 2020; Bogdanov et al., 2021b; Breyer, 2021; 

Luderer et al., 2021; Victoria et al., 2021; Williams et al., 2021a; Möller and Krauter, 

2022), high electrification, deeper penetration of RE, more integration of a wide range of 

system flexibility can play an important role in alleviating concerns about climate change, 

energy prices, and security of supply. Achieving the 2050 climate targets according to the 

Paris Agreement requires special attention and proper action regarding the investment in 

RE in the coming years. Any shortfall and delay in the implementation of the renewables-

based transition will make the target of staying on a 1.5°C path less achievable. A 

thorough decarbonisation of the electricity sector is vital by mid-century or earlier, with 

solar PV and wind power as the central pillar of the transition, to fulfil the 1.5°C climate 

goal. This has also been found to be a very cost-effective and achievable pathway as 

summarised in Publication Ⅲ-Ⅶ, and further confirmed by many governmental plans 

and visions (REN21, 2021), intergovernmental organisations such as IRENA (2022b), 

and the leading scientists in the field of energy systems (Blakers et al., 2021; Breyer et 

al., 2022). 

In several studies regarding the high penetration of RE, such as (Trieb et al., 2006; 

Fthenakis et al., 2009; Gils et al., 2017; Jacobson et al., 2018; Teske et al., 2021), CSP 

coupled with TES is considered in the future electricity mix, mostly due to substantial 

potential, moderate cost reduction, and dispatchable electricity supply. However, the CSP 

technology is not found as a major part of the electricity mix in this dissertation, for the 

Americas (Publication Ⅲ), MENA (Publication Ⅳ), Iran (Publication Ⅴ), and Chile 

(Publication Ⅵ). This is mainly due to the higher cost and lower efficiency of the steam 

turbine for electricity generation compared to solar PV, wind power, and batteries, based 

on the learning curves (Nykvist and Nilsson, 2015; Kittner et al., 2017; Schmidt et al., 
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2017; ETIP-PV, 2019; Vartiainen et al., 2020; IRENA, 2021b; ITRPV Working Group, 

2021; Ziegler and Trancik, 2021) and assumptions. The more rapid cost reduction of solar 

PV together with Li-ion battery compared to CSP with TES would make solar PV a more 

attractive option. However, the role of CSP could be more predominant in the heat sector. 

CSP plus TES is expected to compete with PtH components through linking renewable 

electricity with heat pumps or direct electric heating. At the same time, diversification of 

the energy system provides security of supply and increase the grid reliability. Although 

a decent advantage was found over the grid expansion, the Region-wide scenario reveals 

that all the American countries could potentially secure their own electricity supply 

through abundant RE sources and technological diversification, which is an issue of 

utmost importance from the energy security perspective. Availability and diversity are 

two dimensions of energy security that are built based on several parameters such as 

availability of resources, consumers, and accessibility, as well as diversity of sources, 

fuels, technologies, and consumers (Hippel et al., 2010; Azzuni and Breyer, 2018; Azzuni 

et al., 2020). It is important to note that a variety of energy sources may be more 

advantageous than relying on few options only. Solar PV followed by wind energy have 

the most contribution to the installed capacities for a RE based energy system in the 

explored scenarios in this dissertation. This is driven by a very low generation cost of 

these technologies and an abundant resource availability worldwide. This is a key 

difference between the cost-optimisation versus simulation in energy system models, 

where the latter focuses on energy diversity as a core element of the scenario 

development, as discussed in Publication Ⅶ.  

6.1.2 Vast and low-cost deep geothermal resources for carbon neutrality 

In Publication Ⅱ, the role of EGS systems is analysed and its global potential is 

estimated. The global economic potential in terms of power capacity is found to be about 

6 and 108 TWe for the cost years of 2030 and 2050, respectively. This indicates that as 

the cost of EGS reduces gradually, more countries can integrate geothermal energy into 

their energy mix. The most geothermal resources are identified across Russia (16%), 

China (9%), Brazil (7%), the US (5%), Canada (5%) and Australia (5%) by 2050. The 

findings indicate that around 4600 GWe of EGS capacity can be built at a cost of 50 

€/MWhel or lower. A method is applied to measure the sustainable geothermal resource 

base. The obtained sustainable potential is found to be 256 GWe in 2050. Several 

geothermal studies evaluating the geothermal resource potential have been carried out, 

indicating a large geothermal potential worldwide. For example, Stefansson (2005) 

estimated the geothermal power capacity potential in the range of 50 – 2000 GWe 

worldwide. Chamorro et al. (2014b) concluded that the EGS technical potential in Europe 

is as much as 6560 GWe, for depths of 3-10 km and temperatures higher than 150˚C. 

According to Augustine (2011), the EGS power capacity potential in the US, using the 

minimum LCOE at an optimum depth, is around 15,908 GWe at a depth of 5 km or deeper, 

which is in line with the findings of the current study. Likewise, Lopez et al. (2012) 

assessed the EGS potential to be 4000 GWe for the US, applying the quantitative analysis 

of LCOE. Tester et al. (2006) and Blackwell et al. (2006) concluded that a total of 
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13,267,370 EJ (3.7·109 TWhth) geothermal resource base can be exploited in the 

continental US. The results of Publication Ⅱ are compared with Chamorro et al. (2014b) 

for EGS estimates in Europe. A linear regression model is applied to find the linear fit 

and coefficient of determination for technical and sustainable power capacity estimate. 

The findings reveal a high level of similarity between the two research. Furthermore, 

research results are compared to values reported by Tester et al. (2006) for the theoretical 

heat content of geothermal resources in the US. The validation shows that the coefficient 

of determination is at a high correlation value of 0.88, and the distribution of geothermal 

resources among states are in accordance with the findings in this study. Perez and Perez 

(2022) investigated the available energy reserves that can be reasonably extracted 

considering technical and economic conditions. This investigation is an update to their 

previous versions prepared for the IEA Solar Heating and Cooling Program (Perez and 

Perez, 2009, 2015). The authors employed the data presented in Publication Ⅱ for 

geothermal resource potential. They concluded that over a 30-year time horizon, solar PV 

has by far the highest exploitable reserves at 8300 TW, followed by wind energy at 1500 

TW, and geothermal energy at 180 TW. 

6.1.3 Role and potential of CAES in the energy transition 

Regarding the limitations of critical minerals and raw materials for the energy transition, 

there are various ways to better manage the whole process. For instance, lithium demand 

for EVs and battery storage is expected to grow rapidly as the energy transition gathers 

pace. Thus, the security of supply must be assured through material recycling, technology 

innovation, diversified investment, supporting and funding R&D, and transparent and 

efficient policies (Gielen, 2021; Gielen and Papa, 2021). In terms of energy storage, other 

electrical energy storage alternatives like PHES and CAES can play a crucial role in the 

energy transition ahead. Barnhart and Benson (2013) concluded that geological storage, 

especially CAES, has insignificant material limits. Among all considered technologies, 

CAES is found to be the least limited by material availability and show the highest 

potential for grid storage at global scale. As the results in Publication Ⅰ shows, a total of 

6,574 TWhel of CAES storage capacity potential is estimated globally. A study estimated 

CAES potential in India, by employing the methods described in this dissertation, to be 

around 1% of the total land area, which could theoretically be used for development of 

CAES plants (King et al., 2021). Recent literature examines the correlation between wind 

and solar with CAES (Alami et al., 2017; Liu et al., 2017; Xia et al., 2022). In large 

markets with high levels of RE penetration, storage technologies are considered as 

possible solutions to the variable nature of some renewable resources (pv magazine 

International, 2021). Given the available geological resource potentials and advantages 

mentioned above, there are only a small number of CAES plants in operation. 

Comparatively PHES seems to be more cost efficient for storing the excess electricity of 

inflexible power plants, such as nuclear energy and lignite coal power. For the growing 

share of variable RE in the energy system, the PHES share is still too low to trigger large 

scale storage capacities, although the overall potential of PHES is estimated to be 

noticeable (Ghorbani et al., 2019; Hunt et al., 2020; Stocks et al., 2021). Meanwhile, the 
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high investment cost could be still a main constraint for development of CAES 

technology, which requires reform of energy markets and energy policies to tackle the 

financial challenges (Wang et al., 2017). However, technological improvements have led 

to higher efficiency of second and third generation CAES. It is expected that CAES 

becomes a more important player in the energy transition era for the years to come.  

The findings presented in Publication Ⅰ can shed a light for assessment and development 

of not only CAES (King et al., 2021) but also other underground energy storage 

technologies since they share similar geological reservoirs (Matos et al., 2019). This is 

applied, in particular, to hydrogen storage as hydrogen is one of the main drivers of the 

energy transition and can be used for a wide range of applications. Fasihi et al. (2021) 

employed the high detailed data provided for CAES geological resource potential for 

hydrogen storage. It is of utmost importance to consider several criteria for the final 

selection of a suitable underground reservoirs, geology and lithology of the area, 

environmental concerns, reservoir modelling, core sampling, structural and tectonic 

factors, seismicity risks, and containment issues.  

6.1.4 Future pathways: carbon neutrality, energy diversity and optimised cost 

Publication Ⅶ investigated nine energy transition pathways for the power system, from 

which five of them are different variations of the LUT-BPSs and the remaining ones are 

the developed scenarios by the IEA (IEA, 2020b) and Teske/DLR (Teske, 2019; Teske et 

al., 2021), which are reproduced using the LUT-ESTM. The LUT-BPS scenarios 

represent a faster pace of defossilisation based on a techno-economic optimisation while 

pushing forward the societal aspects of the energy transition, such as the role of 

prosumers, the use of waste incineration but not landfills, and limiting the RE potential 

due to not only technical but also sustainability reasons. The Teske/DLR scenarios 

represent different preferences and barriers of the world regions in terms of technology 

development and broad industrial support and momentum while following an emission 

budget approach. Both the LUT and Teske/DLR scenarios have a clear focus on RE and 

an ambitious target for CO2 emissions reduction. In contrast, the IEA-SDS scenario takes 

a further step towards technology diversity by including nuclear power and fossil fuels 

with CCS in the long term. This can increase the acceptance of the scenario among 

political stakeholders, despite the associated socio-environmental impacts, higher 

pathway cost, and the lower CO2 emissions reduction target. The IEA-STEPS scenario 

demonstrates to these stakeholders what a world following today’s policies and without 

ambitious transition would look like in terms of the final electricity generation mix and 

the respective costs and emissions. If the CO2 costs had been assumed to be at a similar 

level as the other scenarios considered, as a need to internalise external effects due to 

climate change, the IEA-STEPS would clearly have the highest cumulative pathway 

costs. In terms of the LCOE, however, it is the most expensive scenario by the end of the 

transition as it would continue to depend on fossil fuels with additional fuel prices and 

CO2 costs. The results show that the LUT scenarios with more ambitious targets, i.e. 

100% RE and zero CO2 emissions prior to or by 2050, cost less than the IEA-STEPS with 

only 14% CO2 emissions reduction over 30 years. Meanwhile, the Teske/DLR scenarios 
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cost slightly higher, around 10-20%, than the BPSs, but are still cheaper than the IEA 

scenarios by 2050. However, the final cost of future energy systems comes down to the 

system design, assumptions, and integration of various RE sources and energy storage 

into the power system, while considering the importance of energy security and system 

reliability throughout a year. Of course, other flexibility options such as grid 

interconnections (Brown et al., 2018b; Aghahosseini et al., 2019) and demand-side 

management (Krauter and Zhang, 2020; Creutzig et al., 2021) can facilitate a massive 

penetration of variable RE sources into the electricity system, but this requires a highly 

detailed multi-nodal analysis. 

A different set of cost assumptions is applied to the results to better reflect the 

consequence of the cost-optimisation across the scenarios. This crucial factor is evaluated 

by applying the Teske/DLR cost assumptions for sensitivity analysis of key cost metrics. 

One of the main differences between the cost assumptions’ structure is the regional-

specific costs in the Teske/DLR scenarios against the uniform cost assumptions for all 

regions. The findings indicate that changing the cost assumptions does not change the 

results drastically, however, the LCOE and the annual system cost increase for all 

scenarios. The biggest changes are observed in both Teske/DLR scenarios and the IEA-

SDS in terms of the LCOE and the annual system costs. The Teske-1.5°C shows the 

highest increase by 23% for the LCOE in 2050. In addition, the annual system cost of the 

IEA-SDS is mostly affected by a 26% increase in 2050. Meanwhile, the LCOE and the 

annual system costs of the LUT scenarios are raised by around 10-11% each in 2050. 

The contribution of various RE technologies in the Teske/DLR scenarios ensures energy 

security and system flexibility, whereas it costs more than other considered scenarios over 

the transition time horizon. In fact, the diversity of energy carriers, sources and 

technologies provides security of supply in the energy system (Azzuni and Breyer, 2020). 

It can be argued that the energy diversity is even more noticeable for the IEA scenarios, 

where the contribution of fossil CCS and nuclear power together with a mixture of RE 

sources promises a stable electricity system. While this argument is valid for the sake of 

diversity, it fails to address other critical dimensions of energy security (Azzuni and 

Breyer, 2020). Undoubtedly, the improvement of energy security is a crucial aspect of 

any sustainable energy strategy since this guarantees meeting basic human needs (Azzuni 

and Breyer, 2018). This can prevent potential energy crises such as the 2012 shortage of 

imported natural gas by European countries from Russia (Henderson and Heather, 2012) 

and the recent similar shortage that expanded beyond Europe and became a global fossil 

gas shortage in 2021 (Bloomberg, 2021). In contrast, the situation would be much easier 

and more secure if RE sources of countries have been harnessed and utilised, which in 

turn reduce the energy dependency and reliance on energy imports. However, this is not 

in contradiction with electricity trade among countries that brings numerous benefits for 

nations (Matalon, 2017), such as green jobs creation (Ram et al., 2020, 2022b), massive 

reductions in air pollution (Jacobson et al., 2019; Galimova et al., 2022) and overall cost 

reduction (Aghahosseini et al., 2017, 2019), but it addresses the need for diversification 

and security of energy supply at a national level. Meanwhile, RE sources provide many 
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benefits such as cheap and environmentally friendly energy, more job creation, and better 

health conditions. 

6.1.5 Importance of spatial resolution in energy system models 

The energy system transition across all sectors in Chile (Publication Ⅵ) indicates that 

solar PV and battery storage are the least-cost combination for electricity generation, 

where solar PV fixed-tilted, single-axis tracking, and prosumers accounted for 86% of the 

total electricity generation by 2050. Among all the research carried out for the Chilean 

energy system with high penetration of RE, only Haas et al. (2018) described a scenario 

with nearly 70% of solar PV contribution, while the shares of solar PV do not exceed 

50% in any other research. As a result of the multi-node approach, the modelling tool 

chose the lowest cost option that existed near the energy demand and through electricity 

exchange between the nodes. Therefore, the contribution of wind energy is much smaller 

compared to similar studies conducted for Chile as a single node (Osorio-Aravena et al., 

2020). High shares of installed wind capacity are found in the southern part of Chile, 

where the excellent wind resources are closer to the demand centres. Hence, wind power 

is the main technology for electricity production in the south. However, due to the very 

long distance to the main demand centre in Chile, Santiago, transmitting electricity from 

the south to the demand centre is more costly than utilising the local solar resources. 

Therefore, solar PV is the dominating technology in the centre and the north of Chile. 

The Patagonia region has plentiful wind and solar resource potential, which not only is 

sufficient to cover its own demand, but also a surplus of RE can be used for PtX and e-

fuels exports (Fasihi et al., 2016). Currently, Siemens Energy, ENEL, Porsche, and 

several international companies have agreed to construct an e-fuel pilot project in Chilean 

Patagonia (Recharge, 2020). Enel will take part in this project by supplying the electricity 

required for the electrolysers through wind power. The role of e-methane trading through 

an LNG value chain from Buenos Aires to Houston was analysed in Publication Ⅲ. 

Despite the excellent availability of solar and wind resources in Patagonia (Buenos 

Aires), the findings demonstrated a very limited cost-benefit for this trading due to the 

costly liquefaction process. However, in the next research step, the role of e-hydrogen 

exports from Egypt, with plentiful solar PV potential, to Europe will be evaluated. This 

could be indeed valuable due to limitations on land use in Europe (Recharge, 2022). 

6.1.6 Impact of techno-economic assumptions 

Using the most updated cost assumptions and the learning curve is crucial for the techno-

economic analysis of an energy system. For example, Gaete-Morales et al. (2019) carried 

out research for the future energy system of Chile with high penetration of RE. The input 

economic assumption for solar PV is rather old, which is based on a learning rate of 15%. 

According to the International Technology Roadmap for Photovoltaic (ITRPV Working 

Group, 2021), the price of utility-scale PV modules to date, based on the latest long-term 

learning rate of 23.8%, is at 210 $/kW, which is equivalent to 191 €/kW with an exchange 

rate of 1.1 $/€. Owing to the large-scale production of PV over the last decade, 
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particularly in China, the learning rate has been estimated at 41% (IEA PVPS, 2021). 

However, the range might vary depending on the location. Vartiainen et al. (2020) 

analysed the utility-scale solar PV costs for some selected regions in Europe. The results 

indicate that even today’s LCOE in some European countries is cheaper than their average 

electricity market prices. The authors stressed that the solar PV industry is experiencing 

rapid development, which makes it even harder to keep track of the near future price 

development. The utility-scale PV CAPEX is expected to decrease from 500 €/kWh in 

2018 to nearly 160 €/kWh by 2050. Considering the old cost assumptions resulted in a 

low contribution of solar PV and wind power by 2050, which makes a power system 

based on 100% RE more expensive (~12%) than a BAU scenario (Gaete-Morales et al., 

2019). As discussed by Victoria et al. (2021), up-to-date cost assumptions is a key factor 

in modelling future energy systems to avoid any distorted results. Creutzig et al. (2017) 

stated that applying the recent learning rate in REMIND, an IAM, increased the share of 

solar PV by 30% compared to the previously published results. This finding was further 

confirmed by Luderer et al. (2021) presenting a high level of electrification powered by 

low-cost RE. In this regard, the IAMs have been criticised by Jaxa-Rozen and Trutnevyte 

(2021), Xiao et al. (2021) and Victoria et al. (2021) for underestimating the role of RE 

due to outdated cost assumptions but also methodological issues which may lead to 

misinformation. In addition, the role of RE has been neglected or largely underestimated 

in energy system models. According to Creutzig et al. (2017), this phenomenon has been 

observed particularly in the case of solar PV as many global models, such as the IEA and 

the IAMs among others, fall behind the real-world development and cost reduction of PV. 

The authors concluded that the main discrepancies between the real-world development 

and models’ estimates are attributed to policy support, prompt technological learning rate, 

and lack of cost-competitiveness of other technologies. This issue has been also 

confirmed by Hoekstra et al. (2017) and Breyer and Jefferson (2020). 

6.1.7 Synergies of sector coupling in a fully defossilised energy system 

A fully integrated energy system would imply a structural transformation in Chile 

(Publication Ⅵ). Today, the Chilean energy system is centralised, decoupled, and highly 

reliant on fossil fuels. The energy conversion losses were relatively high at around 14% 

in 2015, which decreases to less than 1% in the BPS-100RE by 2050. In 2015, the power 

sector was the most diversified in terms of energy sources, where various renewable 

technologies, dominated by hydropower, contributed to 42% of the total electricity 

generation. In contrast, the transport was the least diversified energy sector as it relies 

mostly on fossil fuels, particularly oil. Although biomass supplied 26% of energy for the 

heat sector, this sector is still highly dependent on fossil fuels, where oil accounts for the 

highest share with 44%, followed by gas with 24%, and coal with 6%.  

In the BPS-100RE pathway, all sectors would experience a diversification of the energy 

sources, however, the cornerstone of this pathway is high electrification dominated by 

solar energy technologies, complemented by wind power, geothermal energy, and 

hydropower. Such a system offers an integrated use of different energy infrastructures 

and carriers, in particular electricity, heat, and e-fuels. Various flexibility measures would 
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smoothen the energy supply across all sectors, including batteries for short-term storage, 

PHES and TES for short- and medium-term storage, gas storage for seasonal variations, 

and PtX (i.e., PtH, PtG and power-to-liquid). Here, e-hydrogen can be used both directly 

and indirectly for e-fuels production. The transport sector is fully electrified in the two 

BPSs with a 100% RE target by 2050, and oil is replaced by electricity-based liquid fuels 

towards the end of the transition. In the CPS and BPS-Un scenarios, however, oil 

continues to cover a part of the final energy demand in the transport sector, although 

significantly less than the current situation, up to the end of the transition. The integrated 

power and heat for the case of Chile shows a tendency of a least-cost solution towards 

heat pumps and electric heating, which are complemented by biomass, CSP, and 

geothermal in the BPSs. As the energy transition progresses, more heat pumps and direct 

electric heating capacity kicks-in. Conversely, the proposed governmental strategies 

focus on energy diversity with the integration of CSP in the next decade, followed by 

electrification of the heat sector and more contribution of fossil gas in the energy mix 

until the end of the transition time horizon. Even in the least ambitious scenario, oil has 

no place in the power and heat sectors by 2050.  

In a sector-coupled energy system, the surplus electricity from variable RE can be used 

to power desalination systems to produce fresh water, which balances the overall system 

more efficiently while decreasing the total energy system costs. However, given the high 

cost of SWRO that leads to a preference for baseload operation (Caldera and Breyer, 

2018), less additional flexibility in the power system is observed than that, for example, 

for the case of PtG and PtH (Publications Ⅲ-Ⅵ). The PtG flexibility can be partially 

provided through the battery-to-PtG process (Gulagi et al., 2018), especially during the 

low-demand period, where the stored electricity in batteries is served as input electricity 

in water electrolysis for gas production that can be either used for non-energy demand or 

stored in gas storage for balancing seasonal variations and reconversion.  

Consequently, low-cost renewable electricity and e-hydrogen are the main drivers of a 

fully sector-coupled energy system. This allows a more decentralised, integrated, flexible 

and demand-oriented energy system to be obtained. Therefore, sector coupling provides 

flexibility in the energy system and decreases the total system cost. Meanwhile, fossil 

fuels could be fully replaced with sustainable fuels and GHG emissions could be reduced 

to zero. Therefore, another key enabler for achieving a low-cost fully defossilised energy 

system is sector integration.  

The crucial impacts of sector-coupling have been discussed in the literature, which further 

confirms the findings in this dissertation. A cross-sector integration study for Europe by 

Brown et al. (2018a) depicts that integrating all energy sectors can reduce the need for 

stationary energy storage due to the flexibility gained through electric vehicles (EVs) for 

diurnal balancing of solar PV, as well as PtG and TES for seasonal variations of demand 

and RE. As a result, the total system cost decreases by 28% compared to a scenario with 

no flexibility options. In the next step, Brown et al. (2019) investigated the importance of 

sector coupling covering European electricity, heat, and land transport demand. High 

electrification and low-cost RE technologies lead to a cost-effective energy system with 
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a 50% CO2 emissions reduction. The total system cost was found more expensive for a 

higher level of CO2 emissions reduction, yet comparable to the costs of today’s energy 

system. Similar to the previous two studies, He et al. (2021) identified the role of PtG to 

be quite important in a sector-coupled model for a low-carbon integrated energy system 

in the US Northeast. This resulted in higher utilisation of variable RE and reduced the 

total system costs and CO2 emissions. Lund et al. (2016) discussed the role of energy 

storage technologies in the heat and transport sectors that can make an integrated energy 

system more economical than just the electricity sector due to the cheaper and more 

efficient options available. Although a cross-sector energy system built on a high share 

of RE is more complicated than the linear approach of today’s energy system, a link 

between different sectors can create new forms of flexibility that compensate for the 

variability of RE. Victoria et al. (2019) investigated the storage requirements for various 

CO2 emissions reductions targets and sector-coupling scenarios. The findings suggest that 

coupling energy sectors enables deeper CO2 emissions reductions prior to the need for 

bulk energy storage. Moreover, the form of energy storage changes in a sector-coupled 

energy system as, for example, EVs batteries reduce the need for stationary battery 

storage and PHES that was needed in the power system alone. Williams et al. (2021a) 

stated that the coupling of electricity and fuel production increases RE penetration for 

balancing energy supply and demand. Oei et al. (2020) pointed out the importance of high 

electrification and sector-coupling in a 100% RE-based system. Burandt et al. (2019) 

modelled energy transition pathways for the Chinese energy system indicating the crucial 

role of sector-coupling in energy system models that are correlated with increasing 

electricity demand due to high electrification across all sectors. 

6.1.8 Benefits of cross-border interconnections in a highly renewable energy-

based electricity network 

The role of grid interconnection is pivotal in a fully renewables-based power system. 

Compared to an isolated electricity system, an interconnected electricity grid for the 

regions within a country in the Americas show a total LCOE reduction of 9% 

(Publication Ⅲ). Inter-regional grid interconnections beyond the countries’ borders lead 

to an additional 5% cost reduction, resulting in a 14% decrease in LCOE, from 59 €/MWh 

in the Region-wide to 51 €/MWh in the Area-wide scenario. Better balancing of 

electricity generation and demand and a more optimised utilisation of energy storage 

technologies are the outcomes of a large power transmission network across the 

Americas, which leads to a more efficient system with lower cost. This result is in line 

with Publications Ⅳ-Ⅵ, as well as several publications in the literature (Breyer et al., 

2017; Brown et al., 2018a; Child et al., 2019). Concerning the interconnection between 

North and South America, the results show that the transmitted electricity through Mexico 

South and Central America is insignificant. In this study, grid expansion between the 

regions is allowed if the regions share a border and there is a possibility of a direct 

connection. In contrast, Grossman et al. (2014, 2015) analysed a hypothesis of linking 

three deserts in North America with three deserts in South America over a large 

geographical area and with high insolation. The reason for such a large grid 
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interconnection is explained as to decrease the effects of day and night due to various 

time zones and to lower the impact of less solar irradiation in winter. Comparing the 

LCOE of the interconnected system with an isolated region (the Mojave Desert) depicts 

a reduction of around 37%, which confirms the findings in Publication Ⅲ (Area-wide 

vs. Region-wide). On the other hand, the interconnection of the Northern and the Southern 

American deserts shows a considerably lower LCOE of about 27% than just connecting 

the three deserts in North America. This is in contrast with the findings in this dissertation 

that fully interconnected Americas lead to a LCOE reduction of 1.4% than separated 

North and South America. A further simulation considering all the transmission lines that 

can connect North America to South America without border restrictions, via the ground, 

underground, or submarine, is required to understand the possibility of additional 

electricity exchange over a long distance. 

Burandt et al. (2019) argued that a high regional resolution is needed to capture the effects 

of electricity trade between regions as widely available RE in the regions leads to limited 

grid expansion. Victoria et al. (2022) in line with Schlachtberger et al. (2017) discussed 

that sector-coupling can decrease the cost benefits of grid expansion due to a more 

optimised and efficient energy system. Breyer et al. (2020) investigated the techno-

economic benefits of global-scale grid interconnection. The authors concluded that 

national and sub-national electricity exchange is more beneficial than global-scale 

trading, as the LCOE drops by 4% compared to an isolated power system. It is stated that 

the role of e-fuels and e-chemicals trading would be more profound in future sustainable 

energy systems. 

6.1.9 Energy-water nexus in the sustainable energy transition 

In addition to the main energy sectors in Chile (Publication Ⅵ), the role of water 

desalination as an alternative source for water production has been important to the 

country, especially for mining purposes and for copper extraction as the largest source of 

copper is located in the Atacama Desert. This has been researched by Moreno-Leiva et 

al. (2021) by integrating desalinated water and energy supply powered by a 100% RE 

system. The results show the cost-effectiveness of such an approach even compared to 

the conventional fossil-based system at current costs. According to the regional sub-

divisions in Publication Ⅵ, the relevant zones are Chile-North and Chile-Central North. 

The high availability of solar resources for electricity generation and the use of seawater 

desalination for water production would lead to a cleaner and more sustainable mining 

process. According to Hass et al. (2020), Chile and Peru could provide 100% of the 

electricity demand for copper mining by solar PV starting from 2030 onwards with an 

estimated LCOE of 30-55 €/MWh by 2050. As the demand for copper and lithium 

increases (Valero et al., 2018a, 2018b; Greim et al., 2020; Junne et al., 2020), Chile can 

contribute to the growing demand and take part in the global energy transition by 

supplying the required raw materials. The findings in Publication Ⅵ reveal that water-

intensive demand for copper and lithium extraction in Chile can be supplied by water 

produced by solar PV, batteries, and SWRO desalination. The LCOE and the LCOW of 
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a 100% RE-based system for Chile are estimated to be around 26.3 €/MWh and 0.7 €/m3 

by 2050, respectively. 

Additionally, increasing global temperature will have devastating consequences, such as 

more intense heat waves, severe droughts and decreasing the amount of precipitation 

(IPCC, 2022). This would mean a rise in water demand and air conditioning in the MENA 

region which is one of the most water-stressed in the world (World Bank, 2012; Zyadin, 

2013). In addition, supplying large amounts of water for crop production is another global 

challenge ahead, especially in the MENA countries, to ensure food security (UN, 2015b, 

2021; Caldera and Breyer, 2020). In a general sense, desalinated water is a precious water 

resource ensuring a climate-independent and constant supply of fresh water (UN, 2021). 

The role of the energy-water nexus through the integration of seawater desalination and 

power system was analysed in Publications Ⅲ-Ⅵ. Overall, the findings reveal that 

desalination water can be a significant asset in the growing water demand and is quite 

affordable. More importantly, fresh water produced via SWRO was found cost-

competitive with conventional desalinated water relying on fossil fuels. In the MENA 

region (Publication Ⅳ), the average LCOW is around 1.4 €/m3 for the 2030 conditions. 

The SWRO technology accounts for the highest desalination capacity by 275 million 

m3/day. MED stand-alone has the next highest capacity with 5 million m3/day. The total 

electricity demand for production of 76 billion m3 desalinated water is estimated at 990 

TWh in 2030. The least-cost LCOW is found at 0.9 €/m3 for several MENA countries, 

including Algeria, Bahrain & Qatar, Egypt, Libya and the UAE. Iran and Yemen account 

for the highest LCOW by 1.8 €/m3 and 1.6 €/m3, respectively. Similarly, SWRO is 

identified as the main desalination technology to supply Iranian water demand 

(Publication Ⅴ), which was not possible to provide by groundwater resources otherwise 

(Caldera and Breyer, 2020). The advantage of SWRO compared to other desalination 

technologies is its higher efficiency as well as lower costs and electricity consumption. 

The LCOW decreases consistently throughout the transition, from 2.3 €/m3 in 2015 to 1.5 

€/m3 in 2050. The main driving force for the reduction of the LCOW is shifting away 

from fossil gas towards a low-cost RE system and improving SWRO efficiency. In 

addition, another co-benefit of transitioning to a 100% RE power system is a significant 

decrease in the cooling water demand of existing thermal power plants, as demonstrated 

by Lohrmann et al. (2019). Reduction of cooling water demand in a strongly water-

stressed region can help to overcome existing water supply restrictions.   

6.1.10 Energy transition opportunities for the developing countries  

In Publication Ⅳ, the feasibility of a 100% RE-based system for the MENA region is 

investigated based on a greenfield modelling configuration in the year 2030. Solar PV, 

wind power and battery storage are found to be the least cost options for all the MENA 

countries. Solar PV with 565-864 GWe and wind power with 175-705 GWe consist of 

more than 90% of the installed capacity in all the considered scenarios. The LCOE of a 

100% RE power system is estimated to be between 40.3-52.8 €/MWh, which is 55-69% 

cheaper than a BAU strategy without and with CO2 costs. The variability of RE is solved 

via energy storage, surplus electricity generation and electricity grids. Sector coupling 
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brings further benefits, for instance by utilising excess electricity from variable RE for 

hydrogen production via water electrolysis, to cover the non-energy industrial gas 

demand than storing it for long-term use. Further, 76 billion m3 of renewable water 

demand in the most water-stressed region in the world is supplied by SWRO desalination 

at a cost of 1.4 €/m3 compared to the current cost of desalinated water at 1 €/m3 (Caldera 

et al., 2016, 2017). It is vital to note that the current desalinated water cost powered by 

fossil fuels are heavily subsidised and does not include water transportation costs. The 

other co-benefits of the energy transition are a significant decrease in the cooling water 

demand of existing thermal power plants (Lohrmann et al., 2019) and creating many new 

jobs (Van der Zwaan et al., 2013; Ram et al., 2020, 2022b). These benefits are quite 

crucial for a region that is the heart of fossil fuels production, has a very high job demand 

for the rapidly growing young-aged population, suffers from very high levels of GHG 

emissions, and is nominated as the most water-stressed in the world.   

In Publication Ⅴ, two energy transition pathways for the Iranian power system are 

developed and analysed, from 2015 to 2050 in 5-year intervals. In addition, an integrated 

energy system is assessed by coupling power, non-energetic industrial gas, and 

desalination sectors. The LCOE of the BPS is estimated at 54 €/MWh in 2050, which is 

39% lower than that in 2015. Sector coupling decreases the LCOE further down to 41 

€/MWh by 2050. On the other hand, the CPS shows a substantial increase in LCOE, 

reaching 128 €/MWh by the end of the transition. A CO2 cost of 150 €/tCO2 is assumed 

(BNEF, 2015), which contributes to 35% of the total LCOE. In a single-node study in the 

case of Iran (Aghahosseini et al., 2018), the power system represents a slightly lower 

LCOE than the 9-node power system. All the available RE resources in the country are 

used to supply the demand in a copper plate approach, which utilises more of the best 

possible resources. This aspect indicates the importance of multi-nodal system analysis 

compared to a single-node study. Transmission grids help decrease the need for energy 

storage and electricity curtailment in the system. The role of the transmission grid is more 

profound in the Integrated scenario. Therefore, the LCOE of a 9-node sector coupled 

system is less than that of a single-node case. It is vital to note that curtailment is expected 

to increase in a highly RE-based system. Curtailment has techno-economic benefits in the 

energy transition and can enhance system flexibility, especially in a solar PV-driven 

system in Sunbelt countries. A system with the optimum amount of curtailment could 

cost less than a system with no curtailment, as discussed in length in the literature (Haas 

et al., 2017; Solomon et al., 2019, 2020). An attempt to integrate more RE and to improve 

energy efficiency has been made by Noorollahi et al. (2021) through the simulation of 

five energy scenarios for Iran while decreasing CO2 emissions by 4% over 14 years 

(2016-2030). It has been concluded that the energy transition towards a higher share of 

RE decreases the total primary energy supply (TPES), total annual cost and CO2 

emissions compared to a BAU. 
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6.2 Policy Implications  

The energy system dynamic is in the changing phase as the share of RE is continuously 

increasing in the power system. The global installed capacity of RE increased by about 

1734 GW over the last 10 years, accounting for approximately 38% of the total installed 

power capacity in 2021 (IRENA, 2022a). While hydropower contributes still the largest 

share of the total RE capacity, solar PV and wind power are rapidly catching up, and 

together amounted to 88% of the total RE capacity installed in 2021 (IRENA, 2022a). 

Despite increasing commodity prices and manufacturing costs, the installed solar PV 

capacity increased by 175 GW globally last year reaching a total cumulative capacity of 

about 942 GW in 2021 (IEA PVPS, 2022). According to the IEA-NZE2050 estimates 

(IEA, 2021a), RE installations should be at least 550 GW annually to reach net zero CO2 

emissions by 2050. It is expected that RE represents around 95% of the net installed 

capacity by 2026. Diversification of the energy system is an asset to improve the supply 

security in the energy system. Geothermal energy is one of the rare RE technologies that 

could provide very low- to zero-carbon, cost competitive, dispatchable power and heat to 

replace fossil fuels around the world. Further, geothermal power can be used to produce 

cost-competitive e-fuels. The estimated LCOE of the advanced EGS is expected to reach 

20-35 $/MWhel (18.2-31.8 €/MWhel) after full commercialisation and maturation of the 

technology (Hill, 2021). A lot must be done and/or changed to accelerate the energy 

transition worldwide. This includes high financing cost in emerging markets, 

inconsistence policy approaches, social acceptance, an unbalanced commitment of 

nations to RE growth, insufficient incentives, and grid integration (Afful-Dadzie, 2021; 

Ram et al., 2022a).  

Within the transport sector, EVs accounted for 8.3% of global car sales in 2021 and are 

an integral part of the CO2 emissions reductions worldwide (EV-Volumes, 2022). The 

battery manufacturing capacity is expected to grow over the next three years reaching 

around 2500 GWh (Lux Research, 2021; Venditti, 2021). To accelerate EV growth, 

however, the tremendous ramp-up of recharging infrastructure, financial incentives, CO2 

pricing on fossil fuels, and bans on combustion engine vehicles are required. On the 

demand side, this can be controlled by reducing travel demand and promoting public 

transport and cycling. In aviation, electric battery-driven aircrafts can be up to 2 times 

more efficient than conventional aircrafts, and help decrease CO2 emissions and noise 

pollution (Schäfer et al., 2018). In addition to EVs, green hydrogen and to a lesser extent 

biomethane can contribute to the systemic transformation of fossil-dominated 

technologies. Green hydrogen can be used directly for final energy demand in the 

transport sector, or as a feedstock for e-fuels production like e-methane, and e-liquid 

hydrocarbons such as e-diesel, e-gasoline, and e-kerosene jet fuel based on the Fischer-

Tropsch process. The required CO2 demand in the e-methane and Fischer-Tropsch 

processes can be provided via direct air capture (DAC) to reduce the CO2 emissions 

further. The other important e-fuels include e-methanol and e-ammonia which can be 

used across different energy sectors (Bogdanov et al., 2021a), but are not included in this 

dissertation. Liquid e-fuels can help reduce the demand for batteries, due to the 

availability of raw materials, and contribute to enhancing energy security, but at the price 
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of lower systemic efficiency and more required electricity supply. These PtX-based 

sustainable fuels are essential in marine and aviation transportation, especially in the 

second half of the transition period starting from 2030-35 onwards, as shown in 

Publication Ⅵ. 

The heat sector is currently characterised as a fossil-dominated system with low-efficient 

technologies and a considerable amount of waste heat. The heat and power sectors are not 

integrated. In order to achieve deep emissions reductions and to improve the efficiency 

of the overall energy system, synergies and interactions among different energy sectors 

are encouraged. Therefore, a sustainable energy system benefits from the integration of 

various sectors under one roof. Decarbonising heating (and cooling) can be done through 

district and individual heat generation supplied by renewables-based heating 

technologies, such as heat pumps, direct electric heating, solar thermal energy, bioenergy, 

and geothermal heating. According to the results in Publication Ⅵ, a high level of 

electrification, e.g., PtH, and the flexibility provided by a fully integrated energy system, 

e.g., heat storage technologies, are found to be vital elements in the future energy 

transition. 

As shown in Publication Ⅶ, the LUT-BPS-Plus2030 pathway indicates that even a 

rapid and radical transition to a 100% RE-based power system by 2030 is technically and 

economically feasible, representing the lowest LCOE among all the explored scenarios at 

45 €/MWh by 2050. This result is further confirmed in Publications Ⅲ and Ⅳ for two 

world regions and on a country level for the case of Iran (Aghahosseini et al., 2018) and 

Brazil (Barbosa et al., 2016), for example. Achieving such a target is ambitious, but is 

possible under conducive political and social circumstances, some technological 

innovation and materials recycling, as discussed in the literature (Greim et al., 2020; 

Breyer, 2021; Gielen, 2021; Gielen and Papa, 2021; IRENA, 2022b). Governments have 

a crucial role in advancing a just, fair, and inclusive energy transition to create an enabling 

environment for the private sector through de-risking financing options and stable 

policies (Williams et al., 2021b). A highly ambitious target is needed to cut down energy-

related GHG emissions and to fasten RE penetration while acquiring desirable socio-

economic benefits. Both short-term and long-term policies along with the prioritisation 

of tasks are important for accelerating the pace and depth of the energy transition across 

all energy sectors. A rapid phase-out of fossil fuels and an urgent budget cut-off on any 

new investment and development of fossil fuel plants help achieve the Paris Agreement 

target sooner and decrease the risk of stranded assets. Meanwhile, it is vital to increase 

public awareness regarding the potential and advantages of the energy transition while 

encouraging citizens to adopt renewables-based solutions and reduce energy 

consumption. It is important to note that countries and regions encounter different 

socioeconomic developments for any type of structural changes. In addition to providing 

more jobs for the young generation in the growing RE sector, it is pivotal to pay attention 

to retention, reorientation, and reskilling of the existing workforce in the energy sector 

and to not leave them behind. The RE sector offers a wide range of job opportunities from 

professionals such as scientists and engineers, to financial analysts and experts, to 

workers. Additionally, international collaboration and cooperation are required to 
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facilitate the climate policies for all countries, both developed and developing, to 

overcome one of the most critical challenges of human being in this era.  

Renewable critics often state “what happens when the sun doesn’t shine and the wind 

doesn’t blow?”, “renewables are the cause of blackout”, or “variability of solar and wind 

cannot be easily balanced”. The US National Renewable Energy Laboratory (NREL) has 

recently provided a real-life example in response to such myths by powering one of its 

campuses with solar, wind and batteries (NREL, 2022). This combination of technologies 

covered 72 hours of uninterrupted operation of the building, where solar PV satisfied the 

demand in the daytime, while battery smoothed the power when clouds appeared, and 

wind together with battery provided sufficient power for the night time. It was concluded 

that such a system can be scaled for an island like Hawaii where NREL is helping 

transition to a 100% RE power system (NREL, 2018b, 2018a), or on a larger scale to 

connect to the grid. 

6.3 Limitations of the current research and recommendation for 

future work 

Through the completion of this dissertation, several assumptions and simplifications have 

been made to assess the role of an entirely renewables-based energy transition, with a 

special focus on a couple of technological aspects, in powering the future energy system. 

The resulting limitations have been discussed in the publications and can be considered 

for future research. The main limitations of the research can be summarised as below: 

The energy system analyses in this dissertation are carried out based on a myopic cost-

optimised modelling tool (Publications Ⅲ-Ⅶ), which is built on a set of financial and 

technical assumptions. The uncertainty of techno-economic assumptions is an interesting 

topic of discussion in energy system analysis as any changes in assumptions could 

influence the results. The economic assumptions have been gathered from the learning 

rates of various technologies and validated via different sources. For instance, solar PV 

technologies and battery storage are the prominent driving force for shifting away from 

fossil fuels towards a fully sustainable energy system in almost all the analyses included 

in this dissertation. The average CAPEX for fixed tilted and single-axis tracking PV 

systems is estimated to be about 410 €/kW for the year 2030, which is in line with the 

cost projections of 417 €/kW by 2028 (ITRPV Working Group, 2018) and at 375 €/kW 

by 2029 (ITRPV Working Group, 2019). However, the latest insights indicate that PV 

CAPEX may be even below 300 €/kW by 2030 (Vartiainen et al., 2020), which would 

lead to lower energy system costs and an even higher solar PV share. Similarly, the 

CAPEX of battery storage is consistent with the latest market values, the expectation of 

market research and scientific literature research (Nykvist and Nilsson, 2015; 

BloombergNEF, 2019; Luderer et al., 2021; Ritchie, 2021; Ziegler and Trancik, 2021). 

Meanwhile, it has been pointed out that the role of the weighted average cost of capital 

(WACC) is vital in calculating the LCOE for different countries across the world (Egli et 

al., 2019). Although this is a valid point of argument, projections of WACC for the future 
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is an open and unanswered question in the field of energy system modelling. For 

simplicity, the energy system models take a uniform WACC value that can be applied to 

all countries around the world (Bogdanov et al., 2019a). A detailed study regarding more 

realistic and accurate WACC estimation for the countries can be a potential topic for 

future research. 

Although the power sector is most likely the first sector to be defossilised and fully 

powered by RE, the transition across the entire energy system is crucial to comprehend 

the synergies between different sectors. The role of sector coupling is examined in all the 

energy system analyses with coupling more than one sector. However, as shown in 

Publication Ⅵ for the case of Chile, the power, heat, transport, and industry demand 

must be integrated into a 100% RE study, which in return brings numerous benefits to the 

entire system. The benefits include more efficient distribution of energy across sectors as 

the electrification rate is expected to increase substantially, less excess energy, and a 

decrease in the need for bulk energy storage. At the same time, a long-term energy 

transition with the ability to track all the steps regarding capacity expansion, overall 

investment costs, CO2 emissions reductions, energy storage, and other sources of 

flexibility are found extremely important for effective planning ahead. Therefore, the 

studies built on an overnight approach need to be investigated with long-term energy 

modelling to better understand the pathway for shifting away from fossil fuels towards a 

green and RE system. Additionally, a comparison between single-node vs. multi-node 

approaches for Chile (Osorio-Aravena et al., 2020, 2021) and Iran (Ghorbani et al., 2017, 

2020) highlights that some of the aspects and impact of a multi-node analysis cannot be 

captured by a single-node study. This is due to simplification in the system structure of a 

single-node that results in the selection of least-cost options in the entire country, which 

cannot be necessarily close to the largest demand centres in a multi-node case and the 

electricity has to be transferred to the demand side. Consequently, the total system cost 

and the LCOE are found to be cheaper in a single-node approach. It is highly 

recommended to increase the modelling precision to the real-world situation by focusing 

on a high-spatial resolution than a large-scale aggregated resolution. This results in a more 

realistic result including the electricity exchange, energy storage needs, and local 

production among others. Publication Ⅶ modelled nine global major regions under nine 

scenarios, which is a quite simplified approach given a large geographical area with high 

seasonal variations of demand and RE. Lack of access to detailed data for sub-regions 

and countries as well as reducing the data volume and the computation time were the 

main reasons for such simplification. Ignoring the impact of seasonal variation of RE 

sources, in particular solar and wind energy, on different hemispheres and especially high 

latitude locations for solar PV (Victoria et al., 2021), might lead to different outcomes. 

However, most of the global population lives close to the equator where solar resources 

are widely and evenly distributed across the Sunbelt region and the impact of seasonal 

variation is low (Haegel et al., 2019; Victoria et al., 2021).  

The selection of the weather year and inter-annual variability of RE sources are crucial 

factors when integrating large-scale variable RE sources into the final electricity 

generation mix. In this dissertation, weather data for the year 2005 is adapted and used 
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because it has been made suitable in terms of computational tractability as input to the 

LUT-ESTM and is available in high temporal and spatial resolution globally. This is a 

common practice to use a single-year weather dataset or an aggregation of several years 

for energy system modelling. However, the inter-annual variability and meteorological 

conditions must be considered as sensitivity in the energy system models to fully account 

for the potential consequences on variable RE sources. Bryce et al. (2018) explored the 

inter-annual variability of the solar resource in the state of Hawaii and its impact on 

investments in PV systems using an 18-year solar radiation database (1998-2015). The 

findings depict that inter-annual variability should be thought of for the final decision-

making process due to the difference it makes in capacity factor, economic return on 

investment, and the required battery storage capacity paired with solar PV. A study 

modelled the future power system in Europe with 30-year weather datasets (1985-2014) 

(Collins et al., 2018). Applying multiple years of weather data revealed a 5-time growth 

in CO2 emissions and electricity generation costs from 2015 to 2030. Single-year weather 

data could result in approximately ±9% deviation compared to the long-term average. 

However, it should be noted that such uncertainties can be managed and facilitated by 

additional flexibility services in the energy system running on 100% RE. These 

flexibilities include energy storage, vehicle-to-grid (V2G) services (Child et al., 2018), 

sector coupling, the complementarity of RE, power transmission, power-to-X, heat pumps 

and electricity curtailment among others. In addition, the long-term impact of climate 

change on the variability of hydropower generation, due to changes in precipitation, final 

energy demand, due to temperature fluctuations, and weather-dependent RE sources merit 

further investigation. Given all these uncertainties, it is quite complex to suggest a solid 

method that can apply to pathways analyses of the future energy system across the world 

to yield a robust conclusion.  

Moreover, the role of smart EV charging and V2G is another crucial factor for an efficient 

and flexible energy system due to the decrease in electricity demand for charging EVs 

and maintaining grid stability via demand-side management (Alsharif et al., 2021; Ravi 

and Aziz, 2022; ur Rehman, 2022). Child et al. (2018) found the role of V2G quite crucial 

in a 100% RE study for Åland islands, where the need for stationary energy storage 

decreases, so the total annual system costs. Boström et al. (2021) analysed a conceptual 

study about an energy system for Spain powered solely by solar PV and balanced with 

EVs batteries as the only energy storage option. Since road vehicles are mostly stationary 

and can be of use for V2G purpose 95% of the time, EVs batteries can play a key role in 

balancing energy supply and demand. The findings reveal that achieving such a 

theoretical system design is possible with around 3.5 billion m2 of PV and 29.4 million 

EVs. In the next step, such a hypothesis is planned to be examined via the LUT-ESTM 

as a case study for Egypt which is representative of the Sunbelt countries and located in 

further southern latitude compared to Spain with a more stable climate condition. The 

research aims to explore a long-term energy transition, from 2020 to 2050, in which the 

entire energy system is powered solely by PV-EV hybrid systems. 

The geological resource potential of CAES technology is analysed worldwide in 

Publication Ⅰ. The identified suitable sites and their estimated capacities are restricted by 
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three constraints, allowing for 1%, 5% and 10% of the selected area to be considered for 

CAES. This is due to several technical barriers and very large-scale analyses. The factors 

that need to be further considered for the project implementation could include, but are 

not limited to, reservoir modelling, detailed core sampling, analysis of the neotectonic 

activity, seismic profiles around the potential area, environmental issues such as solution 

mining of the caverns that requires disposal of the brine, hydrodynamic assessment, land 

limitation, and air injection (Benson et al., 2005; Hoek, 2012; Norwegian Tunnelling 

Society, 2016). More importantly, the availability and accessibility of RE plants and the 

electrical transmission grid next to the storage location are crucial aspects to make the 

system more efficient and cost-effective for selecting suitable sites. It is important to note 

that the main challenges for developing CAES have been its high upfront costs and lower 

roundtrip efficiency compared to two predominant storage technologies today, lithium-

ion batteries and pumped hydro energy storage. However, most of the recent development 

in CAES technology leads to a roundtrip efficiency of 60% or higher, led by a new system 

design efficiency of 70.4% in China (New Atlas, 2022). Meanwhile, the total CAPEX 

can be significantly reduced by using the existing infrastructure, building operatable units 

with less storage volume compared to the large-scale conventional CAES, and having a 

small surface footprint that makes it more suitable for urban applications than the other 

competitors. 

Some of the factors mentioned about CAES are vital for EGS development (Publication 

Ⅱ) as well, and vice versa. One of the first technical challenges is the visibility of 

geothermal resources as they are hidden below the surface of the Earth. Knowing the 

extractable heat and other conditions underground requires extensive research. 

Publication Ⅱ attempts to partially overcome this challenge by identifying suitable 

locations and estimating the amount of extractable heat and electricity. The larger issue 

however is the high cost of drilling, which is correlated with the unique extreme 

environments at great depths. Long development times and exploration are the other risks 

associated with high upfront costs. Furthermore, the geothermal industry struggles to 

achieve the proposed objectives of reaching the output target in 30-40% of the cases. In 

addition, sustainability concerns about developing geothermal resources must be taken 

into consideration, including natural hazards, land use, deforestation, water quantity and 

quality, and ecosystems (Shortall et al., 2015; Anderson and Rezaie, 2019). In addition, 

the main limitation of this research is the required input data, such as surface heat flow, 

thermal conductivity, and radiogenic heat production, in a high spatial resolution to 

estimate temperature as a function of depth. Moreover, access to the borehole data and 

pumping results on a broad scale is needed, which is currently only restricted to specific 

areas. In the future investigation for EGS, it is planned to analyse the technical and 

sustainable geothermal resource potential under multiple land eligibility constraints 

(roughly 40 criteria (McKenna et al., 2022)) with higher spatial resolution. Improved 

research, economic incentives, efficient policies, and industrialisation of the supply chain 

should be provided to drive down the costs. Consequently, for optimal utilisation of a 

geothermal power plant, the system design should consider economic profitability, 

improved thermodynamic efficiency, and life-cycle environmental impacts of geothermal 

resources. 



6.3 Limitations of the current research and recommendation for future work 

 

97 

The methods and results of Publications Ⅰ and Ⅱ can serve as a blueprint for further 

analyses in different applications. For instance, the CAES method can be employed for 

site screening and identification of adequate geological reservoirs, e.g. (King et al., 2021), 

or the findings can be adapted as the input data for various underground energy storage, 

such as hydrogen underground storage as performed by Fasihi et al. (2021) for the case 

of e-ammonia production. Additionally, the input and output data of the EGS research 

can be used in the future of geothermal energy studies as well as energy system models 

for finding the cost-optimal hybrid RE technologies for cleaner, resilient and competitive 

energy systems in the future. The EGS output data has been applied to a case study 

investigating the techno-economic feasibility of the transition towards a 100% RE system 

across all energy sectors in Central America (Oyewo et al., 2022). The earlier findings 

reveal a high utilisation of geothermal energy, especially in Guatemala, Honduras, and 

Costa Rica, thanks to excellent resource availability, dispatchable and flexible electricity 

supply, and attractive cost. Geothermal-PV hybrid systems offer a great combination for 

electrifying almost everything in order to transitioning towards carbon neutrality by 2050. 

In light of remodelling and further analysis of energy transition pathways for scenario 

comparison (Publication Ⅶ), it is pivotal to have access to detailed input-output data, 

techno-economic assumptions, and preferably an open access model (Pfenninger et al., 

2018). Energy system models and the respective developed scenarios, particularly on a 

global scale, are typically non-transparent in their cost presentation, input cost 

assumptions (partly) and output system cost. On top of that, as mentioned earlier, 

allowing for different flexibility measures, such as sector coupling, grid interconnections, 

V2G balancing, and smart charging of EVs, is a critical aspect to ensure grid reliability 

in a highly RE-based system. In the next step of the research, the abovementioned aspects 

will be integrated into the energy system model aiming to capture and highlight the 

potential benefits of a sector-coupled and highly electrified energy system. 
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7 Conclusions 

This dissertation investigates and analyses the energy transition pathways and their 

feasibility to achieve a 100% RE-based system in the short- and long-term, in high spatial 

and temporal resolutions, with a focus on specific world regions, country case studies, 

and geo-technologies resource potential. It is hoped that these findings can provide 

insights into the ongoing and future research, as well as shed light on and enhance 

knowledge to inform policymakers on accelerating the RE transition. Achieving such a 

goal will ensure access to affordable, reliable, sustainable, and modern energy for 

everyone, as addressed by the UN SDGs (goals 3, 6, 7, 11, and 13) and the Paris 

Agreement. Also, it helps keep the global temperature well below 2°C, or even 1.5°C, 

depending on the depth and pace of the transition.  

Publications Ⅰ and Ⅱ in this dissertation focused on estimating the resource potential of 

two geo-technologies, i.e. CAES and EGS. The findings can be used as a blueprint for 

further investigation and as input data for energy system analyses. Regarding CAES 

(Publication Ⅰ), suitable locations were identified by overlapping two or more proper 

geological formations through a GIS-based model. The results revealed that CAES has a 

noticeable resource potential at about 6,574 TWhel storage capacity worldwide that can 

contribute to high penetration of RE as a source of flexibility, especially as a medium- to 

long-term bulk energy storage, but also for daily balancing of the electricity grid. North 

America, sub-Saharan Africa and South America showed the highest potential estimate 

with 0.26%, 0.20% and 0.19% of their land found suitable for CAES development, 

respectively. In Publication Ⅱ, a global estimate of EGS was presented in a 1˚×1˚ spatial 

resolution and under theoretical, technical, economic, and sustainable constraints. 

Concerning the economic potential, the total power capacity was found to be about 6 TWe 

in 2030 and 108 TWe in 2050, respectively. According to an industrial cost curve 

developed for the LCOE as a function of EGS technical potential, 4600 GWe of EGS 

capacity can be built at a cost of 50 €/MWh or lower. Given the sustainably extractable 

geothermal resource base, which is also economically sound, the EGS potential was 

further decreased to 256 GWe by 2050.  

Publications Ⅲ and Ⅳ discussed the RE-based transition of the Americas and the 

MENA countries’ power systems using a short-term myopic optimisation tool based on a 

linear programming technique to achieve least-cost technologies following a cost 

optimisation logic. Given the huge energy resource and land availability, it was realised 

that both regions’ power systems can switch from a fossil-dominated system towards a 

fully renewable and clean one with the assumptions for 2030. The possibility of supplying 

own demand with different grid expansion assumptions was examined. Electricity 

exchange increases the overall system efficiency and decreases the electricity generation 

cost over a short distance. However, its impact through long-distance grid 

interconnections was found insignificant. In all the cases, a 100% RE-based power system 

was found feasible and economically competitive compared to a BAU scenario. In 

addition, the impact of sector coupling is investigated by integrating the electricity 

demand in the power sector with non-energetic industrial gas and seawater desalination. 
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This results in a more efficiently balanced system that further reduces the LCOE 

compared to the power sector alone.  

In addition, an energy transition pathway for the Iranian power system, divided into nine 

regions, was analysed and compared with the current government policies and strategies 

(Publication Ⅴ). The results show that the current policy would lead to an expensive and 

inefficient system with an LCOE of 83.5 – 128.0 €/MWh by 2050 without and with CO2 

cost, respectively. Conversely, the LCOE of a 100% RE-based system is estimated at 54 

€/MWh, powered mainly by solar PV and batteries and complemented with wind power 

and hydropower. Other energy storage options, such as PHES, CAES and PtG provide 

further flexibility in the power system. With aid of sector coupling, the electricity cost 

decreased by 24% and the water scarcity issues in the country were overcome through 

seawater desalination at an average cost of 1.5 €/m3. 

An energy transition study for Chile was conducted based on the CPS and three BPSs 

(Publication Ⅵ). Each transition pathway was modelled across all energy sectors and a 

multi-node approach. Under the two 100% RE transition pathways, Chile could reach 

carbon neutrality by 2030, and could become a negative CO2 emitting country from 2035 

onwards. In addition, the two 100% RE scenarios are consistent with limiting warming 

to the 1.5ºC target. The three vital technological elements towards a 100% RE-based 

system are identified as a high level of electrification, system flexibility like energy 

storage, and e-fuels production. Meanwhile, the three key enablers to achieve a cost-

optimal solution are determined to be solar PV technology, regional interconnections, and 

sector coupling. 

An energy system modelling approach was performed for analysing and comparing 

global energy transition pathways for the decarbonisation of the electricity sector 

(Publication Ⅶ). The findings reveal that RE technologies, particularly solar PV, and 

wind power, coupled with energy storage are the least-cost energy solutions and will 

emerge as the central pillars of the electricity sector despite the scenario configuration. 

The importance of energy diversity by expanding the use of RE technologies was 

discussed to be crucial to achieve a high level of energy security. However, this would 

lead to an increase in the LCOE by 10-20% compared to a cost-optimal energy system 

pathway. Further integration of nuclear power and fossil CCS might increase the energy 

supply security but bring several negative impacts that violate the sustainability criteria 

and also other dimensions of energy security. Continuing the presently announced policy 

plans showed a worst-case situation in terms of CO2 emissions reduction, climate change 

and even the overall system costs even with the most conservative CO2 costs. 

There are certain modelling improvements and real-world factors that improve 

confidence in the transition towards a 100% RE-based energy system. These include, but 

are not limited to, adopting the most up-to-date cost assumptions, high spatial and 

temporal resolved data, focusing on the national-level study with specific energy-related 

policies, a realistic carbon pricing, using a sophisticated and technology-rich energy 

system model with a wide range of flexibility options capable of solving complex 
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problems, and integrating social, economical, environmental and political perspectives in 

energy system models.  

It is explicitly observed from the findings of all the analysed studies that a 100% RE 

system by 2050 or even earlier is more efficient and cost-competitive than today’s policy 

scenario relying on fossil and nuclear fuels. Entirely renewable scenarios are compatible 

with the Paris Agreement and the UN SDGs. Thanks to low-cost electricity from solar 

PV and wind power, which can be complemented by other RE sources, future energy 

systems can run on 100% RE sources and energy storage 24/7, all year round, without 

relying on fossil fuels (with or without CCS) and nuclear power. Such a transition can 

pave the way for shifting away from fossil fuels in all energy sectors towards a carbon-

neutral and sustainable energy system for all by the latest around the mid-century. 

 





103 

 

References 

Abbott, B. W., Bliss, A., Barros, L., Moyer, T., Moore, F., Rapp, M., Gilbert, S., Bekker, 

J., Mitchell, L., Hill, S., Wang, I., Jarvis, D. K., Frandsen, B. and South, A. (2021) 

Clean electrification of the U.S. economy: A crash course on the renewable revolution. 

PROVO, UT: Brigham Young University, Environmental Science & Sustainability. 

Available at: https://pws.byu.edu/Renewablereport. 

Abnett, K. and Jessop, S. (2022) EU drafts plan to label gas and nuclear investments as 

green, Reuters. Available at: https://www.reuters.com/markets/commodities/eu-

drafts-plan-label-gas-nuclear-investments-green-2022-01-01/ (Accessed: 3 January 

2022). 

Afful-Dadzie, A. (2021) ‘Global 100% energy transition by 2050: A fiction in developing 

economies?’, Joule, 5, no. 7, pp. 1641–1643. doi: 10.1016/J.JOULE.2021.06.024. 

Aghahosseini, A., Bogdanov, D., Barbosa, L. S. N. S. and Breyer, C. (2019) ‘Analysing 

the feasibility of powering the Americas with renewable energy and inter-regional grid 

interconnections by 2030’, Renewable and Sustainable Energy Reviews, 105, pp. 187–

205. doi: 10.1016/J.RSER.2019.01.046. 

Aghahosseini, A., Bogdanov, D. and Breyer, C. (2017) ‘A Techno-Economic Study of an 

Entirely Renewable Energy-Based Power Supply for North America for 2030 

Conditions’, Energies, 10, no. 8, pp. 1171. doi: 10.3390/en10081171. 

Aghahosseini, A., Bogdanov, D. and Breyer, C. (2020) ‘Towards sustainable 

development in the MENA region: Analysing the feasibility of a 100% renewable 

electricity system in 2030’, Energy Strategy Reviews, 28, pp. 100466. doi: 

10.1016/J.ESR.2020.100466. 

Aghahosseini, A., Bogdanov, D., Ghorbani, N. and Breyer, C. (2018) ‘Analysis of 100% 

renewable energy for Iran in 2030: integrating solar PV, wind energy and storage’, 

International Journal of Environmental Science and Technology, 15, no. 1, pp. 17–36. 

doi: 10.1007/s13762-017-1373-4. 

Alami, A. H., Aokal, K., Abed, J. and Alhemyari, M. (2017) ‘Low pressure, modular 

compressed air energy storage (CAES) system for wind energy storage applications’, 

Renewable Energy, 106, pp. 201–211. doi: 10.1016/j.renene.2017.01.002. 

Allen, R. C. (2013) Energy Transitions in History - Global Cases of Continuity and 

Change. Edited by R. W. Unger. Munich. Available at: 

https://www.environmentandsociety.org/sites/default/files/2013_i2_web.pdf. 

Alsharif, A., Tan, C. W., Ayop, R., Dobi, A. and Lau, K. Y. (2021) ‘A comprehensive 

review of energy management strategy in Vehicle-to-Grid technology integrated with 



 References 

 

104 

renewable energy sources’, Sustainable Energy Technologies and Assessments, 47, 

pp. 101439. doi: 10.1016/J.SETA.2021.101439. 

Anderson, A. and Rezaie, B. (2019) ‘Geothermal technology: Trends and potential role 

in a sustainable future’, Applied Energy, pp. 18–34. doi: 

10.1016/j.apenergy.2019.04.102. 

Augustine, C. (2011) Updated U.S. Geothermal Supply Characterization and 

Representation for Market Penetration Model Input. Golden, CO: National Renewable 

Energy Laboratory, NREL/TP-6A20-47459. Available at: 

https://www.nrel.gov/docs/fy12osti/47459.pdf. 

Azzuni, A., Aghahosseini, A., Ram, M., Bogdanov, D., Caldera, U. and Breyer, C. (2020) 

‘Energy Security Analysis for a 100% Renewable Energy Transition in Jordan by 

2050’, Sustainability, 12, no. 12, pp. 4921. doi: 10.3390/SU12124921. 

Azzuni, A. and Breyer, C. (2018) ‘Definitions and dimensions of energy security: a 

literature review’, Wiley Interdisciplinary Reviews: Energy and Environment, 7, no. 

1, pp. e268. doi: 10.1002/WENE.268. 

Azzuni, A. and Breyer, C. (2020) ‘Global Energy Security Index and Its Application on 

National Level’, Energies, 13, no. 10, pp. 2502. doi: 10.3390/EN13102502. 

Baik, E., Chawla, K. P., Jenkins, J. D., Kolster, C., Patankar, N. S., Olson, A., Benson, S. 

M. and Long, J. C. S. (2021) ‘What is different about different net-zero carbon 

electricity systems?’, Energy and Climate Change, 2, pp. 100046. doi: 

10.1016/J.EGYCC.2021.100046. 

Bailey, M. P. (2021) Eni pursues green hydrogen production in Egypt and Algeria, 

Chemical Engineering. Available at: https://www.chemengonline.com/eni-pursues-

green-hydrogen-production-in-egypt-and-algeria/ (Accessed: 7 January 2022). 

Barbosa, L. S. N. S., Bogdanov, D., Vainikka, P. and Breyer, C. (2017) ‘Hydro, wind and 

solar power as a base for a 100% renewable energy supply for South and Central 

America’, PLoS ONE. Edited by V. Magar, 12, no. 3, pp. e0173820. doi: 

10.1371/journal.pone.0173820. 

Barbosa, L. S. N. S., Farfan, J., Bogdanov, D. and Breyer, C. (2016) ‘Hydropower and 

power-to-gas storage options: The Brazilian energy system case’, Energy Procedia, 

99, pp. 89–107. doi: 10.1016/j.egypro.2016.10.101. 

Barnes, F. S. and Levine, J. G. (2011) Large Energy Storage Systems Handbook. New 

York: CRC Press, Taylor & Francis Group. 



 

 

105 

Barnhart, C. J. and Benson, S. M. (2013) ‘On the importance of reducing the energetic 

and material demands of electrical energy storage’, Energy Environ. Sci., 6, no. 

February 2016, pp. 1083–1092. doi: 10.1039/C3EE24040A. 

Baron, J. and Herzog, S. (2020) ‘Public opinion on nuclear energy and nuclear weapons: 

The attitudinal nexus in the United States’, Energy Research & Social Science. 

Elsevier, 68, pp. 101567. doi: 10.1016/J.ERSS.2020.101567. 

BBC News (2021) Saudi Arabia commits to net zero emissions by 2060. Available at: 

https://www.bbc.com/news/world-middle-east-58955584 (Accessed: 31 December 

2021). 

Beardsmore, G., Rybach, L., Blackwell, D. and Baron, C. (2010) ‘A Protocol for 

Estimating and Mapping Global EGS Potential’, Geothermal Resources Council 

Transactions, 34, pp. 301–312. 

Becker, S., Frew, B. A., Andresen, G. B., Jacobson, M. Z., Schramm, S. and Greiner, M. 

(2015) ‘Renewable build-up pathways for the US: Generation costs are not system 

costs’, Energy, 81, pp. 437–445. doi: 10.1016/j.energy.2014.12.056. 

Beckers, K. F., Lukawski, M. Z., Anderson, B. J., Moore, M. C. and Tester, J. W. (2014) 

‘Levelized costs of electricity and direct-use heat from Enhanced Geothermal 

Systems’, Journal of Renewable and Sustainable Energy, 6, no. 1, pp. 013141. doi: 

10.1063/1.4865575. 

Beeck, N. V. (1999) Classification of Energy Models. Tilburg: Tilburg University, FEW 

Research Memorandum, Vol. 777. Available at: 

https://pure.uvt.nl/ws/portalfiles/portal/532108/777.pdf. 

Bellini, E. (2021) Solar module factory with 1.2 GW capacity inaugurated in Saudi 

Arabia, pv magazine International. Available at: https://www.pv-

magazine.com/2021/11/19/solar-module-factory-with-1-2-gw-capacity-inaugurated-

in-saudi-arabia/ (Accessed: 6 January 2022). 

Benson, S., Cook, P., Anderson, J., Bachu, S., Nimir, H. B., Basu, B., Bradshaw, J. and 

Deguchi, G. (2005) Underground geological storage. Geneva: IPCC. 

Blackwell, D. D., Negraru, P. T. and Richards, M. C. (2006) ‘Assessment of the enhanced 

geothermal system resource base of the United States’, Natural Resources Research, 

15, no. 4, pp. 283–308. doi: 10.1007/s11053-007-9028-7. 

Blakers, A., Mathiesen, B. V., Breyer, C., Weber, E., Fell, H.-J., Jacobson, M. Z. and 

Seba, T. (2021) Joint declaration of the global 100% renewable energy strategy group. 

Available at: https://global100restrategygroup.org/. 



 References 

 

106 

Bloomberg (2021) Europe’s Energy Crisis Is About to Go Global as Gas Prices Soar. 

Available at: https://www.bloomberg.com/news/articles/2021-09-27/europe-s-

energy-crisis-is-about-to-go-global-as-gas-prices-soar (Accessed: 8 December 2021). 

BloombergNEF (2019) Battery Pack Prices Fall As Market Ramps Up With Market 

Average At $156/kWh In 2019. BloombergNEF (BNEF), New York: BloombergNEF 

(BNEF). Available at: https://about.bnef.com/blog/battery-pack-prices-fall-as-market-

ramps-up-with-market-average-at-156-kwh-in-2019/ (Accessed: 5 January 2020). 

BNEF (2015) New Energy Outlook 2015. London: Bloomberg New Energy Finance. 

Bogdanov, D., Child, M. and Breyer, C. (2019a) ‘Reply to “Bias in energy system models 

with uniform cost of capital assumption”’, Nature Communications, 10, no. 1, pp. 

4587. doi: 10.1038/s41467-019-12469-y. 

Bogdanov, D., Farfan, J., Sadovskaia, K., Aghahosseini, A., Child, M., Gulagi, A., 

Oyewo, A. S. A. S., de Souza Noel Simas Barbosa, L. and Breyer, C. (2019b) ‘Radical 

transformation pathway towards sustainable electricity via evolutionary steps’, Nature 

Communications, 10, no. 1, pp. 1077. doi: 10.1038/s41467-019-08855-1. 

Bogdanov, D., Gulagi, A., Fasihi, M. and Breyer, C. (2021a) ‘Full energy sector transition 

towards 100% renewable energy supply: Integrating power, heat, transport and 

industry sectors including desalination’, Applied Energy, 283, pp. 116273. doi: 

10.1016/J.APENERGY.2020.116273. 

Bogdanov, D., Koskinen, O., Aghahosseini, A. and Breyer, C. (2016) ‘Integrated 

renewable energy based power system for Europe, Eurasia and MENA regions’, in 

2016 International Energy and Sustainability Conference (IESC). Cologne: IEEE, pp. 

1–9. doi: 10.1109/IESC.2016.7569508. 

Bogdanov, D., Ram, M., Aghahosseini, A., Gulagi, A., Oyewo, A. S., Child, M., Caldera, 

U., Sadovskaia, K., Farfan, J., De Souza Noel Simas Barbosa, L., Fasihi, M., Khalili, 

S., Traber, T. and Breyer, C. (2021b) ‘Low-cost renewable electricity as the key driver 

of the global energy transition towards sustainability’, Energy, 227, pp. 120467. doi: 

10.1016/J.ENERGY.2021.120467. 

Boström, T., Babar, B., Hansen, J. B. and Good, C. (2021) ‘The pure PV-EV energy 

system – A conceptual study of a nationwide energy system based solely on 

photovoltaics and electric vehicles’, Smart Energy, 1, pp. 100001. doi: 

10.1016/J.SEGY.2021.100001. 

Bouman, E. A., Øberg, M. M. and Hertwich, E. G. (2016) ‘Environmental impacts of 

balancing offshore wind power with compressed air energy storage (CAES)’, Energy, 

95, pp. 91–98. doi: 10.1016/j.energy.2015.11.041. 



107 

Breyer, C. (2021) ‘Low-cost solar power enables a sustainable energy industry system’, 

Proceedings of the National Academy of Sciences, 118, no. 49. doi: 

10.1073/PNAS.2116940118. 

Breyer, C., Bogdanov, D., Aghahosseini, A., Gulagi, A. and Fasihi, M. (2020) ‘On the 

Techno-economic Benefits of a Global Energy Interconnection’, Economics of Energy 

& Environmental Policy, 9, no. 1, pp. 83–102. doi: 10.5547/2160-5890.9.1.cbre. 

Breyer, C., Bogdanov, D., Gulagi, A., Aghahosseini, A., Barbosa, L. S. N. S., Koskinen, 

O., Barasa, M., Caldera, U., Afanasyeva, S., Child, M., Farfan, J. and Vainikka, P. 

(2017) ‘On the role of solar photovoltaics in global energy transition scenarios’, 

Progress in Photovoltaics: Research and Applications, 25, no. 8, pp. 727–745. doi: 

10.1002/pip.2885. 

Breyer, C. and Gerlach, A. (2013) ‘Global overview on grid-parity’, Progress in 

Photovoltaics: Research and Applications, 21, no. 1, pp. 121–136. doi: 

10.1002/pip.1254. 

Breyer, C. and Jefferson, M. (2020) ‘Use and Abuse of Energy and Climate Scenarios—

A Week of Controversy on Scenarios’, Economics of Energy & Environmental Policy, 

9, no. 1, pp. 7–19. doi: 10.5547/2160-5890.9.1.MJEF. 

Breyer, C., Khalili, S., Bogdanov, D., Ram, M., Oyewo, A. S., Aghahosseini, A., Gulagi, 

A., Solomon, A. A., Keiner, D., Lopez, G., Østergaard, P. A., Lund, H., Jacobson, M. 

Z., Victoria, M., Teske, S., et al. (2022) ‘On the history and future of 100% renewable 

energy systems research’, submitted. 

Brown, T., Schäfer, M. and Greiner, M. (2019) ‘Sectoral Interactions as Carbon Dioxide 

Emissions Approach Zero in a Highly-Renewable European Energy System’, 

Energies, 12, no. 6, pp. 1032. doi: 10.3390/EN12061032. 

Brown, T., Schlachtberger, D., Kies, A., Schramm, S. and Greiner, M. (2018a) ‘Synergies 

of sector coupling and transmission reinforcement in a cost-optimised, highly 

renewable European energy system’, Energy, 160, pp. 720–739. doi: 

https://doi.org/10.1016/j.energy.2018.06.222. 

Brown, T. W., Bischof-Niemz, T., Blok, K., Breyer, C., Lund, H. and Mathiesen, B. V. 

(2018b) ‘Response to “Burden of proof: A comprehensive review of the feasibility of 

100% renewable-electricity systems”’, Renewable and Sustainable Energy Reviews, 

92, pp. 834–847. doi: 10.1016/j.rser.2018.04.113. 

Budischak, C., Sewell, D. A., Thomson, H. and Mach, L. (2012) ‘Cost-minimized 

combinations of wind power, solar power and electrochemical storage, powering the 

grid up to 99.9% of the time’, Journal of Power Sources, 39, no. 3, pp. 1154–1169. 

doi: 10.1016/j.jpowsour.2012.09.054. 



 References 

 

108 

Buira, D., Tovilla, J., Farbes, J., Jones, R., Haley, B. and Gastelum, D. (2021) ‘A whole-

economy Deep Decarbonization Pathway for Mexico’, Energy Strategy Reviews, 33, 

pp. 100578. doi: 10.1016/J.ESR.2020.100578. 

Burandt, T., Xiong, B., Löffler, K. and Oei, P. Y. (2019) ‘Decarbonizing China’s energy 

system – Modeling the transformation of the electricity, transportation, heat, and 

industrial sectors’, Applied Energy. Elsevier, 255, pp. 113820. doi: 

10.1016/J.APENERGY.2019.113820. 

Busby, J. and Terrington, R. (2017) ‘Assessment of the resource base for engineered 

geothermal systems in Great Britain’, Geothermal Energy, 5, no. 7. doi: 

10.1186/s40517-017-0066-z. 

Caldera, U. (2020) The role of renewable energy based seawater reverse osmosis 

(SWRO) in meeting the global water challenges in the decades to come. Lappeenranta-

Lahti University of Technology LUT. Available at: https://urn.fi/URN:ISBN:978-952-

335-581-1. 

Caldera, U., Bogdanov, D., Afanasyeva, S. and Breyer, C. (2017) ‘Role of Seawater 

Desalination in the Management of an Integrated Water and 100% Renewable Energy 

Based Power Sector in Saudi Arabia’, Water, 10, no. 1, pp. 3. doi: 

10.3390/w10010003. 

Caldera, U., Bogdanov, D. and Breyer, C. (2016) ‘Local cost of seawater RO desalination 

based on solar PV and wind energy: A global estimate’, Desalination, 385, pp. 207–

216. doi: 10.1016/j.desal.2016.02.004. 

Caldera, U., Bogdanov, D., Fasihi, M., Aghahosseini, A. and Breyer, C. (2019) ‘Securing 

future water supply for Iran through 100% renewable energy powered desalination’, 

International Journal of Sustainable Energy Planning and Management, 23, pp. 39–54. 

doi: 10.5278/ijsepm.3305. 

Caldera, U. and Breyer, C. (2018) ‘The role that battery and water storage play in Saudi 

Arabia’s transition to an integrated 100% renewable energy power system’, Journal of 

Energy Storage, 17, pp. 299–310. doi: 10.1016/J.EST.2018.03.009. 

Caldera, U. and Breyer, C. (2020) ‘Strengthening the global water supply through a 

decarbonised global desalination sector and improved irrigation systems’, Energy, 

200, pp. 117507. doi: 10.1016/J.ENERGY.2020.117507. 

Cebulla, F. and Jacobson, M. Z. (2018) ‘Carbon emissions and costs associated with 

subsidizing New York nuclear instead of replacing it with renewables’, Journal of 

Cleaner Production, 205, pp. 884–894. doi: 10.1016/J.JCLEPRO.2018.08.321. 



 

 

109 

Chamorro, C. R., García-Cuesta, J. L., Mondéjar, M. E. and Linares, M. M. (2014a) ‘An 

estimation of the enhanced geothermal systems potential for the Iberian Peninsula’, 

Renewable Energy, 66, pp. 1–14. doi: 10.1016/J.RENENE.2013.11.065. 

Chamorro, C. R., García-Cuesta, J. L., Mondéjar, M. E. and Pérez-Madrazo, A. (2014b) 

‘Enhanced geothermal systems in Europe: An estimation and comparison of the 

technical and sustainable potentials’, Energy, 65, pp. 250–263. doi: 

10.1016/J.ENERGY.2013.11.078. 

Chen, H., Cong, T. N., Yang, W., Tan, C., Li, Y. and Ding, Y. (2009) ‘Progress in 

electrical energy storage system: A critical review’, Progress in Natural Science. 

National Natural Science Foundation of China and Chinese Academy of Sciences, 19, 

no. 3, pp. 291–312. doi: 10.1016/j.pnsc.2008.07.014. 

Child, M., Kemfert, C., Bogdanov, D. and Breyer, C. (2019) ‘Flexible electricity 

generation, grid exchange and storage for the transition to a 100% renewable energy 

system in Europe’, Renewable Energy, 139, pp. 80–101. 

Child, M., Nordling, A. and Breyer, C. (2018) ‘The Impacts of High V2G Participation 

in a 100% Renewable Åland Energy System’, Energies 2018, Vol. 11, Page 2206, 11, 

no. 9, pp. 2206. doi: 10.3390/EN11092206. 

Clack, C. T. M., Qvist, S. A., Apt, J., Bazilian, M., Brandt, A. R., Caldeira, K., Davis, S. 

J., Diakov, V., Handschy, M. A., Hines, P. D. H., Jaramillo, P., Kammen, D. M., Long, 

J. C. S., Morgan, M. G., Reed, A., et al. (2017) ‘Evaluation of a proposal for reliable 

low-cost grid power with 100% wind, water, and solar’, Proceedings of the National 

Academy of Sciences, 114, no. 26, pp. 6722–6727. 

Connolly, D., Lund, H., Mathiesen, B. V. and Leahy, M. (2010) ‘A review of computer 

tools for analysing the integration of renewable energy into various energy systems’, 

Applied Energy, 87, no. 4, pp. 1059–1082. doi: 10.1016/J.APENERGY.2009.09.026. 

Creutzig, F., Agoston, P., Goldschmidt, J. C., Luderer, G., Nemet, G. and Pietzcker, R. 

C. (2017) ‘The underestimated potential of solar energy to mitigate climate change’, 

Nature Energy 2017 2:9, 2, no. 9, pp. 1–9. doi: 10.1038/NENERGY.2017.140. 

Creutzig, F., Niamir, L., Bai, X., Callaghan, M., Cullen, J., Díaz-José, J., Figueroa, M., 

Grubler, A., Lamb, W. F., Leip, A., Masanet, E., Mata, É., Mattauch, L., Minx, J. C., 

Mirasgedis, S., et al. (2021) ‘Demand-side solutions to climate change mitigation 

consistent with high levels of well-being’, Nature Climate Change 2021, 20, pp. 1–11. 

doi: 10.1038/s41558-021-01219-y. 

Czisch, G. (2005) Szenarien zur zukünftigen Stromversorgung - Kostenoptimierte 

Variationen zur Versorgung Europas und seiner Nachbarn mit Strom aus erneuerbaren 

Energien. Dissertation. University of Kassel. 



 References 

 

110 

Daneshi, A., Sadrmomtazi, N., Khederzadeh, M. and Olamaei, J. (2010) ‘Integration of 

wind power and energy storage in SCUC problem’, in 2010 World Non-Grid-

Connected Wind Power and Energy Conference. doi: 

10.1109/WNWEC.2010.5673246. 

Deane, J. P., Chiodi, A., Gargiulo, M. and Ó Gallachóir, B. P. (2012) ‘Soft-linking of a 

power systems model to an energy systems model’, Energy, 42, no. 1, pp. 303–312. 

doi: 10.1016/J.ENERGY.2012.03.052. 

Delucchi, M. A. and Jacobson, M. Z. (2011) ‘Providing all global energy with wind, 

water, and solar power, Part II: Reliability, system and transmission costs, and 

policies’, Energy Policy, 39, no. 3, pp. 1170–1190. doi: 

10.1016/J.ENPOL.2010.11.045. 

Deng, Y. Y., Blok, K., Van Der Leun, K. and Petersdorff, C. (2012) ‘Transition to a fully 

sustainable global energy system’, Energy Strategy Reviews, 1, no. 2, pp. 109–121. 

doi: 10.1002/9783527673872.ch7. 

Denholm, P. and Margolis, R. M. (2007) ‘Evaluating the limits of solar photovoltaics 

(PV) in electric power systems utilizing energy storage and other enabling 

technologies’, Energy Policy, 35, no. 9, pp. 4424–4433. doi: 

10.1016/j.enpol.2007.03.004. 

DESERTEC Foundation (2007) The DESERTEC Concept. Hamburg. Available at: 

www.desertec.org/concept/. 

Dewan, A. (2021) Energy: The world is addicted to natural gas. Fossil fuel companies are 

fighting to keep it that way, International Climate Editor, CNN. Available at: 

https://edition.cnn.com/2021/12/23/europe/natural-gas-green-hydrogen-fossil-fuel-

lobbying-climate-cmd-intl/index.html (Accessed: 26 December 2021). 

Diesendorf, M. and Elliston, B. (2018) ‘The feasibility of 100% renewable electricity 

systems: A response to critics’, Renewable and Sustainable Energy Reviews, 93, pp. 

318–330. doi: 10.1016/J.RSER.2018.05.042. 

Dii Desert Energy (2020) The Risks and Opportunities of Green Hydrogen Production 

and Export From the MENA Region to Europe. Dubai: Study on behalf of the 

Friedrich-Ebert Stiftung. Available at: https://dii-desertenergy.org/wp-

content/uploads/2020/12/Green-Hydrogen-from-MENA-to-Europe-Policy-Paper.pdf. 

Dranka, G. G. and Ferreira, P. (2018) ‘Planning for a renewable future in the Brazilian 

power system’, Energy, 164, pp. 496–511. doi: 10.1016/j.energy.2018.08.164. 

Egli, F., Steffen, B. and Schmidt, T. S. (2019) ‘Bias in energy system models with 

uniform cost of capital assumption’, Nature Communications, 10, no. 1, pp. 4588. doi: 

10.1038/s41467-019-12468-z. 



 

 

111 

EIA (2017) Underground natural gas working storage capacity. Washington, DC: U.S. 

Energy Information Administration, EIA-191 survey. Available at: 

https://www.eia.gov/naturalgas/storagecapacity/ (Accessed: 15 December 2017). 

Ekouevi, K. and Tuntivate, V. (2012) Household Energy Access for Cooking and 

Heating: Lessons Learned and the Way Forward. Washington, DC: A World Bank 

Study, World Bank, License: CC BY 3.0 IGO. Available at: 

https://openknowledge.worldbank.org/handle/10986/9372. 

Elmegaard, B. and Brix, W. (2011) ‘Efficiency of Compressed Air Energy Storage’, in 

The 24th International Conference on Efficiency, Cost, Optimization, Simulation and 

Environmental Impact of Energy Systems. The 2011 conference motto: International 

Smart Energy Networks of Cooperation for Sustainable Development. Available at: 

https://backend.orbit.dtu.dk/ws/portalfiles/portal/6324034/prod21323243995265.eco

s2011_paper%5B1%5D.pdf. 

Elsevier Connect (2020) Powering the Americas with renewable energy, By Kendall 

Morgan. Available at: https://www.elsevier.com/connect/archive/powering-the-

americas-with-renewable-energy (Accessed: 3 January 2022). 

ETIP-PV (2019) Fact Sheets about Photovoltaics: PV the cheapest electricity source 

almost everywhere. European Technology and Innovation Platform Photovoltaics. 

Available at: https://etip-pv.eu/publications/fact-sheets/. 

EV-Volumes (2022) EV-Volumes – The Electric Vehicle World Sales Database. 

Available at: www.ev-volumes.com. 

Fasihi, M., Bogdanov, D. and Breyer, C. (2016) ‘Techno-Economic Assessment of 

Power-to-Liquids (PtL) Fuels Production and Global Trading Based on Hybrid PV-

Wind Power Plants’, Energy Procedia, 99, pp. 243–268. doi: 

10.1016/J.EGYPRO.2016.10.115. 

Fasihi, M. and Breyer, C. (2020) ‘Baseload electricity and hydrogen supply based on 

hybrid PV-wind power plants’, Journal of Cleaner Production, 243, pp. 118466. doi: 

10.1016/J.JCLEPRO.2019.118466. 

Fasihi, M., Weiss, R., Savolainen, J. and Breyer, C. (2021) ‘Global potential of green 

ammonia based on hybrid PV-wind power plants’, Applied Energy, 294, pp. 116170. 

doi: 10.1016/J.APENERGY.2020.116170. 

Ferreira, H. L., Garde, R., Fulli, G., Kling, W. and Lopes, J. P. (2013) ‘Characterisation 

of electrical energy storage technologies’, Energy, 53, pp. 288–298. doi: 

10.1016/j.energy.2013.02.037. 



 References 

 

112 

Fleming, P. D. and Probert, S. D. (1984) ‘The evolution of wind-turbines: An historical 

review’, Applied Energy, 18, no. 3, pp. 163–177. doi: 10.1016/0306-2619(84)90007-

2. 

Foley, A. and Díaz Lobera, I. (2013) ‘Impacts of compressed air energy storage plant on 

an electricity market with a large renewable energy portfolio’, Energy, 57, pp. 85–94. 

doi: 10.1016/j.energy.2013.04.031. 

Frew, B. A., Becker, S., Dvorak, M. J., Andresen, G. B. and Jacobson, M. Z. (2016) 

‘Flexibility mechanisms and pathways to a highly renewable US electricity future’, 

Energy, 101, pp. 65–78. doi: 10.1016/j.energy.2016.01.079. 

Fthenakis, V., Mason, J. E. and Zweibel, K. (2009) ‘The technical, geographical, and 

economic feasibility for solar energy to supply the energy needs of the US’, Energy 

Policy, 37, no. 2, pp. 387–399. doi: 10.1016/j.enpol.2008.08.011. 

Gaete-Morales, C., Gallego-Schmid, A., Stamford, L. and Azapagic, A. (2019) ‘A novel 

framework for development and optimisation of future electricity scenarios with high 

penetration of renewables and storage’, Applied Energy, 250, pp. 1657–1672. doi: 

10.1016/J.APENERGY.2019.05.006. 

Galimova, T., Ram, M. and Breyer, C. (2022) ‘Air pollution mitigation during the global 

energy transition towards 100% renewable energy systems by 2050’, submitted. 

Gasch, R. and Twele, J. (2012) Wind Power Plants: Fundamentals, Design, Construction 

and Operation, Wind Power Plants. Springer, Berlin, Heidelberg. doi: 10.1007/978-3-

642-22938-1_2. 

Gerber, L. and Maréchal, F. (2012) ‘Environomic optimal configurations of geothermal 

energy conversion systems: Application to the future construction of Enhanced 

Geothermal Systems in Switzerland’, Energy. Elsevier Ltd, 45, no. 1, pp. 908–923. 

doi: 10.1016/j.energy.2012.06.068. 

Gerlach, A., Werner, C. and Breyer, C. (2014) ‘Impact of Financing Cost on Global Grid-

Parity Dynamics till 2030’, in 29th European Photovoltaic Solar Energy Conference. 

Amsterdam, September. doi: 10.4229/25thEUPVSEC2010-6CV.4.11. 

Ghorbani, N., Aghahosseini, A. and Breyer, C. (2017) ‘Transition towards a 100% 

Renewable Energy System and the Role of Storage Technologies: A Case Study of 

Iran’, Energy Procedia, 135, pp. 23–36. doi: 10.1016/j.egypro.2017.09.484. 

Ghorbani, N., Aghahosseini, A. and Breyer, C. (2020) ‘Assessment of a cost-optimal 

power system fully based on renewable energy for Iran by 2050 – Achieving zero 

greenhouse gas emissions and overcoming the water crisis’, Renewable Energy. 

Elsevier Ltd, 146, pp. 125–148. doi: 10.1016/j.renene.2019.06.079. 



 

 

113 

Ghorbani, N., Makian, H. and Breyer, C. (2019) ‘A GIS-based method to identify 

potential sites for pumped hydro energy storage - Case of Iran’, Energy, 169, pp. 854–

867. doi: 10.1016/J.ENERGY.2018.12.073. 

Gielen, D. (2021) Critical minerals for the energy transition. Abu Dhabi: International 

Renewable Energy Agency. Available at: https://irena.org/-

/media/Files/IRENA/Agency/Technical-

Papers/IRENA_Critical_Materials_2021.pdf. 

Gielen, D. and Papa, C. (2021) Materials for the energy transition. Abu Dhabi and Rome: 

International Renewable Energy Agency and ENEL. Available at: 

https://www.irena.org/-

/media/Files/IRENA/Agency/Blog/IRENA_ENEL_Material_Energy_Transition_202

1.pdf. 

Gils, H., Simon, S. and Soria, R. (2017) ‘100% Renewable Energy Supply for Brazil - 

The Role of Sector Coupling and Regional Development’, Energies, 10, no. 11, pp. 

1859. doi: 10.3390/en10111859. 

Gioutsos, D. M., Blok, K., van Velzen, L. and Moorman, S. (2018) ‘Cost-optimal 

electricity systems with increasing renewable energy penetration for islands across the 

globe’, Applied Energy, 226, pp. 437–449. doi: 10.1016/J.APENERGY.2018.05.108. 

Greim, P., Solomon, A. A. and Breyer, C. (2020) ‘Assessment of lithium criticality in the 

global energy transition and addressing policy gaps in transportation’, Nature 

Communications, 11, pp. 4570. doi: 10.1038/s41467-020-18402-y. 

Griffith, S. (2021) Electrify: an optimist’s playbook for our clean energy future. The MIT 

Press. 

Grossmann, W. D., Grossmann, I. and Steininger, K. W. (2013) ‘Distributed solar 

electricity generation across large geographic areas, Part I: A method to optimize site 

selection, generation and storage’, Renewable and Sustainable Energy Reviews, 25, 

pp. 831–843. doi: 10.1016/j.rser.2012.08.018. 

Grossmann, W. D., Grossmann, I. and Steininger, K. W. (2014) ‘Solar electricity 

generation across large geographic areas, Part II: A Pan-American energy system 

based on solar’, Renewable and Sustainable Energy Reviews, 32, pp. 983–993. doi: 

10.1016/j.rser.2014.01.003. 

Grossmann, W., Grossmann, I. and Steininger, K. W. (2015) ‘Solar electricity supply 

isolines of generation capacity and storage.’, Proceedings of the National Academy of 

Sciences, 112, no. 12, pp. 3663–8. doi: 10.1073/pnas.1316781112. 



 References 

 

114 

Grubb, M., Edmonds, J., ten Brink, P. and Morrison, M. (1993) ‘The Costs of Limiting 

Fossil-Fuel CO2 Emissions: A Survey and Analysis’, Annual Review of Energy and 

the Environment, 18, no. 1, pp. 397–478. doi: 10.1146/annurev.eg.18.110193.002145. 

Guittet, M., Capezzali, M., Gaudard, L., Romerio, F., Vuille, F. and Avellan, F. (2016) 

‘Study of the drivers and asset management of pumped-storage power plants historical 

and geographical perspective’, Energy, 111, pp. 560–579. doi: 

10.1016/J.ENERGY.2016.04.052. 

Gulagi, A., Aghahosseini, A., Bogdanov, D. and Breyer, C. (2016) ‘Comparison of the 

Potential Role of Adiabatic Compressed Air Energy Storage (A-CAES) for a Fully 

Sustainable Energy System in a Region of Significant and Low Seasonal Variations’, 

in 10th International Renewable Energy Storage Conference. Düsseldorf. Available at: 

https://goo.gl/m2LP7Y. 

Gulagi, A., Bogdanov, D. and Breyer, C. (2018) ‘The role of storage technologies in 

energy transition pathways towards achieving a fully sustainable energy system for 

India’, Journal of Energy Storage, 17, pp. 525–539. doi: 10.1016/j.est.2017.11.012. 

Haas, J., Cebulla, F., Cao, K., Nowak, W., Palma-Behnke, R., Rahmann, C. and 

Mancarella, P. (2017) ‘Challenges and trends of energy storage expansion planning 

for flexibility provision in low-carbon power systems – a review’, Renewable and 

Sustainable Energy Reviews, 80, pp. 603–619. doi: 10.1016/J.RSER.2017.05.201. 

Haas, J., Cebulla, F., Nowak, W., Rahmann, C. and Palma-Behnke, R. (2018) ‘A multi-

service approach for planning the optimal mix of energy storage technologies in a 

fully-renewable power supply’, Energy Conversion and Management, 178, pp. 355–

368. 

Haas, J., Moreno-Leiva, S., Junne, T., Chen, P. J., Pamparana, G., Nowak, W., Kracht, 

W. and Ortiz, J. M. (2020) ‘Copper mining: 100% solar electricity by 2030?’, Applied 

Energy, 262, pp. 114506. doi: 10.1016/J.APENERGY.2020.114506. 

Haas, J., Nowak, W. and Palma-Behnke, R. (2019) ‘Multi-objective planning of energy 

storage technologies for a fully renewable system: Implications for the main 

stakeholders in Chile’, Energy Policy, 126, pp. 494–506. doi: 

10.1016/J.ENPOL.2018.11.034. 

Haas, J., Prieto-Miranda, L., Ghorbani, N. and Breyer, C. (2022) ‘Revisiting the potential 

of pumped-hydro energy storage: A method to detect economically attractive sites’, 

Renewable Energy, 181, pp. 182–193. doi: 10.1016/J.RENENE.2021.09.009. 

Haegel, N. M., Atwater, H., Barnes, T., Breyer, C., Burrell, A., Chiang, Y. M., De Wolf, 

S., Dimmler, B., Feldman, D., Glunz, S., Goldschmidt, J. C., Hochschild, D., Inzunza, 

R., Kaizuka, I., Kroposki, B., et al. (2019) ‘Terawatt-scale photovoltaics: Transform 

global energy’, Science, 364, no. 6443, pp. 836–838. doi: 10.1126/science.aaw1845. 



 

 

115 

Hall, M. and Swingler, A. (2018) ‘Initial perspective on a 100% renewable electricity 

supply for Prince Edward Island’, International Journal of Environmental Studies, 75, 

no. 1, pp. 135–153. doi: 10.1080/00207233.2017.1395246. 

Hansen, K., Breyer, C. and Lund, H. (2019) ‘Status and perspectives on 100% renewable 

energy systems’, Energy, 175, pp. 471–480. doi: 10.1016/J.ENERGY.2019.03.092. 

Hart, E. K. and Jacobson, M. Z. (2011) ‘A Monte Carlo approach to generator portfolio 

planning and carbon emissions assessments of systems with large penetrations of 

variable renewables’, Renewable Energy, 36, no. 8, pp. 2278–2286. doi: 

10.1016/j.renene.2011.01.015. 

Hart, E. K. and Jacobson, M. Z. (2012) ‘The carbon abatement potential of high 

penetration intermittent renewables’, Energy & Environmental Science, 5, pp. 6592–

6601. doi: 10.1039/c2ee03490e. 

Hartmann, J. and Moosdorf, N. (2012) ‘The new global lithological map database GLiM: 

A representation of rock properties at the Earth surface’, Geochemistry, Geophysics, 

Geosystems, 13, no. 12, pp. 1–37. doi: 10.1029/2012GC004370. 

Haydt, G., Leal, V., Pina, A. and Silva, C. A. (2011) ‘The relevance of the energy resource 

dynamics in the mid/long-term energy planning models’, Renewable Energy, 36, no. 

11, pp. 3068–3074. doi: 10.1016/J.RENENE.2011.03.028. 

He, G., Mallapragada, D. S., Bose, A., Heuberger-Austin, C. F. and Gençer, E. (2021) 

‘Sector coupling via hydrogen to lower the cost of energy system decarbonization’, 

Energy & Environmental Science, 14, no. 9, pp. 4635–4646. doi: 

10.1039/D1EE00627D. 

Heard, B. P., Brook, B. W., Wigley, T. M. L. and Bradshaw, C. J. A. (2017) ‘Burden of 

proof: A comprehensive review of the feasibility of 100% renewable-electricity 

systems’, Renewable and Sustainable Energy Reviews, 76, pp. 1122–1133. doi: 

10.1016/J.RSER.2017.03.114. 

Henderson, J. and Heather, P. (2012) Lessons from the February 2012 European gas 

‘crisis’. Oxford. Available at: https://www.oxfordenergy.org/publications/lessons-

from-the-february-2012-european-gas-crisis-2/ (Accessed: 8 December 2021). 

Heuberger, C. F. and Mac Dowell, N. (2018) ‘Real-World Challenges with a Rapid 

Transition to 100% Renewable Power Systems’, Joule, 2, no. 3, pp. 367–370. doi: 

10.1016/J.JOULE.2018.02.002. 

Heymann, M. (2010) ‘The evolution of climate ideas and knowledge’, Wiley 

Interdisciplinary Reviews: Climate Change, 1, no. 4, pp. 581–597. doi: 

10.1002/WCC.61. 



 References 

 

116 

Hill, L. B. (2021) Superhot Rock Geothermal - A Vision for Zero-Carbon Energy 

‘Everywhere’. Boston: Clean Air Task Force. Available at: 

https://www.catf.us/work/superhot-rock/. 

Hippel, D. F. von, Suzuki, T., Williams, J. H., Savage, T. and Hayes, P. (2010) 

‘Evaluating the Energy Security Impacts of Energy Policies’, in Sovacool, B. K. (ed.) 

The Routledge Handbook of Energy Security. London: Routledge. Available at: 

https://www.routledgehandbooks.com/doi/10.4324/9780203834602.ch3. 

Hoek, E. (2012) Alternative ground control strategies in underground construction. 

Athens: International symposium on practices and trends for financing and contracting 

tunnels and underground works (Athens). Available at: 

www.tunnelcontracts2012.com/ (Accessed: 27 January 2017). 

Hoekstra, A., Steinbuch, M. and Verbong, G. (2017) ‘Creating agent-based energy 

transition management models that can uncover profitable pathways to climate change 

mitigation’, Complexity, 2017,. doi: 10.1155/2017/1967645. 

Howarth, R. W. and Jacobson, M. Z. (2021) ‘How green is blue hydrogen?’, Energy 

Science & Engineering, 9, no. 10, pp. 1676–1687. doi: 10.1002/ESE3.956. 

Howarth, R. W. and Jacobson, M. Z. (2022) ‘Reply to comment on “How Green is Blue 

Hydrogen?”’, Energy Science & Engineering. doi: 10.1002/ESE3.1154. 

Howarth, R. W. and Robert Howarth, C. W. (2014) ‘A bridge to nowhere: methane 

emissions and the greenhouse gas footprint of natural gas’, Energy Science & 

Engineering, 2, no. 2, pp. 47–60. doi: 10.1002/ESE3.35. 

Huenges, E. (2010) Geothermal Energy Systems: Exploration, Development, and 

Utilization. Weinheim: Wiley-VCH Verlag GmbH & Co. KGaA. doi: 

10.1002/9783527630479. 

Hunt, J. D., Byers, E., Wada, Y., Parkinson, S., Gernaat, D. E. H. J., Langan, S., van 

Vuuren, D. P. and Riahi, K. (2020) ‘Global resource potential of seasonal pumped 

hydropower storage for energy and water storage’, Nature Communications 2020 11:1, 

11, no. 1, pp. 1–8. doi: 10.1038/s41467-020-14555-y. 

Hutchins, M. (2021) Iran brings 150MW solar cell factory online, pv magazine 

International. Available at: https://www.pv-magazine.com/2021/12/27/iran-brings-

150mw-solar-cell-factory-online/ (Accessed: 6 January 2022). 

IEA; IRENA; UNSD; World Bank; WHO (2021) Tracking SDG 7: The Energy Progress 

Report. World Bank, Washington DC. Available at: 

https://trackingsdg7.esmap.org/data/files/download-

documents/2021_tracking_sdg7_report.pdf. 



 

 

117 

IEA (2011) Technology Roadmap - Geothermal Heat and Power. Paris: International 

Energy Agency. Available at: https://www.iea.org/reports/technology-roadmap-

geothermal-heat-and-power. 

IEA (2014a) Africa Energy Outlook - A focus on energy prospects in Sub-Saharan Africa. 

Paris: International Energy Agency, World Energy Outlook Special Report, IEA 

Publishing. 

IEA (2014b) Technology Roadmap - Energy Storage. Paris. Available at: 

https://www.iea.org/reports/technology-roadmap-energy-storage. 

IEA (2014c) World Energy Outlook 2014. Paris: International Energy Agency, IEA 

Publishing. doi: 10.1787/weo-2014-en. 

IEA (2020a) World Energy Model Documentation. Paris. Available at: 

https://www.iea.org/reports/world-energy-model (Accessed: 26 March 2021). 

IEA (2020b) World Energy Outlook 2020. Paris. Available at: 

https://www.iea.org/reports/world-energy-outlook-2020. 

IEA (2021a) Net Zero by 2050. Paris. Available at: https://www.iea.org/reports/net-zero-

by-2050. 

IEA (2021b) World Energy Outlook 2021. Paris. Available at: 

https://www.iea.org/reports/world-energy-outlook-2021. 

IEA PVPS (2021) Task 1 Strategic PV Analysis and Outreach – Trends in Photovoltaic 

Applications 2021. International Energy Agency Photovoltaic Power Systems 

Technology Collaboration Programme, T1-41. Available at: https://iea-pvps.org/wp-

content/uploads/2022/01/IEA-PVPS-Trends-report-2021-4.pdf. 

IEA PVPS (2022) Task 1 Strategic PV Analysis and Outreach – 2020 Snapshot of Global 

PV Markets. Dubai: International Energy Agency Photovoltaic Power Systems 

Programme, T1-42. Available at: https://iea-pvps.org/snapshot-reports/snapshot-

2022/. 

IPCC (2005) IPCC Special Report on Carbon Dioxide Capture and Storage. Cambridge, 

United Kingdom and New York, NY, USA. Available at: 

https://www.ipcc.ch/report/carbon-dioxide-capture-and-storage/. 

IPCC (2018) Global Warming of 1.5 °C. Geneva: Intergovernmental Panel on Climate 

Change. Available at: http://ipcc.ch/report/sr15/. 

IPCC (2022) Climate Change 2022: Mitigation of Climate Change. Cambridge, UK and 

New York, NY, USA: Contribution of Working Group III to the Sixth Assessment 

Report of the Intergovernmental Panel on Climate Change [P.R. Shukla, J. Skea, R. 



 References 

 

118 

Slade, A. Al Khourdajie, R. van Diemen, D. McCollum, M. Pathak, S. Some, P. Vyas, 

R. Fradera, M. Belkacemi, A. Hasi. doi: 10.1017/9781009157926. 

IRENA (2019a) Five Reasons Why Countries in the Gulf are Turning to Renewables, 

International Renewable Energy Agency. Available at: 

https://www.irena.org/newsroom/articles/2019/Oct/Five-Reasons-Why-Countries-in-

the-Arabian-Gulf-are-Turning-to-Renewables (Accessed: 7 January 2022). 

IRENA (2019b) Renewable Energy Market Analysis: GCC 2019. Abu Dhabi: 

International Renewable Energy Agency (IRENA). Available at: 

https://www.irena.org/publications/2019/Jan/Renewable-Energy-Market-Analysis-

GCC-2019. 

IRENA (2021a) Renewable capacity statistics 2021. Abu Dhabi. Available at: 

https://www.irena.org/-

/media/Files/IRENA/Agency/Publication/2021/Apr/IRENA_RE_Capacity_Statistics

_2021.pdf. 

IRENA (2021b) Renewable Power Generation Costs in 2020. Abu Dhabi. Available at: 

https://www.irena.org/publications/2021/Jun/Renewable-Power-Costs-in-2020. 

IRENA (2021c) World Energy Transitions Outlook: 1.5°C Pathway. Abu Dhabi. 

Available at: https://www.irena.org/publications/2021/Jun/World-Energy-

Transitions-Outlook. 

IRENA (2022a) Renewable Energy Statistics 2022. Abu Dhabi: The International 

Renewable Energy Agency. Available at: www.irena.org/Publications. 

IRENA (2022b) World Energy Transitions Outlook 2022: 1.5°C Pathway. Abu Dhabi: 

International Renewable Energy Agency. 

ITRPV Working Group (2018) International Technology Roadmap for Photovoltaic 

(ITRPV) - Results 2017 including maturity report 2018. Frankfurt: Ninth Edition. 

Available at: http://itrpv.net/Reports/Downloads/. 

ITRPV Working Group (2019) International Technology Roadmap for Photovoltaic 

(ITRPV) - Results 2018. Frankfurt: Tenth Edition. Available at: 

https://itrpv.vdma.org/download. 

ITRPV Working Group (2021) International Technology Roadmap for Photovoltaic 

(ITRPV) - Results 2020. Frankfurt: 12th Edition. Available at: 

https://itrpv.vdma.org/documents/27094228/29066965/20210ITRPV/08ccda3a-585e-

6a58-6afa-6c20e436cf41. 



 

 

119 

Jacobson, M. Z. (2019) ‘The health and climate impacts of carbon capture and direct air 

capture’, Energy & Environmental Science, 12, no. 12, pp. 3567–3574. doi: 

10.1039/C9EE02709B. 

Jacobson, M. Z. (2020) 100% Clean, Renewable Energy and Storage for Everything. New 

York: Cambridge University Press. Available at: 

https://web.stanford.edu/group/efmh/jacobson/WWSBook/WWSBook.html. 

Jacobson, M. Z. and Delucchi, M. A. (2011) ‘Providing all global energy with wind, 

water, and solar power, Part I: Technologies, energy resources, quantities and areas of 

infrastructure, and materials’, Energy Policy, 39, no. 3, pp. 1154–1169. doi: 

10.1016/J.ENPOL.2010.11.040. 

Jacobson, M. Z., Delucchi, M. A., Bazouin, G., Bauer, Z. A. F., Heavey, C. C., Fisher, 

E., Morris, S. B., Piekutowski, D. J. Y., Vencill, T. A. and Yeskoo, T. W. (2015a) 

‘100% clean and renewable wind, water, and sunlight (WWS) all-sector energy 

roadmaps for the 50 United States’, Energy & Environmental Science, 8, no. 7, pp. 

2093–2117. doi: 10.1039/C5EE01283J. 

Jacobson, M. Z., Delucchi, M. A., Bazouin, G., Dvorak, M. J., Arghandeh, R., Bauer, Z. 

A. F., Cotte, A., de Moor, G. M. T. H., Goldner, E. G., Heier, C., Holmes, R. T., 

Hughes, S. A., Jin, L., Kapadia, M., Menon, C., et al. (2015b) ‘A 100% wind, water, 

sunlight (WWS) all-sector energy plan for Washington State’, Renewable Energy, 86, 

pp. 75–88. doi: 10.1016/j.renene.2015.08.003. 

Jacobson, M. Z., Delucchi, M. A., Cameron, M. A., Coughlin, S. J., Hay, C. A., 

Manogaran, I. P., Shu, Y. and von Krauland, A.-K. (2019) ‘Impacts of Green New 

Deal Energy Plans on Grid Stability, Costs, Jobs, Health, and Climate in 143 

Countries’, One Earth, 1, no. 4, pp. 449–463. doi: 10.1016/j.oneear.2019.12.003. 

Jacobson, M. Z., Delucchi, M. A., Cameron, M. A. and Frew, B. A. (2015c) ‘Low-cost 

solution to the grid reliability problem with 100% penetration of intermittent wind, 

water, and solar for all purposes’, Proceedings of the National Academy of Sciences, 

112, no. 49, pp. 15060–15065. 

Jacobson, M. Z., Delucchi, M. A., Cameron, M. A. and Mathiesen, B. V. (2018) 

‘Matching demand with supply at low cost in 139 countries among 20 world regions 

with 100% intermittent wind, water, and sunlight (WWS) for all purposes’, Renewable 

Energy, 123, pp. 236–248. doi: 10.1016/J.RENENE.2018.02.009. 

Jacobson, M. Z., Delucchi, M. A., Ingraffea, A. R., Howarth, R. W., Bazouin, G., 

Bridgeland, B., Burkart, K., Chang, M., Chowdhury, N., Cook, R., Escher, G., Galka, 

M., Han, L., Heavey, C., Hernandez, A., et al. (2014) ‘A roadmap for repowering 

California for all purposes with wind, water, and sunlight’, Energy, 73, pp. 875–889. 

doi: 10.1016/j.energy.2014.06.099. 



 References 

 

120 

Jacobson, M. Z., Howarth, R. W., Delucchi, M. A., Scobie, S. R., Barth, J. M., Dvorak, 

M. J., Klevze, M., Katkhuda, H., Miranda, B., Chowdhury, N. A., Jones, R., Plano, L. 

and Ingraffea, A. R. (2013) ‘Examining the feasibility of converting New York State’s 

all-purpose energy infrastructure to one using wind, water, and sunlight’, Energy 

Policy, 57, pp. 585–601. doi: 10.1016/j.enpol.2013.02.036. 

Jacobson, M. Z., von Krauland, A.-K., Coughlin, S. J., Palmer, F. C. and Smith, M. M. 

(2022) ‘Zero air pollution and zero carbon from all energy at low cost and without 

blackouts in variable weather throughout the U.S. with 100% wind-water-solar and 

storage’, Renewable Energy, 184, pp. 430–442. doi: 

10.1016/J.RENENE.2021.11.067. 

Jain, C., Vogt, C. and Clauser, C. (2015) ‘Maximum potential for geothermal power in 

Germany based on engineered geothermal systems’, Geothermal Energy, 3, no. 15, pp. 

1–20. doi: 10.1186/s40517-015-0033-5. 

Jaxa-Rozen, M. and Trutnevyte, E. (2021) ‘Sources of uncertainty in long-term global 

scenarios of solar photovoltaic technology’, Nature Climate Change 2021 11:3, 11, no. 

3, pp. 266–273. doi: 10.1038/s41558-021-00998-8. 

Jebaraj, S. and Iniyan, S. (2006) ‘A review of energy models’, Renewable and Sustainable 

Energy Reviews, 10, no. 4, pp. 281–311. doi: 10.1016/J.RSER.2004.09.004. 

Junne, T., Wulff, N., Breyer, C. and Naegler, T. (2020) ‘Critical materials in global low-

carbon energy scenarios: The case for neodymium, dysprosium, lithium, and cobalt’, 

Energy, 211, pp. 118532. doi: 10.1016/J.ENERGY.2020.118532. 

Keiner, D., Barbosa, L. D. S. N. S., Bogdanov, D., Aghahosseini, A., Gulagi, A., Oyewo, 

S., Child, M., Khalili, S. and Breyer, C. (2021) ‘Global-Local Heat Demand 

Development for the Energy Transition Time Frame Up to 2050’, Energies, 14, no. 13, 

pp. 3814. doi: 10.3390/EN14133814. 

King, M., Jain, A., Bhakar, R., Mathur, J. and Wang, J. (2021) ‘Overview of current 

compressed air energy storage projects and analysis of the potential underground 

storage capacity in India and the UK’, Renewable and Sustainable Energy Reviews, 

139, pp. 110705. doi: 10.1016/J.RSER.2021.110705. 

Kittel, M. and Schill, W.-P. (2021) ‘Renewable Energy Targets and Unintended Storage 

Cycling: Implications for Energy Modeling’. Available at: 

https://arxiv.org/abs/2107.13380v2 (Accessed: 8 February 2022). 

Kittner, N., Lill, F. and Kammen, D. M. (2017) ‘Energy storage deployment and 

innovation for the clean energy transition’, Nature Energy, 2, pp. 17125. doi: 

10.1038/nenergy.2017.125. 



 

 

121 

Krauter, S. and Zhang, L. (2020) ‘Correlation of grid-frequency, electricity prices, share 

of renewable, and CO2 - Contents in the German electricity grid to enable inexpensive 

triggering of Demand - Side - Management’, Conference Record of the IEEE 

Photovoltaic Specialists Conference, 2020-June, pp. 1672–1674. doi: 

10.1109/PVSC45281.2020.9300487. 

Kushnir, R., Dayan, A. and Ullmann, A. (2012) ‘Temperature and pressure variations 

within compressed air energy storage caverns’, International Journal of Heat and Mass 

Transfer, 55, no. 21–22, pp. 5616–5630. doi: 

10.1016/j.ijheatmasstransfer.2012.05.055. 

Larson, E., Greig, C., Jenkins, J., Mayfield, E., Pascale, A., Zhang, C., Drossman, J., 

Williams, R., Pacala, S., Socolow, R., Baik, E., Birdsey, R., Duke, R., Jones, R., Haley, 

B., et al. (2021) Net-Zero America: Potential Pathways, Infrastructure, and Impacts. 

Princeton University, Princeton, NJ: Final Report Summary, 29 October 2021. 

Available at: https://netzeroamerica.princeton.edu. 

Lee, Y., Park, S., Kim, J., Kim, H. C. and Koo, M.-H. (2010) ‘Geothermal resource 

assessment in Korea’, Renewable and Sustainable Energy Reviews, 14, no. 8, pp. 

2392–2400. doi: 10.1016/J.RSER.2010.05.003. 

Limberger, J., Calcagno, P., Manzella, A., Trumpy, E., Boxem, T., Pluymaekers, M. P. 

D. and van Wees, J.-D. (2014) ‘Assessing the prospective resource base for enhanced 

geothermal systems in Europe’, Geothermal Energy Science, 2, pp. 55–71. doi: 

10.5194/gtes-2-55-2014. 

Liu, Y., Woo, C.-K. and Zarnikau, J. (2017) ‘Wind generation’s effect on the ex post 

variable profit of compressed air energy storage: Evidence from Texas’, Journal of 

Energy Storage, 9, pp. 25–39. doi: 10.1016/j.est.2016.11.004. 

Live Science (2021) Did Benjamin Franklin really discover electricity with a kite and 

key? Available at: https://www.livescience.com/benjamin-franklin-kite-key 

(Accessed: 6 May 2022). 

Löffler, K., Hainsch, K., Burandt, T., Oei, P.-Y., Kemfert, C. and Hirschhausen, C. Von 

(2017) ‘Designing a Model for the Global Energy System—GENeSYS-MOD: An 

Application of the Open-Source Energy Modeling System (OSeMOSYS)’, Energies, 

10, no. 10, pp. 1468. doi: 10.3390/EN10101468. 

Lohrmann, A., Farfan, J., Caldera, U., Lohrmann, C. and Breyer, C. (2019) ‘Global 

scenarios for significant water use reduction in thermal power plants based on cooling 

water demand estimation using satellite imagery’, Nature Energy, 4, no. 12, pp. 1040–

1048. doi: 10.1038/s41560-019-0501-4. 

Lopez, A., Roberts, B., Heimiller, D., Blair, N. and Porro, G. (2012) U.S. Renewable 

Energy Technical Potentials: A GIS-Based Analysis. Golden, CO: National 



 References 

 

122 

Renewable Energy Laboratory, NREL/TP-6A20-51946. Available at: 

https://www.nrel.gov/docs/fy12osti/51946.pdf. 

Lopez, G., Aghahosseini, A., Bogdanov, D., Mensah, T. N. O., Ghorbani, N., Caldera, 

U., Prada Rivero, A., Kissel, J. and Breyer, C. (2021) ‘Pathway to a fully sustainable 

energy system for Bolivia across power, heat, and transport sectors by 2050’, Journal 

of Cleaner Production, 293, pp. 126195. doi: 10.1016/j.jclepro.2021.126195. 

Loulou, R., Goldstein, G., Kanudia, A., Lehtila, A. and Remme, U. (2016) 

‘Documentation for the TIMES Models’. Energy Technology Systems Analysis 

Programme (ETSAP). Available at: https://iea-etsap.org/index.php/documentation. 

Lovins, A. (1976) ‘Energy Strategy: The Road Not Taken?’, Foreign Affairs 55, pp. 65–

96. Available at: https://energyhistory.yale.edu/library-item/amory-lovins-energy-

strategy-road-not-taken-foreign-affairs-1976 (Accessed: 27 December 2021). 

Luderer, G., Madeddu, S., Merfort, L., Ueckerdt, F., Pehl, M., Pietzcker, R., Rottoli, M., 

Schreyer, F., Bauer, N., Baumstark, L., Bertram, C., Dirnaichner, A., Humpenöder, F., 

Levesque, A., Popp, A., et al. (2021) ‘Impact of declining renewable energy costs on 

electrification in low-emission scenarios’, Nature Energy 2021, pp. 1–11. doi: 

10.1038/s41560-021-00937-z. 

Lund, H. (2006) ‘Large-scale integration of optimal combinations of PV, wind and wave 

power into the electricity supply’, Renewable Energy, 31, no. 4, pp. 503–515. doi: 

10.1016/J.RENENE.2005.04.008. 

Lund, H., Arler, F., Østergaard, P., Hvelplund, F., Connolly, D., Mathiesen, B. and 

Karnøe, P. (2017) ‘Simulation versus Optimisation: Theoretical Positions in Energy 

System Modelling’, Energies, 10, no. 7, pp. 840. doi: 10.3390/en10070840. 

Lund, H., Østergaard, P. A., Connolly, D., Ridjan, I., Mathiesen, B. V., Hvelplund, F., 

Thellufsen, J. Z. and Sorknses, P. (2016) ‘Energy Storage and Smart Energy Systems’, 

International Journal of Sustainable Energy Planning and Management, 11, pp. 3–14. 

doi: 10.5278/IJSEPM.2016.11.2. 

Lund, P. D., Lindgren, J., Mikkola, J. and Salpakari, J. (2015) ‘Review of energy system 

flexibility measures to enable high levels of variable renewable electricity’, Renewable 

and Sustainable Energy Reviews, 45, pp. 785–807. doi: 10.1016/j.rser.2015.01.057. 

Lux Research (2021) Li-ion Manufacturing in 2024: Capacities and Key Players. 

Available at: https://www.luxresearchinc.com/blog/li-ion-manufacturing-in-2024-

capacities-and-key-players (Accessed: 24 April 2022). 

Markard, J., Bento, N., Kittner, N. and Nuñez-Jimenez, A. (2020) ‘Destined for decline? 

Examining nuclear energy from a technological innovation systems perspective’, 



123 

Energy Research & Social Science, 67, pp. 101512. doi: 

10.1016/J.ERSS.2020.101512. 

Matalon, L. (2017) Mexico Energy Reform Spurs Larger Scale Cross-Border Electricity 

Transmission, The University of Texas at Austin - Energy Institute, Texas. Available 

at: https://energy.utexas.edu/news/mexico-energy-reform-spurs-larger-scale-cross-

border-electricity-transmission (Accessed: 9 December 2021). 

Matos, C. R., Carneiro, J. F. and Silva, P. P. (2019) ‘Overview of Large-Scale 

Underground Energy Storage Technologies for Integration of Renewable Energies and 

Criteria for Reservoir Identification’, Journal of Energy Storage, 21, pp. 241–258. doi: 

10.1016/J.EST.2018.11.023. 

Maximov, S. A., Harrison, G. P. and Friedrich, D. (2019) ‘Long Term Impact of Grid 

Level Energy Storage on Renewable Energy Penetration and Emissions in the Chilean 

Electric System’, Energies 2019, Vol. 12, Page 1070, 12, no. 6, pp. 1070. doi: 

10.3390/EN12061070. 

McKenna, R., Pfenninger, S., Heinrichs, H., Schmidt, J., Staffell, I., Bauer, C., Gruber, 

K., Hahmann, A. N., Jansen, M., Klingler, M., Landwehr, N., Larsén, X. G., 

Lilliestam, J., Pickering, B., Robinius, M., et al. (2022) ‘High-resolution large-scale 

onshore wind energy assessments: A review of potential definitions, methodologies 

and future research needs’, Renewable Energy, 182, pp. 659–684. doi: 

10.1016/J.RENENE.2021.10.027. 

MEED (2020) Saudi developer Acwa Power joins green hydrogen consortium, Power 

Technology. Available at: https://www.power-technology.com/comment/saud-acwa-

power-green-hydrogen-consortium/ (Accessed: 7 January 2022). 

Mensah, T. N. O., Oyewo, A. S., Bogdanov, D., Aghahosseini, A. and Breyer, C. (2022) 

‘Pathway for a Fully Renewable Power Sector of Africa by 2050: Emphasising on 

Flexible Generation from Biomass’, SSRN Electronic Journal. doi: 

10.2139/SSRN.4079396. 

Mirza, A. (2021) Saudi Aramco plans new green hydrogen, ammonia project, Argus 

Media. Available at: https://www.argusmedia.com/en/news/2267651-saudi-aramco-

plans-new-green-hydrogen-ammonia-project (Accessed: 31 December 2021). 

Möller, M. C. and Krauter, S. (2022) ‘Hybrid Energy System Model in Matlab/Simulink 

Based on Solar Energy, Lithium-Ion Battery and Hydrogen’, Energies, 15, no. 6, pp. 

2201. doi: 10.3390/EN15062201. 

Moreno-Leiva, S., Haas, J., Nowak, W., Kracht, W., Eltrop, L. and Breyer, C. (2021) 

‘Integration of seawater pumped storage and desalination in multi-energy systems 

planning: The case of copper as a key material for the energy transition’, Applied 

Energy, 299, pp. 117298. doi: 10.1016/J.APENERGY.2021.117298. 



 References 

 

124 

Mosek ApS (2015) ‘The MOSEK Optimization Toolbox for MATLAB Manual’. 

Copenhagen: version 7.1, revision 28. 

Munoz, F. D., Pumarino, B. J. and Salas, I. A. (2017) ‘Aiming low and achieving it: A 

long-term analysis of a renewable policy in Chile’, Energy Economics, 65, pp. 304–

314. doi: 10.1016/J.ENECO.2017.05.013. 

NASA (2010) Early History of Electricity and Magnetism. Available at: 

https://pwg.gsfc.nasa.gov/Electric/-E14-history.htm (Accessed: 6 May 2022). 

Noorollahi, Y., Lund, H., Nielsen, S. and Thellufsen, J. Z. (2021) ‘Energy transition in 

petroleum rich nations: Case study of Iran’, Smart Energy, 3, pp. 100026. doi: 

10.1016/J.SEGY.2021.100026. 

Norwegian Tunnelling Society (2016) Norwegian Rock Caverns. Oslo. Available at: 

http://nff.no/wp-content/uploads/2016/04/Publication-25-Lavoppløselig.pdf 

(Accessed: 1 February 2017). 

NREL (2018a) NREL and Hawaiian Electric Navigate Uncharted Waters of Energy 

Transformation (Part 1), National Renewable Energy Laboratory. Available at: 

https://www.nrel.gov/news/features/2018/nrel-and-hawaiian-electric-navigate-

uncharted-waters-of-energy-transformation-part-1.html (Accessed: 30 April 2022). 

NREL (2018b) NREL and Hawaiian Electric Navigate Uncharted Waters of Energy 

Transformation (Part 2), National Renewable Energy Laboratory. Available at: 

https://www.nrel.gov/news/features/2018/nrel-and-hawaiian-electric-navigate-

uncharted-waters-of-energy-transformation-part-2.html (Accessed: 30 April 2022). 

NREL (2022) Resilience With 100% Renewable Power, National Renewable Energy 

Laboratory. Available at: https://www.nrel.gov/news/video/resilience-with-100-

renewable-power-text.html (Accessed: 29 April 2022). 

Nykvist, B. and Nilsson, M. (2015) ‘Rapidly falling costs of battery packs for electric 

vehicles’, Nature Climate Change, 5, no. 4, pp. 329–332. doi: 10.1038/nclimate2564. 

Oei, P. Y., Burandt, T., Hainsch, K., Löffler, K. and Kemfert, C. (2020) ‘Lessons from 

modeling 100% renewable scenarios using GENeSYS-MOD’, Economics of Energy 

and Environmental Policy, 9, no. 1, pp. 103–120. doi: 10.5547/2160-5890.9.1.POEI. 

Osorio-Aravena, J. C., Aghahosseini, A., Bogdanov, D., Caldera, U., Ghorbani, N., 

Mensah, T. N. O., Khalili, S., Muñoz-Cerón, E. and Breyer, C. (2021) ‘The impact of 

renewable energy and sector coupling on the pathway towards a sustainable energy 

system in Chile’, Renewable and Sustainable Energy Reviews, 151, pp. 111557. doi: 

10.1016/J.RSER.2021.111557. 



 

 

125 

Osorio-Aravena, J. C., Aghahosseini, A., Bogdanov, D., Caldera, U., Muñoz-Cerón, E. 

and Breyer, C. (2020) ‘Transition toward a fully renewable-based energy system in 

Chile by 2050 across power, heat, transport and desalination sectors’, International 

Journal of Sustainable Energy Planning and Management, 25, pp. 77–94. doi: 

10.5278/IJSEPM.3385. 

Overend, R. P. (2019) ‘Biomass Energy Heat Provision for Cooking and Heating in 

Developing Countries’, in Energy from Organic Materials (Biomass). Springer, New 

York, NY, pp. 513–531. doi: 10.1007/978-1-4939-7813-7_315. 

Oyewo, A. S., Aghahosseini, A., Movsessian, M. and Breyer, C. (2022) ‘A novel 

geothermal-PV hybrid led multigeneration system analysis for the Central American 

countries Guatemala, Honduras, and Costa Rica’, submitted. 

Parnell, J. (2020) World’s Largest Green Hydrogen Project Unveiled in Saudi Arabia, 

Greentech Media. Available at: https://www.greentechmedia.com/articles/read/us-

firm-unveils-worlds-largest-green-hydrogen-project (Accessed: 31 December 2021). 

Perez, M. and Perez, R. (2015) Update 2015 – a fundamental look at supply side energy 

reserves for the planet. International Energy Agency SCHP Solar Update 62, Nov. 

2015. Available at: http://asrc.albany.edu/people/faculty/perez/2015/IEA.pdf. 

Perez, M. and Perez, R. (2022) ‘Update 2022 – A fundamental look at supply side energy 

reserves for the planet’, Solar Energy Advances, 2, pp. 100014. doi: 

10.1016/J.SEJA.2022.100014. 

Perez, R. and Perez, M. (2009) A fundamental look at energy reserves for the planet. The 

International Energy Agency SHCP Solar Update 50, 2–3 April 2009. Available at: 

https://www.researchgate.net/publication/237440187_A_fundamental_look_at_energ

y_reserves_for_the_planet. 

Perlin, J. (2013) Let it shine: the 6,000-year story of solar energy. Novato, California: 

New World Library. 

Pfenninger, S., Hirth, L., Schlecht, I., Schmid, E., Wiese, F., Brown, T., Davis, C., 

Gidden, M., Heinrichs, H., Heuberger, C., Hilpert, S., Krien, U., Matke, C., Nebel, A., 

Morrison, R., et al. (2018) ‘Opening the black box of energy modelling: Strategies and 

lessons learned’, Energy Strategy Reviews, 19, pp. 63–71. doi: 

10.1016/J.ESR.2017.12.002. 

Pleßmann, G., Erdmann, M., Hlusiak, M. and Breyer, C. (2014) ‘Global energy storage 

demand for a 100% renewable electricity supply’, Energy Procedia, 46, pp. 22–31. 

doi: 10.1016/j.egypro.2014.01.154. 

Plumer, B. and Tabuchi, H. (2021) 6 Automakers and 30 Countries Say They’ll Phase 

Out Gasoline Car Sales, The New York Times. Available at: 



 References 

 

126 

https://www.nytimes.com/2021/11/09/climate/cars-zero-emissions-cop26.html 

(Accessed: 30 December 2021). 

Poncelet, K., Delarue, E., Six, D., Duerinck, J. and D’haeseleer, W. (2016) ‘Impact of the 

level of temporal and operational detail in energy-system planning models’, Applied 

Energy. Elsevier, 162, pp. 631–643. doi: 10.1016/J.APENERGY.2015.10.100. 

Prina, M. G., Manzolini, G., Moser, D., Nastasi, B. and Sparber, W. (2020) ‘Classification 

and challenges of bottom-up energy system models - A review’, Renewable and 

Sustainable Energy Reviews, 129, pp. 109917. doi: 10.1016/J.RSER.2020.109917. 

Pursiheimo, E., Holttinen, H. and Koljonen, T. (2019) ‘Inter-sectoral effects of high 

renewable energy share in global energy system’, Renewable Energy. Pergamon, 136, 

pp. 1119–1129. doi: 10.1016/J.RENENE.2018.09.082. 

pv magazine International (2021) New compressed air storage tech from Canada. 

Available at: https://www.pv-magazine.com/2021/04/16/new-compressed-air-

storage-tech-from-canada/ (Accessed: 1 May 2022). 

Ram, M., Aghahosseini, A. and Breyer, C. (2020) ‘Job creation during the global energy 

transition towards 100% renewable power system by 2050’, Technological 

Forecasting and Social Change, 151, pp. 119682. doi: 10.1016/j.techfore.2019.06.008. 

Ram, M., Bogdanov, D., Aghahosseini, A., Gulagi, A., Oyewo, A. S., Odai Mensah, T. 

N., Child, M., Caldera, U., Sadovskaia, K., Barbosa, L. D. S. N. S., Fasihi, M., Khalili, 

S., Traber, T. and Breyer, C. (2022a) ‘Global energy transition to 100% renewables by 

2050: Not fiction, but much needed impetus for developing economies to leapfrog into 

a sustainable future’, Energy, 246, pp. 123419. doi: 

10.1016/J.ENERGY.2022.123419. 

Ram, M., Osorio-Aravena, J. C., Aghahosseini, A., Bogdanov, D. and Breyer, C. (2022b) 

‘Job creation during a climate compliant global energy transition across the power, 

heat, transport, and desalination sectors by 2050’, Energy, 238, pp. 121690. doi: 

10.1016/j.energy.2021.121690. 

Ramana, M. V. (2021) ‘Small Modular and Advanced Nuclear Reactors: A Reality 

Check’, IEEE Access, 9, pp. 42090–42099. doi: 10.1109/ACCESS.2021.3064948. 

Rannard, G. and Gillett, F. (2021) COP26: World leaders promise to end deforestation by 

2030, BBC News. Available at: https://www.bbc.com/news/science-environment-

59088498 (Accessed: 30 December 2021). 

Raugei, M., Leccisi, E., Fthenakis, V., Escobar Moragas, R. and Simsek, Y. (2018) ‘Net 

energy analysis and life cycle energy assessment of electricity supply in Chile: Present 

status and future scenarios’, Energy, 162, pp. 659–668. doi: 

10.1016/J.ENERGY.2018.08.051. 



 

 

127 

Ravi, S. S. and Aziz, M. (2022) ‘Utilization of Electric Vehicles for Vehicle-to-Grid 

Services: Progress and Perspectives’, Energies 2022, Vol. 15, Page 589, 15, no. 2, pp. 

589. doi: 10.3390/EN15020589. 

Recharge (2020) Porsche and Siemens Energy back world’s first green hydrogen-to-e-

fuel plant in Chile, Global news and intelligence for the Energy Transition. Available 

at: https://www.rechargenews.com/transition/porsche-and-siemens-energy-back-

world-s-first-green-hydrogen-to-e-fuel-plant-in-chile/2-1-923389 (Accessed: 20 May 

2022). 

Recharge (2022) ‘Europe is never going to be capable of producing its own hydrogen in 

sufficient quantities’: EU climate chief, Global news and intelligence for the Energy 

Transition. Available at: https://www.rechargenews.com/energy-transition/europe-is-

never-going-to-be-capable-of-producing-its-own-hydrogen-in-sufficient-quantities-

eu-climate-chief/2-1-1212963 (Accessed: 23 May 2022). 

REN21 (2020) Renewables 2020 – Global Status Report. Paris. Available at: 

https://www.ren21.net/gsr-2020/. 

REN21 (2021) Renewables 2021 Global Status Report. Paris. Available at: 

https://www.ren21.net/reports/global-status-report/. 

Ringkjøb, H. K., Haugan, P. M. and Solbrekke, I. M. (2018) ‘A review of modelling tools 

for energy and electricity systems with large shares of variable renewables’, 

Renewable and Sustainable Energy Reviews, 96, pp. 440–459. doi: 

10.1016/J.RSER.2018.08.002. 

Ritchie, H. (2021) The price of batteries has declined by 97% in the last three decades, 

Our World in Data. Available at: https://ourworldindata.org/battery-price-decline 

(Accessed: 31 December 2021). 

Ritchie, H. and Roser, M. (2020) Energy, Published online at OurWorldInData.org. 

Available at: https://ourworldindata.org/electricity-mix (Accessed: 26 December 

2021). 

Rubin, E. S., Davison, J. E. and Herzog, H. J. (2015) ‘The cost of CO2 capture and 

storage’, International Journal of Greenhouse Gas Control, 40, pp. 378–400. doi: 

10.1016/j.ijggc.2015.05.018. 

Rybach, L. (2010) ‘“The Future of Geothermal Energy” and Its Challenges’, in World 

Geothermal Congress. Available at: http://www.geothermal-

energy.org/pdf/IGAstandard/WGC/2010/3109.pdf. 

Sarmiento, L., Burandt, T., Löffler, K. and Oei, P. Y. (2019) ‘Analyzing Scenarios for 

the Integration of Renewable Energy Sources in the Mexican Energy System—An 

Application of the Global Energy System Model (GENeSYS-MOD)’, Energies 2019, 



 References 

 

128 

Vol. 12, Page 3270. Multidisciplinary Digital Publishing Institute, 12, no. 17, pp. 3270. 

doi: 10.3390/EN12173270. 

Saruta, H., Sato, T., Nakamichi, R., Toshima, M. and Kubo, Y. (2021) ‘Chapter Three - 

Compressed air energy storage system’, in Mechanical Energy Storage Technologies. 

Academic Press, pp. 45–71. doi: 10.1016/B978-0-12-820023-0.00003-1. 

Schäfer, A. W., Barrett, S. R. H., Doyme, K., Dray, L. M., Gnadt, A. R., Self, R., 

O’Sullivan, A., Synodinos, A. P. and Torija, A. J. (2018) ‘Technological, economic 

and environmental prospects of all-electric aircraft’, Nature Energy 2018 4:2, 4, no. 2, 

pp. 160–166. doi: 10.1038/s41560-018-0294-x. 

Scheer, H. (2004) The Solar Economy: Renewable Energy for a Sustainable Global 

Future. London: Earthscan. 

Schlachtberger, D. P., Brown, T., Schramm, S. and Greiner, M. (2017) ‘The benefits of 

cooperation in a highly renewable European electricity network’, Energy, 134, pp. 

469–481. doi: 10.1016/J.ENERGY.2017.06.004. 

Schmidt, O., Hawkes, A., Gambhir, A. and Staffell, I. (2017) ‘The future cost of electrical 

energy storage based on experience rates’, Nature Energy, 6, pp. 17110. doi: 

10.1038/nenergy.2017.110. 

Schyska, B. U., Kies, A., Schlott, M., von Bremen, L. and Medjroubi, W. (2021) ‘The 

sensitivity of power system expansion models’, Joule, 5, no. 10, pp. 2606–2624. doi: 

10.1016/J.JOULE.2021.07.017. 

Searcey, D. (2021) What Caused the Blackouts in Texas?, The New York Times. 

Available at: https://www.nytimes.com/2021/02/17/climate/texas-blackouts-

disinformation.html (Accessed: 30 December 2021). 

SEforALL (2021) Five takeaways from Tracking SDG7: The Energy Progress Report 

2021, Sustainable Energy for All (SEforALL). Available at: 

https://www.seforall.org/news/five-takeaways-from-tracking-sdg7-the-energy-

progress-report-2021 (Accessed: 24 December 2021). 

Sekera, J. and Goodwin, N. (2021) Why the oil industry’s pivot to carbon capture and 

storage - while it keeps on drilling - isn’t a climate change solution, The Conversation. 

Available at: https://theconversation.com/why-the-oil-industrys-pivot-to-carbon-

capture-and-storage-while-it-keeps-on-drilling-isnt-a-climate-change-solution-

171791 (Accessed: 6 May 2022). 

Sgouridis, S., Carbajales-Dale, M., Csala, D., Chiesa, M. and Bardi, U. (2019) 

‘Comparative net energy analysis of renewable electricity and carbon capture and 

storage’, Nature Energy 2019 4:6, 4, no. 6, pp. 456–465. doi: 10.1038/s41560-019-

0365-7. 



 

 

129 

Short, W., Packey, D. J. and Holt, T. (1995) A Manual for the Economic Evaluation of 

Energy Efficiency and Renewable Energy Technologies. Golden, Colorado: National 

Renewable Energy Laboratory, NREL/TP-462-5173. Available at: 

https://www.nrel.gov/docs/legosti/old/5173.pdf. 

Shortall, R., Davidsdottir, B. and Axelsson, G. (2015) ‘Geothermal energy for sustainable 

development: A review of sustainability impacts and assessment frameworks’, 

Renewable and Sustainable Energy Reviews, 44, pp. 391–406. doi: 

10.1016/j.rser.2014.12.020. 

Solomon, A. A., Bogdanov, D. and Breyer, C. (2019) ‘Curtailment-storage-penetration 

nexus in the energy transition’, Applied Energy, 235, pp. 1351–1368. doi: 

10.1016/J.APENERGY.2018.11.069. 

Solomon, A. A., Child, M., Caldera, U., Breyer, C., A., S. A., Child, M., Caldera, U. and 

Breyer, C. (2020) ‘Exploiting wind-solar resource complementarity to reduce energy 

storage need’, AIMS Energy, 8, no. 5, pp. 749–770. doi: 

10.3934/ENERGY.2020.5.749. 

Sørensen, B. (1975) ‘Energy and Resources’, Science, 189, no. 4199, pp. 255–260. doi: 

10.1126/SCIENCE.189.4199.255. 

Sørensen, B. (1996) ‘Scenarios for greenhouse warming mitigation’, Energy Conversion 

and Management, 37, no. 6–8, pp. 693–698. doi: 10.1016/0196-8904(95)00241-3. 

Sovacool, B. K. and Watts, C. (2009) ‘Going Completely Renewable: Is It Possible (Let 

Alone Desirable)?’, The Electricity Journal, 22, no. 4, pp. 95–111. doi: 

10.1016/J.TEJ.2009.03.011. 

Specht, M. (2021) Power Outages in Texas and California Have Less in Common than 

You Think, Union of Concerned Scientists. Available at: https://blog.ucsusa.org/mark-

specht/power-outages-in-texas-and-california-have-less-in-common-than-you-think/ 

(Accessed: 30 December 2021). 

Stefansson, V. (2005) ‘World Geothermal Assessment’, in Proceedings World 

Geothermal Congress 2005. Antalya, Turkey: 24-29 April. Available at: 

https://www.geothermal-energy.org/pdf/IGAstandard/WGC/2005/0001.pdf 

(Accessed: 25 August 2019). 

Stocks, M., Stocks, R., Lu, B., Cheng, C. and Blakers, A. (2021) ‘Global Atlas of Closed-

Loop Pumped Hydro Energy Storage’, Joule, 5, no. 1, pp. 270–284. doi: 

10.1016/J.JOULE.2020.11.015. 

Stokes, L. C. (2020) Short Circuiting Policy: Interest Groups and the Battle Over Clean 

Energy and Climate Policy in the American States. Oxford University Press. doi: 

10.1093/oso/9780190074258.001.0001. 



 References 130 

Sun, H., Luo, X. and Wang, J. (2015) ‘Feasibility study of a hybrid wind turbine system 

- Integration with compressed air energy storage’, Applied Energy, 137, pp. 617–628.

doi: 10.1016/j.apenergy.2014.06.083.

Tavanir (2016) Statistical Report on 49 Years of activities of Iran Electric Power Industry 

[In Persian]. Tehran: Iran Power Generation and Transmission Company. Available 

at: http://amar.tavanir.org.ir/pages/report/stat94/49sale/49sale farsi/49sale.pdf. 

Teske, S. (2019) Achieving the Paris Climate Agreement Goals: Global and Regional 

100% Renewable Energy Scenarios with Non-energy GHG Pathways for +1.5°C and 

+2°C. Cham: Springer International Publishing. doi: 10.1007/978-3-030-05843-2.

Teske, S., Muth, J., Sawyer, S., Pregger, T., Simon, S., Naegler, T., O’sullivan, M., 

Schmid, S., Pagenkopf, J., Frieske, B. and Graus, W. H. J. (2010) energy [r]evolution 

- A sustainable world energy outlook. Amsterdam: Greenpeace International, EREC

and GWEC. Available at: https://bit.ly/3rqMmJ2.

Teske, S., Pregger, T., Simon, S. ., Naegler, T. ., O’Sullivan, M. ., Schmid, S. ., Frieske, 

B. ., Pagenkopf, J. ., Graus, W. ., Kermeli, K. ., Zittel, W. ., Rutovitz, J. ., Harris, S. .,

Ackermann, T. ., Ruwahata, R. ., et al. (2012) Energy [R]evolution - a sustainable

world energy outlook - 4th edition 2012 world energy scenario. Amsterdam: Report

by Greenpeace International/EREC GWEC (Eds.). Available at: https://bit.ly/3qJjTz9.

Teske, S., Pregger, T., Simon, S., Naegler, T., Pagenkopf, J., Deniz, Ö., van den Adel, B., 

Dooley, K. and Meinshausen, M. (2021) ‘It is still possible to achieve the paris climate 

agreement: Regional, sectoral, and land-use pathways’, Energies, 14, no. 8. doi: 

10.3390/en14082103. 

Teske, S., Sawyer, S., Schäfer, O., Pregger, T., Simon, S., Naegler, T., Schmid, S., 

Özdemir, E. D., Pagenkopf, J., Kleiner, F., Rutovitz, J., Dominish, E., Downes, J., 

Ackermann, T., Brown, T., et al. (2015) Energy [R]evolution - A Sustainable World 

Energy Outlook 2015, Greenpeace International. Amsterdam: Greenpeace 

International, GWEC and Solar Power Europe. Available at: 

http://www.greenpeace.org/international/Global/international/publications/climate/20

15/Energy-Revolution-2015-Full.pdf. 

Tester, J. W., Anderson, B. J., Batchelor, A. S., Blackwell, D. D., DiPippo, R., Drake, E. 

M., Garnish, J., Livesay, B., Moore, M. C., Nichols, K., Petty, S., Toksöz, M. N. and 

Veatch, R. W. (2006) The Future of Geothermal Energy: Impact of Enhanced 

Geothermal Systems (EGS) on the United States in the 21st Century, MIT press. 

Cambridge, Massachusetts. doi: 10.1016/j.jbusres.2015.10.046. 

The MathWorks (2016) ‘MATLAB and Statistics Toolbox Release 2016b’, Inc.: Natick. 

MA, USA. 



 

 

131 

Trainer, T. (2010) ‘Can renewables etc. solve the greenhouse problem? The negative 

case’, Energy Policy, 38, no. 8, pp. 4107–4114. doi: 10.1016/J.ENPOL.2010.03.037. 

Trainer, T. (2012) ‘A critique of Jacobson and Delucchi’s proposals for a world renewable 

energy supply’, Energy Policy, 44, pp. 476–481. doi: 10.1016/J.ENPOL.2011.09.037. 

Trainer, T. (2017) ‘Some problems in storing renewable energy’, Energy Policy, 110, pp. 

386–393. doi: 10.1016/J.ENPOL.2017.07.061. 

Trieb, F., Schillings, C., Kronshage, S., Viebahn, P., May, N. and Paul, C. (2006) 

TRANS-CSP: Trans-Mediterranean Interconnection for Concentrating Solar Power. 

Stuttgart: German Aerospace Center (DLR). Available at: http://www.dlr.de/tt/trans-

csp. 

Trieb, F., Schillings, C., Pregger, T. and O’Sullivan, M. (2012) ‘Solar electricity imports 

from the Middle East and North Africa to Europe’, Energy Policy, 42, pp. 341–353. 

doi: 10.1016/J.ENPOL.2011.11.091. 

UN (2015a) Sustainable development goals. New York City: United Nations, Retrieved 

June 5, 2017. Available at: http://www.un.org/sustainabledevelopment/sustainable-

development-goals/. 

UN (2015b) The United Nations World Water Development Report 2015: Water for a 

Sustainable World. UNESCO, Paris: United Nations World Water Assessment 

Programme (WWAP). Available at: 

https://unesdoc.unesco.org/ark:/48223/pf0000231823. 

UN (2021) The United Nations World Water Development Report 2021: Valuing Water. 

UNESCO, Paris: United Nations. Available at: 

https://unesdoc.unesco.org/ark:/48223/pf0000375724. 

UNCCD and IRENA (2017) Energy and Land Use. Available at: 

http://iinas.org/tl_files/iinas/downloads/land/IINAS_2017_UNCCD-IRENA_Energy-

Land_paper.pdf. 

UNFCCC (1997) Kyoto Protocol to the United Nations Framework Convention on 

Climate Change. Tokyo. Available at: https://unfccc.int/documents/2409. 

UNFCCC (2015) Adoption of the Paris Agreement - Proposal by the President. Paris: 

United Nations Framework Convention on Climate Change. Available at: 

https://unfccc.int/resource/docs/2015/cop21/eng/l09.pdf (Accessed: 22 June 2016). 

ur Rehman, U. (2022) ‘A robust vehicle to grid aggregation framework for electric 

vehicles charging cost minimization and for smart grid regulation’, International 

Journal of Electrical Power & Energy Systems, 140, pp. 108090. doi: 

10.1016/J.IJEPES.2022.108090. 



 References 132 

Vaiserman, A., Koliada, A., Zabuga, O. and Socol, Y. (2018) ‘Health Impacts of Low-

Dose Ionizing Radiation: Current Scientific Debates and Regulatory Issues’, Dose-

response: a publication of International Hormesis Society, 16, no. 3. doi: 

10.1177/1559325818796331. 

Valero, A., Valero, A., Calvo, G. and Ortego, A. (2018a) ‘Material bottlenecks in the 

future development of green technologies’, Renewable and Sustainable Energy 

Reviews, 93, pp. 178–200. doi: 10.1016/J.RSER.2018.05.041. 

Valero, A., Valero, A., Calvo, G., Ortego, A., Ascaso, S. and Palacios, J. L. (2018b) 

‘Global material requirements for the energy transition. An exergy flow analysis of 

decarbonisation pathways’, Energy, 159, pp. 1175–1184. doi: 

10.1016/J.ENERGY.2018.06.149. 

Vartiainen, E., Breyer, C., Moser, D., Román Medina, E., Busto, C., Masson, G., Bosch, 

E. and Jäger-Waldau, A. (2022) ‘True Cost of Solar Hydrogen’, Solar RRL, 6, no. 5,

pp. 2100487. doi: 10.1002/SOLR.202100487.

Vartiainen, E., Masson, G., Breyer, C., Moser, D. and Román Medina, E. (2020) ‘Impact 

of weighted average cost of capital, capital expenditure, and other parameters on future 

utility-scale PV levelised cost of electricity’, Progress in Photovoltaics: Research and 

Applications, 28, no. 6, pp. 439–453. doi: 10.1002/PIP.3189. 

Venditti, B. (2021) Ranked: The World’s Top 10 EV Battery Manufacturers. Available 

at: https://elements.visualcapitalist.com/ranked-top-10-ev-battery-makers/ (Accessed: 

24 April 2022). 

Victoria, M., Haegel, N., Peters, I. M., Sinton, R., Jäger-Waldau, A., del Cañizo, C., 

Breyer, C., Stocks, M., Blakers, A., Kaizuka, I., Komoto, K. and Smets, A. (2021) 

‘Solar photovoltaics is ready to power a sustainable future’, Joule, 5, no. 5, pp. 1041–

1056. doi: 10.1016/J.JOULE.2021.03.005. 

Victoria, M., Zeyen, E. and Brown, T. (2022) ‘Speed of technological transformations 

required in Europe to achieve different climate goals’, Joule, 6, no. 5, pp. 1066–1086. 

doi: 10.1016/J.JOULE.2022.04.016. 

Victoria, M., Zhu, K., Brown, T., Andresen, G. B. and Greiner, M. (2019) ‘The role of 

storage technologies throughout the decarbonisation of the sector-coupled European 

energy system’, Energy Conversion and Management, 201, pp. 111977. doi: 

10.1016/J.ENCONMAN.2019.111977. 

Wang, G., Li, K., Wen, D., Lin, W., Lin, L., Liu, Z., Zhang, W., Ma, F. and Wang, W. 

(2013) ‘Assessment of Geothermal Resources in China’, in Thirty-Eighth Workshop 

on Geothermal Reservoir Engineering. Stanford University, Stanford, California: 

SGP-TR-198. 



 

 

133 

Wang, J., Ma, L., Lu, K., Miao, S., Wang, D. and Wang, J. (2017) ‘Current research and 

development trend of compressed air energy storage’, Systems Science & Control 

Engineering. Taylor & Francis, 5, no. 1, pp. 434–448. doi: 

10.1080/21642583.2017.1377645. 

Wealer, B., Bauer, S., Hirschhausen, C. V., Kemfert, C. and Göke, L. (2021) ‘Investing 

into third generation nuclear power plants - Review of recent trends and analysis of 

future investments using Monte Carlo Simulation’, Renewable and Sustainable Energy 

Reviews, 143, pp. 110836. doi: 10.1016/J.RSER.2021.110836. 

Weart, S. R. (2010) ‘The idea of anthropogenic global climate change in the 20th 

century’, Wiley Interdisciplinary Reviews: Climate Change, 1, no. 1, pp. 67–81. doi: 

10.1002/WCC.6. 

Weaver, J. F. (2021) Top 10 lowest solar power prices in the world, Commercial Solar 

Guy. Available at: https://commercialsolarguy.com/lowest-solar-power-prices-in-the-

world/ (Accessed: 6 January 2022). 

Welsch, M., Mentis, D. and Howells, M. (2014) ‘Long-Term Energy Systems Planning: 

Accounting for Short-Term Variability and Flexibility’, in Renewable Energy 

Integration: Practical Management of Variability, Uncertainty, and Flexibility in 

Power Grids. Academic Press, pp. 215–225. doi: 10.1016/B978-0-12-407910-

6.00017-X. 

Williams, J. H., Jones, R. A., Haley, B., Kwok, G., Hargreaves, J., Farbes, J. and Torn, 

M. S. (2021a) ‘Carbon-Neutral Pathways for the United States’, AGU Advances, 2, 

no. 1, pp. e2020AV000284. doi: 10.1029/2020AV000284. 

Williams, J. H., Jones, R. A. and Torn, M. S. (2021b) ‘Observations on the transition to 

a net-zero energy system in the United States’, Energy and Climate Change, 2, pp. 

100050. doi: 10.1016/J.EGYCC.2021.100050. 

World Bank; Gogla and IFC (2020) 2020 Off-Grid Solar Market Trends Report. 

Washington, DC: World Bank, Global Off Grid Lighting Association, and nternational 

Finance Corporation. Available at: https://www.gogla.org/resources/2020-off-grid-

solar-market-trends-report. 

World Bank (2012) Renewable Energy Desalination: An Emerging Solution to Close the 

Water Gap in the Middle East and North Africa. Washington, DC: World Bank. doi: 

10.1596/978-0-8213-8838-9. 

World Bank (2018) Beyond Scarcity : Water Security in the Middle East and North 

Africa. Washington, DC. Available at: 

https://openknowledge.worldbank.org/handle/10986/27659. 



 References 134 

Worrell, E., Ramesohl, S. and Boyd, G. (2004) ‘Advances in energy forecasting models 

based on engineering economics’, Annual Review of Environment and Resources, 29, 

no. 1, pp. 345–381. doi: 10.1146/annurev.energy.29.062403.102042. 

WWF (2021) The transition away from oil & gas: a WWF network policy position. Gland. 

Available at: 

https://wwfint.awsassets.panda.org/downloads/wwf_policy_position___the_transitio

n_away_from_oil___gas.pdf. 

Xia, T., Li, Y., Zhang, N. and Kang, C. (2022) ‘Role of compressed air energy storage in 

urban integrated energy systems with increasing wind penetration’, Renewable and 

Sustainable Energy Reviews, 160, pp. 112203. doi: 10.1016/J.RSER.2022.112203. 

Xiao, M., Junne, T., Haas, J. and Klein, M. (2021) ‘Plummeting costs of renewables - Are 

energy scenarios lagging?’, Energy Strategy Reviews, 35, pp. 100636. doi: 

10.1016/J.ESR.2021.100636. 

Zapata, S., Castaneda, M., Jimenez, M., Julian Aristizabal, A., Franco, C. J. and Dyner, 

I. (2018) ‘Long-term effects of 100% renewable generation on the Colombian power

market’, Sustainable Energy Technologies and Assessments, 30, pp. 183–191. doi:

10.1016/j.seta.2018.10.008.

Zickfeld, F. and Wieland, A. (2012) Desert Power 2050: Perspectives on a Sustainable 

Power System for EUMENA. Munich: Dii GmbH. Available at: http://www.trec-

uk.org.uk/reports/DII/DPP_2050_Study.pdf. 

Ziegler, M. S. and Trancik, J. E. (2021) ‘Re-examining rates of lithium-ion battery 

technology improvement and cost decline’, Energy & Environmental Science, 14, no. 

4, pp. 1635–1651. doi: 10.1039/D0EE02681F. 

Van der Zwaan, B., Cameron, L. and Kober, T. (2013) ‘Potential for renewable energy 

jobs in the Middle East’, Energy Policy, 60, pp. 296–304. doi: 

10.1016/J.ENPOL.2013.05.014. 

Zyadin, A. (2013) ‘Water Shortage in MENA Region: An Interdisciplinary Overview and 

a Suite of Practical Solutions’, Journal of Water Resource and Protection, 5, no. April, 

pp. 49–58. doi: 10.4236/jwarp.2013.54A008. 



Publication I 

Aghahosseini, A., and Breyer, C. 

Assessment of geological resource potential for compressed air energy storage in 

global electricity supply 

Reprinted with permission from 

Energy Conversion and Management 

Vol. 169, pp. 161-173, 2018 

© 2018, Elsevier 



 

 



Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman

Assessment of geological resource potential for compressed air energy
storage in global electricity supply

Arman Aghahosseini⁎, Christian Breyer
Lappeenranta University of Technology, Skinnarilankatu 34, 53850 Lappeenranta, Finland

A R T I C L E I N F O

Keywords:
CAES
Adiabatic compressed air energy storage
Energy storage
Renewable energy
Potential site estimation
Underground storage cavern

A B S T R A C T

This paper presents the geological resource potential of the compressed air energy storage (CAES) technology
worldwide by overlaying suitable geological formations, salt deposits and aquifers. For this study, the world is
divided into 145 regions, which are aggregated to 9 major regions. The potential of CAES in each region is
assessed and a relevant map is provided. Three constraints have been implemented, allowing for 1%, 5% and
10% of the selected area to be considered for CAES. Among all major regions, in the most conservative constraint
(1% of the total area), North America is the leader with 0.26% suitability of its total area, followed by Sub-
Saharan Africa and South America at 0.20% and 0.19%, respectively. A sensitivity analysis is implemented to
evaluate the validity and reliability of the results. Three scenarios are considered: Optimistic, Moderate and
Pessimistic. Underground natural gas storage data for the US is used due to freely and publicly available data.
The natural gas storage site is assumed to have the same structure as CAES. The sensitivity analysis shows that
the accuracy of the findings lie in the range of 66–85% and 63–82%, depending on the scenarios and reservoir
types. The results clearly reveal that CAES is a promising energy storage technology for electricity supply in most
of the regions. This research presents the groundwork to identify the untapped potential of CAES, which can be
also utilized for the second generation of CAES such as adiabatic CAES and isothermal CAES.

1. Introduction

1.1. Background and motivation

Renewable energy has gained the highest attention among all en-
ergy resources in the last decade as its cost has been decreasing rapidly
[1,2]. The ‘net zero’ greenhouse gas emissions target around the mid-
21st century agreed upon at the Conference of the Parties (COP21) in
Paris clearly guides a pathway towards sustainability [3]. In 2015, re-
newable energy, excluding large hydropower projects, made up 54% of
the installed power capacity of all technologies [2]. However, inter-
mittency of renewable energy, in particular solar and wind energy, for
electricity supply increases the need for flexibility, such as energy sto-
rage. In the case of onshore wind and solar photovoltaics (PV), outputs
over the year are likely to be about 20–45% (1800–4000 full load
hours) and 10–23% (900–2000 full load hours) of the capacity factors
of each, respectively [2]. Therefore, some sort of balancing is needed to
match electricity generation and demand.

Compressed air energy storage (CAES) technology is a known uti-
lity-scale storage technology able to store excess and low value off-peak
power from baseload generation capacities and sell this power during

peak demand periods. The first CAES plant, Huntorf, was established
and developed near Huntorf, Lower Saxony in Germany, with a capa-
city of 290MW and round-trip efficiency of 42% [4,5]. Another com-
mercial scale CAES plant, McIntosh, was commissioned in 1991 and is
located in McIntosh, Alabama, USA with a capacity of 110MW and
round-trip efficiency of 54% [6]. The higher efficiency in the McIntosh
plant is due to a heat recuperator, which reuses part of the heat energy
from the exhaust of the plant’s gas turbine and leads to a reduction of
fuel consumption by 22–25% [4,6].

The use of a large-scale power storage method has not been widely
applied among storage technologies except for pumped hydro energy
storage (PHES). CAES is the least cost utility-scale bulk storage system
that is currently available apart from PHES [7,8]. It has to be noted that
there are other large-scale thermo-mechanical storage options available
as well. According to [9], power-to-heat-to-power (PHP) and pumped
thermal energy storage (PTES) could technically be considered for de-
velopment and utilization as future bulk energy storage. PHP is con-
nected to thermal energy storage (TES) systems that have been ad-
vanced for renewable energy, e.g. concentrating solar thermal power.
PTES can be implemented by various thermal cycles and working fluid,
such as PTES based on water-steam cycle. It has been emphasized that
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the minimization of irreversibilities during charging and discharging
could result in the best performance of PTES.

Several different studies with various applications and purposes
have been carried out to further investigate and develop the concept of
CAES. Bouman et al. [10] discuss that CAES in combination with wind
can significantly decrease the environmental impact over a number of
impact categories such as climate change, freshwater ecotoxicity and
human toxicity compared to natural gas with carbon capture and sto-
rage technology. Briola et al. [11] implement a mathematical model to
design a diabatic CAES (D-CAES) system with a special focus on finding
the suitable turbomachinery geometry for the system. An energy and
exergy analysis of adiabatic CAES (A-CAES) is performed in [12] using
a dynamic mathematical model in order to identify the exergy de-
struction in different places. CAES and liquid air energy storage (LAES)
have been thermodynamically analyzed in a dynamic simulation and
the results indicate that LAES has greater benefits than CAES [13].
Lower volume requirement, higher efficiency and no restriction by lo-
cation have been found to be the merits of LAES.

So far, the role of CAES in energy systems with high renewable
energy penetration has been discussed in several studies [14–17].
Barbosa et al. [15] claimed that the need for A-CAES decreased in an
energy system that only supplies the electricity demand of the power
sector in South and Central America compared to an energy system with
additional sector integration. It has been documented that the need for
energy storage reduces when additional flexibility is accessible for the
system through sector coupling. Denholm and Margolis [16] discussed
the importance of energy storage (including CAES) that allows solar PV
to effectively substitute for baseload generation by adding reliable ca-
pacity and improving the overall system flexibility. Integration of wind
energy and CAES has been discussed by Daneshi et al. [18] and results
reveal that when CAES is used in the system the power quality and
reliability increased while generation cost declined. Sun et al. [19]
studied the technical feasibility of a hybrid system by integrating a
wind turbine with CAES. They concluded that hybrid wind/CAES is
feasible with energy conversion efficiency of up to 55% under well-
controlled operation conditions and it can be considered for future in-
dustrial applications.

In this paper, the geological resource potential for storing energy
through CAES will be discussed from a global perspective. The fol-
lowing sections discuss the principle and technical characteristics of
CAES, methodology to determine the geological resources suitable for
CAES, and finally the appropriate sites and global potential for CAES. It
is assumed that the identified location for storing the compressed air

underground can be used for second generation of CAES as well, such as
A-CAES and isothermal CAES. A sensitivity analysis is then conducted
to evaluate the validity and reliability of the selected CAES area.

1.2. CAES and A-CAES system operations

CAES systems operate similarly to a conventional gas turbine.
However, compression and expansion modes occur independently
when needed. In CAES, air is pumped into the underground cavern and
stored under pressure during off-peak hours in a process called com-
pression mode (Fig. 1) [20,21]. During the compression mode, elec-
tricity is used to run the compressor in order to inject the air into the
storage reservoir. The air compressor makes use of intercoolers and
aftercoolers to achieve economy of compression, reducing the tem-
perature of the injected air and decreasing the moisture content of the
compressed air. As a consequence, the compression efficiency increases,
the storage volume reduces and thermal stress on the storage walls is
minimized.

The release of the pressurized air is implemented during the process
called generation mode, and generates electricity when the greatest
demand of energy is required. For this purpose, first, the pressurized air
from the cavern is released and fed into a heat exchanger, known as
recuperator. Next, the hot air enters a high pressure combustion
chamber. In the combustion chamber, natural gas is used to heat the air
further and then the exhaust in the high pressure expander is re-heated
to a higher temperature before entering the low pressure expander.
Excess heat is discharged into the atmosphere, e.g. at a temperature of
around 138 °Celsius in the McIntosh plant. Then, the low pressure and
high pressure expanders rotate the generator to generate electricity
[20]. This process is best achieved together with a gas turbine or a
turbine of an emergency generator in D-CAES (Fig. 1). A compressor is
used to operate the CAES system during the day.

A-CAES has a different process compared to conventional CAES. In
A-CAES, a second injection of heat for re-expansion is avoided. Instead,
the heat from the compression mode is captured and stored separately
in an extra TES facility. Then, the TES device re-injects the heat to
overcome the need for other heat sources during the discharge phase
(Fig. 1). Therefore, gas co-combustion is not needed to heat the com-
pressed air and the round-trip efficiency of the process is increased
substantially, up to 70% [24]. What makes the A-CAES an outstanding
technology in comparison to D-CAES is that no fossil fuels are required
for the combustion process and this allows the CO2-neutral provision of
peak-load electricity from renewable energy, in particular solar and

Nomenclature

AA-CAES advanced adiabatic compressed air energy storage
A-CAES adiabatic compressed air energy storage
ASTER Advanced Spaceborne Thermal Emission and Reflection

Radiometer
bcm billion cubic meters of natural gas
CAES compressed air energy storage
CAPEX capital expenditure
COP21 21st yearly session of the Conference of the Parties
D-CAES diabatic compressed air energy storage
EPRI Electric Power Research Institute
GDEM global digital elevation model
IEA International Energy Agency
KBB Kavernen Bau und Betriebs-GmbH
km2 square kilometer
kW kilowatt
kW h kilowatt hour
LAES liquid air energy storage
MENA Middle East and North Africa

MW megawatt
MWh megawatt hour
NaS sodium-sulfur
OPEX operational expenditure
PB-KBB Parsons Brinckerhoff (PB) Energy Storage Services
PHES pumped hydro energy storage
PHP power-to-heat-to-power
PNNL Pacific Northwest National Laboratory
PTES pumped thermal energy storage
PV photovoltaic
R&D research and development
SAARC South Asian Association for Regional Cooperation
TES thermal energy storage
TW h terawatt hour
USD United States Dollar
€ euro

Subscripts

el electricity
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Fig. 1. Schematic diagrams of D-CAES (top) and A-CAES (bottom) in single-stage configuration [21–23].

Fig. 2. Block diagram of D-CAES supplied by fossil fuel and A-CAES powered by renewable energy.
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wind energy (Fig. 2). The only project based on A-CAES, named ADELE
(2009–2013) and follow-up project ADELE-ING (2013–2016), is a first-
of-its-kind demonstration plant [5]. The ADELE plant was designed to
have a cycle efficiency of 70%, a storage capacity of 360MWh and a
power output of 90MW, but in the ADELE-ING project the storage ca-
pacity changed to 1040MWh and power output to 260MW [25].

2. Methodology and materials

2.1. CAES potential estimation

In this study, the CAES geological resource potential is estimated
globally. The world is divided into 9 sub-regions, including Europe,
Eurasia, the Middle East and North Africa (MENA), Sub-Saharan Africa,
South Asian Association for Regional Cooperation (SAARC), Northeast
Asia, Southeast Asia, North America and South America (Fig. 3). In
addition, each region is subdivided to several sub-regions according to
their territory, population, electrical grid interconnection and elec-
tricity demand. The reason for subdividing the world into several re-
gions is to make the evaluation easier and more accurate. A detailed
description of these divisions and sub-divisions can be found in the
Supplementary Material.

In order to calculate the CAES geological resource potential, first,
areas with geologies favorable to CAES were identified. Suitable loca-
tions for CAES were mainly determined by overlapping two or more
proper geological formations, such as salt deposits, porous rock and
hard rock. Furthermore, by using geological maps of countries and the
global lithological map [27], those areas which have proper lithological
formations were marked as suitable areas for CAES.

The next step was to evaluate the total surface area of the identified
locations for storing energy. The McIntosh and Huntorf plants drilled to
230m [20] and 150m depths [28,29], respectively, to store the excess
generated electricity underground in the form of compressed air. The
detailed description of the technical parameters for both plants is
shown in Table 1. The shape of the caverns in our study are presumed to
be cylindrical-based, considering the already existing plants’ geometry
in salt formations. According to Kushnir et al. [30] and the Kavernen
Bau und Betriebs-GmbH (KBB) model (Huntorf plant), for a cylindrical
cavern with an average radius of 20–30m, a surface area of 25,000m2

is expected. Therefore, the calculated area and the assumed surface area
of 25,000m2 is used to estimate the number of caverns that can be
designed and extracted in each region (Eq. (1)). The volume of the
Huntorf plant, 270,000m3 [31], is also assumed as a constant volume
for all the projected caverns worldwide (Eq. (2)). It should be noted that
three constraints have been implemented, allowing for 1%, 5% and

10% of the selected area to be considered for CAES. This is due to
several constraints on the construction of a plant (see the Results and
Discussion section for more detail). For the results analysis, 1% of the
maximum area covered by CAES (1% rule) is mainly discussed in this
paper. The full global potential of CAES and the surface area of the
potential sites are also presented in the Supplementary Material
(Table 1).

N S A S A. / .cavern calculated constant= (1)

where Ncavern is the number of caverns located in the selected area,
S.Acalculated is the surface area calculated under given assumptions and
constraints, and S.Aconstant is the assumed surface area of 25,000m2.

V N Vcavern cavern constant= × (2)

where Vcavern is the volume of caverns and Vconstant is the assumed ca-
vern volume of 270,000m3.

Finally, the maximum energy of the two abovementioned plants,
which equals 480MWh in Huntorf and 2000MWh in McIntosh
(Table 1), is divided by the volume of these plants to get the potential in
the unit of MWh/m3. As a result, the potential of a new location is
calculated by multiplying its estimated volume and the weighted
average of 0.0028MWh/m3 of the two currently operating plants’ po-
tentials, as shown in Eq. (3). ArcGIS software [32] is used for the pre-
paration of the maps and calculation of the surface area. In order to
calculate the geometry of the features in a layer, the Calculate Geo-
metry tool is used.

Fig. 3. The subdivision of world into 9 regions and 145 sub-regions [26].

Table 1
Comparison of Huntorf and McIntosh CAES facilities [20,24,28,29,31].

CAES technical parameters Huntorf, Niedersachsen,
Germany

McIntosh, Alabama,
USA

Year of commissioning 1978 1991
Name plate capacity, [MW] 290 110
Power plant efficiency, [%] 42% 54%
Maximum energy, [MWh] 480 2000
Minimum energy, [MWh] 0 200
Geology Salt Salt
No. of caverns 2 1
Volume, [m3] 270,000 532,000
Depth to caverns, [m] 500 500
Cavern height, [m] 150 230
Maximum diameter, [m] 60 73
Geometry Cylindrical Cylindrical
Cavern construction

company
KBB PB-KBB
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= (3)

where ECAES is the estimated energy storage potential of CAES, l is the
selected location in the interval of numbers between 0 and n where n is
the maximum number of locations, Emax1 is the maximum energy of
Huntorf plant (480MWh), and Emax2 is the maximum energy of
McIntosh plant (2000MWh).

2.2. Suitable geologies for CAES

Geologies suitable for CAES storage reservoirs are salt, hard rock
and porous rock [6]. The total surface area that have one or more of
these geologies are found to be a remarkable fraction of the regions. In
several studies it has been observed that around 75% of the US has
proper geological conditions for underground air storage (Fig. 4)
[6,33,34]. However, several parameters limit the installation of CAES
and, as a consequence, a precise field study is required to detect fa-
vorable areas for subsurface storage of fluids (see the Results and Dis-
cussion section for further explanations).

Geologists do not usually categorize rocks as a hard rock or soft
rock. However, a ‘hard’ rock is generally concerned in most cases with
igneous and metamorphic rocks such as granite, gneiss, basalt and
schist. A hard rock geologist might be involved with remote predictive
mapping of bedrock geology, metallic mineral deposits and mine de-
velopment. On the other hand, a ‘soft’ rock geologist works most often
with sedimentary rock such as shale or limestone [35].

Table 2 represents the detailed lithological classification used to
estimate CAES favorable locations in Fig. 5, where siliciclastic, carbo-
nate and mixed sedimentary rocks together with acid plutonic rocks are
assumed to be the best possible choices. In addition, the geological
maps of all countries (e.g. Australia [36], North America [37], Afgha-
nistan [38], Thailand [39], China [40], Egypt [41], Iraq [42], Sri Lanka
[43] and the United Kingdom [44]) have been collected and used to
increase the precision of the prepared data and also the resolution of the
derived maps. The data type used to plot the maps is mainly a shapefile.
In some special cases, georeferencing tools are used to make hardcopy
maps, as well as aerial and satellite imageries useful for mapping.

2.2.1. Porous rock geologies
Porosity or void fraction gauges the ability of a rock to hold a fluid

[45]. For instance, sandstone can have 8% porosity, implying that 92%
is solid rock and 8% is void (i.e. empty) space containing gas, oil, or
water. A level of 8% is approximately the least porosity that is needed
to make a gas or oil well [45]. According to the EPRI study [46], 13%
was assumed the minimum porosity needed for CAES operation.

Porous rock formations such as saline aquifers (Fig. 6) are suitable

for CAES. Porous rock reservoirs that comprise of certain geologic
features can be utilized for air storage. Generally, CAES operation re-
quires an anticline that is comprised of permeable, porous media such
as sandstone capped by an impermeable rock, called the caprock [24].
Several studies have been carried out in Israel using fractured rock
aquifers (e.g. 3× 100MW CAES plant [47]).

Porous reservoirs could be the least cost storage option for large-
scale CAES. It is estimated that the development cost of CAES is around
110 USD/MWh for progressive storage volume extension [24,47].
However, there are currently no commercialized power plants based on
aquifer reservoirs. A project financed by Iowa Association of Municipal
Utilities in the US was a CAES testing project using porous sandstone for
underground storage with the capacity of 270MW and started in 2003.
The project was terminated due to geological issues in 2011.

In the following table (Table 3) a set of ranking criteria was defined
and improved to analyze candidate sites for CAES based on geologic,
environmental and economic considerations [46]. There are other
characteristics in the literature including closure, caprock properties
and geology type underneath, which need micro scale analyses.

Table 4 demonstrates the relevance between the porosity of some
aquifer reservoirs and their suitability for CAES. As shown, dolomite is
not a suitable rock for compressed air underneath, as it is categorized as
carbonate sedimentary rock (Table 2). Therefore, geologic maps will
help to recognize such rocks in more detail and to avoid adding them in
the final results.

2.2.2. Hard rock geologies
Today, development costs of hard rocks are related to other geolo-

gies. Due to the lack of abandoned mines and preexisting caverns, it is
doubtful that this will be the first option for a large-scale deployment of
CAES plant. However, in some cases existing mines can be used, in
which case the cost will typically be less than digging a new mine. For
instance, an idle limestone mine has been used for construction of the
proposed Norton CAES plant. Among hard rock geologies, granite has
been found to be one of the favorable rocks for underground caverns.
The American Department of Energy examined the potential of using
existing mines for storage of natural gas in granite rock [50]. There are
noticeable similarities between the granite structure proposed for the
mined rock cavern technology and the limestone CAES at Norton.
Couchoud et al. [51] have simulated an energy system with decen-
tralized CAES at high renewable energy penetration. The results in-
dicated that 90–100% renewable energy is economically feasible using
solar and wind energy complemented by CAES and battery storage. In
this study, the authors documented that CAES storage is a low cost
storage technology where hard rock, especially granite, is available.

Fig. 4. Area classified for underground storage (left) [6,34] and the shaded areas favorable for storage (right) [33].
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2.2.3. Domal salt formations
Salt formations have been proven to be the best option for CAES

operating conditions and thus poses low risk, since it is used at the
operating Huntorf and McIntosh CAES plants, and recently in Texas
(Fig. 7). In many ways, such formation seems to be quite interesting to
advance and operate. Typically, solution mining technology in salt
domes provides low cost routes for developing storage volume with a
capital cost of around 2000 USD/MWh. Although salt beds can be used
for CAES similarly to domal formations, they are more challenging to
implement when large storage volume is required. Caverns based on
salt domes can be narrow and tall with minimal roof spans. This is the
case at both the Huntorf and McIntosh CAES facilities [24]. There are
some indications that show the coincidence of high wind potential and
salt domes in Europe and some parts of North America, which can be
considered as suitable locations for CAES [24].

In addition to the discussed underground storage facilities, depleted
reservoirs can be used for CAES. Currently, the depleted natural gas and
oil fields are the most commonly used underground natural gas storage
sites. This is due to wide availability of these reservoirs.

3. Results and discussion

In this study, a global overview of CAES has been studied and the
results clearly show that this sort of energy storage can integrate with
renewable energy to fulfill the energy demand in the future. The result
is presented in Table 5 and a respective map is derived in Fig. 8. In
addition, a separate table listing the data for all 145 sub-regions is
provided in the Supplementary Material (Table 1) and a respective map
is made for each major region as well (Fig. 1 in the Supplementary
Material). As can be seen, the potential of compressed air varies from

one region to another. However, the total global potential of this type of
storage technology is noticeable.

The final results reveal that CAES can be used as bulk energy storage
in order to store electricity globally and re-convert to electricity when
balancing of demand and supply is needed. The expected electricity
demand for the years 2030 and 2050 have been calculated based on IEA
data [53] for each region. As presented, the electricity demand in all the
regions will increase in the future and sufficient energy resources are
required to fulfil the global demand. It is noteworthy to highlight that
the year 2050 is chosen due to the requirement for a net zero emission
energy system as discussed in the Paris Agreement [3]. Furthermore,
the year 2030 is selected to better understand the technical and fi-
nancial aspects for such a transition.

Among all regions, North America and Sub-Saharan Africa have the
highest shares of suitable area for CAES (Table 5). This can be explained
by the fact that North America has huge salt deposits and favorable
geology for CAES. Likewise, Sub-Saharan Africa has large aquifer re-
servoirs and salt deposits which match with appropriate geological
formations. From the total area suitable for CAES, North America is the
leader with 0.26% suitability of its total area, followed by Sub-Saharan
Africa and South America at 0.20% and 0.19%, respectively, under the
most conservative constraint (1% of the total area). Indeed, the theo-
retical potential would be 26% for the US if no constraint is applied and
all the selected area be considered as a suitable locations for CAES. In
contrast, Northeast Asia, Southeast Asia and SAARC have the least
potential for CAES.

Western Canada shows the highest geological potential for CAES in
North America and also in the world, at 392 TWhel throughput of
storage. Although the total electricity demand of Western Canada in
2015 was almost half in comparison to Eastern Canada, better

Table 2
The lithological classification. Higher score indicates more suitability for CAES [27].

Score Description Classification

1 Acid plutonic rocks Quartz Quartz-diorites Quartz-monzonite Granites and their relatives
2 Mixed sedimentary rocks Interlayered sandstone and limestone Shaly marl
3 Carbonate sedimentary rocks Limestone Dolomite Marl
4 Siliciclastic sedimentary rocks Sandstone Mudstone Greywacke

Fig. 5. Global lithological structure suitable for CAES [27].
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geological formation makes this region more favorable for underground
storage. Thus, the interconnection between these regions makes the
most sense in a fully renewable energy system. This is in particular
when one of the regions cannot satisfy all its electricity demand with
the available resources and the other region can transfer excess gen-
erated electricity through power transmission lines. In terms of the
surface area suitable for CAES, the US-Mid-Atlantics region is an out-
standing region with more than 0.8% suitability, followed by Lebanon
and US-Gulf with 0.7% and 0.6%, respectively. On the other hand, US-
Hawaii in North America, Baltic and Iceland regions in Europe,
Indonesia Sumatra, Indonesia Java Bali, East Malaysia and the
Philippines in Southeast Asia have the lowest shares of CAES among all
145 regions.

Table 5 presents that 6574 TWhel of CAES storage capacity poten-
tial would be available globally. According to Breyer et al. [26], from
4900 TWhel up to 5800 TWhel throughput of storage is needed for a

100% renewable energy scenario for 2030. This means that 75–88% of
the potential would be used at a rate of only 1 full charge cycle per year,
whereas for 20 full charge cycles 3.7–4.4% of the global potential is
sufficient. Therefore, the geological resource cannot be considered to be
a major constraint for this type of storage technology.

As introduced earlier, the 1% rule has been implemented for the
selected locations to improve the accuracy of the final results. This is to
avoid risk of error caused by lack of adequate data in some regions and
very large-scale analyses. However, the full potential of the selected
sites and the total surface area are documented in the Supplementary
Material (Table 1). It is important to highlight that there are several
other factors that should be considered for the final decision-making of
a suitable CAES site. These include, but not limited to, reservoir mod-
eling, detailed core sampling, analysis of the neotectonic activity,
seismic profiles around the potential area, environmental issues such as
solution mining of the caverns that requires disposal of the brine, hy-
drodynamic assessment and air injection [55–57]. More importantly, it
should be noted that the availability of renewable energy source is a
crucial aspect for energy storage. Close proximity between renewables
and energy storage would make the process of storage easier, efficient,
and more cost-effective. Thus, selecting a nearby energy storage site to
renewable energy plants and electrical transmission grid should be
considered for the final phase of project implementation. The resource
potential of renewable energy, especially solar and wind energy that are
the most vital sources of electricity in the energy transition ahead, are
well-distributed and -complemented almost all around the world, as
discussed by Ram et al. [58]. There are several other barriers to build a
plant, such as overlap between selected sites and residential area. Such
situations entail remarkable effort, time and cost to make the area
usable for an underground storage cavern. Moreover, computer mod-
eling and simulation are other important factors that need to be taken
into account in the design and operation of field projects for under-
ground storage. All the mentioned parameters can help to increase the
accuracy of the selected sites further.

However, if 5% or even 10% of the selected area were considered as
appropriate sites for CAES, the total CAES potential would be much
larger. The CAES potential using a 5% rule is estimated to be
32,870 TWhel and for a 10% rule the estimate is 65,740 TWhel. In other
words, the total CAES energy storage potential increases by 400% and
900% for the 5% rule and 10% rule, respectively, compared to the 1%

Fig. 6. Large aquifer systems of the world [48].

Table 3
Score-based system for identifying the candidate sites for aquifer CAES [46].

Score Permeability (md) Porosity (%) Type of Reservoir

Unusable <100 <7 Highly Discontinuous
Marginal 100–200 7–10 Moderately vulgar limestone &

dolomite
OK 200–300 10–13 Reefs, highly vulgar limestone &

dolomite
Good 300–500 13–16 Channel sandstones
Excellent > 500 >16 Blanket sands

Table 4
Range of porosity values for some aquifers and suitability of the aquifers for
CAES [49].

Rock Type Porosity% Suitability

Dolerite 0.1–0.5 not suitable
Sandstone 5.0–25.0 suitable
Shale 10.0–30.0 suitable
Limestone 5.0–20.0 suitable
Dolomite 1.0–5.0 not suitable
Quartzite 0.1–0.5 not suitable
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rule assumption. Consequently, CAES can play a critical role together
with battery, PHES and other forms of storage technologies to com-
plement renewable energy resources in a fully sustainable energy
system. This becomes more vital when various flexibility mechanisms
and balancing systems are required to balance the variability of re-
newable energy, in particular solar and wind. That is to say, the in-
termittent nature of renewable energy was not an important topic for
discussion in the past due to availability of conventional power gen-
erators which have been operating on the baseload generation. Thus,
energy storage will assist to bring flexibility in an energy system with
high share of renewables [26,58,59].

A sensitivity analysis has been implemented to evaluate the accu-
racy and validity of the results. The data for natural gas underground
storage facilities of the US [60] are collected and utilized. The data are
overlapped with the determined CAES layers. With regards to the se-
lected country, the US is chosen due to the freely and publicly available
data. In addition, CAES is only limited to the two large-scale operating
plants. Thus, underground natural gas storage sites are assumed to have
the same structure and geological suitability as CAES. The sensitivity
analysis has been conducted based on three scenarios, named Opti-
mistic, Moderate and Pessimistic. In the Optimistic scenario, it is pre-
sumed that the underground natural gas storage facilities could lie up to

a maximum of 100 km distance from the identified CAES locations. The
Moderate scenario is similar to the Optimistic scenario, but the max-
imum distance is set to 50 km. However, the Pessimistic scenario covers
only those nodes that intersect the CAES layers. The three types of
underground natural gas storage facilities are aquifers, depleted fields
(gas and oil) and salt caverns, according to the EIA database [60]. The
analysis is done by evaluating the total field capacity for each site and
the number of natural gas storage fields associated with the CAES layers
depending on the defined scenarios. Total field capacity refers to the
maximum volume of natural gas that can be stored in an underground
storage cavern [60]. The map of the US with the best CAES locations
and underground natural gas storage facilities is provided in Fig. 9.

As can be seen in Table 6 and Fig. 10, over 92% of natural gas
storage capacities in salt caverns overlay with the identified CAES lo-
cations for all three scenarios. The same situation is observed for the
depleted oil and natural gas fields. It should be noted that in the worst
case, Pessimistic scenario, 75% of the gas storage capacities in depleted
fields is covered by the determined CAES layers. Having this in mind,
aquifers have the least matching points with the CAES layers, especially
in the Pessimistic and Moderate scenarios. The overlay percentage for
the Pessimistic and Moderate scenarios are 90% and 83%, respectively.
This can be explained by the fact that the world’s largest aquifer

Fig. 7. Global salt deposits resources [52].

Table 5
This table shows the territory, electricity consumption, CAES geological resource potential and the surface area of the 9 major regions globally. Electricity con-
sumption for the years 2030 and 2050 have been calculated based on IEA data [53]. The 1% rule of CAES potential and the surface area have been taken into account
due to several constraints on the construction of a CAES plant.

Region Territory (mil. km2) Electricity consumption (TWhel) CAES potential [TW hel] Surface area suitable for CAES (1% rule)

2015 2030 2050 (km2) % of total area

Europe 6.5 3718 4239 5116 238 7951 0.12
Eurasia 21.4 982 1196 1555 780 26,073 0.12
MENA 11.3 1200 1807 3122 518 17,335 0.15
Sub-Saharan Africa 25.3 418 842 2595 1496 50,033 0.20
SAARC 5.2 1356 2671 6675 152 5072 0.10
Northeast Asia 11.8 6324 9198 15,475 312 10,433 0.09
Southeast Asia 12.6 1104 2018 4013 385 12,892 0.10
North America 21.3 4963 5676 6790 1642 54,930 0.26
South America 18.3 1015 1428 2260 1051 35,143 0.19
Total 133.7 21,080 29,075 47,601 6574 219,862 0.16
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systems are only used for identification of the suitable sites and small
aquifer systems are not included. Of course, this should be taken into
account in a national level studies, where detailed information is es-
sential for finding the best sites.

The sensitivity analysis, by evaluating the number of facility types,

shows that 82% (339 storage sites out of 415) of the reservoirs overlap
with the identified CAES layers in the Optimistic scenario. Depleted
fields are the most widely used gas storage facilities in the US and ac-
count for 72% of the total interlaced sites. The number of overlaying
nodes with the CAES layers are 316 (76%) and 261 (63%) for the

Fig. 8. Global suitable locations for CAES on top of the ASTER global digital elevation model (GDEM) [54]; the red color shows the suitable locations for CAES and
the gray color shows those places which do not include any favorable geological formation specified in this study. The stars represent the current operating CAES
power plants in the US and Germany. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. The suitable area for CAES and underground natural gas storage facilities are presented in the US map. There are three types of reservoirs for gas storage
facilities: natural aquifers, depleted oil and natural gas fields and salt domes (caverns). The 50 km (Moderate scenario) and 100 km (Pessimistic scenario) buffer zones
used in the scenarios are presented. The US map includes 50 states, including Alaska and Hawaii. The Aleutian Islands and Puerto Rico are not considered in this
study. The map is modified after Buckley and Norris [61].
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Moderate and Pessimistic scenarios, respectively (Table 6 and Fig. 11).
The results of the analysis, based on the total field capacity and the

number of underground natural gas storage facilities, show that the
accuracy of the findings lie in the range of 66–85% and 63–82%, de-
pending on the scenarios and reservoir types. As a result, the findings
have adequate precision to be considered as a starting point for further
investigation of the CAES site identification.

Underground gas storage held the capacity of 4035 TWh (413 bcm)
in 2015 and it is expected to reach the range of 5344–6252 TWh
(547–640 bcm) in 2035, according to Cedigaz [62]. The anticipated
growth of underground natural gas capacity confirms the findings of
authors in the current study providing 6574 TWh potential capacity for
CAES. It should be noted that competition from other sources of flex-
ibility could limit the maximum possible capacities to be employed.

The electrical efficiency of the CAES at Huntorf and McIntosh is
documented to reach about 42% and 54%, respectively (Table 1)
[21,29]. Despite the low process efficiency mentioned above, an eco-
nomic equivalent energy storage efficiency of 80 – 90% is estimated for
Huntorf and McIntosh plants, respectively [63]. The assumed ratio of
gas price to electricity price is 1:3. It is generally accepted that A-CAES
plants will reach an efficiency of about 70% (Table 7) [5]. Table 7
presents a comparison of technical and financial parameters of CAES in
2015 and estimates for A-CAES in 2030 and 2050. As efficiency in-
creases and the total capital expenditures (CAPEX) decrease, new doors
will open for utility planners and energy managers to invest in this kind
of storage technology in the mid-term future.

Safaei and Keith [64] modeled and analyzed the role of bulk elec-
tricity storage under carbon emissions constraints. A-CAES together
with PHES is found to be the most effective in lowering the dec-
arbonization cost. This is attributed to the low energy-specific capital
costs. Bulk electricity storage is found as an essential requirement on
the transition towards a net zero emissions world.

Barnhart and Benson [65] concluded that geologic storage, espe-
cially CAES, has insignificant material limits. Among all considered
technologies, CAES is found to be the least limited by material

availability and show the highest potential for grid storage at global
scale. This is unlike the lithium ion (Li-ion) battery storage that ranked
as one of the most limited resource by material availability. Among the
electrochemical storage technologies, sodium-sulfur (NaS) battery is the
least material intensive option. This makes NaS one of the most pro-
mising candidates for high power energy storage applications. Mean-
while, the identification and selection of the technical and economical
feasible sites for PHES is a critical issue [66]. It should be noted that
Barnhart and Benson [65] consider finding suitable sites as the greatest
challenge for CAES. However, our research results could be used as a
reference tool to identify feasible locations for CAES globally.

A similar approach has been conducted by Gulagi et al. [73] with
100% use of the CAES geological resource potential, where the role of
A-CAES for Southeast Asia and Eurasia has been evaluated through an
hourly resolution model. Four scenarios have been defined, called Re-
gion-wide, Country-wide, Area-wide and Integrated. The first three
scenarios cover the power sector and take different levels of grid in-
tegration into account and the fourth scenario covers the power sector
plus desalination and non-energetic industrial gas demand for full grid
integration. For each of these scenarios, the role of storage within the
mix of technologies has been examined. They concluded that the role of
A-CAES is crucial in a region like Eurasia, with high seasonal variation
and enormous potential of wind energy. The total throughput share of
A-CAES in the power sector for Eurasia is 21% of all storage technol-
ogies when there is no trade and interconnection between the regions
(Region-wide scenario). However, the integration of desalination and
non-energetic industrial natural gas sectors with the power sector and
interconnection between the regions (Integrated scenario) leads to a
significant decline in the contribution of A-CAES compared to other
storage technologies, such as battery and gas storage in Eurasia.

In large markets with high levels of renewable energy generation,
storage technologies have been identified as possible solutions to the
intermittent nature of some renewable resources. Wind and solar en-
ergy seem to be the best match with CAES. Recent literature examines
the correlation between wind and solar with CAES. Satkin et al. [74]

Table 6
The results of analyzed data for sensitivity analysis. The numbers in brackets represent the share of each reservoir as a percentage of the total reservoirs for the
considered scenarios.

Overlapped Not overlapped

Analyzed data Scenarios Aquifer Depleted field Salt dome Aquifer Depleted field Salt dome

Total field capacity (TW hth) Optimistic 157,949 (6%) 1,948,875 (72%) 207,603 (8%) 265,777 (10%) 125,638 (5%) 0 (0%)
Moderate 73,695 (3%) 1,861,890 (69%) 206,535 (8%) 350,031 (13%) 212,622 (8%) 1068 (0%)
Pessimistic 42,489 (2%) 1,545,850 (57%) 192,230 (7%) 381,237 (14%) 528,663 (20%) 15,373 (1%)

Number of existing fields Optimistic 18 (4%) 282 (68%) 39 (9%) 29 (7%) 47 (11%) 0 (0%)
Moderate 13 (3%) 265 (64%) 38 (9%) 34 (8%) 64 (15%) 1 (0%)
Pessimistic 6 (1%) 221 (53%) 34 (8%) 41 (10%) 108 (26%) 5 (1%)

Fig. 10. Total fields capacities of the overlaying underground natural gas storage facilities with the determined CAES layers.
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studied the suitable location for wind-CAES power plant sites in Iran
based on a set of criteria. ArcGIS software was used for this evaluation
and several maps derived. Finally, 30 suitable sites were selected within
a total area of 1682 km2. Several locations favorable for CAES have
been found in their research that ensure the accuracy of our results.

Alami et al. [75] tested a modular CAES system operating at low
pressure linked with wind energy (especially offshore wind). They
concluded that the system is an environmentally friendly form of sto-
rage and requires only low capital costs compared to other storage
options. Liu et al. [76] discussed the effect of wind generation on daily
per MWh variable profits, based on the on- and off-peak price differ-
ential, of CAES in Texas. The authors express that the “gone with the
wind” phenomenon is not globally acceptable for investment capital for
CAES that uses electricity as an input. This makes CAES cost-beneficial
in its evolution while integrating with a large share of wind energy into
the grid.

A study was implemented to investigate the optimal storage mix in
the UK [77]. The final results show that among all the considered sto-
rage technologies, CAES has the least system cost. It seems to be most
cost competitive due to high lifetime expectancy and round trip effi-
ciency. However, the authors emphasize that CAES applicability is re-
stricted by the lack of available sites and thus it cannot be used on a
large scale in the UK. According to our results, the UK together with
Ireland have 8% of the total CAES share among all the European
countries or regions.

Given the available geological resource potentials and advantages
mentioned above, there is still a question that remains unanswered:
Why are there just a small number of CAES plants in operation? PHES
seems to be more cost efficient for storing the excess electricity of in-
flexible baseload plants, such as nuclear energy and lignite coal power.

This at least explains what has happened in the past. For the growing
share of variable renewable energy in the energy system, the PHES
share is still too low to trigger larger scale storage capacities, since
other flexibility options [17] are still lower in cost. Thus, the high cost
of investment is a main constraint for development of CAES technology,
which requires a reform of energy market and energy policies to tackle
the financial challenges [8]. Moreover, the underground geology and
field study were found to be risk issues by investigating utilities.
However, gas and oil companies have been storing hydrocarbon fuels in
similar underground reservoirs for many years, according to EPRI-DOE
[47]. On top of that, very few utility engineers are aware of the great
potential of CAES available globally. This study aims at giving a broad
insight to decision-makers and energy storage investors to take into
account CAES as a possible solution to match the intermittency of re-
newable energy to demand in the energy transition ahead.

4. Conclusions

Our findings show that CAES can be considered as a bulk energy
storage in a high renewable energy penetration system. The inter-
mittency of renewables is a question tackled in various research. Our
research shows that CAES can be a solution to help solve this issue due
to high geological potential available worldwide. The higher efficiency
of A-CAES makes it more noteworthy than the conventional system. In
addition, A-CAES technology can fully operate with renewable energy
resources, which addresses the net zero emissions requirement, while
CAES is dependent on a (fossil) gas turbine system for its operation.

Suitable location selection considered globally available data and
criteria for lithological formations, geologic maps, salt deposits and
aquifer reservoirs. The potentially acceptable locations were mainly
determined by the overlapping of two or more proper geological for-
mations through ArcGIS software. The total surface areas of the chosen
locations were calculated based on available data from two currently
operating conventional CAES plants. Finally, the potential of CAES in
each region has been assessed and a relevant map has been provided.

The results clearly reveal that CAES is a promising energy storage
technology for electricity supply in most of the regions. Three con-
straints have been applied to cover the probable risk of error caused by
lack of adequate data in some regions and very large-scale analyses,
allowing for 1%, 5% and 10% of the selected area to be considered for
CAES. North America together with Sub-Saharan Africa have the
highest shares of CAES. From the total area suitable for CAES under 1%
constraint, North America is the leader with 0.26% suitability of its
total area, followed by Sub-Saharan Africa and South America at 0.20%
and 0.19%, respectively. On the other hand, Northeast Asia, Southeast
Asia and SAARC have the least potentials for CAES. Among all sub-

Fig. 11. The number of underground storage facility types overlaps with the determined CAES layers.

Table 7
Technical and financial parameters of CAES and A-CAES for large-scale energy
storage [5,67–72].

Unit 2015 2030 2050

Technical
Efficiency [%] 54 70 70
Self-discharge [%/d] 0.5 0.25 0.25
E/P ratio [h] 26 100 100
Lifetime [years] 40 55 55

Financial
CAPEX, energy (storage volume) [€/kW hel] 35 31 26
CAPEX, power (power interface) [€/kWel] 600 530 450
OPEX fixed [% of CAPEX] 1.3 1.3 1.3
OPEX variable [€/MWh] 1.2 1.2 1.2
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regions studied in this paper, Western Canada shows the highest geo-
logical potential for CAES in North America and also in the world, at
392 TWhel throughput of storage. Furthermore, less than 5% of the
global geological resource potential of about 6574 TWhel of electricity
storage may be necessary in a 100% renewable energy scenario for the
very unrealistic case that all electric storage would have to be provided
by CAES. This documents the vast geological resource potential for
CAES.

A sensitivity analysis is implemented to evaluate the accuracy, va-
lidity and reliability of the results. Three scenarios are considered,
named Optimistic, Moderate and Pessimistic. Underground natural gas
storage data for the US is used due to freely and publicly available data.
The natural gas storage site is assumed to have the same structure and
geological suitability as CAES. Although the sensitivity analysis shows
that the accuracy of the findings lie in the range of 66–85% and
63–82%, depending on the scenarios and reservoir types, there is still
room for improvement. To that end, the authors emphasize that re-
servoir modeling, detailed core sampling, analysis of the neotectonic
activity, seismic profiles around the potential area, environmental is-
sues concerning solution mining of the caverns, hydrodynamic assess-
ment and air injection tests are required for final selection of a suitable
CAES site. When evaluating the potential site, the distance for trans-
mission line between the supply and demand should be taken into ac-
count. This reduces the extra cost for transmission, resulting in more
profitable project. In this regard, the findings in this study can be better
used in the future assessment of CAES potential.
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From hot rock to useful energy: A global estimate of enhanced geothermal 
systems potential 

Arman Aghahosseini *, Christian Breyer 
LUT University, Yliopistonkatu 34, 53850 Lappeenranta, Finland   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Potential of enhanced geothermal sys-
tems is estimated globally. 

• The results indicate that EGS can 
contribute to growing demand of 
renewable energy. 

• Around 4600 GWe of EGS capacity can 
be built at a cost of 50 €/MWh or lower. 

• Sustainable potential of EGS is esti-
mated at 256 GWe in 2050. 

• All the input data and the results are 
provided on 1◦×1◦ spatial resolution.  

A R T I C L E  I N F O   

Keywords: 
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Enhanced geothermal system (EGS) 
Geothermal resource assessment 
Temperature at depth interval 
Geothermal potential 
Global analysis 

A B S T R A C T   

This study demonstrates the theoretical, technical, optimal economic and sustainable potential of enhanced 
geothermal systems (EGS) globally. A global estimate of EGS is presented in a 1◦×1◦ spatial resolution. Con-
structed temperature at depth maps are computed for every 1 km thick layer, from 1 to 10 km. Multiple factors 
such as surface heat flow, thermal conductivity, radioactive heat production, and surface temperature are 
involved, and obtained from various sources and assumptions. The global EGS theoretical potential is assessed. 
Available heat content is then estimated using technical constraints for the temperature equal to or higher than 
150 ◦C for any 1 km depth, and presented as thermal energy and electrical power capacity. The EGS optimal 
economic potential is derived from the optimum depth and the corresponding minimum levelised cost of elec-
tricity. The global optimal economic potential in terms of power capacity is found to be about 6 and 108 TWe for 
the cost years of 2030 and 2050, respectively. If economic and water stress constraints are excluded, the global 
EGS potential can be as much as 200 TWe. Further, an industrial cost curve is developed for the levelised cost of 
electricity as a function of EGS technical power capacity. The findings indicate that around 4600 GWe of EGS 
capacity can be built at a cost of 50 €/MWh or lower. A method is applied to measure the sustainable geothermal 
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resource base. The obtained sustainable potential is found to be 256 GWe in 2050. Results are presented on a 
country basis and globally.   

1. Introduction 

Geothermal energy as a renewable energy source is commercially 
available today and has great potential to contribute to the growing 
share of renewables to meet the global future energy demand [1–4]. 
Geothermal resources can supply energy throughout the year due to the 
constant flow of heat from the Earth. The use of geothermal energy for 
heat production is not new and has been practiced for thousands of 
years. However, for electricity generation, higher temperature re-
sources, around 100-150◦C or higher, are needed. Thus, the availability 
of geothermal energy for electricity generation is limited because such 
high temperature resources are mostly found near volcanically active 
regions, abnormally high geothermal gradients, or impermeable rock 
around a hydrothermal system [5]. It is expected that the contribution of 
geothermal power to the total global electricity generation will increase 

due to its high potential and cost-competitiveness. Since the depletion of 
natural resources, such as oil and gas, and subsequent increase in price 
would not affect geothermal energy, it is envisaged that geothermal 
power gains momentum in the years to come. However, the full poten-
tial of geothermal energy has not yet been assessed on a global scale. It 
should be noted that although an immense quantity of heat is stored and 
available within the Earth, excessive production of heat resources will 
result in reservoir depletion or even deterioration [6]. 

As of 2019, thirty countries have added geothermal capacity to their 
total energy mix with the total cumulative installed capacity of 
approximately 14.6 GW globally [7]. The US continues to be the global 
leader, followed by Indonesia, Philippines and Turkey. In 2018, 
geothermal capacities were mainly installed in Turkey and Indonesia by 
294 MW and 139 MW, respectively, accounting for around two-thirds of 
the new capacity installed collectively [8]. Turkey experienced the 
highest increase in geothermal power capacity, increasing from 30 MW 
in 2008 to 1300 MW by the end of 2018. According to the International 

Nomenclature 

Abbreviations  

CHP combined heat and power 
CIESIN Center for International Earth Science Information 

Network 
EGS enhanced (engineered) geothermal system 
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Energy Agency (IEA) [9], global geothermal power capacity is expected 
to grow to more than 17 GW by 2023. Indonesia, Kenya, Philippines and 
Turkey are expected to have the largest capacity additions. 

Geothermal heat or direct-use of geothermal energy is one of the 
most versatile and oldest forms of heat production. China, the US, 
Sweden, Turkey and Germany accounted for roughly 66% of global 
geothermal heat capacity installed in 2015 [10]. The major utilisation of 
geothermal heat is for space heating, bathing and swimming pools, 
which together contribute up to 80% of direct-use of geothermal energy 
[10]. The remaining consumption of geothermal heat is for domestic hot 
water, agriculture (greenhouse heating, agricultural pond heating and 
agricultural drying), industrial process heat, cooling and snow melting 
applications [11]. Geothermal (ground-source) heat pumps are one of 
the fast growing applications for direct-use of geothermal energy, which 
allow for reduction in fossil fuel consumption and GHG emissions, as 
well as economic benefits [12,13]. The heat can be collected from 
different depths depending on the geothermal heat system. Horizontal 
ground heat exchangers extract the heat at depths of 1 to 2 m. Ground 
water wells work at depths of 4 to less than 50 m. Energy pipes collect 
heat at depths of 5 to 45 m, and heat collection for borehole heat ex-
changers is between 10 and 250 m depths [14]. As of 2015, the leading 
countries in terms of heat pumps installed capacity are the US, China, 
Sweden, Germany and France, with a total installed capacity of 38.8 
GWth [10]. 

There are two types of geothermal energy systems: conventional 
geothermal systems (hydrothermal) and enhanced (engineered) 
geothermal systems. The latter was previously known as Hot Dry Rock 
(HDR) and will be referred to as EGS hereafter in this paper. The ma-
jority of recently built and under construction hydrothermal and EGS 
geothermal power plants use binary-cycle technology [8]. The advan-
tage of binary-cycle technology to other ordinary geothermal technol-
ogies is the operation with relatively low-temperature resources. 
However, existing geothermal plants use flash-steam and dry-steam 
technologies mostly, which are suitable for high-temperature re-
sources. As mentioned earlier, conventional geothermal systems are 
restricted to specific geographical locations. In addition, permeable 
aquifers are the basis for hot water production in the standard hydro-
thermal technologies. In contrast, EGS can be built in larger areas, in 
different parts of the world, by creating a subsurface fracture system in 
the hot rock through hydraulic stimulation. Further, since the heat is 
extracted from hot basement rock at greater depths, there would be less 
natural permeability and fluid content. In the EGS process, high- 
pressure cold water travels through fractions in the rock via injection 
wells to capture heat from rock at great depths and returns to the surface 
via production wells as hot water. Then, the heat of hot water is con-
verted into electricity using a steam turbine or a binary power plant. The 
cooled down water is re-injected into the ground to heat up again in a 
closed loop. EGS emits a very small to zero amount of GHG emissions 
[15]. Having said that, the average GHG emissions associated with 
geothermal power plants is around 120 gCO2/kWhe, which is relatively 
lower than that of fossil fuels power plants [16]. It is expected that the 
technology improvements, such as re-injection, will decrease the 
amount of GHG emissions significantly to 10 gCO2/kWhe [16]. EGS is 
comparable with other renewable energy technologies with regards to 
GHG emissions and environmental impacts, and in some cases have 
lower environmental impacts [17]. The GHG emissions from EGS range 
from 3.8 to 45.6 gCO2-eq/kWhe, depending on the selected applications 
[17]. 

The EGS potential estimation for the US has been proposed and 
evaluated by Tester et al. [18], Blackwell et al. [19], Augustine [20] and 
Lopez et al. [21]. Tester et al. [18] assessed the feasibility of providing 
100 GWe electric capacity of EGS by 2050. They concluded that the EGS 
potential is even larger in the long-term, and achieving such a target is 
viable. Blackwell et al. [19] analysed the EGS potential for the conter-
minous US using temperature at depth (3–10 km) maps. It is reported 
that if only 2% of the EGS resource is developed, the produced energy 

would be 2500 times the annual primary energy consumption in the US 
in 2006. Augustine [20] presented the potential electric capacity of the 
US geothermal resources and the respective costs. The total identified 
hydrothermal and EGS capacities are about 36.4 GWe and 15,915 GWe, 
respectively. Additionally, the optimum reservoir depth has been 
determined using the minimum levelised cost of electricity (LCOE) at 
each data point. Lopez et al. [21] explored the technical potential for 
EGS using temperature at depth data. Similar to Augustine, the quanti-
tative analysis method has been applied in order to find the optimum 
depth at the minimum LCOE. The US total technical potential for hy-
drothermal geothermal systems and EGS is evaluated to be around 38 
GWe and 4000 GWe, respectively. 

A geothermal resource estimation was carried out for Korea [22] 
based on constructed temperature at depth maps. The calculated sub-
surface geothermal energy ranges between 16.7 ZJ (4.6⋅105 TWhth) at 1 
km depth and 101 ZJ (280⋅105 TWhth) at 5 km depth. Chamorro et al. 
have conducted studies for EGS potential estimation in Europe [23] and 
Iberian Peninsula [24]. Similar methods have been applied in both 
studies. The technical potential in terms of electrical power capacity is 
identified to be around 700 GWe in the Iberian Peninsula and more than 
6500 GWe in Europe. Moreover, for the case of Europe, a sustainable 
potential term has been defined where not all the available heat content 
in the basement rocks can be extracted. Applying this constraint affected 
the technical potential estimation drastically and the final sustainable 
potential is found to be 35 GWe. The potential for geothermal energy in 
Germany has been evaluated [25]. Under the most optimistic assump-
tions, the available land area for constructing EGS plants is identified to 
be 89,000 km2, which can consist of 13,450 EGS plants with a maximum 
electric capacity of 474 GWe. An EGS analysis based on the subsurface 
temperatures data and minimum LCOE has been conducted in Europe 
[26]. The potential is deduced to be 19 GWe in 2020, 22 GWe in 2030 
and 522 GWe in 2050. The temperature at depth calculations have also 
been performed to estimate the EGS potential in Great Britain [27]. The 
results indicate that the total technical potential is about 222.4 GWe for 
the depth of 6.5 km and temperature greater than 150◦C. An optimal 
design of EGS has been assessed for the case of Switzerland considering 
environmental impacts [28]. The findings reveal that the shallower 
depths, 3500–6000 m, are more favourable for a district heating 
network while deeper depths are suitable for electricity production. 
However, the choice of appropriate technologies and applications might 
vary depending on the considered criteria. Hofmann et al. [29] studied 
the potential for EGS in the province of Alberta in Canada and concluded 
that Cooking Lake formation and Basal Sandstone are the most prom-
ising reservoirs, among the investigated formations, for heat extraction, 
even though the associated costs are higher than shallower formations. 
It has been claimed that China [30] has abundant EGS resources, espe-
cially in Southern parts of the country such as Yunnan, Tibet, and 
Southeast Coast. The evaluated EGS potential in China is about 7⋅109 

TWhth [31]. The Chinese Academy of Geological Sciences stated that the 
technical extractable geothermal resources with temperature of higher 
than 150◦C is around 8500 MWe [32]. Xia and Zhang [32] concluded 
that despite the availability of geothermal resources, several internal 
and external factors influence the development of geothermal energy in 
China as well as in other countries globally. These include, but not 
limited to, insufficient exploration of resources, lack of access to the 
necessary data for detailed analysis, shortage of sufficient policy sup-
port, intense competition with other energy resources, and mismatch 
between supply and demand. 

A Protocol for estimating the EGS potential has been proposed [33]. 
The Protocol set a framework, for both theoretical and technical 
geothermal potential estimation in different regions, using consistent 
methodologies and assumptions. The main goal of the Protocol is to 
make the results of different regions comparable for better under-
standing of EGS potential across the world. The current research work 
follows the Protocol recommendations for EGS estimation globally, 
where applicable, and also delved into other sources, methods and 
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assumptions. This study is structured as follows: in section 2, the ma-
terials and methods used to evaluate the EGS potential globally are 
explained; in section 3, the results of modelling are presented; in section 
4, a comprehensive discussion regarding the EGS potential assessment in 
this study, comparison of the results with other studies, and limitations 
and uncertainties are carried out; in section 5, a summary of the pre-
sented and discussed results is given. 

2. Materials and methods 

In this study, the world is clustered into a regular gridding interval of 
1 degree by 1 degree, 1◦×1◦, to evaluate the EGS potential. This 
assumption is different with the 5′×5′ interval (5′ = 5 min = 0.0833◦) 
proposed by Beardsmore et al. [33] in the Protocol, due to limited access 
to the data on a global level. It is challenging to find reliable and ac-
curate data in such high spatial resolution on a large-scale. In case the 
data were available for the gridded cells, the actual data are collected 
and administered. If the data does not exist or is not accessible, some 
assumptions were made to provide the data in the desired format. For 
estimating the EGS potential, various input data are required, which are 
described and investigated in the following sub-section. The modelling 
is carried out mainly using QGIS software [34] for geospatial data 
analysis and Matlab software [35] for programming and simulation. 
Once the input data are gathered, the temperature at depth maps are 
constructed. Then, the available heat for each depth interval in each 
gridded cell are computed. Next, the EGS theoretical and technical po-
tentials are estimated. Finally, the optimum depth is identified and the 
respective optimal potential based on the given data is obtained. The 
optimum depth is determined by finding the first cell at each depth in-
terval with temperature ≥ 150◦C. Ultimately, there is a minimum LCOE 
at which all the EGS components are at their optimal points. The 
simplified framework for the EGS potential estimation is presented in 
Fig. 1. It is crucial to point out that although the authors strive to gather 
data that is as accurate as possible, there is always room for improve-
ment. Thus, the basic structure introduced and modelled in this study 
can be disseminated to improve the input data, modify the methods, and 
change the applied assumptions and constraints, especially for country 
and small-scale studies. This will pave the path for future EGS potential 
estimation for different case studies and provide more detailed insights 

for policy-makers and project developers to enhance the utilisation of 
renewable energy across the world. 

2.1. Heat flow 

The primary step to estimate the EGS potential is to model temper-
ature at depth. Several data components are required to obtain the 
temperature of each 1 km thick layer beneath the surface, i.e. the depths 
between 1 km and 10 km. As a starting point, a heat flow map should be 
drawn. The surface heat flow data is collected from various resources. 
The majority of heat flow data comes from the International Heat Flow 
Commission (IHFC) database [36], American Association of Petroleum 
Geologists [37], and Pollack et al. [38]. Further, the heat flow data in 
Europe [39,40], Arctic [41], Mid-Atlantic Ridge [42], Turkey [43], 
Brazil [44], Cameroon [45], Nigeria [46], Eastern Africa and the North 
Sea [47], Iran [48], the Republic of Korea [49], Southeast Asia [50], 
Mexico [51,52], South America [53], and some other countries or re-
gions [54] are collected and compared with the IHFC database. Then, 
the data is calibrated and combined with the database. In addition, 
borehole data are used for verification and completion of the datasets, 
which is gathered from National Centers for Environmental Information 
[55]. Based on the given databases, the required data from borehole sites 
have been extracted, such as ground surface temperature (T0), temper-
atures at the given depths below the surface, mean conductivity, mean 
thermal gradient and the locations of the boreholes. Clusters of data 
points within each grid cell are averaged. It is clear that the more 
detailed input data is found, the higher accuracy of the results can be 
expected. Nevertheless, the global coverage of heat flow measurements 
is falling short in many areas. To cover all the cells with the respective 
input values, the existing data can be extrapolated. For a better esti-
mation, it is crucial to select the best possible proxies. Therefore, a 
method introduced by Goutobe et al. [56] is adopted to fulfil the missing 
data points. Several geological and geophysical datasets, such as mantle 
seismic velocity, physical and tectonic features in the crust and geo-
dynamic setting, have been applied to better capture the current situa-
tion of global surface heat flow. The “Best combination method” and 
“Similarity method” are the two appraised methods to determine the 
missing heat flow data. The Similarity method is found to be a better 
approximation for medium- to large-scale trends, even though the model 

Fig. 1. Flowchart for EGS potential estimates including the main inputs and outputs of the model.  
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lacks in validation of short-scale features of heat flow. The cross- 
validation carried out for both approaches presented better accuracy 
for the Similarity method [56]. In the Similarity method, if a sample has 
some degree of similarities with the target function, that sample receives 
a certain weight. The degree of similarities is defined as the number of 
similar terrestrial components between the target and the sample and 
obtained via an exponential function. This method is described at length 
in [56], and employed in the current study. When the raw heat flow 
measurements exist, the actual data points are utilised. Otherwise, the 
data produced from the similarity method [56] is employed. It should be 
noted that Davies [57] also analysed the global surface heat flow data on 
a 2◦×2◦ grid cell size using the age of the oceanic crust, the raw heat 
flow data measurements and the correlation between heat flow and 
geology. The 2◦ scale is selected to have more coverage of the raw data. 
The current global surface heat flow map has some level of similarity to 
that presented by Davies [57]. Both articles pursued the average heat 
flow measurements, where available, and applied proxies to estimate 
the heat flow for areas with no data available. There are some advan-
tages and drawbacks in both studies, but they roughly present the global 
heat flow data, which is a fundamental database for many fields of 
research. Global surface heat flow data is shown in Fig. 2a. 

2.2. Thermal conductivity 

Most of the heat flow data is linked to supplementary information 
such as thermal conductivity and temperature gradients that can be used 
to acquire temperature at various depths beneath the Earth’s surface. 
The datasets might include negative and none specified values, which 
have been corrected while preparing the final database. Thermal con-
ductivity data with odd values are excluded from the database. Similar 
to heat flow, the measured thermal conductivity data is not sufficient to 
cover the entire global surface. Therefore, the correlation between ge-
ology and thermal conductivity are assumed to be the best proxy to 
clarify the thermal conductivity for the missing areas. To do so, a high 
resolution global lithological map (GLiM) [58] is employed, as shown in 
Fig. 2b. Among a wide range of thermal conductivity values for different 
rocks [33,59–62], a mean value is taken for each lithological formations. 
The list of lithological formations, typical rock types and their respective 
thermal conductivity values is tabulated in Table 1. The thermal con-
ductivity map is illustrated in Fig. 2c. For the areas with no data avail-
ability, a value of thermal conductivity of 2.5 W/m K was assumed, as a 
global mean in situ thermal conductivity [33,61]. 

Fig. 2. Global overview of the input data for the EGS model; a) global surface heat flow, including both actual measured data points and adopted Similarity method 
for extrapolation; b) global lithological formations, modified after Hartmann and Moosdorf [58]; c) global thermal conductivity, including both actual measured data 
points and the correlation between geology and thermal conductivity; d) global radiogenic heat production; e) global surface temperature for the year 2005. The 
white colour in the colourbar indicates that no data is available. 
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2.3. Radiogenic heat production 

The heat generation value of the upper crustal rocks is typically 
obtained from three radioactive elements, Uranium, Thorium and Po-
tassium, as shown in Eq. (1) [63]. 

A = 10− 5ρ(9.52CU + 2.56CTh + 3.48CK) (1)  

where A is heat production (µW m− 3), ρ is the rock density (kg m− 3), CU 
is the Uranium content (ppm), CTh is the Thorium content (ppm) and CK 
is the Potassium content (ppm). The units for all heat production con-
stants are in W kg− 1. 

However, the measured radioactive components are limited to spe-
cific areas. Goutorbe et al. [56] made two assumptions to achieve a 
representative global heat production on 1◦×1◦ grid size. First, the 
median value of available heat production in each grid cell is taken. 
Second, the mean heat production is extrapolated over homogenous 
continental provinces. The latter approach is considered in this study, 
but rather than extrapolation over provinces, the extrapolation is con-
ducted by countries, as presented in Fig. 2d. 

2.4. Surface temperature 

Global surface temperature data for the year 2005 is taken from 
NASA database [64]. The datasets are available for the periods 
1984–2005. However, the year 2005 is selected since it is the most 
recent data available [65]. In addition, NASA provides gridded data, 
which makes it suitable for the current study. The map of global surface 
temperature is given in Fig. 2e. 

3. Results 

3.1. Temperature at depth 

To derive temperature as a function of depth, a steady state is 
assumed without heat advection processes such as magmatism 

occurrence, intense erosion and hydrothermal convection [5]. All the 
above mentioned phenomena can occur only in short period of time 
when equilibrium thermal regime of the continental crust is considered. 
Therefore, the simplest form of Fourier law can be calculated based on 
Eq. (2). In this condition, a constant thermal conductivity, a depth- 
dependent temperature field, and suitable boundary conditions for 
continental crust are expected. 

T(z) = T0 +(q0∙
z
k
) − (A∙z2

2k
) (2)  

where T(z) is the subsurface temperature as a function of depth, T0 is the 
surface temperature, q0 is the surface heat flow, z is the depth, k is the 
thermal conductivity, and A is the heat production. 

Once the temperature at depth z is computed in the subsurface down 
to 10,000 m, a mean estimated temperature profile is available for each 
1◦×1◦ grid cell. As a result, the temperature maps for specific depth 
slices can be constructed, as shown in Fig. 3. 

3.2. Theoretical potential of EGS 

To estimate the theoretical potential of EGS, the available heat stored 
underground within a volume of rock has to be calculated. The heat 
content within a rock is commensurate with temperature at every depth 
interval, specific heat capacity, density and volume of the rock. It is 
assumed that the density (ρ) and specific heat capacity (Cp) of the rock 
are constant and equal to 2550 kg/m3 and 1000 J/kg K, respectively. In 
order to calculate the volume (Vc) of each 1◦×1◦ grid cell at 1000 m 
depth interval, the surface area of each cell is primarily individually 
calculated. The areaint function in Matlab [35] is used for determining 
the area of each cell. This function is a numerical computation, using a 
line integral based on Green’s Theorem. Once the surface area of each 
cell is derived, the volume of a 1000 m thick interval of crust can be 
calculated. Finally, the available heat for each depth interval in each cell 
is identified using Eq. (3). Since each depth contains a different amount 
of thermal energy, the available heat is calculated in a 1000 m thick 
volume of crust. 

H = ρ∙Cp∙Vc∙(Tz − Tr)∙10− 18 (3)  

where H is the total available heat (exajoules, EJ), ρ is the density of 
rock, Cp is the specific heat capacity of rock, Vc is the volume of rock, Tz 
is the temperature at depth interval calculated in section 3.1, and Tr is 
the base or reference temperature. In the research conducted by Tester 
et al. [18] and Blackwell et al. [19], the base temperature is considered 
to be the same as the mean ambient air temperature. However, this 
investigation assumed a base temperature of 80◦C above mean annual 
surface temperature at each location, as suggested by Williams et al. 
[66] and the guidelines of the Protocol [33]. The assumption is made 
based on the measured temperature to which the crust can be theoret-
ically cooled down. William et al. [66] assumed a base temperature of 
75 ◦C (Chena Hot Springs) in Alaska and 90 ◦C (Amedee, California) in 
the 48 states of the US. A mean temperature of 80◦C above mean annual 
surface temperature is later proposed by the Protocol [33], and adopted 
by [26] and [27]. Therefore, the base temperature is calculated based on 
Eq. (4). T0 is the surface temperature at each grid cell. 

Tr = T0 + 80◦ C (4) 

Table 2 shows the heat content values for Vc centred at depth for 1 
km slices using the discussed assumptions and Eq.s above. The values of 
heat content are classified by 50◦C intervals starting from 150◦C to 
400◦C and above. The first number in each temperature range is set to 
equal to or higher than the given temperature and the last number set to 
less than the given number in that range. These values represent the 
stored thermal energy underground and not the amount of electrical 
power that can be generated. A histogram of available heat content as a 
function of depth is provided in Fig. 4. As can be seen, a significant 

Table 1 
List of lithological classification, typical rocks samples in each class and the 
mean thermal conductivity allocated to each class [33,59–62].  

Lithological class Examples Thermal 
conductivity (W/ 
m K) 

Unconsolidated 
sediments 

Dune sands, alluvial deposits, loess, 
swamps 

1.9 

Siliciclastic 
sedimentary rocks 

Sandstone, mudstone, greywacke 3.4 

Pyroclastics Tuff, volcanic breccias, ash 1.4 
Mixed sedimentary 

rocks 
Interlayered sandstone and 
limestone, shaley marl 

3.3 

Carbonate 
sedimentary rocks 

Limestone, dolomite, marl 3.7 

Evaporites Gypsum, anhydrite, halite, salt pan 5.4 
Acid volcanic rocks Rhyolites, trachytes, dacites 1.4 
Intermediate 

volcanic rocks 
Andesites 1.8 

Basic volcanic rocks Basalts (tephrites, tholeites, and 
lamprophyres) 

1.8 

Acid plutonic rocks Quartz, granites, quartz-diorites, 
quartz-monzonites 

2.5 

Intermediate 
plutonic rocks 

Diorite, monzonite, syenite 2.1 

Basic plutonic rocks Mafic minerals, like gabbro and 
peridotite, ultrabasic species like 
norite, ophiolite 

2.9 

Metamorphic rocks Shales, gneiss, amphibolite, 
quartzite 

3.5 

Water Bodies Lakes, rivers, coastal oceans 0.6 
Ice and Glaciers Ice 2.2 
No Data Undefined 2.5  
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geothermal resource base occurs between the depths of 6 and 10 km, and 
to some extent at the depths of 3 and 4 km, in the temperature range of 
150 to 300◦C. It is clear that as the drilling process goes deeper, a higher 
temperature and therefore more heat content is expected. However, at 
higher depths, the distribution of temperature might change. Conse-
quently, the availability of thermal energy varies in different tempera-
ture ranges. For instance, the heat content at the depth of 10 km for the 

temperature range of 150–200 ◦C is slightly lower than that at the depth 
of 8 km. At higher depths there is less heat content for the lower tem-
perature range, but more heat content at higher temperature range. 
Maps of the estimated theoretical heat potential at various depths are 
illustrated in the Supplementary Material (Figure S4). 

After the estimation of recoverable heat from the reservoir, the heat 
has to be converted to usable energy. The energy can be either heat or 

Fig. 3. The global maps of estimated temperature at various depths, from 1000 m to 10,000 m, beneath the Earth’s surface.  
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electricity, as well as combination of both in the form of combined heat 
and power (CHP) plant. Theoretical potential of EGS power capacity, 
Ptheo (MWe), is derived using Eq. (5). Theoretical potential is an estimate 
of physically exploitable energy in a certain time. Therefore, this amount 
is set as the maximum energy that theoretically can be extracted. 
However, only a fraction of theoretical potential can be accessible ulti-
mately under the given technical, economic and sustainable constraints. 
This will be discussed in the following sections. 

Ptheo = H∙ ηth

Lifetime∙CF
(5)  

where H is the available heat content presented in Eq. (3), ηth is the 
thermal efficiency, Lifetime is the lifetime of power plant, which is 
assumed to be 30 years (8760⋅30 = 262,800 h) [33], and CF is the 
average geothermal capacity factor of 90% [67]. The heat value is 
converted from EJ to TWh using a conversion factor of 277.78. 

The net thermal efficiency (ηth) is calculated using the Protocol’s 
recommendation, as given in Eq. (6). Two representative maps of net 
thermal efficiency at depths of 3 and 6 km are illustrated in the Sup-
plementary Material (Figure S5). 

ηth = 0.00052∙T + 0.032 (6)  

where T is the mean fluid temperature and it is calculated based on the 
average of the initial rock temperature (Tz) and the base temperature 
(Tr), as provided in Eq. (7). 

T =
(Tz + Tr)

2
(7)  

3.3. Technical potential of EGS 

It is clear that the determined theoretical potential for EGS cannot be 
entirely mined and utilised in any given location. There are multiple 
obstacles to extract the maximum theoretical potential of EGS systems. 
Considering the term “technical potential”, several technical limitations 
will reduce the estimated theoretical potential considerably. In this 
context, as defined by Rybach [68], technical potential refers to the 
fraction of the theoretical potential that can be accessed and extracted 
with the current technology, while considering geographic, ecology, 
legal and regulatory restrictions. One of the technical limitations is 

Fig. 3. (continued). 

Table 2 
Heat-in-place or available heat content (stored thermal energy) for the global EGS theoretical potential estimates for 1 km depth intervals.  

Heat content (TWhth) 150–200 ◦C 200–250 ◦C 250–300 ◦C 300–350 ◦C 350–400 ◦C ≥400 ◦C 

1 km 2.8E+07 7.8E+06 3.6E+06 4.3E+06 0.0E+00 3.7E+06 
2 km 2.5E+08 8.2E+07 2.7E+07 2.3E+07 1.5E+07 3.0E+07 
3 km 1.0E+09 2.2E+08 2.0E+08 5.8E+07 3.3E+07 1.0E+08 
4 km 3.4E+09 7.6E+08 2.3E+08 1.7E+08 1.7E+08 2.2E+08 
5 km 6.1E+09 2.2E+09 6.4E+08 2.4E+08 1.5E+08 5.7E+08 
6 km 8.0E+09 4.0E+09 1.5E+09 5.8E+08 2.4E+08 8.8E+08 
7 km 9.0E+09 5.7E+09 2.7E+09 1.2E+09 5.5E+08 1.3E+09 
8 km 9.7E+09 6.9E+09 4.1E+09 2.0E+09 9.3E+08 1.9E+09 
9 km 9.5E+09 7.5E+09 5.2E+09 3.0E+09 1.6E+09 2.7E+09 
10 km 8.6E+09 8.0E+09 6.1E+09 4.1E+09 2.2E+09 4.0E+09  
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Fig. 4. Histograms of global EGS theoretical potential in terms of thermal energy (heat content) as a function of depth for the given temperature ranges.  
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related to land availability for EGS, referred to as RA in this manuscript, 
which can be classified as follows: 1) protected and conservation areas; 
2) densely populated areas; 3) large lakes and reservoirs; 4) areas of high 
water stress. It is important to note that other technical parameters 
might restrict the land availability for maximum EGS utilisation, such as 
militarised areas, specific topographic relief, and technical concerns 
about drilling technologies at great depths. However, only the four 
limitations listed above are considered to assess the EGS technical po-
tential. It is assumed that other barriers might not have a substantial 
impact on the specified EGS locations. Nevertheless, at the time of 
preparation and installation of an EGS plant all the potential risks have 
to be probed deeply and studied. Some restrictions might change over 
time and should be re-evaluated when the field study is carried out for 
building the EGS plant. Population density, water stressed regions and 
costs of drilling and operation are some elements that can change with 
time. 

The world database on protected areas are taken from the Protected 
Planet [69] and calibrated for the 1◦ grid cell. The database consists of 
222,075 polygons, covering 245 countries and territories. The polygons 
with surface area of less than 1000 km2 are excluded. The surface area of 
all the polygons located inside a grid cell is measured and its fraction to 
the total surface area of that cell is obtained. The gridded population 
density data with the resolution of 1◦×1◦ is gathered from the Center for 
International Earth Science Information Network (CIESIN) [70] for the 
year 2020. The large lakes and reservoirs data is obtained from [71] and 
compared with [72]. The surface area of the taken lakes are set to 
greater than 5000 km2 to cover the main part of the grid cells. It is vital 
to mention that the wetlands and smaller water bodies have not been 
considered mainly due to their smaller sizes compared to a 1◦ cell size, 
which could result in exaggerated and inaccurate outcomes. It is rec-
ommended to account for wetlands and smaller water bodies in detailed 
regional studies to provide a more precise picture of the total exploitable 
geothermal potential. The global estimates of water stress centred for 
the year 2020 is collected from the World Resources Institute [73]. 
Among the climate scenarios, the Optimistic scenario for the year 2020 
is selected. The polygons based database is converted to 1◦×1◦ resolu-
tion. Based on the projected change in water stress, the high (40–80%), 
extremely high (>80%), and arid and low water use areas are taken to 
quantify and visualise the restricted regions for geothermal develop-
ment. The water stress map is an important factor for the EGS projects 
due to relatively high water withdrawals. It is investigated that EGS 
plants can consume between 0.3 and 0.7 gallons/kWh (≈1 − 3 m3/ 
MWh) [74,75], depending on the type of power plant. The respective 
maps of the four land access limitations for EGS development explained 
above are presented in the Supplementary Material (Figure S6). 

It has been argued that the recoverable heat from the rock can be 
exploited for extended periods, with minimal thermal drawdown, if the 
EGS system is designed and operated attentively [18,33]. It is worthy to 
mention that the thermal drawdown is taken into account and restricted 
to proportional specified drop in the average rock temperature at a given 
depth. A maximum temperature drawdown of 10◦C [18,33] is assumed 
and the recoverability factor of temperature drawdown, RTD, is deter-
mined as shown in Eq. (8). 

RTD =
10

(Tz + Tr)
(8) 

Williams et al. [66] surveyed the recovery factor, RF, of thermal 
energy for an unexploited geothermal systems to range between 0.08 
and 0.20. It is outlined that an identical probability can be considered 

over the entire range. For simplicity, a mean value of 0.14 is presumed. 
Given all the aforementioned constraints, the technical potential of 

EGS power can be computed as given in Eq. (9). 

Ptech = Ptheo∙(1 − RA)∙(1 − RTD)∙RF (9)  

where Ptheo is the theoretical potential of EGS for any given depth in-
terval in a specific 1◦×1◦ cell. The other parameters have been intro-
duced earlier. Both RA and RTD are defined as values between 0 and 1. 
The RA is derived by overlapping different layers of land access limi-
tations. Where a grid cell is fully covered by any of the layers or the 
combination of several layers, a value of 1 is assigned. This means there 
is no technical potential available for EGS in that particular cell. Even-
tually, the technical potential of EGS power is ascertained for 1 km depth 
interval, from 1 km to 10 km, and in 1◦ spatial resolution. 

The derived maps for thermal energy based on the technical con-
straints are shown in Fig. 5. The corresponding values for heat content 
globally are enumerated in Table 3 and visualised as histogram in Fig. 6, 
respectively. The values of heat content are classified similar to Table 2. 
It can be observed that the distribution of heat content at various tem-
perature ranges differs from the one presented in Fig. 4. Several tech-
nical limitation factors applied reduce the amount of stored thermal 
energy and block some areas that were previously specified as high 
potential. This phenomenon results in considerably higher heat contents 
in the temperature range of 400◦C or higher, making it relatively com-
parable with the amount of heat at the range of 300-350◦C. As shown, 
there is a tremendous resource base at depths of 5 to 10 km in most of the 
temperature classes, and moderately lower resource at depths of 3 and 4 
km. 

3.4. Optimal economic potential of EGS 

According to the Paris Agreement [76], Sustainable Development 
Goal (SDG) 7 [77] and the latest IPCC report [15], the amount of GHG 
emissions has to be reduced drastically to zero by 2050 to keep the 
temperature rise below 1.5◦C above pre-industrial levels. Increasing the 
share of variable renewable energy resources is crucial to decreasing the 
amount of GHG emissions and the movement towards an entirely sus-
tainable energy system. Therefore, the economic assumptions for the 
years 2030 and 2050 are applied to determine the role for geothermal 
energy in the global energy transition specified in the environmental 
frameworks. The economic assumptions from 2015 to 2050 are esti-
mated in ten-year time steps and can be utilised to evaluate the optimum 
results for any given year. It is crucial to note that one of the main factors 
that can help enhance the geothermal energy installed capacity is the 
power plant cost per MW basis. If the costs of geothermal sites are not 
competitive enough with other renewable energy resources, in partic-
ular solar and wind energy, there would be less chance for geothermal 
energy to become a generator hub in the future energy system. Hence, 
the LCOE can help evaluate the optimal sites with the least-cost solution. 
The fundamental components and equations for estimating the cost for 
deep EGS are provided below. The detailed assumptions and equations 
can be found in the Supplementary Material. 

The capital costs or capital expenditures (CAPEX) are calculated as 
the sum of the geothermal well drilling and completion costs (Ccap,well), 
the surface plant costs (Ccap,pp), the reservoir stimulation costs (Ccap,stim), 
the fluid distribution costs (Ccap,distr) and the resource exploration costs 
(Ccap,expl), as shown in Eq. (10) [67]. In addition, a learning factor (LF) is 
applied to describe the specific technology learning. 

CAPEX
(
z,Tr ,Tz, ηth,W, q0, k, t, y0, yf

)
=

(

Ccap,well(z,Tz, q0, k, t)∙n+
Ccap,pp

(
Tr, Tz, ηth,W

)
∙W

103 +Ccap,stim +Ccap,distr(Tz)+Ccap,expl(z,Tz, q0, k)
)

∙LF
(
y0, yf

)
(10)   
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Fig. 5. Global EGS technical potential in terms of thermal energy at 1 km depth intervals.  
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where z is the depth, Tr is the base temperature, Tz is the temperature at 
depth z, ηth is the net thermal efficiency, W is the power plant capacity 
for the year t in MW, q0 is the surface heat flow, k is the thermal con-
ductivity, t is the year, n is the number of wells (production and in-

jections wells), and LF is the learning factor calculated based on the 
reference cost year (y0) and the future cost year (yf), as shown in Eq. S11. 

A value of 2% of the estimated CAPEX is considered for the fixed 
operational expenditure (OPEX), according to the NREL [78] for both 
flash and binary plants and Carlsson et al. [79] for Organic Rankine 

Cycle (ORC) plants. The variable OPEX is set to zero. 
Finally, the LCOE is calculated using the following Eq.:    

where OPEXfixed is the fixed OPEX in the year t, OPEXvar is the variable 
OPEX in the year t, crf is the capital recovery factor. The average cur-
rency exchange rate is assumed at 1.2 USD/€ throughout the years, from 
2015 to 2050. 

In the next step, an optimum depth is determined by finding the first 

Table 3 
Available heat content estimated using technical constraints for 1 km depth intervals worldwide.  

Heat content (TWhth) 150–200 ◦C 200–250 ◦C 250–300 ◦C 300–350 ◦C 350–400 ◦C ≥400 ◦C 

1 km 3.7E+05 0.0E+00 1.5E+05 2.5E+05 0.0E+00 0.0E+00 
2 km 3.2E+06 1.1E+06 5.9E+05 7.0E+05 4.8E+05 1.0E+06 
3 km 1.0E+07 4.0E+06 4.6E+06 1.4E+06 6.8E+05 4.2E+06 
4 km 4.0E+07 1.4E+07 4.9E+06 6.0E+06 3.6E+06 8.6E+06 
5 km 8.2E+07 4.0E+07 1.4E+07 6.8E+06 4.8E+06 2.1E+07 
6 km 1.1E+08 8.5E+07 3.5E+07 1.5E+07 8.1E+06 3.3E+07 
7 km 1.3E+08 1.3E+08 7.0E+07 3.3E+07 1.6E+07 5.0E+07 
8 km 1.4E+08 1.6E+08 1.1E+08 5.8E+07 2.9E+07 7.4E+07 
9 km 1.5E+08 1.7E+08 1.5E+08 9.8E+07 5.1E+07 1.1E+08 
10 km 1.4E+08 1.7E+08 1.8E+08 1.4E+08 7.5E+07 1.6E+08  

0.0E+00

3.5E+07

7.0E+07
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Fig. 6. Histograms of global EGS technical potential in terms of thermal energy (heat content), as a function of depth for the given temperature ranges.  

Fig. 7. Effects of drilling depth on the LCOE from 2015 to 2050 for the two assumed sites in the US (left) at 44◦30′00′′ N/ 110◦30′00′′ W and Iceland (right) at 
64◦30′00′′ N/ 20◦30′00′′ W. 

LCOE
(
z,Tr ,Tz, ηth,W, q0, k, t, y0, yf

)
=

CAPEX(z,Tr,Tz, ηth,W, q0, k, t, y0, yf )∙crf + OPEXfixed(t)
E(Tz,Tr , ηth, t)

+OPEXvar(t) (11)   
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cell at each depth interval with temperature greater than or equal to 
150◦C. Ultimately, there is a minimum LCOE in which all the EGS 
components are at their optimal points. Likewise, all other components 
including temperature-depth interval, available heat content, EGS 
technical potential in terms of power capacity, efficiency, CAPEX, and 
LCOE for the optimum depth are identified. Finding the optimum depth 
is crucial because the drilling costs, temperature and power plant 

efficiency increase with depth, and therefore the total power plant costs 
decrease. Eventually, there is a minimum LCOE in which all the involved 
components are at their optimal points. In fact, the LCOE declines since 
the amount of extractable heat, and thus electricity production, in-
creases in the deeper depths, which outweighs the rise in drilling and 
surface plant costs. This explains the reduction in cost of electricity 
production per MWh. Whereas, in the shallower depths, where the 

Fig. 8. Maps of all the components involved in estimation of stored thermal energy of the Earth’s deep interior based on the identified optimum depth. The involved 
maps are: optimal depth (top left), and the following at optimal depth, temperature (top right), cycle thermal efficiency (centre left), CAPEX (centre right), LCOE 
(bottom left), available heat potential (bottom right), EGS power capacity potential (bottom). 
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drilling cost is cheaper, less heat content can be accessed and extracted, 
and consequently less electricity can be produced. Two sites in Iceland 
and the US are selected to illustrate this aspect in more details, as shown 
in Fig. 7. It is likely that the most cost-effective and economical depth at 
a location would be advanced for deep EGS utilisation to increase the 
efficiency and profits of the plant. This would prevent the development 
of all the available resources in that location for the lifetime of the power 
plant, which might cause severe social and financial risks. The respective 
maps of all elements at the optimum depth are illustrated in Fig. 8. 

It is defined that all the optimum values for the LCOE higher than 
150 €/MWh have to be excluded for economic reasons. This constraint 
further reduces the estimated technical potential of EGS. The final re-
sults consist of the theoretical potential, technical potential including 
and excluding economic constraint, technical potential excluding water 
stress, and technical potential excluding water stress and economic 
constraints for both thermal energy and power capacity, as shown in 
Tables 4 and 5. The results are presented for some selected countries as 
well as globally. The nominated countries represent the top ten most 
installed geothermal capacity as of today (Table 4) and the top ten 
countries with the highest identified EGS potential based on the eco-
nomic constraints for the years 2030 and 2050 (Table 5). Some of the 
countries with the highest installed capacity as of today might be 
included in the top ten countries globally with the highest potential 
based on the given economic constraint. The results of all countries in 
the world are listed in The Supplementary Material (spreadsheet file 1). 

A crucial decision-making factor for development of EGS projects is 
the production cost, i.e. how much energy can be produced at what cost 
level. Fig. 9 presents an industrial cost curve for the LCOE as a function 
of EGS technical power capacity for the year 2050. The extractable ca-
pacities are classified in 5 €/MWh intervals, from 10 to 15 €/MWh to 
95–100 €/MWh. The capacities with LCOE higher than 100 €/MWh are 
excluded. The findings indicate that around 4600 GW of EGS power 
capacity, or 36,300 TWh, could be installed at a cost of 50 €/MWh or 
lower. A greater amount of 49,600 GW can be obtained in the LCOE 
range of 50 – 100 €/MWh. Detailed data on a country and global level is 
provided in the Supplementary Material (spreadsheet file 2). Further, 
the detailed EGS cost estimates for five selected sites are presented in the 
Supplementary Material (spreadsheet file 3). 

3.5. Sustainable potential of EGS 

Both renewable and sustainable terms are widely used for various 
renewable energy sources, including geothermal energy. However, these 
two terms can be confused. It is crucial to stress that the term renewable 
refers to the nature of an everlasting resource in human dimensions. The 
latter concerns how a resource is utilised and with what impacts on the 
environment and society [6]. Geothermal heat extraction is not similar 
to a mining process, since the extracted heat can be refurbished over 
time, albeit it might happen at slow rates. The required time for 
regeneration of geothermal resources depends on various factors, such 
as characteristics of the resource, type and size of the production system, 
and the rate of extraction. In general, lower extraction rates can ensure a 
relatively constant production over the lifetime of EGS systems. It has 
been stated that as long as a small fraction of the total geothermal 
technical potential, e.g. less than 10%, is utilised, geothermal energy can 
be treated as a sustainable resource [18]. Chamorro et al. [23] suggest a 
restrictive method to estimate the sustainable potential of EGS systems. 
The authors assumed that the sustainable potential is just the amount of 
energy that can be extracted at the same rate as it is captured by and 
generated within the same volume of rock. This proposed method is 
applied, with a slight modification where the land availability is 
considered, to estimate how much of the identified EGS power capacity 
can be produced sustainably, as expressed in Eq. (12). 

Wsustain = ((q10000∙SAT∙ηth)+ (A∙Vc∙ηth) )∙(1 − RA) (12)  
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where Wsustain is the sustainable power plant capacity in W, q10000 is the 
heat flow at 10,000 m depth, obtained from Eq. (13), and SAT is the 
surface area at 10,000 m depth and temperature T (T > 150 C), ηth is the 
thermal efficiency as a function of resource temperature, A is the heat 

production, Vc is the volume of rock, and RA represents technical limi-
tations related to land availability for EGS. 

q10000 = q0 − 10, 000∙A (13) 

Table 5 
The EGS optimal potential in terms of heat in place (thermal energy - TWhth) and power capacity (GWe) based on the optimum depth, with and without applied 
constraints, are presented for the countries with the highest EGS technical power potential according to the economic constraint for the cost years of 2030 and 2050. 
Abbreviations: EC – economic constraint, WC – water stress constraint.  

Countries Heat in 
place 

Heat in place 
excl. EC 

Heat in place excl. 
WC 

Heat in place excl. EC 
& WC 

EGS power 
capacity 

EGS power 
excl. EC 

EGS power 
excl. WC 

EGS power excl. 
EC & WC 

2030 
Indonesia 1,181,980 7,715,525 1,181,980 8,099,908 533 3,359 533 3,531 
Brazil 852,699 21,701,118 852,699 21,976,872 384 9,308 384 9,426 
United States 723,218 17,614,246 3,948,448 36,953,041 337 7,272 1,772 15,401 
Iceland 688,138 723,337 688,138 723,337 312 325 312 325 
Chile 621,294 2,119,038 1,177,068 4,002,326 291 907 550 1,727 
China 659,586 27,190,955 716,973 51,035,379 287 11,161 310 20,885 
Argentina 467,831 10,617,014 619,630 14,717,955 208 4,482 271 6,206 
Japan 443,765 1,256,844 525,666 1,463,100 199 538 235 627 
Mexico 427,182 2,777,993 1,470,563 7,496,754 194 1,202 671 3,247 
Canada 414,506 18,681,886 477,521 19,990,820 180 7,456 206 7,977 
2050 
Russian 

Federation 
44,217,398 55,753,854 47,009,618 59,265,077 17,621 22,131 18,754 23,551 

China 24,028,592 27,190,955 43,817,052 51,035,379 9,882 11,161 17,975 20,885 
Brazil 16,368,249 21,701,118 16,536,656 21,976,872 7,044 9,308 7,117 9,426 
United States 13,944,465 17,614,246 30,848,755 36,953,041 5,774 7,272 12,914 15,401 
Canada 14,329,316 18,681,886 15,274,804 19,990,820 5,742 7,456 6,119 7,977 
Australia 12,755,514 13,989,778 22,548,209 26,775,994 5,524 6,043 9,734 11,509 
Argentina 10,122,994 10,617,014 14,179,423 14,717,955 4,276 4,482 5,981 6,206 
Indonesia 7,517,474 7,715,525 7,901,857 8,099,908 3,275 3,359 3,447 3,531 
Greenland 7,839,170 8,559,025 7,839,170 8,559,025 3,018 3,291 3,018 3,291 
Sudan 4,654,380 5,031,101 6,944,389 7,760,652 2,019 2,181 3,018 3,368  

Fig. 9. Industrial cost curve for EGS, LCOE as a function of EGS technical power capacity, in a cumulative (top) and a spectral (right) format. The figures on the left 
are plotted for the LCOE range of 10 – 100 €/MWh and the ones on the right for the LCOE range of 10 – 50 €/MWh. 
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where q0 is the surface heat flow. 
The global sustainable heat in place and power capacity are shown in 

Fig. 10. The results on a country, regional and global level are presented 
in the Supplementary Material (spreadsheet file 1). The global EGS 
sustainable power capacity is around 256 GW, which is 0.2% of the 
estimated technical potential. The main parameters that result in the 
drastic reduction of sustainable potential are the decrease in the amount 
of surface heat flow, excluding the impact of density and specific heat 
capacity of the rock and the temperature, albeit the temperature is 
indirectly considered through efficiency. This indicates that the sus-
tainable extractable geothermal resources are by far less than the tech-
nical ones, even with the additional constraints considered for the 
technical potential estimate. Although utilising the sustainable power 
capacity might limit the contribution of geothermal energy in some parts 
of the world, there is still sufficient capacity to meet the increasing en-
ergy demand in the future based on an energy system with high shares of 
renewable energy resources. 

4. Discussion 

4.1. Interpretation of the results 

As shown in Tables 4 and 5, the EGS technical potential (Tz ≥ 150 ◦C) 
at various depths for the considered cost years of 2030 and 2050 are 
given. These values are also compared with EGS technical potential 
without economic and water stress constraints. The economic assess-
ment indicates the sensitivity of the available heat content at depth in-
tervals, which is related to the costs of drilling. The results clearly reveal 
the significant impact of the LCOE reduction over time on the extract-
able thermal energy from the subsurface. Among all countries, Russia 
has the highest EGS power capacity potential, accounting for 16% of the 
total global capacity for the year 2050, whereas its contribution to the 
total global capacity is around 1% by 2030. This indicates that as the 
cost of EGS reduces gradually, more countries can integrate geothermal 
energy into their energy mix. The other leading countries are China 
(9%), Brazil (7%), the US (5%), Canada (5%) and Australia (5%) by 
2050, as presented in Table 5. The Philippines accounts for only 0.2% of 
the global EGS power capacity in 2050, even though it ranks third 
among the top ten countries in terms of geothermal installed capacity, 
with around 2 GW, as of today. That said, the Philippines has great 
potential to integrate geothermal energy into its energy mix with around 
260 GW. The current estimate demonstrates that only one-fifth of the 
identified EGS technical potential is equivalent to the total final energy 
demand in the Philippines in 2017. 

In terms of the economic constraint, the findings reveal that available 
heat in places is higher for the year 2050 compared to the year 2030. 
This can be explained by decreasing the geothermal well costs over time 
due to drilling technology improvement. With regards to thermal energy 
growth, Russia experiences the highest increase, followed by Greenland 
(20,564%), Australia (8929%), Angola (4595%), India (3726%) and 

China (3543%). The same trend can be observed for the case of the EGS 
power capacity. When the economic constraint is excluded from the 
results, one can see the EGS potential would increase even further. The 
global EGS power capacity decreases by 96% and 19% in comparison 
with the EGS including the economic constraint for the years 2030 and 
2050, respectively. Regarding the water stress constraint, countries such 
as Saudi Arabia, Libya, Iran, Kazakhstan, Kyrgyzstan and Oman are 
impacted the most, by around 90% or more, due to high water stress 
[73] in those countries. It is crucial to point out that the required water 
for EGS is not only related to the power plant itself, but also to the fluid 
required to inject into the injection wells in order to extract the stored 
heat from beneath the surface. If only the EGS technical potential is 
considered excluding the economic and water stress constraints, a global 
geothermal power capacity of about 200 TWe is expected, which is 
double the EGS power capacity in 2050 and 37 times larger than 2030 
capacity including the constraints. The EGS development will help the 
energy transition occur in a more flexible and efficient manner. Even if 
only 13% of the EGS power capacity estimates for 2050 are developed, 
the energy recovered would be sufficient to cover the total global final 
energy demand in 2016 of around 111,130 TWh. Also, 19% of the EGS 
technical potential in 2050 can satisfy the total global primary energy 
demand (160,050 TWh) in 2016. 

However, as explained earlier, not all the geothermal resource base 
can be utilised sustainably. Fast production rates that go beyond the 
long-term recharge rate can result in reservoir depletion, which drasti-
cally decreases or might even stop an economic production [6]. The 
purpose of sustainable production of geothermal energy is to secure and 
sustain the production rates on the long run. The EGS sustainable power 
capacity is estimated to be only 19 GW by 2030, which increases up to 
256 GW by 2050 globally. This amount soars when the constraints are 
excluded resulting in 96% and 45% increase for the years 2030 and 
2050, respectively. The presented findings indicate that sustainable 
geothermal resource utilisation decreases the great potential of the EGS 
significantly across the world. The sustainable potential of EGS is still 
noticeable to be considered for the final energy mix of an entirely sus-
tainable energy system. 

As briefly mentioned in the Results section, the extracted geothermal 
heat in the EGS projects can be utilised as heat, electricity, or combi-
nation of both in terms of CHP plants. The Landau plant in Germany is a 
typical example of commercialised EGS-based CHP plants working 
based on the principle of the ORC plant. This plant has an electrical 
power capacity of over 3 MWe (22 GWhe/a) and heat capacity of 3 MWth 
(9.2 GWhth/a) [80,81]. The generated electricity is sufficient to supply 
up to 6000 households and the heat generation covers the demand of 
1000 households. The preliminary use of extracted geothermal heat is 
for electricity production, using thermal water with a temperature of 
almost 160◦C, explaining the higher electricity generation than heat 
supply despite having almost the same capacity installed for both heat 
and power. The residual heat with a temperature of 70-80◦C is then fed 
into the district heating network [82,83]. It has been discussed that 

Fig. 10. Global available sustainable heat potential (left) and EGS sustainable power capacity potential (right) at optimal depth.  
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transferring heat over long distances increases the costs. Thus, it is more 
economical for heat consumers to be located nearby the plant, or the 
other way around, to have geothermal plants placed close to heat con-
sumers. Geothermally generated heat and electricity from EGS-based 
CHP plants can secure the energy supply in both heat and power sec-
tors in the future. 

4.2. Validation and comparison of key findings 

It is crucial to validate and verify the presented model and results to 
clarify the accuracy of the data and the conclusions drawn from the 
results. However, since EGS is still in its infancy and has not been widely 
developed and implemented across the world, validation with actual 
plants is restricted. Existing literature, in which the EGS potential in 
different regions has been estimated, is employed to verify the accuracy 
of the presented model and results. First, the results are compared with 
the European study [23] for EGS. A linear regression model is applied to 
find the linear fit and coefficient of determination for technical and 
sustainable power capacity estimate. The findings reveal a high level of 
similarity between the two research pieces, which have been presented 
and discussed in the Supplementary Material (Section 2 and Figures S1 
and S2). Second, research results are compared to values reported by 
Tester et al. [18] for the theoretical heat potential of geothermal 
resource-base in the US. The comparison between the two studies are 
given in the Supplementary Material (Section 2 and Figure S3). The 
validation shows that the coefficient of determination is at a high cor-
relation value of 0.88, and the distribution of geothermal resources 
among states are in accordance with the findings in this study. 

According to the IEA [84], geothermal energy can play a role in the 
future energy system by providing 3.5% of global electricity production 
and 3.9% of the total heat generation by 2050. It is expected that more 
than half of the projected geothermal increase (200 GWe) comes from 
EGS projects, dominated by binary power generation technology. 
However, the feasibility of EGS development earlier than 2030 is found 
to be challenging and requires significantly higher research, develop-
ment and deployment. The remaining half of the geothermal energy 
(200 GW) will come from conventional geothermal systems. According 
to the Geothermal Energy Association [85], the total global geothermal 
capacity is expected to reach around 18.4 GW by 2021. In case all 
countries follow their geothermal development goals and targets, a 32 
GW of geothermal installed capacity is expected by the early 2030s. 
Stefansson [86] stated that the global technical potential of hydrother-
mal resources for electricity generation can be as high as 240 GW, 
considering a range of 50–2000 GW depending on the assumptions. 
Even if the maximum potential of conventional geothermal systems 
(2000 GW) would be deployed, the EGS technical potential for the cost 
year 2050 is about 50 times higher than that. This shows a great po-
tential of EGS for the sustainable future energy system. 

The results of geothermal resource base estimates for the continental 
US conducted by Tester et al. [18] and Blackwell et al. [19], excluding 
Alaska, Hawaii, and Yellowstone National Park, reveal that a total of 
13,267,370 EJ (3.7⋅109 TWhth) can be exploited. This amount of thermal 
energy is almost 100 times higher than that presented in this study for 
the most optimistic case (available technical heat content without any 
constraints). It is worth noting that the technical constraints applied for 
both thermal energy and power capacity have not been considered in the 
mentioned studies. Augustine [20] studied the geothermal resource 
availability for both conventional hydrothermal and EGS in the US, 
using the minimum LCOE at an optimum depth. A deep EGS power 
capacity potential of 15,908 GWe is drawn. The optimum reservoir 
depths are found to be in a depth of 5 km or deeper, which is in line with 
the findings of current study. Likewise, Lopez et al. [21] assessed the 
EGS potential to be 4000 GWe for the US, adopting the quantitative 
analysis of LCOE. Chamorro et al. [23] concluded that the EGS technical 
potential in Europe is as much as 6560 GWe, for depths of 3–10 km and 
temperature of higher than 150◦C. This result is somewhat in correlation 

with the present research, as the total EGS technical potential of Cha-
morro et al. is approximately 7.8 times higher than the 2030 value and 
almost identical with the 2050 value (6465 GWe), respectively, 
excluding Russian territories in Europe. They also applied the sustain-
able EGS potential, assuming that the removable heat from the 
geothermal resources are replaced on a similar time scale. The estimated 
sustainable EGS potential is 27 GWe, excluding Russia, which is about 
200 times less than the technical potential. At the same time, this value 
is in line with the findings in this study (21 GWe). It is critical to consider 
the sustainable heat resources since once all the available heat is 
extracted, the EGS plant has to be decommissioned earlier than its actual 
lifetime. This then leads to significant financial risk in the projects. As a 
sustainable energy resource, the extracted heat for geothermal energy 
has to be continuously replaced by additional energy from deeper levels 
on comparable time scales. Using balanced and moderate production 
rates for EGS, by considering the local resource characteristics such as 
field size, natural or induced recharge rates, can secure the longevity of 
production and sustainability of the resource [6,87]. 

Limberger et al. [26] analysed not only the technical potential for 
Europe, but also the economic potential considering the LCOE based on 
three well cost models for the years 2020, 2030, and 2050. It is sum-
marised that the economic potential ranges between 19 and 522 GWe for 
the given cost years with LCOE varying between 50 and 300 €/MWh. A 
geothermal resource assessment conducted by Lee et al. [22] highlights 
that South Korea has a great geothermal potential, which lies between 
16,700 and 101,000 EJ (4.6⋅105 and 280⋅105 TWhth), depending on the 
depth. Each of these studies acknowledge the difficulties and un-
certainties associated with implementing such broad data analysis to 
determine the geothermal resource potential, mainly due to lack of 
thorough knowledge and experience. It is clear that using diverse as-
sumptions, configurations and approaches result in varied outcomes. 
This reaffirms the requirement for detailed modelling, case studies, and 
field tests around the issue. 

As the cost of renewable energy, in particular solar photovoltaic [88] 
and wind energy [89], and energy storage [90,91] have been decreased 
substantially in the last decade, it is expected that renewable energy 
contributes to the majority of installed capacity in the years to come. A 
100% renewable energy-based system is modelled for the power sector 
alone globally and the estimated average LCOE is found to be 52 €/MWh 
in 2050 [4]. In an energy system with all sectors integrated, the LCOE 
and the total levelised cost of energy are estimated at 53 €/MWh each by 
2050 [1]. The industrial cost curve presented in the Results section 
depicts that the extractable potential of EGS is significant and this 
technology can be cost competitive with other renewable energy re-
sources. At least a part of the 4600 GW of the EGS power capacity that 
corresponds to 36,300 TWh of electricity production, with the LCOE of 
between 10 and 50 €/MWh, can be used very beneficially in a fully 
sustainable energy system by 2050. This makes the EGS an attractive 
technology to integrate into the energy mix of a renewable-based energy 
system. 

4.3. Limitations and uncertainties 

While the great potential of geothermal resources is ubiquitous in the 
world, there are still several challenges that need to be addressed before 
the development of EGS projects. Sustainability concerns about devel-
oping geothermal resources is one of the rare aspects featured in liter-
ature. Numerous sustainability indicators are listed to better manage the 
negative impacts of geothermal developments such as natural hazards, 
land use, deforestation, water quantity and quality, and ecosystems 
[92,93]. Micro-earthquakes, due to induced seismicity in response to an 
injection, can cause damage to local infrastructures and facilities. The 
Geothermal Engineering Integrating Mitigation of Induced Seismicity in 
Reservoirs (GEISER) is co-funded by the European Commission to 
regulate the advances in EGS applications in Europe [94]. Furthermore, 
the US Department of Energy published a Protocol [95] for addressing 
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induced seismicity associated with EGS projects. This Protocol summa-
rises that with detailed study and technology development, the effects of 
induced seismicity can be better evaluated and managed. A study ana-
lysed the optimisation of EGS considering the minimum LCOE and 
reducing induced seismicity risk [96]. It was concluded that the optimal 
sites might shift away from the densely populated areas, especially areas 
with unsafe constructions and buildings, to mitigate the seismic risk. 
This results in additional costs, albeit the added costs are manageable. 

A main limitation of this research is the required input data in a high 
spatial resolution in order to estimate temperature as a function of 
depth. Although a great effort is made to collect as much data as possible 
for surface heat flow, it would be beneficial to get access to higher 
quality of heat flow measurements, detailed geological studies and 
modelling to provide results that are more accurate. The values for heat 
conductivity are taken based on lithological classifications. An average 
number is considered for each class that might contain more than one 
sample. However, thermal conductivity might vary even in each class 
since there are multiple samples that might have different thermal 
properties. Radiogenic heat production is expanded on a country basis, 
which means an identical value is given for the whole country. As dis-
cussed for the case of thermal conductivity, heat production might not 
be the same throughout a country. The model improvements for tem-
perature estimation at various depths can be attained when the quality, 
quantity, and accessibility of geological information, rocks and core 
sampling, and borehole measurements improve noticeably. Regarding 
the technical constraints, for the protected areas, only surface areas of 
higher than 1000 km2 are taken into consideration. This ignores some 
polygons that are located within small countries and islands. Likewise, 
wetlands and small water bodies have been excluded from the assess-
ment, which needs to be diffused for more detailed and small-scale 
studies. Additionally, the costs of drilling might be much lower in 
areas with thousands of wells drilled than those with hard rocks. Areas 
with high-porosity sands filled with water at high temperature, high 
crustal radioactivity, low thermal conductivity, high heat flow, and 
other suitable circumstances are more favourable for large-scale EGS 
development. Another important aspect is identifying an appropriate 
geological formation for an EGS site. For instance, crystalline and porous 
rocks are discussed as suitable candidates [97], where the former has 
been widely used and tested, e.g. the Soultz-sous-Forêt geothermal field. 
This requires field studies with several rock samplings and respective 
laboratory exercises to determine the lithology of different layers 
beneath the surface. Detailed explorations and studies are of utmost 
importance to identify the locations with the highest temperature, but 
low data availability. 

With regards to all the aforementioned factors, it should be noted 
that the database and respective maps provided in this article present 
the potential areas with more suitability for EGS projects. The results 
should not be directly adopted for selecting areas for EGS installation. It 
serves as an initial guide for further investigation of local studies and 
designating favourable sites for EGS investments. The presented maps 
give a guideline for a rough estimate of the total exploitable heat from 
the Earth’s interior and potential electricity that can be produced during 
the given lifetime of power plant and based on the underlying as-
sumptions. The temperature at depth maps provide a first order of es-
timate of the investment needed to exploit the resource. This 
information is useful and presented in a simple form that experts, project 
planners and decision-makers can employ for ranking the potential 
areas. Geothermal resource evaluation in this study is built on generally 
available and widely used data, equations and information, mainly 
inspired by the Protocol [33]. However, there are several critical con-
ditions needed to be considered and addressed for a successful extrac-
tion of geothermal resources. These include, but not limited to, access to 
the borehole data and pumping results on a broad scale, which is 
currently only restricted to specific areas. Moreover, lithological for-
mation and permeability of the rocks may vary underground over 
several orders of magnitude. Despite the selection of methods for 

quantifying resources, the amount of energy that can be eventually 
extracted is related to the development, optimisation and deployment of 
exploitation technology, as well as countries’ policies and strategies. 

5. Conclusions 

With the growing demand of renewable energy and necessity for a 
rapid energy transition, the need to determine the maximum potential of 
renewable energy becomes increasingly important. Geothermal energy 
is a renewable energy resource that has great potential to help accelerate 
the shares of renewable energy in the energy mix. The conventional 
geothermal power system, hydrothermal, has been commercialised for a 
very long time. However, development of the emerging geothermal 
technology, EGS, has been limited to certain areas. This study presents 
an estimation of the technical, optimal economic and sustainable po-
tential for the EGS on 1◦×1◦ spatial resolution globally. Temperature as 
a function of depth is modelled from 1 km to 10 km beneath the Earth’s 
surface. To do so, a series of input data are primarily obtained from 
various resources, such as surface heat flow, thermal conductivity, 
radiogenic heat production, and surface ambient temperature. The 
collected data is then employed to estimate temperature at depth in-
tervals. Next, the EGS theoretical and technical potential is attained. 
Finally, the optimum depth at temperature ≥150 ◦C is identified and the 
respective optimal economic potential components based on the given 
data and assumptions are obtained. The data is presented in 5-year time 
intervals, from 2015 to 2050. Further, in order to secure the sustainable 
production of geothermal energy over the long term, a method is applied 
to measure the sustainable geothermal resource base. 

The global EGS optimal economic potential in terms of power ca-
pacity is found to be around 6 and 108 TWe for the cost years of 2030 
and 2050, respectively. Among all countries, Russia and China have the 
greatest EGS potential by 16% and 9% of total global capacity for the 
year 2050, respectively, followed by Brazil, the US, Canada and 
Australia. In the most optimistic scenario and without considering any 
constraints, such as cost and water stress, the global exploitable EGS 
potential is found to be about 200 TWe, or 480⋅106 TWhth. The economic 
constraint excludes the optimum values with LCOE higher than 150 
€/MWh. This constraint is applied due to rapid cost reduction of other 
renewable energy resources, such as solar and wind energy. Neverthe-
less, the contribution of hybrid renewable energy systems provides se-
curity of energy supply as well as further flexibility into the energy 
system. If the full technical potential of EGS was implemented by 2050, 
the amount of electricity production from geothermal energy would be 
roughly 5 times higher than the total global primary energy demand in 
2016. Additionally, the provided sustainable potential of EGS is 
approximately 256 GWe in 2050, accounting for just 0.2% of the tech-
nical potential globally. That said, the sustainable potential of EGS is still 
noticeable to consider for the energy mix of an entirely sustainable en-
ergy system in the years to come. Moreover, an industrial cost curve is 
developed for the LCOE as a function of EGS technical power capacity in 
5 €/MWh intervals, from 10 to 15 €/MWh to 95–100 €/MWh. The 
findings reveal that roughly 4600 GW of EGS power capacity can be built 
at a cost of 50 €/MWh or lower. A greater amount of 49,600 GW can be 
obtained in the LCOE range of 50–100 €/MWh. 

It is vital to note that there are gaps in the data assumptions used for 
this research, mainly due to large-scale analysis and limited data 
availability. By filling the data gaps through small-scale and local 
studies, the model presented can estimate the EGS technical and sus-
tainable potential more accurately. It is vital to emphasise that preced-
ing the selection of a drilling site or EGS installation, a thorough analysis 
is imperative before any decision is made. This includes geological 
evaluation, tectonic settings, environmental impact assessment, poten-
tial induced micro-seismicity, field study and rock sampling. This will 
help policy-makers and governments to better assess the potential of 
geothermal energy in their countries to meet the increasing energy de-
mand in the decades to come. 

A. Aghahosseini and C. Breyer                                                                                                                                                                                                               



Applied Energy 279 (2020) 115769

18

CRediT authorship contribution statement 

Arman Aghahosseini: Conceptualization, Data curation, Resources, 
Software, Validation, Visualization, Writing - original draft, Writing - 
review & editing. Christian Breyer: Conceptualization, Supervision, 
Funding acquisition. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

The authors gratefully acknowledge the public financing of Tekes, 
the Finnish Funding Agency for Innovation, for the ‘Neo-Carbon Energy’ 
project under the number 40101/14. The authors would like to thank 
Upeksha Caldera for proofreading. Also, the authors express their grat-
itude to the thorough review of anonymous reviewers. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.apenergy.2020.115769. 

References 

[1] Ram M, Bogdanov D, Aghahosseini A, Gulagi A, Oyewo AS, Child M, et al. Global 
Energy System based on 100% Renewable Energy – Power, Heat, Transport and 
Desalination Sectors. Lappeenranta, Berlin: Study by Lappeenranta University of 
Technology and Energy Watch Group; 2019. http://energywatchgroup.org/wp- 
content/uploads/2017/11/Full-Study-100-Renewable-Energy-Worldwide-Power- 
Sector.pdf. 

[2] Jacobson MZ, Delucchi MA, Cameron MA, Mathiesen BV. Matching demand with 
supply at low cost in 139 countries among 20 world regions with 100% 
intermittent wind, water, and sunlight (WWS) for all purposes. Renew Energy 
2018;123:236–48. https://doi.org/10.1016/J.RENENE.2018.02.009. 

[3] Teske S. Achieving the Paris Climate Agreement Goals: Global and Regional 100% 
Renewable Energy Scenarios with Non-energy GHG Pathways for +1.5◦C and +
2◦C. Springer International Publishing; 2019. Doi: 10.1007/978-3-030-05843-2. 

[4] Bogdanov D, Farfan J, Sadovskaia K, Aghahosseini A, Child M, Gulagi A, et al. 
Radical transformation pathway towards sustainable electricity via evolutionary 
steps. Nat Commun 2019;10:1077. https://doi.org/10.1038/s41467-019-08855-1. 

[5] Huenges E. Geothermal Energy Systems: Exploration, Development, and 
Utilization. Weinheim: Wiley-VCH Verlag GmbH & Co. KGaA; 2010. Doi: 10.1002/ 
9783527630479. 

[6] Rybach L, Mongillo M. Geothermal sustainability – a review with identified 
research needs. GRC Trans 2006;30:1083–90. 

[7] Think GeoEnergy. Global geothermal power generation capacity reaches 14,600 
MW at year end 2018 2019. http://www.thinkgeoenergy.com/global-geothermal- 
power-generation-capacity-reaches-14600-mw-at-year-end-2018/ (accessed June 
24, 2019). 

[8] [REN21] - Renewable Energy Policy Network for the 21st Century. Renewables 
2019 - Global Status Report. Paris: REN21 Secretariat; 2019. http://www.ren21. 
net/gsr-2019/. 

[9] [IEA] - International Energy Agency. Market Report Series: Renewables 2018. 
Paris: IEA Publishing; 2018. https://webstore.iea.org/market-report-series- 
renewables-2018. 

[10] Lund JW, Boyd TL. Direct utilization of geothermal energy 2015 worldwide 
review. Geothermics 2016;60:66–93. https://doi.org/10.1016/j. 
geothermics.2015.11.004. 

[11] Soltani M, Moradi Kashkooli F, Dehghani-Sanij AR, Nokhosteen A, Ahmadi- 
Joughi A, Gharali K, et al. A comprehensive review of geothermal energy evolution 
and development. Int J Green Energy 2019;16:971–1009. https://doi.org/ 
10.1080/15435075.2019.1650047. 

[12] Self SJ, Reddy BV, Rosen MA. Geothermal heat pump systems: Status review and 
comparison with other heating options. Appl Energy 2013;101:341–8. https://doi. 
org/10.1016/j.apenergy.2012.01.048. 

[13] Soltani M, M. Kashkooli F, Dehghani-Sanij AR, Kazemi AR, Bordbar N, Farshchi 
MJ, et al. A comprehensive study of geothermal heating and cooling systems. 
Sustain Cities Soc 2019;44:793–818. Doi: 10.1016/j.scs.2018.09.036. 

[14] Sanner B. Geothermal Systems and Technologies: Shallow Geothermal Systems. 
Geothermal Communities; n.d. https://geothermalcommunities.eu/assets/ 
elearning/6.22.Shallow Geothermal SYstems.pdf. 

[15] IPCC. Global Warming of 1.5 ◦C. Geneva: Intergovernmental Panel on Climate 
Change; 2018. http://ipcc.ch/report/sr15/. 

[16] Rybach L. CO2 Emission Mitigation by Geothermal Development - Especially with 
Geothermal Heat Pumps. World Geotherm. Congr., Bali: 25-29 April; 2010. 

[17] Menberg K, Pfister S, Blum P, Bayer P. A matter of meters: State of the art in the life 
cycle assessment of enhanced geothermal systems. Energy Environ Sci 2016;9: 
2720–43. https://doi.org/10.1039/c6ee01043a. 

[18] Tester JW, Anderson BJ, Batchelor AS, Blackwell DD, DiPippo R, Drake EM, et al. 
The Future of Geothermal Energy: Impact of Enhanced Geothermal Systems (EGS) 
on the United States in the 21st Century. Cambridge, Massachusetts: 2006. Doi: 
10.1016/j.jbusres.2015.10.046. 

[19] Blackwell DD, Negraru PT, Richards MC. Assessment of the enhanced geothermal 
system resource base of the United States. Nat Resour Res 2006;15:283–308. 
https://doi.org/10.1007/s11053-007-9028-7. 

[20] Augustine C. Updated U.S. Geothermal Supply Characterization and 
Representation for Market Penetration Model Input. Golden, CO: National 
Renewable Energy Laboratory, NREL/TP-6A20-47459; 2011. https://www.nrel. 
gov/docs/fy12osti/47459.pdf. 

[21] Lopez A, Roberts B, Heimiller D, Blair N, Porro G. U.S. Renewable Energy 
Technical Potentials: A GIS-Based Analysis. Golden, CO: National Renewable 
Energy Laboratory, NREL/TP-6A20-51946; 2012. https://www.nrel.gov/docs/ 
fy12osti/51946.pdf. 

[22] Lee Y, Park S, Kim J, Kim HC, Koo M-H. Geothermal resource assessment in Korea. 
Renew Sustain Energy Rev 2010;14:2392–400. https://doi.org/10.1016/J. 
RSER.2010.05.003. 

[23] Chamorro CR, García-Cuesta JL, Mondéjar ME, Pérez-Madrazo A. Enhanced 
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A B S T R A C T

The Sustainable Development Goals and the Paris Agreement, as the two biggest climate action initiatives,
address the need to shift towards a fully sustainable energy system. The deployment of renewable energy,
especially solar and wind power, decreases carbon dioxide emissions, but presents issues of resource inter-
mittency. In this study, a cost-optimised 100% renewable energy based system is analysed and quantified for the
Americas for the reference year 2030 using high spatially and temporally resolved weather data. Several sce-
narios have been applied, from a decentralised power system towards a fully centralised and interconnected
system, taking into account a mix of renewable energy, energy storage and transmission networks. This research
aims to evaluate the benefits of an interconnected energy system for the Americas. The levelised cost of elec-
tricity (LCOE) is between 48.8 and 59.0 €/MWh depending on the chosen scenario. The results show that the
LCOE and total annualised cost drop by 14% and 15%, respectively, in a centralised power system. The opti-
mised utilisation of transmission grids leads to less energy storage requirement. Sector coupling brings further
benefits by reducing additional 4% of LCOE, where electricity demand for power, seawater desalination and non-
energetic industrial gas sectors have been supplied. A comparison between the interconnected Americas and
North and South America individually shows a reduction of 1.6% and 4.0% for the total annual system cost and
LCOE. Although the cost of the energy system decreased due to wide grid interconnection, substantial benefits
have not been achieved as reported earlier for a Pan-American energy system. A scenario with synthetic natural
gas (SNG) trading through a liquefied natural gas value chain has also been presented. The results suggest that
local SNG production cost in the assumed consumption centre is almost the same as the cost of imported SNG.

1. Introduction

Ensuring access to affordable, reliable, and sustainable energy for
all people, specified by the United Nations’ Sustainable Development
Goals (SDGs) [1] for 2030, necessitates transcendent changes in the
energy sector globally. The Paris Agreement [2] is another important
climate action target agreed on during the COP21 (2015 United Nations
Climate Change Conference) in Paris in 2015. These global initiatives
highlight the urgent need for a change away from the current energy
system towards a fully sustainable energy system. Putting these two
crucial agreements into action will undoubtedly help to accelerate the
goal of restricting the global temperature increase to 1.5–2 °C above
pre-industrial levels.

The global population is projected to increase, spurred on by in-
creasing populations in developing countries. Similarly, the global de-
mand for energy will increase, creating more challenges for suppliers

and distributors to provide affordable and reliable energy for all.
Natural resources and traditional biomass fuels for cooking are still the
main sources of energy in most countries worldwide. However, these
sources do not fit in the SDGs, mainly because they are limited and
involved in high levels of greenhouse gas (GHG) emissions production.
Therefore, the adoption of alternative energy sources makes increas-
ingly more sense these days. Renewable energy (RE) sources, in parti-
cular solar and wind, are the most promising sources of energy to
substitute fossil fuels [3–5]. As the cost of RE decreases rapidly, the
interest to develop these sources of energy increases.

Increasing RE share in the primary energy generation raise the need
for very strong electric grids on a national level and beyond. This can be
explained by the fact that RE sources are not evenly distributed and not
constantly available throughout the year. Variability of RE can be
managed through different ways, such as sector coupling, national and
international transmission grid interconnection, supply- and demand-

https://doi.org/10.1016/j.rser.2019.01.046
Received 7 June 2018; Received in revised form 3 January 2019; Accepted 18 January 2019

⁎ Corresponding author.
E-mail addresses: arman.aghahosseini@lut.fi (A. Aghahosseini), christian.breyer@lut.fi (C. Breyer).

Renewable and Sustainable Energy Reviews 105 (2019) 187–205

Available online 04 February 2019
1364-0321/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T



side management, load shifting and energy storage [6,7]. Electricity
exchange between cities, countries or continents via a large electricity
transmission network is a commonly discussed solution to tackle the
variability of RE sources. Expanding electricity grids across the coun-
tries will help to transfer excess electricity generation to the neigh-
bouring regions. Thus, power deficits in countries can be avoided and
the total cost of the energy system becomes more competitive. The
lower cost of the energy system is due to the elimination of extra costs
of auxiliary systems, e.g. massive energy storage capacities, and excess
generation of electricity to overcome the variability of RE.

The concept of a super grid, a wide area synchronous grid or in-
terconnection systems capable of very large-scale transmission of RE is
not unprecedented. There have been several studies concerning con-
tinental sized interconnected systems [8–13], where the main chal-
lenges are introduced and categorised as follows: control systems from
both security and reliability perspectives, network complexity and
power grid congestion. On the other hand, the benefits of electrical grid
interconnections are substantial [7,12,14–18], such as pooling of elec-
tricity generation and load, lowering of generation costs, opening and
expanding the electricity market and reducing the need for baseload
generation. All these beneficial aspects provide incentives to investigate
further the regional and continental grid interconnections all around
the world. Koskinen and Breyer [19] discussed the required energy
storage in global energy scenarios focusing on several analysed energy
transition pathways. They concluded that large grid interconnections
are essential to deploy high penetrations of RE in the most economical
manner. Several technical, political and social barriers may slow down
the progress of cross-border grid interconnections. For instance, inter-
connection might increase the level of import dependency and residents
could oppose the area where the transmission lines have to be built. In
addition, energy losses are considerable when transferring electricity
over the long distances. These are crucial aspects that should be taken
into account while developing inter-regional transmission systems [20].

The Unified Power System of Russia (UPS) and the Integrated Power
System (IPS), known as IPS/UPS, is a typical example of this grid in-
terconnection with an installed generation capacity of 300 GW and an
electricity generation of 1200 TWh per year [21,22]. This system is
synchronously interconnected with the Baltic region and with the
Nordic power system through high voltage direct current (HVDC)
transmission lines in Finland, with an installed generation capacity of
1.4 GW. IPS/UPS is able to provide electricity for around 280 million
people within 8 time zones and 13 independent power systems. It is
planned to extend this network to cover the need for wider geo-
graphical area of 13 time zones.

Another wide interconnection system available today is the
European Network of Transmission System Operators (ENTSO-E) [23].
The network consists of 36 countries across Europe and 43 operators of
electricity transmission systems. The goal of the large transmission
network is closer cooperation among the operators to achieve a least
cost power supply across Europe for highest possible security, but also
to achieve the European energy and climate agenda, in particular by
adding high shares of renewable energy to Europe's energy system.

The Central American Electrical Interconnection System (SIEPAC) is
another scheme of regional electricity interconnection in Central
America and has been in operation since 2013 [24]. The aim is to help
transmit electricity to countries’ national grids during periods of elec-
tricity shortage. This interconnection of power grids connects six Cen-
tral American countries, including Panama, Costa Rica, Honduras, Ni-
caragua, El Salvador, and Guatemala.

A summary of several studies and reports with proposed large grid
interconnection systems are given in Table 1.

The installed capacity of RE in the power sector varies from one
country to another in the Americas. Some countries such as Costa Rica,
Uruguay, Paraguay, Brazil and Canada run their electricity sectors
based on high share of RE, mainly hydropower, wind energy and
bioenergy. In contrast, the US, Mexico and Argentina heavily rely on
fossil fuels [30]. Contribution of nuclear power is decreasing in several
countries, in particular in the Americas. Several nuclear power plants
have been shut down, for example in the US, before the end of their
natural lifespan mainly for economic reasons [31,32]. The main factors
that have restricted the development of nuclear power plants are nu-
clear accidents, nuclear weapons, nuclear terrorism and very expensive
and complicated technology [33–36]. Developing RE would help keep
the world in peace, ensuring continuous power supply, support the
countries’ national products, and help to reduce the GHG emissions in
the mid- to long-term plans.

2. Review of 100% renewable energy studies for the Americas

High penetration of RE in the power sector has been discussed for
several countries throughout the Americas [37–45]. Jacobson et al.
[46] have performed a resource analysis to identify 100% RE systems
for the 50 states of the US. According to their analysis, the US can run
all energy sectors with 100% RE by 2050. Wind energy (onshore and
offshore) contributes 50% to total electricity generation, playing a vital
role. The next largest RE generation source is solar photovoltaic (PV)
with 38% (utility-scale and rooftop), concentrated solar thermal power
(CSP) with 7% and small contribution of other RE sources. Similarly,

Nomenclature

AC alternating current
A-CAES adiabatic compressed air energy storage
BAU business-as-usual
CAPEX capital expenditure
CCGT combined cycle gas turbine
COP21 2015 United Nations Climate Change Conference
CSP concentrated solar thermal power
ENTSO-E The European Network of Transmission System Operators
FLH full load hours
GHG greenhouse gas
HVDC high voltage direct current
IEA International Energy Agency
IPS Integrated Power System
LCOC levelised cost of curtailment
LCOE levelised cost of electricity
LCOE primary levelised cost of electricity for primary generation
LCOG levelised cost of gas

LCOS levelised cost of storage
LCOT levelised cost of transmission
LNG liquefied natural gas
MENA Middle East and North Africa
OCGT open cycle gas turbine
OPEX operational expenditures
PHS pumped hydro storage
PtG power-to-gas
PV photovoltaic
RE renewable energy
SDGs Sustainable Development Goals
SIEPAC Central American Electrical Interconnection System
SNG synthetic natural gas
SWRO seawater reverse osmosis
TES thermal energy storage
UPS Unified Power System of Russia
WACC weighted average cost of capital
WEO World Energy Outlook
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Jacobson et al. have conducted analysis in more detail for Washington
State [47], New York State [48] and California [49]. In most of the
articles, wind energy, solar PV and CSP are predominant sources of RE
for electricity generation. In addition to GHG emissions reduction, it is
expected that the electricity demand would reduce due to efficiency
improvements. Frew et al. [50] discussed several scenarios around high
penetration of RE in the electricity sector for the US. They concluded
that interconnected energy systems in the US result in lower cost than
independent region cases. The outcomes were similar for both 80% RE
(50% cost reduction) and 100% RE (42% cost reduction) target sce-
narios. Grossmann et al. [28] discussed the role of solar energy across
the Americas by integrating North and South America via transmission
grid interconnections. Under several assumptions and configurations,
the combination of all the considered RE sites shows the least cost.
Grossmann et al. [51] analysed a large-scale distributed solar energy
system combined with Li-ion battery storage as the main energy storage
technology and compressed air energy storage (CAES) as a backup
storage. The main aim of the study is to overcome the variability of
solar energy in order to produce a reliable electricity supply at the least

cost. A Pan-American network is proposed to connect North and South
America. Then, the results are compared with an isolated site and three
linked deserts in North America. It has been highlighted that the large
grid expansion will decrease the total system cost as well as the re-
quired generation and storage capacities.

A review of high share of RE scenarios in different sectors, analysed
for different countries/regions in the Americas, is presented in Table 2.

In the authors’ previous studies, a wholly RE-based system for North
America [14] and Central and South America [52] have been designed
and analysed, using a mix of RE and energy storage technologies. The
results of both studies illustrate that a 100% RE system is cost-compe-
titive and includes numerous social and environmental benefits. These
benefits include GHG emissions reduction, international electricity
trade and self-sufficiency for both national and integrated systems. In
the Area-wide scenario, where the countries/regions are interconnected
through power transmission grids, the annualised costs of the system
dropped remarkably for both North America and South America by
17% and 10%, respectively, compared to the Region-wide scenario with
no grid interconnection. Thus, the following step is to analyse the

Table 1
Overview of some wide area grid interconnection systems in literature.

Study Year Remarks Type of study

Czisch [8] 2005 This dissertation had been the first hourly resolved study of a large-scale integration of a RE based system. The
integration area comprises Europe, western parts of Eurasia and MENA. The cost competitiveness of a RE based system
has been found. The value of HVDC power lines for interconnecting distant regions is highlighted. Almost all later
research on integrating large areas is based directly or indirectly on this landmark study.

Dissertation

Trieb et al. [9] 2006 The TRANS-CSP study aims to evaluate the RE potential in Europe and the concept of interconnection between Europe
and the MENA region. Electricity is generated by CSP in the MENA region and transferred to Europe via HVDC
transmission grid. Both, AC and HVDC systems were assumed with fossil fuel backup. The results indicate that the
share of RE will increase to 80% by 2050, and the remaining electricity will be provided by natural gas plants. Further,
the proposed system is found to be less expensive than conventional power generation system.

Report

Zickfeld and Wieland [25] 2012 The study is designed to enable Europe reach its target of CO2 emissions reduction by 95% in 2050 in the power sector,
taking into account 20% import from the MENA region. It is documented that Europe would be able to save 33 b€
annually, which is equivalent to 30 €/MWh of power imported from the MENA region. Meanwhile, MENA can supply
its own electricity demand, which contributes to 50% CO2 emissions reduction in the power sector. Moreover, MENA
countries could benefit from exporting electricity to Europe, which is estimated to be worth around 63 b€ by 2050.

Report

Blakers et al. [26] 2012 In this study, it is planned to satisfy the electricity demand of Southeast Asia by 2050 from three sources of energy
including solar energy generated in Australia, locally produced solar energy and conventional energy, equally.
Electricity produced by solar PV is transferred from Australia to Southeast Asia through a large-scale HVDC
transmission grid system. High insolation levels in Australia pave the way for solar PV to be quite competitive, taking
into account the extra costs and losses of the high distance transmission grids. It has been concluded that Australian
solar PV combined with pumped hydro energy storage and transmission grids could power Southeast Asia at LCOE of
59 €/MWh (80 USD/MWh), which is corresponding to the cost of locally produced solar electricity in Southeast Asia.

Article

Grossman et al. [27,28] 2013; 2014 Solar energy is used to meet the demand of the power sector in different parts of the globe, together with large HVDC
transmission grids. The use of various geographical area enables the large-scale solar network to be in charge of
electricity generation without any need of conventional fuels or other RE sources. Moreover, it reduces the need for
energy storage and electricity generation. It has been emphasised that the required generation and storage capacities
vary depending on the selected site. Thus, an optimal site selection is proposed to achieve the most effective and well-
balance energy system.

Article

Bogdanov and Breyer [29] 2016 Northeast Asia is divided into 13 regions interconnected via HVDC transmission network. The simulation was carried
out based on high spatially-temporally resolution. The study analysed different scenarios with aim to achieve a 100%
RE-base power system by 2030. In the scenario with transmission grid, a noticeable LCOE reduction (14%) and lower
installed capacity of RE (14%) and storage technologies were observed compared to the fully isolated system.

Article

Liu [13] 2016 This book discusses the current distribution and development of global energy resources, especially renewable energy
with solar and wind power as the main sources. Other included topics are global energy development, electricity
demand growth and the importance of global energy interconnections in the future. It is concluded that the global
energy interconnections will have a positive impact on energy development, economic development, social,
civilisation, and sustainable development of the global economy.

Book

Bogdanov et al. [12] 2016 In this study, the authors illustrate that interconnection of three regions, Europe, Eurasia, and MENA, could
potentially decrease the total system cost of each region. The interconnection brings various benefits to the power
system, such as less energy storage requirement, decrease in installed capacities, and additional flexibility to ensure
the reliability of the system based on 100% RE. In addition, sector coupling has been found to decrease the total cost of
the system even further, while leading to higher electricity exchange among the countries by 27%. The largest cost
reduction is achieved by integration of the power system within the three regions, whereas the additional cost
reduction of interconnecting the three regions has been found to be as low as 1.3%.

Article

Gulagi et al. [11] 2017 The research has been carried out based on a 100% RE-based power system for different scenarios in East Asia. The
main objective was to evaluate the benefits of large transmission network by connecting Northeast Asia to Southeast
Asia. Where the grid interconnection is applied within the countries, for the power sector, LCOE and total annualised
cost decreased by 8% each. More importantly, the LCOS dropped significantly by 33%, which is the result of the
transmission network and corresponding reduction of the need for bulk energy storage. However, it has been stated
that the benefits of large grid integration is not significant in comparison to the regional interconnection in both
Southeast Asia and Northeast Asia.

Article
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potential benefits of an integrated North and South American power
network. This research aims to assess the role of an energy network
working with 100% RE in the Americas under several assumptions and
scenarios. Further, the overall benefits of synthetic natural gas (SNG)
trading is evaluated from a site with very high SNG production po-
tential for low cost to a consumption centre far from the production
site. The exporter region is Patagonia (in the model a combined region
of Argentina, Uruguay and Chile with Buenos Aires as major me-
tropolitan area) and the consumption centre is the US-Southwest Cen-
tral region with Houston as major metropolitan area. The SNG pro-
duction centre is designed to operate via a mix of RE and power-to-gas
(PtG) plants.

The article is structured as follows: Section 3 describes the materials
and methodology used for energy system modelling. In addition,
Section 3 explains the technical and financial assumptions and defined
scenarios in this study. The results of the optimisation is presented in
Section 4. Section 5 includes the discussion of results, comparison of the
results with the business-as-usual (BAU) scenarios with and without
GHG emissions cost assumptions, and a comprehensive discussion of
existing literature related to the topic. Conclusions of the results and
discussion are drawn in Section 6.

3. Methodology and materials

3.1. Model overview

A linear optimisation algorithm with high spatially and temporally
resolved data are applied to create and analyse an energy system based
on a mix of RE and energy storage technologies with large grid inter-
connection [3,14,29,52]. The considered region for energy system
analysis is the Americas (North, Central and South America). This type
of energy system modelling is an overnight approach for a specific
timeframe in the future and carried out with an optimisation model
[56]. The overnight scenario assumes that all the American countries
would be based on entirely RE-based energy systems for the reference
year 2030. The modelling is conducted for an entire year in full hourly
resolution. This is one of the main features of the model and a major
constraint for the optimiser to match the electricity supply and demand
on an hourly basis of the applied year. The matching of generation and
demand is performed by regions’ electricity generation or importing the
excess electricity from other regions. The main target of the system
optimisation is to minimise the total annual energy system cost. The

model is built on Matlab software (R2016b) [57] for the computer
programming and Mosek ApS solver [58] for the optimisation analysis.
A main advantage of the model is its specification to provide hourly
resolution outcome that enables an opportunity to access high levels of
detailed data for a particular region or country. Additionally, this model
has been validated and examined for the current energy system, for the
year 2015, which is a crucial aspect for the future energy system
modelling, as explained in Ram et al. [5] and Breyer et al. [4].

The energy system includes prosumers for residential, commercial
and industrial sectors. Rooftop solar PV and battery storage are the
technologies that allow prosumers to generate their own electricity. The
prosumers target is to minimise the cost of consumed electricity. The
cost is defined to be the total of self-generated electricity, annual
electricity system cost and cost of electricity bought from the grid,
while accounting for benefits of selling excess energy. Excess electricity
generated by the prosumers can be sold to the grid for 2 €cents/kWh.
The model flowchart including all data, model constraints, metho-
dology and model output is presented in Fig. 1.

It has to be noted that the pathway to achieve a fully RE-based
system, known also as energy transition pathway, is not the focus of this
research. Therefore, the lifetime of existing power plants and the de-
commissioning years are not taken into account. The energy transition
for the American countries is an ongoing research topic that builds on
the overnight scenario presented in this paper.

3.2. Technical and financial assumptions

Historical data in the spatial resolution of 1° × 1° (almost
110 km × 110 km) and temporal resolution of 3 h for 22-year period
(July 1983 - June 2005) is taken from NASA datasets [59,60]. The three
hourly time step data have been reprocessed to achieve hourly-based
temporal resolution data at a spatial resolution of 0.45° × 0.45° (ap-
proximately 50 km × 50 km) for direct and diffuse solar irradiations,
wind speed, roughness length and air temperature [61]. The most re-
cent data for the year 2005 is used for this study and assumed for the
year 2030. It should be noted that only few datasets meet the re-
quirements for wide geographical area and high temporal resolution.
Among all, authors found the introduced datasets the best and most
suitable to adopt for the current energy system modelling tool. The
solar PV time series are calculated according to Gerlach et al. [62],
Huld et al. [63] and Duffie and Beckman [64]. The E-101 wind turbine
with 3050 kW rated power and 150 m hub height is considered to

Fig. 1. Flowchart of energy system model applied in this study [3].
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calculate the feed-in wind time series due to higher full load hours
(FLH) and lower levelised cost of electricity (LCOE) [65,66]. The hourly
values have been calculated based on a spatial aggregation method
[29]. It is assumed that the first 10% and the second 10% of the area
with the highest potential are weighted by 0.3, 20–30% of the area with
the highest potential is weighted by 0.2, and finally 30–40% and
40–50% of the area with the highest potential are weighted by 0.1. The
solar PV single-axis tracking and onshore wind profiles are shown in
Fig. 2. The respective profiles for solar PV fixed-tilted and CSP solar
field are presented in the Supplementary Material (Fig. S1). Further, the
computed average FLH of all four resources are provided in the Sup-
plementary Material (Table S1).

Biomass data are the estimated potential by the German Biomass
Research Centre [67] for all countries in the Americas and is allocated
into three categories: solid biomass, biogas and solid waste. The
countries’ urbanization prospects, utilised for biogas upgrading process
in order to produce methane, are collected from the United Nations
[68]. However, the biogas upgrading is restricted to a maximum of 70%
even if the urbanization prospect is higher. Geothermal potential is
estimated by the authors and explained in Aghahosseini et al. [14].
Hydropower data are calculated using the daily resolved water flow
data in 2005 [69]. The other technical assumptions such as efficiency of
RE and storage technologies, energy to power ratio of storage tech-
nologies, and power losses data can be found in the Supplementary
Material (Tables S2–S4, respectively).

The financial assumptions and respective sources for capital ex-
penditures (CAPEX), operational expenditures (OPEX) and lifetimes of

all technologies are tabulated in the Supplementary Material (Table
S5). Weighted average cost of capital (WACC) is taken to be 7% for all
RE technologies and 4% for residential PV prosumers. The lower WACC
for prosumers is due to the sector's lower demand for financial returns.
Nevertheless, the uncertainties about the future interest rate in the
American countries might affect the total system cost. This aspect has to
be investigated further on a country basis to more accurately estimate
the total energy system cost. The price of electricity in three sectors,
including residential, commercial and industrial, for the year 2015 are
collected from various sources [14,52,70]. The electricity prices are
calculated for each country. For regions comprised of several countries,
electricity prices are calculated by weighted average of the region.
Breyer and Gerlach [71] approach is used to estimate the price of
electricity in 2030. It is assumed that electricity prices will increase for
less than 0.15 €/kWh by 5% per annum, for the range of 0.15–0.30
€/kWh by 3% per annum and for more than 0.30 €/kWh by 1% per
annum. Electricity prices are provided in the Supplementary Material
(Table S6). A detailed description and further explanation regarding the
data and sources used in this research are given in Bogdanov and Breyer
[29] and Breyer et al. [3].

3.3. Demand projection

Electricity and non-energetic industrial gas demand growth rates
are calculated according to the International Energy Agency (IEA)
[72,73] using the compound average annual growth rate method. De-
salination demand of the countries are estimated using future water

Fig. 2. Aggregated feed-in profiles for solar PV single-axis tracking (left) and wind energy (right) for North America (top) and South America (bottom). The UTC time
is based on the average of all countries within North and South America.
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stress and water demand values [74]. Seawater reverse osmosis (SWRO)
desalination will help meet water demand when the water stress is
higher than 40%. The costs to transport water from desalination plants
to demand sites are computed according to Caldera et al. [75]. The
projected electricity, non-energetic industrial gas and seawater desali-
nation demand for all regions are tabulated in the Supplementary
Material (Table S7).

The hourly demand profiles are calculated according to the total
demand of regions, synthetic load data and demand projected growth
rate. The method of hourly load estimation is based on Toktarova et al.
[76]. Fig. 3 represents the area-aggregated demand of the Americas
(North and South). As shown in Fig. 3, there are seasonal and diurnal
variations in these two regions. In South America, high electricity de-
mand can be observed almost throughout the year during the daytime
(10−15) and night time (19−23), whereas the peak demand for North
America is from 16 to 23 at the beginning and at the end of the year.

3.4. Applied technologies

The RE technologies for electricity generation are the following:
solar PV technologies consisting of single-axis tracking, fixed-tilted and
rooftop systems, onshore wind turbines, CSP, hydropower (run-of-river
and dam/reservoir), biomass plants (solid biomass and biogas), geo-
thermal energy and waste-to-energy power plants. Depending on the
demand for SNG and system optimisation, biogas can be upgraded to
biomethane as required. The biomethane can be stored and utilised
from gas storage.

Energy storage technologies considered in the model are lithium-ion
batteries (large-scale and prosumers), pumped hydro storage (PHS),
adiabatic CAES (A-CAES), thermal energy storage (TES), and PtG
technology. The CAES storage resource potential is accessible
throughout the Americas [77]. PtG comprises of water electrolysis,
methanation reactor, CO2 direct air capture [78], gas storage, and
combined and open cycle gas turbines. The PtG technology is assumed
to work constantly due to lack of hydrogen and CO2 storage.

PtG and SWRO are bridging technologies that can help to provide
further flexibility to the energy system. The generated gas from PtG can
be stored in gas storage and utilised in gas turbines to produce elec-
tricity. At the same time, PtG can be stored in gas storage and used for
non-energetic industrial gas demand. Coupling different energy sectors
results in higher efficiency and lower cost.

Cross-border transmission grids in the model use high voltage direct
current (HVDC) technology. Electricity losses are computed in ac-
cordance with the length of transmission grids and the converter sta-
tions losses.

The full model and the respective components of the energy system
are illustrated in Fig. 4.

3.5. Regional sub-division and SNG trade

For this study, the Americas is divided into 21 regions. Countries are
merged or split to 21 regions according to their population, electricity
demand, and electricity grid structure, as shown in Fig. 5. The cities
with the highest electricity consumption are chosen as consumption
centres and connected via HVDC grid lines. The list of all countries,
cities and provinces/states merged or split are documented in the
Supplementary Material (Table S8). The SNG trading route is also
presented in Fig. 6 that shows the connection between the SNG pro-
duction centre (Buenos Aires in Argentina) and the region with the
highest gas demand (Houston in the US).

To trade the SNG for such a long distance (11,890 km) through the
sea, a liquefied natural gas (LNG) value chain is selected to minimise
the overall cost of transferred SNG. First, SNG is converted to liquid
form in a liquefaction plant. The reason for this conversion is to make
the shipping easier and lower in cost due to the lower volume of LNG
than SNG. The evaporation rate (boil-off gas) of LNG is assumed to be
0.1% of volume per day. Second, LNG is carried to the final destination
by ships. Once the ships arrive at the final destination, LNG is converted
to the gaseous form using seawater to heat it up. Finally, the produced
SNG is injected to the pipelines to transport it to where is needed. The
schematic path for the LNG value chain is illustrated in Fig. 6. All the
considered assumptions are taken from Fasihi et al. [79] and can be
found in the Supplementary Material (Table S9). The methodology is
according to Gulagi et al. [11].

3.6. Scenario assumptions

The main characteristics of the five considered scenarios are listed
below:

– Region-wide scenario: regions are independent without any elec-
tricity exchange. The electricity demand will be supplied by self-
generation;

– Country-wide scenario: the electricity demand of the power sector
will be supplied by regions using RE and storage mix. The regions
within a country are allowed to trade electricity if needed;

– Area-wide scenario, the power sector demand will be provided by a
mix of RE and storage technologies. Further, import/export is al-
lowed between the regions;

– Area-wide separated scenario (North America and South America),

Fig. 3. Aggregated load profile for North America (left) and South America (right) for the year 2030.
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this scenario has a structure similar to that of the Area-wide sce-
nario, but implemented for both North and South America, in-
dividually, to analyse and compare the results with the continental
interconnected Americas.

– Integrated scenario: this scenario is similar to the Area-wide sce-
nario with additional SWRO desalination and non-energetic in-
dustrial gas demand;

– RE-SNG scenario: The demand for power and non-energetic in-
dustrial gas sectors will be covered by RE and storage technologies.
Electricity exchange is allowed in this scenario. SNG trading via LNG
value chain is designed to transfer SNG to US-SWC region (Houston)
from ARUCL region (Buenos Aires; Argentina, Uruguay and Chile)
based on the cost-optimised solution. This means if the costs of
production and transportation are lower in the ARUCL region than
direct production in US-SWC region, SNG trading is used. Otherwise,
these two regions would produce their own SNG to meet the de-
mand.

3.7. Resource potential and current installed capacities

The current installed capacities of RE technologies, up to the be-
ginning of 2015, are taken from Farfan and Breyer [30] and set as lower
limits. The maximum potential of RE sources are estimated from Bog-
danov and Breyer [29] and set as upper limits. Lower and upper limits
of the Americas’ regions are tabulated in the Supplementary Material
(Tables S10 and S11, respectively).

4. Results

4.1. Cost evaluation of the 100% RE energy system

As mentioned in the previous section, the optimisation has been
executed for the given constraints and applied RE, storage and trans-
mission configurations in the energy system for all introduced sce-
narios. The weighted average of financial results, total RE installed
capacities and primary electricity generation for the energy system in
the Americas are presented in Table 3. The financial components in-
clude LCOE, levelised cost of electricity for primary generation (LCOE
primary), levelised cost of curtailment (LCOC), levelised cost of storage
(LCOS), levelised cost of transmission (LCOT), total annualised cost and
total CAPEX.

Fig. 4. The full model and the respective components of the modelled energy system. Abbreviations: ST: steam turbine; PtH: power-to-heat; ICE: internal combustion
engine; GT: gas turbine and HHB: hot heat burner.

Fig. 5. The Americas Super Grid configuration. Abbreviations: US-Northeast
(US-NE), US-Southeast (US-SE), US-Southeast Central (US-SEC), US-Southwest
Central (US-SWC), US-Mideast (US-ME), US-Midwest (US-MW), US-Western
(US-W), US-Alaska (US-AK), US-Hawaii (US-HI), West Canada (CA-W), East
Canada (CA-E), North Mexico (MX-N), South Mexico (MX-S), Central America
(CAM), Venezuela, Guyana, French Guiana and Suriname (VGFS), Colombia
(CO), Argentina, Uruguay and Chile (ARUCL), Ecuador, Peru, Bolivia and
Paraguay (EPBP), Brazil Midwest and North (BR-N), Brazil Southern (BR-S),
and Brazil Southeast (BR-SE).
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The integration benefit is observed in both the Country-wide and
the Area-wide scenarios compared to the Region-wide scenario.
Obviously, the Area-wide scenario reaches the highest benefits in terms
of total LCOE, accounting for 6% and 14% cost reduction in comparison
with the Country-wide and Region-wide scenarios, respectively. With
regard to LCOE components, only LCOT is higher in the Area-wide
scenario than in the two other scenarios. This clearly explains the
beneficial usage of transmission grids between the regions. The large
transmission network decreases the RE capacities by 16% and elec-
tricity generation by 6% in reference to the Region-wide scenario.
Similarly, the Country-wide scenario gains momentum through elec-
trical grid interconnection, but it is smaller because of the limitations of
grid extension. In addition to the electricity transmission network,
sector coupling, with sectors such as the industrial gas and desalination
sectors, brings further flexibility to the energy system by decreasing the
need for long-term energy storage. The LCOE is reduced by 17% in the
Integrated scenario due to a reduction of storage cost by 52% with
reference to the Region-wide scenario. Curtailment and storage costs
decreased substantially in wider grid utilisation scenarios, leading to a
reduction of about 39% and 46%, respectively, in the Area-wide sce-
nario relative to the Region-wide scenario. In similar fashion, total
annualised cost and CAPEX experienced a downward trend.

4.2. Electricity generation

Despite the fact that electricity generation in the Integrated scenario
is much higher than other scenarios, RE installed capacities are only
slightly higher than Area-wide scenario and even lower than in the two
other scenarios. Among all regions, US-Mideast ranks first in terms of
total electricity generation in all scenarios, followed by US-Southeast
and US-Southwest Central. Excellent wind potential in the US-Mideast
sets this region as a generation hub to supply electricity for its own
consumption and to transfer the excess generation to the neighbouring
regions. As shown in Fig. 7, Canada East becomes an exporter region

with more than double the electricity generation in the scenarios with
grid interconnection, compared to the Region-wide scenario. Hydro
run-of-river and hydro dams/reservoirs are the main RE sources in the
Region-wide scenario, but wind energy dominates the RE sources in the
grid connected scenarios, due to perfect conditions for wind energy
with FLH of 3700 h. Grid utilisation results in an overall efficiency
improvement in the total energy systems for all regions. For instance,
the US-Southeast electricity generation is 1114 TWh for the Region-
wide scenario, where 92 TWh of total generation are curtailment losses.
However, electricity generation dropped by 38% and 31% in the Area-
wide and Integrated scenarios, respectively, and curtailment losses
decreased significantly. The same situation is observed for Mexico
North.

4.3. RE installed capacities and energy storage

It is conspicuous that large transmission networks impact the total
RE installed capacities. As can be seen in Table 4, solar PV single-axis
tracking capacity decreased by 27% from a decentralised energy system
to a centralised system. Although solar PV shows the highest reduction
in terms of GW unit, biomass and geothermal energy experienced the
most fall by 53% and 48%, respectively. On the other hand, biogas and
hydropower installed capacities increased in the Area-wide scenario,
which clearly makes the energy system better balanced and more
flexible. The perfect conditions of solar PV throughout the Americas,
though relatively less in the northern regions, leads to domination of
solar PV among RE sources in all scenarios, followed by wind energy
and hydropower. The remarkable contribution of solar PV to the total
RE installed capacities is because solar PV has the least weighted
average LCOE among RE technologies ranging from 30 to 31 €/MWh in
all analysed scenarios. The second key technology is wind power with
the weighted average LCOE level of 31–38 €/MWh. Undoubtedly, hy-
dropower, wind energy and bioenergy currently are the most used RE
sources in most of the American countries. However, rapid cost

Fig. 6. SNG trading via a LNG value chain. In the RE-SNG scenario, the distribution of CH4 between gas turbine, non-energetic industrial gas demand and LNG value
chain is based on the cost-optimised solution.

Table 3
Key findings for the analysed scenarios in the Americas.

Total LCOE LCOE primary LCOC LCOS LCOT Total ann. cost Total CAPEX RE capacities Generated electricity
[€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [b€] [b€] [GW] [TWh]

Region-wide 59.0 37.8 2.8 18.4 0.0 443 3941 3893 8665
Country-wide 53.8 36.2 2.3 13.2 2.1 401 3605 3525 8505
Area-wide 50.7 35.7 1.7 10.0 3.3 376 3401 3253 8186
Area-wide separateda 51.4 35.7 1.7 10.8 3.2 382 3452 3295 8199
Integrated 48.8 34.8 1.7 8.8 3.5 420 3835 3582 9308
Integrated separateda 49.5 34.8 1.7 9.6 3.4 426 3889 3635 9346

a The total LCOE and LCOE components are weighted average numbers based on electricity demand.
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reduction has resulted in solar PV gaining traction with further in-
stallations. Among the three PV technologies, the share of PV single-
axis tracking is at the highest level. This can be explained by higher FLH
of solar PV single-axis tracking with the weighted average of 2086 h
against the solar PV fixed-tilted with FLH of 1651 h. It is crucial to note

that wind resources are at an excellent level in some countries of the
Americas, such as Argentina, Uruguay, the US and Canada, resulting in
the second largest RE installed capacities. Nevertheless, the role of CSP
is negligible despite its high theoretical potential assumed as upper
limits. The high cost of this technology compared to solar PV, battery

Fig. 7. RE generation for the Regions-wide (top), Area-wide (centre) and Integrated (bottom) scenarios for the Americas. Grid represents imported electricity into the
respective region.

Table 4
Summary of the RE technologies and energy storage capacities for the considered scenarios in the Americas. PV total is the sum of PV prosumers, PV fixed-tilted and
PV single-axis tracking. Battery total is the sum of battery prosumers and battery system.

Technologies Units Region-wide Country-wide Area-wide Integrated

PV prosumers [GW] 880 880 880 880
PV fixed-tilted [GW] 30 30 30 30
PV single-axis tracking [GW] 1132 763 584 710
PV total [GW] 2042 1673 1494 1620
CSP solar field [GW] 0 0 0 0
Wind energy (onshore) [GW] 1089 1127 1060 1327
Biomass power plants [GW] 12 7 6 4
Waste-to-energy plants [GW] 5 5 5 5
Biogas power plants [GW] 80 89 109 73
Geothermal power [GW] 15 8 8 7
Hydro run-of-river [GW] 68 68 67 67
Hydro dams [GW] 329 325 338 340
Steam turbine [GW] 0 0 0 0
CCGT [GW] 178 154 112 97
OCGT [GW] 75 71 54 42
Battery prosumers [GWh] 1428 1428 1428 1428
Battery system [GWh] 1184 716 482 630
Battery total [GWh] 2612 2144 1910 2058
PHS [GWh] 34 33 37 37
TES [GWh] 0 0 0 0
A-CAES [GWh] 4398 159 1 1
PtG electrolysers [GWel] 108 83 44 81
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and wind power could be the reason for insignificant contribution to the
energy system. In the Integrated scenario, the additional demand of
SWRO and non-energetic industrial gas demand lead to higher installed
capacities of PV and wind. The installed electricity capacities of all
regions and scenarios are provided in the Supplementary Material (Fig.
S2).

The need for energy storage is inevitable in the Region-wide sce-
nario, because the regions are limited to their own generation and no
electricity trade is permitted. The variability of solar and wind energy
has to be managed by storing the excess production during periods of
high accessibility and productivity of resources to fulfil the electricity
requirement in peak hours. However, in the Area-wide scenario the
interconnected HVDC transmission lines has a significant impact on the
total storage capacity. For the regions with perfect complementarity of
RE sources, daily and seasonally, this impact is lower. Yet, the regions
can benefit from electricity exchange due to less requirement for elec-
tricity production and storage. As is presented in Table 4, A-CAES and
battery storage large-scale capacities decreased drastically by 100% and
59%, respectively, in the Area-wide scenario in comparison with the
Region-wide scenario. Further, the capacity of water electrolysis de-
clined by 59%, whereas the share of PHS increased slightly by 9%.
According to Table S12 in the Supplementary Material, throughputs of
A-CAES, large-scale battery and gas storage decreased by 100%, 56%
and 34%, respectively. Therefore, A-CAES storage technology is no
longer needed in the Area-wide scenario while the demand for PHS
increases by 1 TWhel. The annual throughput and the annual full load
cycles of storage technologies are presented in the Supplementary
Material (Table S12). The storage discharge capacities of all regions are
given in the Supplementary Material (Fig. S3).

4.4. Grid interconnection

The import and export of all regions can be observed for the Area-
wide and Integrated scenarios in Fig. 8. The main import and export
happens between Canada East and US-Northeast. Canada East is the
main exporter region in the Americas with 642 TWh and 711 TWh
electricity exchange in the Area-wide and Integrated scenarios, re-
spectively. The high potential of wind energy and the almost evenly
distributed profile establishes Canada East as a generation centre to
trade electricity with other regions. On the other hand, the US-

Northeast with considerably lower FLH of wind energy imports most of
its demand from the interconnected regions. Moreover, the potential of
other RE sources, in particular solar PV, is not very noticeable in this
region as well. The US-Northeast is the major importer region with
786 TWh and 873 TWh electricity import from the neighbouring re-
gions in the Area-wide and Integrated scenarios, respectively. It is clear
that the Integrated scenario increases the exchange of electricity be-
tween the regions to meet the additional demand for seawater desali-
nation and SNG production. Despite a very high electricity transmission
in North America, South American regions have lower electricity trade.
The most import and export can be observed between the Brazilian
regions and the combined region of Argentina, Uruguay and Chile. The
lower electricity trade in South America is due to lower electricity de-
mand, longer distances between load centres, and vast availability of
RE sources in the region compared to North America. This results in
higher utilisation of energy storage than transmission grid. However,
the storage requirement decreased in the Integrated scenario, owing to
additional seawater desalination and non-energetic industrial gas sec-
tors’ demand.

A very important objective of this study is to evaluate the full grid
interconnection between North and South America. As shown in Fig. 8,
the only linkage between North and South America is from Mexico
South to Central America. The connection is considered to be through
the land area. A single transmission line passes through the sea from the
US-Western to the US-Hawaii, where absolute no transmitted electricity
is observed. This is due to high cost of transmission via the sea
(Supplementary Material Table S5), which means it is more beneficial
for US-Hawaii to produce its own electricity rather than importing from
the US-Western. However, a very small portion of electricity, 1 TWh, is
transferred between Mexico South and Central America in the Area-
wide scenario. Meanwhile, there is no electricity exchange between
these two regions for the case of the Integrated scenario. The main
factors contributing to lack of electricity transmission are very long
distances, limited connection only at one load centre due to the sea
coverage, and local energy storage being cost competitive.

A breakdown of the LCOE and the share of import/export for all the
regions and scenarios are enumerated in the Supplementary Material
(Table S13). The electricity export is calculated based on the share of
net exported electricity to the electricity generation of a region. To
calculate the electricity import, the share of net imported electricity to

Fig. 8. Annual import and export of electricity for the Area-wide (left) and Integrated (right) scenarios. The numbers on the transmission lines are in TWh.
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the electricity demand is taken into account. All the values regarding
the transmission lines such as the length of transmission lines, trans-
mission capacity and utilisation can be found in the Supplementary
Material (Table S14). Hourly resolution profiles for a net exporting
region (Canada East), a net importing region (US-Northeast), and a
balancing region with almost equal electricity import and export (Co-
lombia), in the Area-wide scenario are presented in the Supplementary
Material (Figs. S4–S6, respectively).

4.5. A comparison between the interconnected continental Americas and
separated North and South America

In the authors’ previous studies [14,52], North America and South
America were divided into 20 and 15 regions, respectively. For this
study, 21 regions are assumed for the combined Americas, where
Mexico and Central America link the two hemispheres, creating a fully
interconnected energy system across a large geographical area. How-
ever, long distances between the regions in North and South America,
and limited connection only at one load centre, due to sea coverage
around the Americas, reduce the possible benefits for the entire con-
tinent. Coupled with the abovementioned reasons, local energy storage
being cost competitive restricts the opportunity of immense grid utili-
sation. For a better understanding of the impact of an energy system
with a wide area transmission network, a comparison of key findings
between the current energy modelling results and results of individual
energy modelling for North and South America is derived (Table 5). The
individual simulations for North and South America have the same
regional sub-division's structure as for the Americas.

The impact on LCOE is minimal in both the Area and Integrated
scenarios. In terms of total annualised cost, the Area-wide and
Integrated scenarios receive a decrease of 1.6% and 1.4%, respectively,
for the Americas. It can be noticed that the total LCOE decreased
slightly in both the Area-wide and Integrated scenarios, by 4% each, in
the interconnected North and South America in comparison with the
separated regions. For the separated regions, the LCOE was calculated
based on the weighted average of the electricity demand. Similarly, a
slight reduction occurred for the total annualised cost and CAPEX in
both scenarios, as shown in Table 5. In the power sector, the total
CAPEX dropped through the interconnection of the North and South
America by 1.5% compared to the separated regions configuration.

Regarding North and South America individually, South America
gets great benefits in terms of cost reduction in both Area-wide and
Integrated scenarios. The more benefits for South America, compared to
North America, can be expressed based on the fact that regions are rich
in diversity of RE sources, in particular solar, wind and hydropower.
Thus, the need for power transmission grids and energy storage plum-
mets and the energy system works more efficiently. The LCOE and total
annualised cost dropped by 7.2% and 7.4% in the Area-wide scenario

and by 6.9% and 7.1% in the Integrated scenario, respectively. The
decrease in LCOE is mainly affected by a decrease in LCOS, LCOT and
LCOE primary generation by 34.1%, 16.7% and 0.5%, respectively.
Despite this, LCOC remains unchanged. This indicates that higher
electricity transmission and storage are required for South America in
the separated scenario than in the Americas interconnected system. In
contrast, North America experienced a lower cost reduction. The LCOT
increased marginally in the interconnected Americas compared to the
North American region alone, representing a 5.4% and 7.7% raise in the
Area-wide and Integrated scenarios, respectively. Unlike South
America, all other LCOE components of separated North America pla-
teaued in the interconnected Americas for the Area-wide scenario. This
scenario also shows slightly greater need for electricity generation that
can be met through the transmission network. However, LCOS declined
by 2.9%, from 10.2 €/MWh to 9.9 €/MWh, in the Integrated scenario
for North America when the two continents are interconnected. This
shows that higher grid utilisation fractionally compensate the extra
need for energy storage in the separated North America scenario.

4.6. SNG trading

The RE-SNG scenario is designed to not only cover the electricity
demand for power and non-energetic industrial gas sectors, but also
transfer SNG between two regions based on a cost-optimised solution.
As mentioned earlier, the ARUCL region (Buenos Aires) is a SNG ex-
porter region and US-Southwest Central region (Houston) is an im-
porter region. The ARUCL has the least cost of gas production because
of the availability of plentiful low-cost solar and wind resources in the
region. Additionally, a comparable scenario including the power and
non-energetic industrial gas sectors without SNG trading option is si-
mulated. The key findings of these analyses are provided in Table 6. The
tabled data show that the amount of transmitted gas from Buenos Aires
to Houston is negligible. This is because the local gas production cost in
Houston is almost the same as the cost of imported gas. As indicated
earlier in the Methodology section, liquefaction cost is the main con-
tributor to the total LNG value chain cost by 65%. The electricity de-
mand for non-energetic industrial gas sector in the US-Southwest
Central is exactly a quarter smaller than in the ARUCL region, whereas
the electricity demand for power sector is almost doubled. Conse-
quently, the respective installed capacities and total electricity gen-
eration are 2.7 and 1.8 times higher in the US-Southwest Central
compared to the ARUCL region.

With regards to the cost, the RE-SNG scenario depicts slightly lower
cost than the Area-wide plus industrial gas scenario. The total LCOE for
the ARUCL and US-Southwest Central are reduced by 3.4% and 0.9%,
respectively. The higher reduction of LCOE for the ARUCL can be ex-
plained by extra benefits of exporting SNG to the US-Southwest Central.
In return, the US-Southwest Central also gain small benefits due to the

Table 5
Comparison of key findings between the Americas and separated North and South American simulations in both the Area-wide and Integrated scenarios.

Total LCOE Total ann. cost Total CAPEX Generated electricity RE capacities
[€/MWh] [b€] [b€] [TWh] [GW]

Americas Area-wide 50.7 376 3401 8186 3253
Integrated 48.8 420 3835 9308 3582

Americas (separated regions)a Area-wide 51.4 382 3452 8199 3295
Integrated 49.5 426 3889 9346 3635

North America (Americas) Area-wide 52.1 292 2685 6305 2597
Integrated 50.3 327 3042 7177 2868

North America (separated region) Area-wide 51.9 292 2676 6312 2599
Integrated 50.1 327 3035 7191 2876

South America (Americas) Area-wide 46.2 84 716 1881 656
Integrated 44.1 92 793 2131 714

South America (separated region) Area-wide 49.8 91 776 1887 696
Integrated 47.4 99 855 2156 760

a These numbers are calculated according to the weighted average of the electricity demand for all countries in the North and South America.
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cheaper production and transportation costs of SNG in the ARUCL.
Similar to LCOE, the total CAPEX dropped by 2.8% and 0.9% for the
ARUCL and US-Southwest Central, respectively. However, the total
annual costs remain constant in both regions for the studied scenarios.

The levelised cost of gas (LCOG) is slightly lower for the RE-SNG sce-
nario than the Area-wide plus industrial gas scenario. The small fraction
of SNG (0.03 TWhth) is transferred to Houston, which contributed to
further LCOG reduction by 1.6%. Similarly, the LCOG of Buenos Aires

Table 6
Comparison of key findings for the RE-SNG scenario and the Area-wide scenario plus non-energetic industrial gas sector (without SNG trading). Exporting region is
Argentina, Uruguay and Chile (ARUCL) and importing region is US-Southwest Central (US-SWC).

Key parameters Units RE-SNG scenario Area-wide plus industrial gas sector

ARUCL
(Buenos Aires)

US-SWC
(Houston)

Aggregated
(weighted average)

ARUCL
(Buenos Aires)

US-SWC
(Houston)

Aggregated
(weighted average)

LCOG (total) [€/MWhth] 73.4 103.4 85.8 75.3 105.1 87.6
LCOG (import)a [€/MWhth] – 91.3 91.3 – – –
SNG cost at production site [€/MWhth] 76.8 – 76.8 – – –
Total LNG value chain cost [€/MWhth] – 14.4 14.4 – – –

Liquefaction cost [€/MWhth] – 9.3 9.3 – – –
LNG shipping cost [€/MWhth] – 2.9 2.9 – – –
LNG regasification cost [€/MWhth] – 2.2 2.2 – – –

Annual import of gas [TWhth] – 0.03 0.03 – – –
Annual export of gas [TWhth] 0.03 – 0.03 – – –
LCOE [€/MWhel] 31.3 50.5 42.9 32.4 51.0 43.7
Total annualised cost [b€] 14.9 35.6 50.5 15.5 36.1 51.6
Total CAPEX [b€] 139 334 473 143 337 480
RE installed capacities [GW] 126 346 472 129 354 483
Electricity generation [TWhel] 464 815 1279 465 814 1279
PtG input [GW] 6 15 21 6 15 21
PtG output [TWhth] 33 82 115 33 84 117

a LCOG import is the sum of SNG cost at production site and total LNG value chain cost, which are calculated according to the taken assumptions from [79].

Fig. 9. Energy system flow for the Integrated scenario in the Americas by 2030.
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fell by 2.5%.

4.7. Energy flow

An energy flow diagram of the Integrated scenario is illustrated in
Fig. 9 and presents the whole process of the energy system. The primary
RE generation, energy storage options, electricity exchange via grid
interconnections, total sectors’ demand and total energy system losses
are key components shown in the energy flow. The generated heat and
ultimate system losses are the difference between primary electricity
generation and final electricity demand. The difference includes cur-
tailed electricity, heat produced via biomass, biogas and waste-to-en-
ergy power plants. Furthermore, heat generated from the following PtG
system processes are involved in this difference: water electrolysis
along with hydrogen production, methanation reactor through con-
verting hydrogen-to-methane and finally gas turbines in methane-to-
power process. The energy flow diagrams for the Region-wide, Area-
wide and RE-SNG scenarios are provided in the Supplementary Material
(Figs. S7–S9, respectively).

5. Discussion

5.1. The role of RE and various flexibility options in a 100% RE-based
power system with large grid interconnection

HVDC grid interconnection reduces the total cost and increases the
overall efficiency and credibility of the energy system. The total LCOE
dropped from 59 €/MWh to 51 €/MWh (−14%) from the Region-wide
to Area-wide scenario. It is worth noticing that as more regions are
interconnected, the more benefits and lower cost of the energy system
can be achieved. From Region-wide to Country-wide the LCOE dropped
by 9% and from Country-wide to Area-wide the LCOE went down by
further 6%. These cost reductions are enabled by the balancing of
generation and demand across large area via power transmission grids
and optimised storage. This allows also to utilise lower cost flexibility
options across larger areas, such as hydro reservoirs which has been
described by Barbosa et al. [43] for the case of Brazil, but also in a more

general way by Farfan and Breyer [80] for hydro reservoirs as virtual
battery, which has been found for several regions in the world. Sector
coupling creates further benefits, shown for the Integrated scenario, for
which LCOS and LCOE primary generation declined by further 12% and
3%, respectively, compared to the Area-wide scenario. This is despite
the fact that the need for additional transmission network capacities
increased to balance the peak load of regions in the Americas. However,
the LCOT rise only from 3.3 €/MWh in the Area-wide scenario to 3.5
€/MWh in the Integrated scenario. Although additional sectors in-
tegration requires further electricity generation compared to only the
power sector, the total CAPEX and annualised cost are still lower than
the Region-wide scenario. This clearly emphasises that the Region-wide
scenario should be considered as the least interesting energy system
with the lowest benefits obtained compared to any other scenarios.
Nevertheless, the results of Region-wide scenario show that all regions
could potentially secure their energy supply through abundant RE
sources and technological diversification, which is an issue of utmost
importance from the energy security perspective.

Among all regions, Canada East emerges as a generation hub with a
generation of almost 170% and 200% higher than own demand in the
Area-wide and Integrated scenarios. Additional electricity generated is
transmitted to the US-Northeast and the US-Mideast, accounting for
92% and 8% of total electricity export. It is important to note that the
US-Mideast imports electricity from Canada East to distribute to the
neighbouring regions and not for its own consumption. Even though the
US-Mideast produces electricity more than its demand, this region is
linked with six other regions that require considerable amount of
electricity, especially the US-Southeast Central. An excellent wind dis-
tribution throughout the US-Mideast, complemented with solar PV,
makes this region an exporter region. Although Canada West has a vast
area with great hydro, wind and solar potential to produce electricity
by its own, it is optimal to import electricity from the US-Mideast to
balance the system. The total LCOE of Canada West declined by 5% and
7% in the Area-wide and Integrated scenarios compared to a decen-
tralised energy system (Region-wide), respectively. The US-Midwest
together with the combined region of Argentina, Uruguay and Chile are
the other main exporter regions. In South America, the strongest

Fig. 10. Exchange of electricity between the regions across the Americas for the Area-wide (left) and Integrated (right) scenarios in 2030 (in TWh). The ribbon colour
shows the amount of exchanged electricity between the regions. The three relative indicators from outside to inside the figures are as follows: overall total, amount of
import and amount of export.
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relationship for import and export is well observed between Brazil
North and Brazil Southeast as well as Brazil South and the ARUCL re-
gion. The lowest transmitted electricity is found to be between Brazil
South and the EPBP region (Ecuador, Peru, Bolivia and Paraguay) as
well as Brazil North and the EPBP region. The importer and exporter
regions with absolute and relative amount of import and export for the
Area-wide and Integrated scenarios are presented in Fig. 10.

Concerning the interconnection between North and South America,
the results show that the transmitted electricity through Mexico South
and Central America is insignificant. In this study, grid expansion be-
tween the regions are allowed if the regions share a border and there is
a possibility of direct connection. Hence, this constraint limits the ex-
pansion of grids for distant regions, which is in contrast with the in-
terconnection, for example, between the Atacama Desert and San Diego
considered in Grossman et al. [28]. A further simulation considering all
the transmission lines that can connect North America to South America
without border restrictions, via the ground/underground or submarine,
is required to understand if additional electricity exchange is possible.
However, a trivial electricity trade is observed when the closest trans-
mission line from Mexico South to Central America is taken into ac-
count. It is worthwhile to point out that the present study only analysed
one-node per region/country solutions that might be slightly less costly,
between 10% and 15%, than considering the full transmission and

distribution grids costs [6]. A further investigation is required to eval-
uate the impact of multi-nodes per region/country grids expansion on
the total annualised energy system costs.

Solar PV followed by wind energy have the most contribution to the
installed capacities for a RE based energy system in the Americas. This
is because of the solar and wind resource distribution across the re-
gions. Moreover, they are the least cost RE technologies in most of the
regions. The share of solar PV decreased from Region-wide to Area-
wide scenario by 27% from a generation share of 42–32%, whereas the
wind capacity remains almost constant. The higher reduction of solar
PV can be explained by very beneficial usage of transmission grids for
wind energy, so the electricity can be provided for every hour of a year
in a very large area. Canada East, US-Mideast, US-Midwest and the
ARUCL region have an excellent wind resource availability, which ac-
counts for 69% and 66% of the total wind capacity in the Area-wide and
Integrated scenarios, respectively. Nevertheless, according to the results
of global energy transition modelling on Country-wide basis [4,5], in-
cluding both North and South America, the generation share of wind
energy shrinks from 2030 onwards. However, the cost of solar PV and
supporting battery technology is expected to decline much faster than
wind energy, which mainly drives the results.

In most of the studies regarding high penetration of RE, such as
[9,37,42,44,81], CSP has been introduced as one of the main technol-
ogies for electricity generation, which suits best with TES. However, the
findings of this study reveals that CSP technology is not cost-competi-
tive compared to solar PV, battery and wind energy, based on the
learning curves [82–87] and assumptions. The more rapid cost reduc-
tion of solar PV together with Li-ion battery compared to CSP with TES
would result in less contribution of CSP in the future RE mix. It could be
viewed in Table 4 that even in the Region-wide scenario, in which re-
gions supply their own demand, the installed capacity of CSP is zero
and PV achieves the major share of installed capacities.

5.2. A comparison between a business-as-usual (BAU) scenario with the
studied scenarios

A few studies have mentioned that an energy system based on
conventional fuels would be lower in cost than shifting to a 100% RE
system [88–90]. In this respect, it is worthwhile to consider a BAU
scenario to better evaluate the full benefits of a 100% RE system.
Therefore, a BAU scenario for the year 2030 is considered according to
the Current Policies Scenario published in the World Energy Outlook
(WEO) 2014 [72]. The detailed data are extracted from the Reference
scenario of the Energy [R]evolution report of Greenpeace [81]. The mix
of installed capacities, electricity generation and calculated LCOE are
presented in Table 7. The LCOE is calculated according to the cost as-
sumptions of this research. The LCOE is calculated with and without
GHG emissions cost. A 59.8 €/tCO2 [91] GHG emissions cost is

Table 7
Total installed electricity capacities and electricity generation values for the
BAU scenario in 2030, taken from WEO 2014 [72], Energy [R]evolution 2015
[81] and Teske et al. [94]. The LCOE for all technologies are calculated based
on the cost assumption in this research. The cost of solar PV single-axis tracking
is assumed for the total solar PV capacities, due to the highest share among all
PV technologies in this study. Ocean energy is excluded from the considered
technologies. The CAPEX of nuclear energy is assumed to be 5000 €/kW by
2030. The given references can be found in [4].

Technology Installed
Capacity [GW]

Electricity
generation [TWh/a]

LCOE
[€/MWh]

Solar PV 81 116 39.7
CSP 10 31 11.5
Wind energy 175 501 37.0
Biomass power plants 53 268 74.5
Geothermal power plants 9 62 60.3
Hydro Run-of-River 92 383 69.1
Hydro dams/reservoirs 367 1519 44.3
Gas power plants 743 2250 84.8
Oil power plants 54 93 161.0
Diesel power plants 26 50 166.4
Coal power plants 366 2215 43.3
Nuclear power plants 129 1005 83.1

Fig. 11. Comparison of LCOE in BAU scenarios without CO2 emission cost (left) and with CO2 emission cost (right) with LCOE in Region-wide, Country-wide and
Area-wide scenarios.
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considered for the first case. The assumed GHG emissions cost is in line
with the latest report by IPCC [92], which addresses the need for rapid
and drastic GHG emissions reduction. Furthermore, according to the
New Policies Scenario of IEA [93], a CO2 price of 50–100 USD/tCO2 is
required to balance the operating costs of coal power plants and natural
gas power plants as intended for the European Union in 2025. The costs
of electricity transmission are not included in the LCOE of Country-wide
and Area-wide scenarios mainly because the full grid costs are not
found in the literature.

The LCOEBAU and LCOEBAU,CO2 are 62.9 €/MWhel and 83.3
€/MWhel, respectively, which are much higher than all analysed sce-
narios in this research. The Region-wide, Country-wide and Area-wide
scenarios are lower in cost than the BAU scenario by 6%, 18% and 25%,
respectively. Notably, the Region-wide scenario, substantially relying
on energy storage and no grid interconnection, is still lower in cost than
the BAU scenario without any GHG emissions cost considered. The cost
reduction is even more noticeable for the case of BAU with GHG
emissions cost, where the Area-wide scenario is 43% lower in cost than
the BAU scenario. This clearly indicates that even if the countries would
not accept a CO2 emission cost policy, still transition towards an en-
tirely RE-based system would be a wiser choice, since lower in cost.
Moreover, if GHG emissions costs are applied as a regulatory frame-
work on a national level, LCOE in all the discussed scenarios are sub-
stantially lower than LCOEBAU,CO2, ranging between 29% and 43% cost
reduction as illustrated in Fig. 11.

5.3. The findings on high share of RE, system flexibility and grid utilisation
in the literature

According to Grossman et al. [28], the need for excess generation,
high energy storage and fuel will decrease noticeably through the vast
network expansion between the American countries (North and South
America). The total LCOE, excluding storage cost, for the inter-
connected San Diego and the Atacama is estimated to be 44 €/MWh (60
USD/MWh), given the solar electricity costs of 35 €/MWh (47 USD/
MWh) and transmission costs of 20 €/MWh (27.5 USD/MWh) for the
year 2030. It is argued that low efficiency of long-term energy storage
contributes to the need for excess generation and finally to the higher
cost. This phenomenon is well seen in our study as well, where the need
for A-CAES decreased by almost 100% from the Region-wide to Area-
wide scenario. To a lower extent, a reduction is observed for PtG and
battery storage with 59% and 27%, respectively. Therefore, the LCOS
dropped by 46% in the Area-wide scenario compared to the Region-
wide scenario. A study by Gulagi et al. [95] shows the same changes for
A-CAES in Eurasia and Southeast Asia. The share of A-CAES declined
from an isolated energy system, where the need for A-CAES is sig-
nificant, compared to an interconnected system with very small con-
tribution of A-CAES for Southeast Asia and no contribution for Eurasia.
It has been found that there is a correlation between A-CAES and wind
energy in a rather decentralised energy system. Fthenakis et al. [42]
claims that solar PV combined with CAES and TES plus CSP guarantee
the solar electricity production even on the lowest radiation days in
winter for the US. However, it seems that CAES would be commensu-
rate with other storage technologies, such as Li-ion battery, only for an
isolated energy system. This would be more costly than an inter-
connected energy system.

As briefly mentioned in the Introduction section, Grossman et al.
[51] discussed the role of solar PV electricity generation accompanied
by Li-ion battery and CAES as energy storage and power transmission
grids. Several sites, with different network configurations, in both
North and South America are considered. The least requirement for
energy storage has been found for a region linking three North (Mojave,
Sonoran, Chihuahuan) and three South (Atacama, Bolivia Litoral, Cat-
amarca) American deserts, named PA6, with large geographical area
and high insolation. This is explained by the decreased effects of day
and night due to various time zones and combining two hemispheres

that lowers the impact of less solar irradiation in winter. In addition,
due to the wide geographical spread, the highest length of transmission
line is needed, which leads to the lowest demand for electricity gen-
eration and energy storage, and more importantly the minimum cost.
On the other side, the Mojave Desert, taken as an isolated site, requires
the highest amount of energy storage compared to the interconnected
sites. Under one cost estimation, a cost of 519 €/kWp (700 USD/kWp)
for solar PV power generation and 93 €/kWhcap (125 USD/kWhcap) for
Li-ion battery storage is assumed. The LCOE of the Mojave Desert
reaches 94 €/MWh (127 USD/MWh). Meanwhile, a LCOE of 41 €/MWh
(55 USD/MWh) for the interconnection of three deserts in North
America with three deserts in Chile, Argentina and Bolivia in South
America (PA6) is derived, without considering transmission. However,
the LCOE of PA6 with transmission cost of 18 €/MWh (24.5 USD/MWh)
increased to 59 €/MWh (79.5 USD/MWh), which shows a 37% lower
cost than an isolated region and confirms the results of interconnected
scenarios in this study. Both studies show that electricity is produced at
lower costs and there is less requirement of bulk energy storage, com-
pared to the Region-wide scenario. The interconnection of North and
South America's deserts (PA6) in Grossman et al. [42] shows a con-
siderably lower cost (27%) than interconnection of three deserts in
North America alone. This is in contrast with the findings of this re-
search that fully interconnected Americas derives only 1.4% benefit in
total LCOE than separated North and South America. The reason for this
contradiction could be using a mix of RE sources in the energy system,
such as wind energy, hydropower and sustainable bioenergy, which can
complement solar PV. As a result, the demand for bulk energy storage
decreases and the energy system remains more cost competitive in a
regional basis than a long-distance interconnected system. A well ba-
lanced storage portfolio comprising diurnal storage (mainly battery
storage), weekly to monthly storage (mainly A-CAES) and seasonal
storage (mainly PtG) further improves the competitiveness of a more
regional energy system.

Jacobson et al. [46] design an energy pathway towards an entirely
RE-based power system to electrify all energy sectors for the 50 states of
the US by 2050. Wind energy, solar PV, CSP, hydropower, geothermal,
wave and tidal turbines are considered as the main sources of electricity
generation with some storage technologies such as PHS, hydrogen and
phase-change material tied to CSP. A separate grid integration is ap-
plied that results in an additional need for CSP plants and solar thermal
collectors to ensure the reliability of the grid. However, findings of the
present study reveal that less generation and storage capacities are
required in the grid interconnected (Area-wide) scenario than the Re-
gion-wide scenario. It is estimated that the average electricity cost
savings for the US would be around 195 €/person·a (263 USD/person·a)
by 2050. The cost of a 100% RE-based power system is proven to be
competitive with the BAU scenario, if the costs of all energy sectors to
be electrified is compared. This is in agreement with the findings of this
study that an energy system built upon 100% RE is lower in cost than a
BAU scenario. Nevertheless, the energy system optimisation might
suggest several least-cost energy systems with different usage of RE
sources and storage options, depending on the chosen technical and
financial assumptions.

In the latest Energy [R]evolution report published by Greenpeace
International [81], the transition pathway is projected to supply 83%
and 100% of the total energy production by RE in the Energy [R]evo-
lution and Advanced Energy [R]evolution scenarios, respectively, by
the year 2050. Solar PV and wind energy will dominate the growing
market share starting from 2020, with CSP, geothermal and ocean en-
ergy complementing these resources. CSP contributes to the total gen-
eration capacities by 8% and 9% in the Energy [R]evolution and Ad-
vanced Energy [R]evolution scenarios, respectively, in North America
and vice versa in Latin America. Energy storage is not taken into con-
sideration in this report, which is found to be one of the main flexibility
options in the future energy system with high shares of RE.

Schaber et al. [18] studied the extension of RE capacity in a pan-
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European electricity market by 2020 and their results show that the
operation of high RE capacity, in particular wind energy, can be opti-
mised with grid interconnections. Eriksen et al. [17] discussed the
importance of the transmission system on the LCOE in a highly re-
newable electricity system for Europe. It was determined that if the
transmission capacity decreases, the need for balancing capacity and
generation will increase and so the LCOE.

It has been highlighted that sector coupling brings various benefits
to the energy system with high shares of RE [7,11,12]. Bogdanov et al.
[12] pointed out that an integrated energy system with power and in-
dustrial gas demand reduces the total LCOE by 16%. However, the total
annualised cost and CAPEX increase by 62% each, due to large in-
dustrial gas demand. Grid interconnection indicates great benefits for
the power system, where the grid utilisation increased by 27% com-
pared to the Area-wide interconnection. Further, excess electricity
generation and the need for bulk energy storage declined. Gulagi et al.
[11] analysed a wide energy system interconnection in East Asia. The
results indicate a 13% and a 20% drop in the total LCOE of the in-
tegrated energy system compared to the interconnected and isolated
power systems, respectively. The results are in accordance with the
findings of this research, which highlights that very large energy sto-
rage and excess electricity generation can be mitigated with flexibility
provided by grid interconnection, seawater desalination and PtG facil-
ities.

Variability of RE, baseload generation of fossil fuels and nuclear
power, and bulk and costly electrical storage requirement have been
highlighted as the major drawbacks of a completely RE-based system.
However, Lovins [96] discussed that none of the abovementioned
maybe issues can hinder RE from becoming the primary energy source
all around the world in the near future. Brown et al. [6] clearly points
out that potential issues can be addressed by proper solutions. The cost
of energy storage, especially battery storage [85–87,97], is expected to
decrease sharply similar to the cost of solar PV [83,84,98], and to a
lower extent wind energy. As of 2018, the solar PV system price is es-
timated to be around 680 USD/kWp [84]. Considering an average
currency exchange rate of 1.2 USD/€ in 2018, the solar PV system price
is around 567 €/kWp today. This indicates that assuming the solar
utility-scale cost in the range of 550–620 €/kWp by 2030 is in line with
the historical downward trend of PV and even rather conservative.
Solar PV, wind energy and battery storage complement each other to
generate electricity without need for fossil fuels. Thus, low cost energy
storage, such as the emerging Li-ion battery storage technology [86,87]
is very supportive in a highly RE-based system. Very cheap grid flex-
ibility resources, such as enhanced distribution system infrastructure,
increased transmission capacity, shortening dispatch intervals and de-
mand-side management, ensure that the supply curve meets the load
curve at all-time and reduces the overall system cost [96,99–101].

6. Conclusions

This research targets to crystallise a 100% RE-based system for the
Americas by 2030 considering large grid interconnections under several
constraints and scenarios. The results illustrate that such an energy
system is substantially more cost-effective compared to a BAU scenario,
even without GHG emissions cost consideration. The LCOE may range
from 48.8 to 59.0 €/MWh depending on the chosen scenario. Five
scenarios have been applied and analysed based on a linear optimisa-
tion algorithm taking highly resolved spatial-temporal weather data
and a mix of RE and energy storage technologies into consideration.
The American countries have been merged or split, according to the
respective population, electricity demand, and transmission grid
structure, forming 21 regions totally.

Three scenarios have been designed to meet the electricity demand
of the power sector. In the Region-wide scenario, regions produce
electricity with their own RE sources without interconnections among
them. The results reveal that the need for energy storage becomes

crucial in such a decentralised system to ensure that the energy system
is well balanced in every hour of a year. The Country-wide scenario was
built based on the same configuration as the Region-wide scenario,
however, it was assumed that regions within a country are linked via
HVDC transmission grids. This results in lower system LCOE by 9% due
to an optimised utilisation of the power grid infrastructure and energy
storage. A further cost reduction has been observed in the Area-wide
scenario, where all the regions were allowed to interconnect across the
American continent. It is presumed regions can exchange electricity
with the neighbouring regions throughout the year synchronously. The
LCOE and total annualised system cost dropped by 14% and 15%, re-
spectively, from the Region-wide to the Area-wide scenario.

Two more sectors, seawater desalination and non-energetic in-
dustrial gas, have been integrated into the energy system, forming the
Integrated scenario. As expected, the sector coupling brings further
benefits to the system resulting in 4% cost reduction than the Area-wide
scenario. Finally yet importantly, the RE-SNG scenario involves power
and non-energetic industrial gas sectors. This scenario has a specific
characteristic to transfer produced SNG from the region of Argentina,
Uruguay and Chile to the US-Southwest Central based on the cost-op-
timised solution. The total LCOE in this scenario is lower, by 1.8%, than
the Area-wide plus industrial gas scenario. Despite this, the total annual
cost of the system plateaued. More importantly, the findings depict that
the local gas production in the US-Southwest Central is 15% more
costly than the cost of imported gas. However, large export of SNG to
US-Southwest Central is not viable, as it does not result in minimum
annualised system costs. Thus, a very small fraction of demand has been
delivered via the LNG value chain.

The wide area transmission network has been discussed throughout
the paper, based on the current research and the existing literature. A
Pan-American energy system based on solar, battery storage and
transmission grid has been suggested [28,51]. The system connects
North and South America under several grid interconnections from the
northern to the southern hemisphere. The results reveal that the need
for excess generation, energy storage and fuel would decrease notice-
ably throughout the vast network expansion between the American
countries. Combining two hemispheres and various time zones are
considered as the major contributors to less requirement of energy
storage. The LCOE of an interconnected energy system is found to be
lower than an isolated region. Similarly, Bogdanov et al. [12] concludes
with similar findings as Grossman et al. [28,51], where the need for
excess generation and energy storage decreased dramatically by wide
grid utilisation. These results are in line with the findings of current
research, but the total benefits of a Pan-American energy system is
higher than what is found in this research. The reason could be using a
mix of RE sources and storage options in the energy system, which is
able to keep the energy system cost-competitive in a regional basis than
long distance interconnected system. Further, the grid expansion be-
tween the regions are allowed if the regions share a border and there is
a possibility of direct connection. Gulagi et al. [11] have carried out a
research for an East Asian interconnection energy system and the re-
sults confirm the findings in this research. The cost competitiveness of
long distance transmission lines and local storage technologies are
identified as the main reasons for small benefits despite the wide in-
terconnection network.

The results of optimisation in all considered scenarios demonstrate
that existing RE technologies is suffice to cover all electricity demand in
the Americas for the year 2030, dominated by solar PV and wind en-
ergy. Almost even distribution of solar and wind resources across the
Americas, together with a substantial utilisation of the transmission
network and energy storage, create an energy system built on 100% RE
that is cost-effective and reliable. Inexpensive energy storage, in par-
ticular Li-ion batteries, would well emerge in the coming years. This
makes it easier to achieve reliable power with entirely RE generation
using existing technologies at current or obviously projected prices.
Other RE technologies such as hydropower, bioenergy and geothermal
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energy complement solar and wind energy to balance the variability of
these resources. CSP has been categorised as a main technology for an
energy system with high penetration of RE [37,42,44,46]. However,
more rapid cost decline of solar PV and battery storage than of CSP plus
TES makes this technology less cost-competitive in the future energy
system. In addition, expanding the transmission lines within the
countries and beyond is certainly helpful to ensure the reliability of
largely or fully renewable power systems. Although outside the scope of
the present work, detailed analyses of the technical and institutional
transmission constraints such as grid improvements for secure and ef-
ficient operation, supply and demand side management and other re-
spective aspects need to be explored.
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A B S T R A C T

This research explores the feasibility of 100% renewable energy (RE) systems for the Middle East and North 
Africa (MENA) region for assumptions of the year 2030. The demand for three sectors are taken into account: 
power, non-energetic industrial gas and seawater desalination. Three strategical scenarios are discussed, namely 
Region, Area and Integrated, mainly differing in level of regional grid interconnection and sector coupling. Solar 
photovoltaics (PV) and wind energy are found to be the most cost-competitive RE sources with the highest 
potential in the region covering more than 90% of the generation capacity in all the considered scenarios. The 
variability of RE is solved via energy storage, surplus electricity generation and electricity grids. The estimated 
overall levelised cost of electricity (LCOE) lies between 40.3 and 52.8 €/MWh, depending on the scenarios. The 
total LCOE decreased by 17% as a result of sector coupling compared to the interconnected power sector alone. 
Power-to-gas technology not only functions as a seasonal storage by storing surplus electricity produced mainly 
from wind power and partially from solar PV, but provides also the required gas for the non-energetic industrial 
gas sector. Battery storage complements solar PV as a diurnal storage to meet the electricity demand during the 
evening and night time. Seawater reverse osmosis desalination powered by renewables could potentially be a 
proper solution to overcome the water challenges in the MENA region at affordable cost of 1.4 €/m3. A com-
parison with a BAU strategy shows that a 100% renewable energy-based power system is 55–69% cheaper than a 
BAU strategy without and with greenhouse gas emission costs.   

1. Introduction 

The energy demand in the Middle East and North Africa (MENA) is 
increasing swiftly. This is largely because of population growth, socio- 
economic development and urbanisation, driven both by oil and gas 
revenues, and by growth-oriented policies [1]. In addition, countries in 
the region offer the highest energy subsidies globally. This helps to 
explain the high electricity demand and carbon dioxide (CO2) emissions 
per capita prevalent [2]. In 2014, around 51% of CO2 emissions from 
total fuel combustion in the MENA region was from electricity and heat 
production [3]. 

The MENA region contributes considerably to oil and gas production 
globally by holding a high share of proven crude oil and natural gas 
reserves [4–6]. A strong connection between fossil fuels and 
socio-economic development make the region highly vulnerable to the 
impacts of climate change [7]. Increasing global temperatures will have 
devastating effects such as more intense heat waves, severe droughts and 
decreasing the amount of precipitation [8]. This would mean a rise in 

demand for water desalination and air conditioning, in a region that is 
one of the most water-stressed in the world [9,10]. 

At present, renewable energy (RE) sources have a minor contribu-
tion, around 0.4%, to the total primary energy supply (TPES) in the 
MENA region [11,12]. Most of the countries rely on natural gas and oil 
to generate electricity. This reliance is expected to continue until 2030 
[6]. Nonetheless, increasing costs of fossil fuels, decreasing costs of RE 
technologies, new RE targets and policies have resulted in an increase in 
the share of RE capacity in the power sector by 56% from 2008 to 2016 
[13]. Among all RE sources, solar and wind energy offer the highest 
potential in the region. The national RE targets [13] and various projects 
in the pipeline reveal that noticeable RE development and deployment is 
well underway in the MENA region. This trend is expected to continue in 
the future as well [14]. Table 1 summarises the strategy and targets of 
RE development in each country, including the specified technologies 
and allocated years. It should be noted that some countries in the MENA 
region have agreed to use 100% RE by 2050 [15], but yet do not have a 
strategy. These countries are: Morocco, Tunisia, Yemen, Lebanon and 
State of Palestine. 
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Hydropower is the primary RE source for power generation in some 
countries in MENA. However, further development of hydropower does 
not seem to be a practical and viable solution due to several sustain-
ability risk factors and high costs [38,39]. Wind energy is the second 
largest RE source for electricity generation, especially in Egypt, 
Morocco, Tunisia and Saudi Arabia. The installed capacity of wind 
power increased by more than twofold over the period from 2010 to 
2014, from 0.7 GW in the early 2010 to 1.7 GW by the end of 2014 [40] 
and to 2.5 GW by the end of 2017 [12]. Currently, solar PV is the most 
attractive RE technology in the MENA region due to perfect solar irra-
diation throughout the year and rapid cost reduction in recent years [41, 
42]. From 2008 to 2013, the average annual growth rate of solar PV 
generation was more than 100% in the region [43,44]. The MENA 
countries have set ambitious targets for increasing the share of solar PV 
installations [13], as shown in Table 1. However, the RE growth should 
increase much more rapidly to achieve the net zero emission world, as 
agreed during the COP21 in Paris [45]. 

Lack of other sources of RE in the region force the MENA countries to 
focus on solar and wind energy mainly. For instance, the use of biomass 
can create competition for agricultural lands, potentially interfering 
with food production. Land-use changes can also have a negative impact 
on the local environment or even produce more greenhouse gas (GHG) 
emissions than that prevented by the use of biomass resources. The large 
amount of water necessary to grow energy crops is another concern, 
especially in the water-constrained MENA region. 

The MENA countries have been endowed with significant solar and 
wind energy potential. This can be best harnessed by building the suit-
able infrastructure for interconnection of the nations’ electricity grids. 
There are plenty of existing and planned grid interconnections available 
between the countries [46]. Several studies have been conducted for 
electricity exchange over large grid interconnection system, addressing 
high shares of RE. The role of solar energy is mostly discussed to meet 
increasing power demand, and further to provide zero-carbon energy to 
Europe [47–51]. The EU-MENA Desertec vision, which has been studied 
in detail by DESERTEC Foundation [52] and Dii [47], outlined that 
Europe should receive a part of its electricity from the plentiful solar and 
wind sources of the MENA region. 

The objective of this study is to model and analyse a 100% RE-based 
power system for the MENA region for 2030 conditions by considering a 
mix of existing RE and storage technologies, electricity trade between 
the countries/regions and the impacts of PV prosumers on the energy 
system. This is the maiden paper on 100% RE systems for power sector in 
MENA, which also focuses on seawater desalination and non-energetic 
industrial gas sectors. It is hoped that the results will inform energy 

strategy development and implementation in the region. In the 
following sections, methodology and materials, scenario assumptions, 
results, discussion and conclusions are provided. 

2. Materials and methods 

The 19 MENA countries are clustered into 17 regions to allow for a 
comprehensive energy system analysis of all countries. Bahrain and 
Qatar are merged into one region according to their territory, population 
and electricity demand. Similarly, Jordan and State of Palestine are 
considered as one region. The main reason for this combination is the 
smaller area of these countries compared to other countries, which pose 
challenges with resource profile creation and mathematical modelling. 
The rest of the countries are analysed individually. It is assumed that the 
countries are interconnected through transmission grid lines, based on 
the existing grid infrastructure and conceivable interconnections by the 
year 2030. Fig. 1 illustrates the regional structure and grid configuration 
of the MENA region. 

2.1. Model overview 

The LUT Energy System model that works based on a linear opti-
misation algorithm is utilised. The model is able to provide the data in an 
hourly resolution and includes RE technologies, storage devices and 
power transmission system. The model was introduced and published 
for the first time through a study for Northeast Asia based on 100% RE 
supply in 2030 [53]. Then, the model is further developed and applied to 
several other regions and the world [54–59]. However, the energy sys-
tems vary from one country to another. Analysing the energy system of 
every region or country individually is crucial to fully understand the 
technical, financial and political barriers to the alternative sources of 
energy. To avoid repetition, only a brief overview of the model is given 
and the detailed description can be found in the previous studies. The 
main assumptions of this study are given in the Supplementary Material. 

The data structuring, computer programming, post-processing and 
visualisation are built in a Matlab environment (R2016b) [60]. The 
optimisation is performed by a Mosek ApS optimiser [61]. The objective 
function is to match electricity generation and demand values for every 
hour of the applied year while minimising the total annual energy sys-
tem cost. The detailed description of the model and respective mathe-
matical equations can be found in the Supplementary Material. Further 
information has been given in Bogdanov and Breyer [53] and Breyer 
et al. [55]. The system also consists of PV prosumers in three sectors, 
including residential [62], commercial and industrial. The electricity for 

Nomenclature 

A-CAES Adiabatic compressed air energy storage 
BAU Business-as-usual 
CAPEX Capital expenditures 
CCGT Combined cycle gas turbine 
CCS Carbon capture and storage 
CO2 Carbon dioxide 
CSP Concentrating solar thermal power 
DACCS CO2 direct air capture and storage 
FLH Full load hours 
GHG Greenhouse gas 
HVDC High voltage direct current 
LCOC Levelised cost of curtailment 
LCOE Levelised cost of electricity 
LCOG Levelised cost of gas 
LCOS Levelised cost of storage 
LCOT Levelised cost of transmission 

LCOW Levelised cost of water 
MED Multiple-effect distillation 
MENA Middle East and North Africa 
MSF Multi-stage flash evaporation 
NETs Negative CO2 emissions technologies 
OCGT Open cycle gas turbine 
OPEX Operational expenditures 
PHES Pumped hydro energy storage 
PtG Power-to-gas 
PV Photovoltaic 
RE Renewable energy 
SNG Synthetic natural gas 
SWRO Seawater reverse osmosis 
TES Thermal energy storage 
TPES Total primary energy supply 
WACC Weighted average cost of capital 
WBGU German Advisory Council on Global Change 
WWF World Wide Fund for Nature  
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prosumers is supplied by rooftop PV systems and battery storage ca-
pacities. The objective function of prosumers is the minimisation of the 
consumed electricity cost. The model flow chart, including all the input 
and output elements, is presented in the Supplementary Material 
(Fig. S1). 

2.2. Resource potential and applied technologies of RE 

The current installed capacities of RE are collected from Farfan and 
Breyer [40] and set as the lower installed capacity limits, which is 
provided in the Supplementary Material (Table S1). The maximum 
possible potential of RE is summarised in the Supplementary Material 
(Table S2). The input data are collected from various sources: high 
spatially-temporally resolved data for solar irradiation and wind speed 
for the year 2005 [63–65], biomass [66], geothermal [54], and hydro 
availability [67]. Two examples of hourly resolution profiles for 
single-axis tracking PV and onshore wind power for the MENA region 
are presented in Fig. 2, and are calculated according to Refs. [53,68]. 
The hourly resolution profiles for fixed tilted PV and CSP solar field are 

Table 1 
Summary of the RE targets and plans in the MENA countries.  

Countries RE Targets Year 

Algeria 27% of electricity generation by 2030; 22 GW of 
installed capacity [16] 
Technology-specific targets:  
� Solar photovoltaic (PV): 3 GW by 2020, 13.6 

GW by 2030  
� Wind: 1 GW by 2020, 5 GW by 2030  
� Concentrating solar thermal power (CSP): 2 GW 

by 2020, 2 GW by 2030  
� Biomass: 0.4 GW by 2020, 2 GW by 2030  
� Geothermal: 15 MW by 2030 

2020 & 
2030 

Bahrain 5% and 10% of electricity generation by 2025 and 
2035, respectively [17] 
Technology-specific targets [18]:  
� Solar PV: 0.3 GW by 2025  
� RE mix: 0.7 GW by 2030 

2025 & 
2035 

Egypt 20% of electricity generation by 2022 and 42% by 
2035 [19] 
Technology-specific targets:  
� Solar PV: 0.2 GW by 2020, 0.7 GW by 2027  
� Wind: 7.2 GW by 2020  
� CSP: 1.1 GW by 2020, 2.8 GW by 2030  
� Hydropower: 2.8 GW by 2020 

2022 & 
2035 

Iran 10% of electricity generation by 2025; 10 GW of 
installed capacity [20] 
Technology-specific targets:  
� Solar and wind energy are prevalent: the 

capacity is not specified. 

2025 

Iraq 10% of electricity generation by 2030 [13] 
Technology-specific targets:  
� RE mix: the capacity is not specified. 

2030 

Israel Initial target goals were 10% of electricity 
generation by 2020 and 17% of electricity 
generation by 2030 [21,22]. 
Technology-specific targets: 
�Solar PV and CSP: 63.4% of total generation by 
2020 
�Wind: 29% of total generation by 2020 
�Biomass (including biogas): 7.6% of total 
generation by 2020 

2020 & 
2030 

Jordan The target goal was 1.8 GW of installed capacity by 
2020 [23], but it has been modified to 2 GW by 
2020 [24,25]; 10% of energy supply 
Technology-specific targets:  
� Solar PV: 0.6–1 GW by 2020  
� Wind: 0.6–1 GW by 2020  
� Waste-to-energy: 30–50 MW by 2020 

2020 

Kuwait 5% of electricity generation by 2020 and 15% of 
domestic energy demand by 2030; 4.5 GW of 
installed capacity [1,26] 
Technology-specific targets:  
� Solar and wind energy: the capacity is not 

specified. 

2020 & 
2030 

Lebanon 12% (9 TWh) of the total electricity and heating 
demand by 2020 [27] 
Technology-specific targets:  
� Solar PV, CSP and solar water heaters: 4.2% of 

total RE by 2020  
� Wind: 2.1% of the total RE by 2020  
� Hydropower: 3.2% of the total RE by 2020  
� Biomass: 2.5% of the total RE by 2020 

2020 

Libya 10% of electricity generation by 2020 and 30% of 
electricity generation by 2030 [28] 
Technology-specific targets:  
� Solar PV: 0.15 GW by 2020; 0.5 GW by 2025  
� Wind: 1.5 GW by 2020; 2 GW by 2025  
� CSP: 0.8 GW by 2020; 1.2 GW by 2025  
� Biomass: 0.3 GW by 2020; 0.6 GW by 2025 

2020 & 
2030 

Morocco 42% of electricity installed capacity [16] and 52% 
by 2030 [13] 
Technology-specific targets:  
� Solar energy (PV and CSP): 2 GW by 2020  
� Wind: 2 GW by 2020  
� Hydropower: 2 GW by 2020 

2020 & 
2030 

Oman 2025  

Table 1 (continued ) 

Countries RE Targets Year 

10% of generation mix by 2025; 3 GW of installed 
capacity [29] 
Technology-specific targets: 
�Solar and wind energy: the capacity is not 
specified. 

Qatar Increasing RE share by 2030 [30] 
Technology-specific targets [31]: 
�Solar energy: 1.8 GW by 2020 (16% of total 
electricity generation) and 10 GW by 2030 

2030 

Saudi Arabia 9.5 GW of installed capacity by 2023 [32]. A 200 
GW PV capacity is planned to be implemented in 
cooperation with SoftBank Group by the year 2030 
[33]. In addition, a more practical strategy to 
enhance RE is stated to be announced in late 2018. 
Technology-specific targets:  
� Solar PV is the dominant technology, with look 

at the other sources such as CSP and waste-to- 
energy 

2023 & 
2030 

State of Palestine 10% of domestic electricity generation by 2020; 
130 MW of installed capacity [34] 
Technology-specific targets:  
� Solar PV: 34.6% of the total RE by 2020  
� Wind: 33.8% of the total RE by 2020  
� CSP: 15.4% of the total RE by 2020 

2020 

Syria 4.3% of primary energy demand by 2030 [35] 
Technology-specific targets:  
� Solar PV: 0.25 GW by 2030  
� Wind: 1–1.5 GW by 2030  
� Biomass: 0.25 GW by 2030  
� Solar thermal energy: 11.6 TWh/annum by 

2030 

2030 

Tunisia 30% of electricity generation [16] 
Technology-specific targets:  
� Solar PV: 1.5 GW by 2030  
� Wind: 1.7 GW by 2030  
� CSP: 0.5 GW by 2030  
� Biomass: 0.3 GW by 2030 

2030 

United Arab 
Emirates (UAE) 

7% of electricity generation by 2020 and 30% of 
electricity generation by 2030 [36]. 7% of 
installed capacity in Abu Dhabi and 5 GW of solar 
PV capacity in Dubai by 2030 [1]. 
Technology-specific targets:  
� Solar energy (PV and CSP) is the dominant 

technology, followed by wind energy and waste- 
to-energy 

2020 & 
2030 

Yemen 15% of installed capacity by 2025 [37] 
Technology-specific targets:  
� Solar PV: 0.6% of the total RE by 2025  
� Wind: 56.3% of the total RE by 2025  
� Geothermal: 28.2% of the total RE by 2025  
� CSP: 14% of the total RE by 2025  
� Biomass: 0.8% of the total RE by 2025 

2025  
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shown in the Supplementary Material (Fig. S2). Furthermore, the 
regional distribution of full load hours (FLH) and levelised cost of 
electricity (LCOE) for the mentioned technologies are provided in the 
Supplementary Material (Table S3). The FLH of solar PV (single-axis 
tracking) and wind onshore (at 150 m hub height) are drawn in Fig. 3. 
The corresponding maps for fixed tilted PV and CSP solar field are 
provided in the Supplementary Material (Fig. S3). The further expla-
nation about the utilised data and sources are provided in the Supple-
mentary Material and also can be found in Bogdanov and Breyer [53] 
and Aghahosseini et al. [54]. 

The growth rate regarding non-energetic industrial gas demand is 
taken from the IEA [6]. Water demand is calculated using future water 
stress and water demand projections [69]. The two main seawater 
desalination technologies considered are: thermal and membrane-based. 
It is assumed that desalination technologies satisfy water stress larger 
than 50%. The costs of water transportation are according to Caldera 

et al. [70]. The data related to non-energetic industrial gas and water 
demand are presented in the Supplementary Material (Table S4). 

The hourly profiles for regional electricity demand are prepared 
based on the total demand of regions and synthetic load data [71]. Fig. 4 
shows the aggregated hourly electricity demand profiles of all regions in 
MENA. The electricity consumption of the current energy system is 
collected from Refs. [72–75]. Electricity demand is assumed to increase 
by 2.7% [76] and 3.0% [77] annually in the Middle East and North 
Africa up to the year 2030, respectively. As shown in Fig. 4 (right), 
prosumers have an impact on the residual load demand in the power 
system by substantial self-generation, selling excess electricity to the 
grid and thus substitution utility-scale generation. The total electricity 
demand and the peak demand are decreased by 7% and 5%, 
respectively. 

Three categories of technologies used in the LUT Energy System 
model are classified as follows: 

Fig. 1. The aggregated regions and grid interconnection between the countries are presented for the MENA region. The consumption centre of the countries and the 
HVDC transmission lines are shown by the yellow points and red lines, respectively. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 2. Aggregated hourly profiles for single-axis tracking PV (left) and onshore wind energy (right) in the MENA region.  

Fig. 3. Annual FLH for solar single-axis tracking PV (left) and onshore wind at 150 m hub height (right).  
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1. The RE technologies for electricity generation: solar PV (distributed 
rooftop systems, single-axis tracking [68] and fixed tilted 
ground-mounted plants), CSP solar field, onshore wind turbines, 
hydropower (run-of-river and dammed reservoirs), geothermal en-
ergy, biomass plants (solid biomass and biogas) and waste-to-energy 
power plants.  

2. Energy storage technologies: lithium-ion battery (large-scale and 
prosumer), pumped hydro energy storage (PHES), thermal energy 
storage (TES), adiabatic compressed air energy storage (A-CAES) 
[78] and power-to-gas (PtG) technology. 

3. The electricity transmission technologies: inter-regional trans-
mission grids modelled by applying high voltage direct current 
(HVDC) technology. 

The full model block diagram of the LUT Energy System model [55] 
with all the components is shown in Fig. 5. 

PtG technology includes water electrolysis, methanation reactor, 
CO2 direct air capture [79], gas storage, and combined and open cycle 
gas turbines (CCGT, OCGT). Hydrogen and CO2 storage are not 
considered in this study. Additionally, biogas is assumed to be upgraded 
partially to bio-methane and injected into the gas storage. 

In addition, PtG technology provides the required gas demand in the 
non-energetic industrial gas sector and brings more flexibility to the 
entire energy system. Meanwhile, seawater desalination leads to sub-
stantial additional electricity demand, but less additional flexibility by 

integrating water sector with power sector [80]. 

2.3. Technical and financial assumptions 

The assumptions regarding capital expenditures (CAPEX) and oper-
ational expenditures (OPEX) as well as technologies’ lifetimes are pro-
vided in the Supplementary Material (Table S5). A 7% weighted average 
cost of capital (WACC) is assumed for all technologies and scenarios, 
except for residential PV prosumers that is set to 4%, due to lower 
financial return requirements. The technical assumptions such as power 
to energy ratios for energy storage technologies, efficiencies of power 
generators and storage technologies, and the losses in HVDC grid lines 
and converters are provided in the Supplementary Material 
(Tables S6–S8, respectively). Electricity prices in residential, commer-
cial and industrial sectors for Iran [81] and Yemen [82] are collected 
from the local sources and for other countries taken from Gerlach et al. 
[83] for the year 2015. Electricity prices are provided in the Supple-
mentary Material (Table S9). It should be noted that electricity price is 
on a country basis. However, for the regions with more than one 
country, electricity prices are calculated based on the weighted average 
of the region. Further, electricity prices for the year 2015 are extrapo-
lated using Gerlach et al. [83] and Breyer and Gerlach [84] methods in 
order to calculate the price for the year 2030. 

2.4. Description of scenarios 

Three scenarios for MENA, with different characteristics, are devel-
oped and analysed:  

- Region, whereby all the regions are independent (no import/export) 
and the electricity demand for the power sector has to be supplied by 
the region’s own generation;  

- Area, in which the electricity exchange is allowed between the 
regions;  

- Integrated, Area scenario with seawater desalination and non- 
energetic industrial gas sectors demand. 

3. Results 

3.1. Matching electricity supply with demand 

One of the main objectives of this research is to meet the total 
electricity demand of all countries in the MENA region in every hour of 
an applied year using a 100% RE-based power system. To do so, a mix of 
RE technologies, storage devices and, depending on the scenarios, 
transmission network is considered to fully optimise the supply and 

Fig. 4. Aggregated hourly electricity profile (left) and system hourly electricity profile with PV prosumers influence (right) for the MENA region in 2030.  

Fig. 5. Block diagram of the LUT Energy System model for the MENA region. 
Abbreviations: ST: steam turbine; PtH: power-to-heat done by heating rod; ICE: 
internal combustion engine; GT: gas turbine and HHB: hot heat burner. 

A. Aghahosseini et al.                                                                                                                                                                                                                          



Energy Strategy Reviews 28 (2020) 100466

6

demand profiles on an hourly basis. With regards to RE installed ca-
pacities, solar PV and wind power dominate the total generation ca-
pacity mix in all the considered scenarios, accounting for 91% in the 
Region and Area scenarios and 96% in the Integrated scenario. The grid 
utilisation leads to a decrease in the total installed capacities of RE. The 
installed capacity of solar PV decreases by 27% from the Region to Area, 
due to more efficient distribution of wind energy. The share of single- 
axis tracking PV increases by 5% while for fixed tilted PV the installed 
capacity drops by 90%, from 256 GW to only 26 GW. The grid utilisation 
during the year reduces the required capacity of fixed tilted PV in the 
Area scenario, especially during the spring and winter that corresponds 
to electricity generation via fixed tilted PV in the Region scenario. 
Another reason for capacity reduction of fixed tilted PV is more 
contribution from wind power to the total capacity mix with higher FLH 
than PV. The onshore wind capacity goes up by 49% when all countries 
are interconnected for year 2030 assumptions. In the Integrated sce-
nario, installed capacities of PV and wind increase due to the additional 
demand of seawater desalination and non-energetic industrial gas sec-
tors. According to the cost assumptions, solar PV would be the least cost 
RE source in the region for 2030 assumptions, as it is already the 
cheapest RE source in some countries such as Egypt, Saudi Arabia and 

the UAE [85,86], followed by wind power. 
Fig. 6 shows the hourly electricity generation mix for two days in 

summer and winter, for both the Region and Area scenarios. The 
selected days are the longest day (summer) and the longest night 
(winter) in some countries, such as Iran. It can be observed that the 
electricity demand in the summer day is higher than the winter day due 
to substantial electricity need for air conditioning. The electricity ex-
change in the Area scenario results in less electricity generation, energy 
storage utilisation and excess electricity. Wind energy is found to be the 
best match with power transmission, since low cost wind sites can be 
well connected to demand centres in the neighbouring regions. This 
results in higher wind power generation in the Area scenario than the 
respective day in the Region scenario. In contrast, solar PV and battery 
storage are the most suitable mix for electricity generation in the lack of 
transmission network. However, the total annualised cost of the system 
will be higher due to additional electricity installed capacity, which 
results in higher electricity loss in the energy system. As the share of 
solar PV is less during the winter period, other energy sources such as 
biomass, hydropower, geothermal energy and RE-based gas fired in gas 
turbines complement solar and wind energy. Another important aspect 
to mention is the replacement of fixed tilted PV system with power 

Fig. 6. The hourly electricity generation mix selected for two days throughout the 2030 simulation period for the Region (top) and Area (bottom) scenarios. One day 
in summer (the longest day in some countries) and one day in winter (the longest night in some countries) are selected. 
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transmission in the Area scenario. To some extent, it is more economical 
for the countries to exchange electricity rather than generating elec-
tricity on their own, which is documented by electricity exchange 
among regions of 14–18% of total final electricity demand, depending 
on scenarios. 

3.2. Grid utilisation 

Among existing RE sources, PV and wind seem to be more compet-
itive due to the availability of excellent resources in the MENA region. 
Theoretically, MENA could meet its projected electricity demand in 
2030 using solar PV alone. However, several other factors are crucial to 
tackle the challenge of the variability of solar PV with high penetration. 
The primary function for a 100% RE system is to ensure the reliability of 
the energy system. In this study, a wide-area transmission network is 
considered to connect all the countries with at least one transmission 
line, taking the existing and planned grids connection into account [46]. 
The exchanged electricity between the MENA countries are shown in 
Fig. 7 for the Area and Integrated scenarios, where regions with the 
highest renewable resource potential are the net exporters and the 
remaining regions are the net importers. The different size of electricity 
generation and demand in the legend of Fig. 7 are due to import, export 
and storage losses. As the results implicate, countries with limited land 
availability for sufficient solar and wind power production rely on im-
ported electricity from neighbouring countries. Hence, the net importers 
in the MENA region are the UAE, Bahrain & Qatar, Kuwait, Israel, 
Lebanon, Iraq, Syria and Tunisia. The net exporters can be categorised as 
follows: Saudi Arabia, Egypt, Iran and Libya. In fact, the countries with 
the highest land availability and scalability have the least electricity 
trade with their neighbours with similar characteristic. This can be 
clearly observed for electricity exchange between the following coun-
tries: Saudi Arabia and Egypt, and Egypt and Libya. They are not only 
blessed with significant solar energy resources, but also have massive 
land reserves with negligible to no trees or vegetation to harness solar 
radiation. Some regions have balancing patterns of imports and exports, 
such as Algeria, Yemen, Oman and Morocco. The exchanged electricity 
between the regions is increased in the Integrated scenario to fulfil the 
additional demand of seawater desalination and synthetic natural gas 
(SNG) production. Hourly profiles for the net exporting region, Saudi 
Arabia, the net importing region, the UAE, and the balancing region, 
Yemen, are illustrated in the Supplementary Material (Figs. S4–S6, 
respectively). The respective capacities and utilisation of exchanged 
electricity between the regions for the Area scenario are shown in the 
Supplementary Material (Table S10). 

The grid utilisation profile for the MENA region can be found in the 
Supplementary Material (Fig. S7). Seasonal variation in the region re-
sults in higher grid utilisation in the beginning and towards the end of 
the year. The power grid is mostly utilised in the morning and evening 
hours. There are two main climatic patterns in most of the MENA 
countries, the hot season includes spring and summer and the cold 
season includes autumn and winter. In the winter months, solar 

radiation declines because of the overcast and cloudy conditions. 

3.3. RE mix and energy storage in electric power generation 

Solar PV dominates the total installed generation capacity in all the 
studied scenarios, ranging from 53% in the Integrated scenario to 75% in 
the Region scenario. Single-axis tracking PV has the highest contribution 
among all PV system options. Fixed tilted PV plays an important role in 
the Region scenario without transmission across regional limits, 
whereas its contribution becomes negligible in the Area and Integrated 
scenarios with a wide-area transmission system. On the other hand, 
wind energy is more beneficial when countries are interconnected 
compared to isolated countries. This addresses the importance of electric 
power transmission when there is high penetration of RE. Power grids 
can be substituted with electricity generation resources in many cases 
and help to avoid excess electricity generation. At the same time, the 
grid interconnections decrease the demand for energy storage capac-
ities, including large-scale batteries, A-CAES and gas storage, as sum-
marised in Table 2. However, the share of PHES remains almost 
unchanged. Similar to all energy storage technologies, the share of PtG 
technology drops from the Region to Area scenario. However, due to 
additional gas demand for the non-energetic industrial gas sector, the 
installed generation capacity of water electrolysis increases by 1340% 

Fig. 7. Annual exchanged electricity (imports and exports) for the MENA countries in the Area scenario (left) and the Integrated scenario (right).  

Table 2 
The breakdown of installed RE and storage capacities for the studied scenarios.  

Technologies Units Region 
scenario 

Area 
scenario 

Integrated 
scenario 

PV prosumers [GW] 80 80 80 
PV fixed tilted [GW] 256 26 5 
PV single-axis 

tracking 
[GW] 440 460 780 

PV total [GW] 776 565 864 
CSP solar field [GW] 0 0 0 
Wind energy 

(onshore) 
[GW] 175 261 705 

Biomass power 
plants 

[GW] 11 11 10 

Waste-to-energy 
plants 

[GW] 1 1 1 

Biogas power plants [GW] 10 7 3 
Geothermal power [GW] 6 6 5 
Hydro run-of-river [GW] 5 5 5 
Hydro reservoirs 

(dams) 
[GW] 20 20 20 

Steam turbine [GW] 4 4 2 
CCGT [GW] 15 11 1 
OCGT [GW] 15 18 10 
Battery prosumers [GWh] 144 144 144 
Battery system [GWh] 1647 1137 920 
Battery total [GWh] 1791 1282 1064 
PHES [GWh] 2 1 2 
TES [GWh] 170 127 65 
A-CAES [GWh] 1186 2 21 
PtG input [GWel] 20 15 288  
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and 1820% in the Integrated scenario compared to the Region and Area 
scenarios, respectively. A fraction of 57% of the biogas used in biogas 
power plants in the power sector is allocated to the non-energetic in-
dustrial gas sector to satisfy the required gas demand. The storage 
discharge capacities, annual throughput of storage and full load cycles 
per year are provided in the Supplementary Material (Table S11). The 
state of charge profiles for battery, PHES, gas storage and A-CAES for the 
Area scenario are given in the Supplementary Material (Fig. S8). 

The electricity generation and energy storage output in all the 
studied scenarios are shown in Fig. 8. The Integrated scenario has the 
highest electricity generation due to additional demand of sector 
coupling. Electricity generation decreased by 4% from the Region sce-
nario to the Area scenario. Higher electricity production from wind 
energy, by 53%, and single-axis tracking PV, by 5%, can be observed in 
the Area scenario compared to the Region scenario. Lebanon, Syria, 
Bahrain & Qatar, and the UAE experienced a significant decrease in 
fixed tilted PV generation capacity and an increase in single-axis 
tracking PV generation capacity due to the influence of grid in-
terconnections. For instance, electricity generation in the UAE dropped 
from 199 TWh to 103 TWh from the Region scenario to the Area, while 
around 80 TWh of electricity is supplied through Oman, Saudi Arabia 
and Iran. Meanwhile, excess electricity declined by about 8%, which 
makes the system more efficient and cost-competitive. 

As electricity demand is increasing in the MENA countries, it would 
be quite effective and helpful to expand the transmission lines between 
the countries due to land availability issues in the smaller countries, 
such as the UAE and Bahrain & Qatar. This way the larger countries, 
such as Saudi Arabia and Iran, can potentially generate enough elec-
tricity to not only cover their own demand, but also supply the need for 
neighbouring regions. Thus, a strong cooperation among the MENA 
countries can guarantee a sustainable and cost-effective future energy 
system, which will help to reduce the amount of GHG emissions in the 
atmosphere and decrease the side effects of global warming in a cost 

economical manner. 
An energy flow diagram presenting the energy system pattern from 

electricity generation to demand for the Integrated scenario is shown in 
Fig. 9. The flow diagram consists of the primary RE sources, energy 
storage technologies, HVDC transmission grid, total sectoral energy 
demand and system losses. Apart from system losses, a part of electricity 
is converted to heat during the energy conversion processes, which in-
cludes biomass, biogas and waste-to-energy power plants, water elec-
trolysis, methanation reactor, methane-to-power in gas turbines and 
steam turbine losses. The energy flow diagram for the Area scenario is 
presented in the Supplementary Material (Fig. S9). 

It is important to mention that excess electricity can be stored in gas 
storage directly via PtG technology by converting electricity to 
hydrogen and hydrogen to methane. However, excess electricity stored 
in battery storage can be discharged to PtG as well. This phenomenon, 
called Battery-to-PtG effect [87], mainly happens when electricity de-
mand is low and solar resource availability is in a perfect condition. Due 
to the lower demand during the night time, the stored electricity in 
battery is discharged to PtG technology for SNG production. The pro-
duced methane can be stored in gas storage facilities for the long term. 
Later on, it can be directly used for non-energetic industrial gas sector 
demand or in CCGT and OCGT power plants for electricity production. 
This is part of a least cost solution. 

3.4. Costs of electricity generation 

The main aim of this research is to evaluate the minimum cost of 
electricity generation using the optimal installed capacities of RE sour-
ces, energy storage and transmission network. The cost estimation is a 
rough approximation of electricity costs for the year 2030, which is 
based on the trend projections data for all electricity generators and 
energy storage technologies. It is expected that the costs of RE tech-
nologies and energy storage decline compared to the current costs, 

Fig. 8. Annual electricity generation mix for the MENA countries in the Region scenario (top-left), Area scenario (centre-left) and Integrated scenario (bottom-left). 
Annual energy storage generation for the MENA countries in the Region scenario (top-right), Area scenario (centre-right) and Integrated scenario (bottom-right). 
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mainly due to technology improvements, economies-of-scale in 
manufacturing and simplicity of project deployment. The key financial 
results for the MENA region for the total energy system and the applied 
scenarios are presented in Table 3. The total LCOE and the respective 
components including LCOE for primary generation (LCOE primary), 
levelised cost of curtailment (LCOC), storage (LCOS), and transmission 
(LCOT) are calculated. Further, the total annualised cost, total CAPEX 
and total OPEX are estimated and listed in Table 3. 

The benefit of cross-border electricity trading is significant in both 
LCOE and total annual expenditures, as shown in Table 3. The total 
LCOE and annualised cost in the Area scenario declines by about 9% 
compared to the Region scenario. Electricity grid utilisation decrease the 
energy storage capacity, particularly A-CAES, whereas the contribution 
of transmission cost in total LCOE is relatively small compared with the 
decrease in primary generation and storage costs. Amount of excess 
energy in relative to the total LCOE is rather low in all the scenarios. A 
further decrease in LCOE is observed with sector coupling compared to 
grid interconnection for the power sector alone. This can be explained 
by a decrease in energy storage cost by 60%, since additional sectoral 
demand in the Integrated scenario decrease the need for long-term en-
ergy storage utilisation. The LCOE components and the import/export 
share for the discussed scenarios and all regions are presented in the 

Supplementary Material (Table S12). 

3.5. Seawater desalination and non-energetic industrial gas sector 

The two major types of desalination technologies considered are: 
thermal and membrane-based. Seawater reverse osmosis (SWRO) 
desalination is a predominant membrane technology and is widely used 
today. Multi-stage flash evaporation (MSF) and multiple-effect distilla-
tion (MED), both in the form of stand-alone and cogeneration, as the 
thermal desalination technology has traditionally been preferred in the 
MENA region. However, the shift towards SWRO desalination is ex-
pected as several projects in the pipeline and under development are for 
SWRO [1]. The overall levelised cost of water (LCOW) for the MENA 
region in 2030 is estimated to be around 1.4 €/m3. Iran has the highest 
LCOW by 1.8 €/m3, followed by Yemen by 1.6 €/m3. The lowest LCOW is 
found to be 0.9 €/m3 in several countries, such as Algeria, Bahrain & 
Qatar, Egypt, Libya and the UAE. The highest desalination capacity 
occurs for SWRO with 275 million m3/day. MED stand-alone accounts 
for the second largest desalination capacity with 5 million m3/day. In 
2030, the total estimated desalinated water demand and electricity de-
mand for the desalination sector are about 76 billion m3 and 990 TWh, 
respectively. 

Fig. 9. Energy flow for the Integrated scenario in 2030.  

Table 3 
Key financial results for the three analysed scenarios for the MENA region in 2030.  

Scenarios Total LCOE LCOE primary LCOC LCOS LCOT Total annual cost Total CAPEX Total OPEX 

[€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [b€] [b€] [b€] 

Region 52.8 28.9 2.5 21.4 0 105 962 24 
Area 48.3 30.2 1.6 14.3 2.2 96 908 21 
Integrated 40.3 30.6 2.1 5.7 1.9 167 1861 76  
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The total gas demand for non-energy use is projected to be 523 
TWhth for the MENA region by 2030. The total electricity demand to 
fulfil the gas requirement is around 800 TWh, which is supplied mainly 
through synthetic methane and complemented by bio-methane. The 
overall estimated levelised cost of gas (LCOG) for the region is 92.7 
€/MWhth. Iran, Saudi Arabia, Egypt, Bahrain & Qatar, Algeria and Oman 
have the largest non-energetic industrial gas demand, accounting for 
93% of the total demand. 

4. Discussion 

The energy scenarios presented combine the most realistic electricity 
demand growth based on the socio-economic development with strong 
increase in RE and storage options to achieve a fully sustainable energy 
system for the technical and economic assumptions of the year 2030. 
This study presents the techno-economic feasibility of shifting from a 
fossil fuel-based energy system for the power, non-energetic industrial 
gas and seawater desalination sectors towards an environmentally 
friendly one in the MENA region. An extensive search of the relevant 
literature yielded that this is the first 100% RE study for the MENA re-
gion with an energy system design capable of meeting hourly-based 
loads under given constraints. The results indicate a dramatic evolu-
tion of power supply systems in the MENA region in the future. The 
electrification of almost all energy sectors is technically possible 
[88–90] and most likely cost-competitive using sustainable sources of 
energy. However, all energy sectors have to be covered in order to better 
evaluate a 100% renewable electricity based system for the future of the 
MENA countries. A comprehensive analysis of all energy sectors is the 
next step of study for the MENA region. In addition, different policy 
strategies need to be analysed to comprehend the impacts of energy 
transition on the countries with a significant reliance on fossil fuels as a 
national revenue (see e.g. Refs. [1,91]). The role of society and social 
acceptance of energy transition are the other important aspects that 
have to be addressed. 

Well-connected electricity grids within the regions decrease the 
electricity cost remarkably in a RE-based system. Further flexibility in 
the electricity systems and reduction of electricity cost have been 
observed in a number of studies by connection of electricity grids in high 
penetrations of RE [92–96]. Although the total LCOE decreased from 
52.8 €/MWh for the Region scenario to 48.3 €/MWh for the Area sce-
nario, the situation was slightly different on a regional basis. Most of the 
countries derive a benefit through grid interconnections. Libya and 
Jordan & Palestine gain the most benefits among all regions by 13% and 
12% LCOE reduction, respectively, in the Area scenario in comparison 
with the Region scenario. Whereas, Iraq, Kuwait, Bahrain & Qatar, 
Oman, and Yemen experienced a slight increase in LCOE due to elec-
tricity exchange with neighbouring countries. This means that in these 
regions the electricity cost would be lower when they were independent. 
In the first three regions, domestic electricity generation has been 
drastically decreased when they were interconnected via HVDC trans-
mission lines, resulting in the lower total annualised cost and CAPEX. 
The cheaper electricity produced in neighbouring regions is more 
beneficial to be delivered to Iraq, Kuwait and Bahrain & Qatar than 
domestically producing electricity. However, additional costs for elec-
tricity exchange and transmission losses result in higher LCOE. On the 
other hand, electricity generation in Oman increased by 242% in the 
Area scenario compared to the Region scenario. A considerable amount 
of electricity, around 70 TWh, is transmitted from Oman to the UAE due 
to perfect resource conditions of solar energy and wide-land availability 
in Oman. For Yemen, the total electricity generation remains almost 
constant and the amount of imported and exported electricity are almost 
identical. A slight increase is observed in the total LCOE from 48.7 to 
49.8 €/MWh from the Region to Area scenario, due to electricity ex-
change and transmission losses. However, higher LCOE for the discussed 
regions is not in contrast with the theory of wide-area grid in-
terconnections as electricity transmission leads to a decrease in the 

overall LCOE and total annualised costs for the MENA region. The di-
rection and amount of electricity exchange among the interconnected 
MENA countries in both absolute and relative values are shown in 
Fig. 10 for the Area scenario in 2030. 

It is important to highlight that the presented results are based on a 
cost-optimal energy system design powered by RE for the MENA region. 
Nevertheless, the interests of countries might vary and several barriers 
can completely change the introduced energy system design and impact 
on the final costs. For instance, a national policy on the maximum 
amount of annual net imported electricity or political barriers to coop-
erate with neighbouring countries could potentially result in changing 
the overall costs, electricity generation and transmission capacities. The 
Region scenario is a good example of such a system, where only a few 
countries in the entire region might gain a slightly higher benefit 
compared to a fully interconnected energy system. If governments, 
decision-makers and people looked into energy transition from a socio- 
economic perspective and benefits of region-wide cooperation, then it 
might also encourage better relations between the countries of the 
MENA region. 

Solar PV followed by wind energy have the most contribution to 
installed capacities for a 100% RE mix in all the scenarios. This is 
because these sources have well distributed FLH all over the region and 
are the least cost RE technologies. Solar PV and battery storage are found 
to be a perfect match for diurnal electricity supply. It is worthwhile to 
highlight that fast costs reduction of solar PV technology [97,98] and 
battery storage [99–101] are expected for the coming years, which is in 
line with the results of this research. Meanwhile, the MENA region in-
cludes the predominantly arid and semi-arid areas with lack of fresh-
water resources in several countries. Thus, further deployment of 
sustainable biomass and hydropower seem unrealistic. 

Based on the findings of this study, MENA has ample potential to 
supply 100% of its electricity mix from RE by 2030. Several studies have 
been carried out addressing the role of renewables in this region. Teske 
et al. [102,103] reported that all the countries in the world, including 
Middle East and North Africa, can reach a fully sustainable energy sys-
tem by 2050 under the Advanced Energy [R]evolution scenario. It is 
mentioned that Middle East requires 1505 GW of renewables and 82 GW 
of hydrogen to meet its energy demand by 2050. Meanwhile, it is also 
projected that 68% of installed capacity can be supplied via RE by 2030. 
According to IRENA [19], Egypt has the potential to provide 53% of its 
electricity generation from RE by 2030. Further, RE could contribute to 
22% of total final energy supply in Egypt by 2030, which corresponds to 
17% growth since 2014. The REmap 2030 scenario shows that solar PV 
and wind energy amounts to 50% of total final energy consumption, 
followed by biofuel with 13% and CSP with 11%. A research [104] 
conducted for a zero emissions energy system in the Middle East shows a 
pathway to achieve a zero emissions target in 2100. Despite the ultimate 
goal, the timeframe is excessively far from the approach discussed in 
Paris Agreement [45]. Likewise, the cost assumptions are unrealistically 
high, particularly for solar PV, making RE technologies less attractive 
than nuclear power and natural gas with carbon capture and storage 
(CCS). Carbon capture and storage benefit from comparably low cost 
assumptions for nuclear and negligence of the CO2 capture efficiency of 
80–90% for CCS, which is not sufficient for a zero emission system. 

The strategic transition towards a fully sustainable energy system 
becomes more vital when a direct comparison with a business-as-usual 
(BAU) case is implemented. According to studies from IEA [77] and 
Greenpeace International [102], which is also linked to the IEA study 
[76], a BAU scenario for the year 2030 is analysed. The LCOE is calcu-
lated for both BAU trajectories with and without GHG emission costs. 
The results reveal that a BAU scenario cannot compete with a 100% 
RE-based power system, due to significantly higher costs. The estimated 
LCOE for BAU without and with GHG emission costs lies between 118.6 
and 149.0 €/MWh. A comparison between BAU trajectories with Region 
and Area scenarios are illustrated in Fig. 11. As shown, even in the 
Region scenario, with no cooperation between the regions, there is a 
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noticeable cost reduction of 55–69% compared to both BAU scenarios. 
The integration of multiple sectors brings additional benefits in the 

energy system, such as energy security, system flexibility and cost 
reduction. This has been verified by various studies [54,95,105,106]. 
The Integrated scenario is designed to supply current natural gas de-
mand in non-energetic industrial gas sector by flexible generation of 
SNG. Further, renewable water demand in the most water-stressed re-
gion in the world is defined to be supplied by SWRO desalination. There 

is sufficient amount of RE sources to cover the additional electricity 
demand of 523 TWhth of SNG and 76 billion m3 of desalinated water. 
The cost of desalinated water seems to be quite affordable at 1.4 €/m3 

compared to the current cost of desalinated water at 1 €/m3 [70,107]. It 
is vital to note that the current desalinated water cost powered by fossil 
fuels are heavily subsidised and does not include water transportation 
costs. Adding all the additional costs to the today cost, the future 
desalinated water powered by RE might be even lower in cost than to-
day’s fresh water produced by fossil fuels. 

Additional co-benefit of transitioning to a 100% RE power sector is a 
substantial reduction in cooling water demand of existing thermal 
power plants, as clearly indicated by Lohrmann et al. [108]. Reduction 
of cooling water demand in a strongly water stressed region can help to 
overcome existing water supply restrictions. Another benefit of the 
transition towards 100% RE is the opportunity of additional job creation 
as pointed out by Ram et al. [109], in particularly also for MENA. 

A tremendous potential of RE sources, particularly solar and wind, 
can result in decarbonisation of the MENA region. Solar and wind energy 
have experienced a significant cost reduction over the past decade [110, 
111]. With a fully sustainable energy system, the MENA region can 
potentially fulfil all the electricity demand in the region and decrease the 
amount of GHG emissions. Additionally, shifting towards a 100% RE 
system may provide an opportunity to trade wide variety of products 
with other continents such as Europe [47–51]. However, electricity 
exchange might not be highly profitable with other continents as 
explained by Bogdanov et al. [112]. The total estimated cost benefits of 
grid interconnection of Europe, Eurasia and MENA have been found to 
be as low as 1.3%, based on the 2030 cost assumptions. In addition, 
wide-area grid interconnection of all countries within Europe, so-called 
“SuperSmartGrid” for Europe, to achieve a 100% RE power sector is 

Fig. 10. Electricity exchange among the inter-
connected MENA regions for the Area scenario in 
2030. The far inside values are the amount of elec-
tricity transmission in TWh. The outside values 
represent the relative exports, imports and overall 
total for each region, respectively. The ribbon colour 
shows the amount of electricity exchange from one 
region to another. The colours of exporter regions are 
similar to the ribbon colours. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 11. Comparison of LCOE in BAU scenarios with and without CO2 emis-
sions costs with LCOE in Region and Area scenarios. The percentages represent 
the cost reduction in each scenario in comparison to the respective scenario in 
BAU trajectory. 
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found to be a beneficial choice for the energy transition [113]. The re-
sults of this study are in line with the findings of the research in this 
paper. Moreover, converting electricity to fuels or other chemical 
products powered by RE might be a viable alternative to fossil-based 
hydrocarbons in the mid-to long-term [114–116] and may be an excel-
lent energy export opportunity for the MENA region in the decades to 
come. In addition, further business opportunities may arise for the 
MENA region for carbon direct removal, which is required to achieve the 
1.5 �C target of the Paris Agreement, as addressed by Intergovernmental 
Panel on Climate Change [8]. The region’s excellent RE resources can be 
used for attractive CO2 direct air capture and storage (DACCS) [79,117, 
118], which is an increasingly attractive negative CO2 emissions 
technology. 

The results of this research indicate that the estimated LCOE for 
MENA is in line with the LCOE range of 53–73 €/MWh [55] reported for 
other major regions in the world, and it also places the MENA region as 
one of the most energy cost competitive ones in the world. Various al-
ternatives to shift the energy system dominated by fossil fuels to a low or 
zero GHG emitting energy system have been discussed in literature. 
Non-renewable options, such as nuclear energy and negative emissions 
technologies (NETs) have been introduced as a potential solution to 
prevent the release of large quantities of CO2 from fossil fuel use into the 
atmosphere. However, the costs of the alternatives are rather high 
compared to RE technologies. It has been reported that the total LCOE of 
CCS for fossil fuels range between 92 and 163 USD2013/MWh [119]. In 
addition, several studies with the target for 100% RE by 2050, such as 
German Advisory Council on Global Change (WBGU) [120], World Wide 
Fund for Nature (WWF) International [92,121] and Greenpeace Inter-
national [102,103], state that nuclear fission produces dangerous waste 
that remain extremely toxic for a long time. Further, the produced waste 
cannot be stored safely anywhere in the world. 

The impact of RE policies and development on economic growth 
throughout the history, from 1980 to 2012, have been evaluated by 
Kahia et al. [122] for the MENA countries. They concluded that the 
countries that followed their RE policies achieved great benefits pro-
moting and advancing their economic growth. However, the commit-
ment of all stakeholders is found to be necessary to reach the set targets 
and policies regarding the promotion of RE. Charfeddine and Kahia 
[123] examined the effectiveness of RE development on CO2 emissions 
and economic growth for 24 countries in the MENA region using the 
panel vector autoregressive analysis. Their results reveal that the 
penetration of RE in the total energy mix is still insignificant and only 
has a slight impact on CO2 emissions and economic growth. Some policy 
recommendations have been proposed in order to improve the share of 
RE in the MENA countries. These include financial reforms by encour-
aging investments in research and development, support of banking 
systems by providing special financial services for investment in RE 
projects, close coordination between stakeholders, sever policies related 
to the RE sector and so on. An empirical analysis, from 1975 to 2007, has 
been carried out for 15 MENA countries regarding the impact of eco-
nomic development and social-political factors on ecological footprint 
[124]. The authors employed the Environment Kuznets Curve method to 
investigate the role of several ecological variables in environmental 
degradation. Similar to previous studies, this paper suggests that policies 
related to RE growth should be implemented to enhance energy security 
of countries as well as to improve environmental quality. 

In order to achieve net-zero emissions energy systems in the MENA 
region, several other critical aspects have to be taken into account to 
ensure stabilisation of the region’s mean temperature. A shift away from 
fossil fuels for all energy sectors, such as power, heat, transport and 
industry, must be evaluated. The large energy demand can be met 
through electrification and generating electricity via variable RE sour-
ces. However, there are some energy services that are rather more 
complex to decarbonise, namely carbon-intensive structural materials, 
such as cement and steel, long-distance transport, land use and agri-
culture [8]. Thus, it is imperative to integrate currently segregated 

energy sectors and industrial processes. This may require radical 
transformations of the existing infrastructure and mechanisms, as well 
as steady and persistent management of GHG emissions in the energy 
systems. The so-called negative emissions technologies [125–127] are 
imperative components to remove GHG emissions from the atmosphere 
and to meet the international climate goals such as Paris Agreement. To 
achieve a successful net-zero GHG emissions energy system, all the 
aforementioned items, and even more, have to be studied, developed, 
demonstrated and deployed. 

It is worth mentioning that the energy system analysis in this study is 
carried out based on an optimisation modelling tool, which is built on a 
set of financial and technical assumptions. It can be argued that using 
different assumptions might result in varied results. However, the data 
used has been collected from the learning rates of various technologies 
and validated via different sources. For instance, solar PV technologies 
and battery storage are the prominent driving force for shifting away 
from fossil fuels towards a fully sustainable energy system. The average 
CAPEX assumptions for fixed tilted and single-axis tracking PV systems 
is about 410 €/kW for the year 2030, which is in line with the cost 
projections at 417 €/kW by 2028 [98] and 375 €/kW by 2029 [42]. 
However, latest insights indicate that PV CAPEX projections may be 
even below 300 €/kW by 2030 [41], which would lead to lower energy 
system cost and an even higher solar PV share. Similarly, the CAPEX of 
battery storage is correlated to the latest market values, expectation of 
market research and scientific literature research [99,128]. Meanwhile, 
it has been pointed out that the role of WACC is vital in calculating the 
LCOE for different countries across the world [129]. Although this is a 
valid point of argument, projections of WACC for the future is an open 
and unanswered question in the field of energy system modelling. For 
simplicity, the energy system models take a uniform WACC value that 
can be applied for all countries around the world [130]. A detailed study 
regarding the more realistic and accurate WACC estimation for the 
countries in the region can be a potential topic for future research. 

5. Conclusions 

A 100% RE-based power system has been introduced for the MENA 
region under three scenarios for technical and economic assumptions of 
the year 2030. The LUT Energy System model was used to simulate the 
scenarios with variable RE combined with energy storage technologies 
to achieve an optimal cost-competitive energy system for power, non- 
energetic industrial gas and seawater desalination sectors. The target 
function was to meet the load in every hour of the applied year for least 
cost. High spatial-temporal resolution model helps to evaluate the var-
iable nature of solar and wind resources in more details. The role of 
energy storage and transmission grids is found to be crucial in highly RE 
systems resulting in smooth energy transition from fossil fuel based 
power system towards an entirely sustainable one. 

From the results one can understand the existing RE sources can 
generate sufficient energy to cover the electricity demand in the MENA 
region for the year 2030 on a cost level of 40.3–52.8 €/MWh. A com-
parison with a BAU scenario clearly reveals that the proposed system is 
substantially lower in cost than being dependent on conventional fuels 
in the mid-term future. The benefits are more prominent if GHG emis-
sion costs are accounted for in the MENA countries, resulting in much 
higher cost of electricity generation than a 100% RE-based power sys-
tem. The estimated LCOE for the BAU trajectories without and with GHG 
emission costs range at 118.6–149 €/MWh in 2030, respectively. 

Solar PV and wind energy were the predominant sources of energy in 
all the studied scenarios representing more than 90% of the total elec-
tricity generation capacity. The interconnected power system via HVDC 
transmission lines resulted in lower RE installed capacity and thus a 
decrease in the total LCOE and annualised costs. The role of energy 
storage is vital on a high penetration of RE, especially batteries for 
diurnal storage and PtG for seasonal storage. The need for energy stor-
age decreased dramatically in the interconnected power system 
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compared to a nationally oriented isolated system design. A-CAES 
experienced the most capacity reduction by almost 100% from the Re-
gion to Area scenario. For the Integrated scenario, PtG capacity soar due 
to additional functionality of producing synthetic gas for the non- 
energetic industrial gas sector. Additionally, SWRO desalination pow-
ered by RE is found to be a proper solution to tackle the water crisis in 
one of the most vulnerable regions in the world. The cost of desalinated 
water is estimated to be around 1.4 €/m3, which is comparable with the 
current cost of fresh water production using fossil fuels. 

Extreme dependency on fossil fuel resources as national revenue, 
highly subsidised electricity and fresh water, rapid industrialisation and 
population growth might affect countries in the long-term. A strategy of 
systematic and well-planned diversification of the energy mix in the 
MENA region towards other alternatives, particularly RE sources, lead to 
a more efficient energy system and reduction of GHG emissions. On top 
of that, it provides the perfect opportunities to decrease domestic fossil 
fuel consumption and save for exports, which could help to stabilise the 
financial situation of several MENA countries. A RE-based power system 
in the MENA region will bring socio-economic benefits for the countries, 
such as job creation, economic stimulation and diversification, and 
contribute to human welfare and improved livelihoods. 

In order to achieve a net-zero GHG emissions energy system in this 
region, a shift away from fossil fuel domination across all energy sectors 
has to be conducted. Further, several crucial components of strategies, 
such as negative emissions technologies, have to be taken into account 
to decarbonise all energy services and industrial processes. In this 
manner, a closer political relationship and strategical cooperation be-
tween the MENA countries can help to accelerate the transition. As the 
results of current study suggest, grid interconnections between the 
countries can reduce the amount of curtailment and energy storage on a 
regional basis, and bring numerous economic opportunities for imports 
and exports. 
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a b s t r a c t

Transition of Iran's power system from 2015 to 2050 through three scenarios was modelled. Two sce-
narios present a transition pathway towards a fully renewable run power system with different involved
sectors (power only, power sector coupled with desalination and non-energetic gas sectors). The third
scenario is based on the country's current policies. The energy model performs an hourly resolution to
guarantee meeting energy demand for every hour of the whole year. It is found that renewable energy
resources in Iran can satisfy 625 TWh of power sector demand in 2050. Further, it is technically and
economically feasible that electricity demand for supplying 101 million m3 desalinated water and 249
TWhLHV synthetic natural gas for non-energetic industrial gas demand can be supplied via renewable
resources. A 100% renewable power system with 54 V/MWhel levelised cost of electricity (LCOE) is more
cost-effective than the current power system in Iran with 88.3 V/MWhel LCOE in 2015. LCOE of the
system can decrease further and reach to 41.3 V/MWhel in 2050 via sector coupling. On the other hand,
the current policies of the country lead to an inefficient power system with a LCOE of 128 V/MWhel and
188 Mt/a emitted CO2 in 2050.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Currently the major source of the global energy system is fossil
fuel, finite and territorial imbalanced energy which also is the main
source of greenhouse gas (GHG) emissions. However, due to energy
demand growth, energy security, climate crisis, and highly attrac-
tive economics, attention has been drawn to renewable energy (RE)
as sustainable alternative energy resources.

RE is rapidly growing especially in the power sector due to
ongoing cost decline of renewable technologies and dedicated
policy initiatives. The average cost of solar photovoltaic (PV)
modules and wind turbines fell by 80% and 33% respectively be-
tween 2009 and 2014 [1]. Consequently, in 2014, global power
system experienced 127 GW renewable power installation which
accounts for 49% of total installation [2], and in 2017, the share of
newly RE installation reached to 70% of total addition to power
capacity globally [3].

The ongoing growth of RE capacity is developing the idea of a

RE-based energy system, particularly for the power sector. Many
studies have examined and proved the feasibility and viability of a
global pathway towards a 100% RE electricity supply. Hoffmann [4]
discussed that only a quick transition of current fossil power plants
to renewables is a practical solution for the future energy system
and to limit global average temperature to below 2 �C. It has been
mentioned that other solutions like postponing the transition,
nuclear energy and carbon capture and storage (CCS) are not
possible alternatives due to monetary and safety reasons. Pleb
mann et al. [5] showed that a global 100% renewable electricity
supply is feasible at decent cost based on an energy model simu-
lation for hourly electric demand of more than 160 countries.
Breyer et al. [6] performed a global energy transition towards 100%
RE for the power sector by 2050. The study, which is carried out in
high spatial and temporal resolution, shows a 100% RE based power
system not only is feasible but also is more cost-effective than the
current system. The levelised cost of electricity (LCOE) for the
proposed power system in 2050 is 52 V/MWh compared to 70
V/MWh of the existing system in 2015. Detailed results of this
energy transition and its socio-economic benefits categorised into 9
major regions of the world are presented by Ram et al. [7].* Corresponding author.
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Moreover, several publications have investigated a fully RE-based
energy system for several countries and regions around the world
and pointed out that a renewable powered system not only is
feasible but also is cost comparative with the current system
[8e12].

In Iran, the second largest country in the Middle East, the heart
of the world's fossil fuel reserves, the share of solar and wind en-
ergy in the power sector is less than 1%, while fossil fuels account
for 83% of the country's installed power capacity [13]. Although the
share of RE in the country's energy mix is currently too marginal,
the government has started some policies and support mechanisms
like revising feed-in tariffs and subsidy reforms to push the
development of RE [14]. The main motivation of the government to
take effort to increase deployment of the RE resources and diversify
the power supply can be summarised as follows:

� While fossil fuel resources are depleting, electricity demand in
Iran as an emerging country by economic and population
growth is growing rapidly. The installed capacity of power
plants and total electricity generation of the country over past
decades are presented in Fig. 1. Only over the last decade, the

installed capacity of the power plants almost doubled and
reached to 65 GW in 2015 from 37GW in 2005 to keep up with
growing electricity demand. During this period electricity gen-
eration increased by an average of 5% per year. It is projected
that a 2.7% increase per year is needed to meet electricity de-
mand by 2040 [15]. Therefore, taking into account alternative
sources of energy is necessary to meet the growing demand and
promote energy security in the country. Energy security ad-
dresses several dimensions [16], whereof the most important
ones may be availability, diversity, cost, technology and effi-
ciency, environment and policy.

� In Fig. 2, the country's power system energy flow is traced from
primary energy to generated electricity. It can be seen that more
than half (53%) of the primary energy is wasted due to ineffi-
ciencies.The unsustainable energy system in Iran has had a
profound negative impact on environmental, economic, and
social development [18]. Hence, restructure of the exiting en-
ergy system and considering RE as a main source of primary
energy can highly increase the power sector efficiency and have
positive impacts on the environment and economy.

Nomenclature

AC alternating current
A-CAES adiabatic compressed air energy storage
BP best policy
BPS best policy scenario
Capex capital expenditures
CCGT combined cycle gas turbine
CCS carbon capture and storage
COP21 The 21st Conference of Parties
CP current policy
CPS current policy scenario
CSP concentrating solar thermal power
desal desalination
DAC direct air capture
FLH full load hours
GT gas turbine
HVAC high-voltage direct current
ICE internal combustion engine
IEA International Energy Agency

LCOC levelised cost of curtailment
LCOE levelised cost of electricity
LCOG Levelised cost of gas
LCOS Levelised cost of storage
LCOT Levelised cost of transmission
LCOW Levelised cost of water
MED multiple-effect distillation
MSF multi-stage flash
OCGT Open cycle gas turbine
Opex operational expenditures
PHES Pumped hydro energy storage
PP power plants
PtG power-to-gas
PtH power-to-heat
RE renewable energy
SNG synthetic natural gas
ST steam turbine
SWRO Seawater reverse osmosis
TES thermal energy storage
WACC Weighted average cost of capital

Fig. 1. The installed capacity of power plants and total electricity generation of the country [17]

N. Ghorbani et al. / Renewable Energy 146 (2020) 125e148126



� Iran is highly endowed with renewable resources in particular
solar and wind, which have a rapid cost decrease globally. Iran is
located in the world's Sun Belt area with an average solar irra-
diation of 1880 kWh/(m2$a) and 280 sunny days on 90% of its
land area [19]. Concerningwind energy, Iran hasmany sites with
strong wind flows leading to a technical potential of 140 GW in
the country [20]. Fig. 3 presents the potential of solar PV and
wind energy in Iran. Using the high potential of RE to generate
electricity is more reasonable and economical than consuming

fossil fuels which impose extra expenses on society due to their
environmental impacts and health effects. Jorli et al. [21] applied
a detailed impact pathway approach to estimate the monetary
value of health damage arising from emissions of fossil power
plants in Iran. The health damage cost varies from 0.06 to 22.41
USD/MWh depending on the quality of fossil fuel burned in the
power plants and population density around the power plants.
However another comparable study ranged the environmental
damage cost from 15.94 to 74.66 USD per MWh [22].

Fig. 2. Power system energy flow for Iran in 2015.

Fig. 3. Iran's global horizontal irradiation map (left) [26] and wind speed map [27] (right).
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� Water crisis and rapidly declining water resources in Iran is a
serious issue which would lead to an absolute water scarcity by
2025 [23]. A renewable energy powered desalination system is a
potential solution to meet the water demand of the country,
considering Iran's high potential of RE resources and sur-
rounding water bodies [24].

� The Paris Agreement (COP 21) clearly declared that holding the
rise in global average temperatures to less than 2 �C requires a
global defossilisation by mid-21st century [25]. Since Iran is
among countries that ratified the agreement, the country should
act in line with the global approach and restructure its power
system as a first step for achieving a zero emission energy
system.

A renewable based energy system is an undeniable necessity
for Iran to mitigate its economic, social and environmental issues
[28] and the government has taken path breaking steps to pro-
mote the expansion of RE. However, the absence of a compre-
hensive pathway to redesign the current energy system is one of

the major challenges in the country and requires a more aggres-
sive policy. Changing the existing power system and infrastruc-
ture towards a system entirely based on RE requires a detailed
study of RE resources, the current power structure, the current
and future electricity demand. Furthermore, an analysis of eco-
nomic and technical capabilities and opportunities for a radical
transition is necessary.

For Iran, there is only research regarding technological aspects
and the potential of RE resources in the country and the necessity of
a full deployment of these resources for a sustainable development
of the country. However, a study to determine a transition pathway
towards a sustainable energy system for the country on a regional
basis with a high share of RE deployment is lacking in literature.
The present study through a detailed technical and economic
analysis provides a transition pathway for Iran to achieve a power
system based on 100% RE at an optimal cost. Aghahosseini et al. [29]
have conducted a research with an overnight approach to study a
100% RE power system for Iran for the year 2030 and the country
was modelled as a single node. Ghorbani et al. [30] presented a
transition pathway for Iran's power system from 2015 to 2050, but
the country was modelled as a single node and the transmission
grid was not considered in the model. The aim of that research was
to show a fully renewable run power system is feasible for Iran.
However, in the current study, Iran's power system has been
modelled by a multi-node approach and the country is structured
into nine regions. This research is a big step towards a detailed and
practical study for Iran's transition pathway to a zero GHG emission
system. In this study, all input data such as load demand, lower and
upper limits of installed power plant capacities, historical weather
data for solar irradiation and wind speed are provided for each
region and the regions are connected via high voltage alternating
current (HVAC) power lines. Moreover, the integration of desali-
nation and industrial non-energetic gas sectors are examined and
finally the transition scenario is comparedwith the results obtained
from a scenario which is modelled based on the current policies of
the country.

2. Materials and methods

2.1. Model overview

The LUT Energy System Transition model is used to model the
transition of Iran's power sector from 2015 to 2050. The model
performs an hourly resolution which guarantees meeting energy
demand for every hour of the whole year. The optimisation of the
model is based on the linear method which due to the less required
calculation time, enables modelling of more sophisticated and in-
tegrated energy systems. The aim of the optimisation is finding a
least cost energy system while meeting a set of constraints such as
electricity demand, installed capacity limits and techno-economic
restrictions. Therefore, the proposed energy system has the mini-
mum annual cost which consists of installation costs of different
technologies, energy generation and energy ramping costs. The
target function of the model for minimising the annual cost is
presented in Eq. (1).

where reg and tech are the numbers of total regions and technol-
ogies in the energy system.

Satisfying the electricity demand is the main constraint in the
model which is indicated by Eq. (2) for every hour of the year.

ch2 ½1;8760�
Xtech

t
Egeneration;t þ

Xreg

r
Eimport;r þ

Xstor

t
Estorage discharge

¼ Edemand þ
Xreg

r
EExport;r þ

Xstor

t
Estorage charge þ Ecurtailment

(2)

where stor represents storage technologies in the system.
The limit for minimum installed capacity for each technology is

equal to its capacity in the previous time step and for 2015 the
lower limit represents the existing capacity. For maximum
installed capacity limits, the model follows different approaches
for different technologies. For wind power plants, CSP, single-axis
tracking and optimally tilted PV systems maximum limits are
based on the capacity density and land use limitation [31]. For
PHES and hydro power plants upper limits are set to 200% and
150% of the existing installed capacities in 2015. Upper limits for
biomass, biogas and waste-to-energy resources are based on
German Biomass Research Centre [32] and geothermal energy
potential is calculated based on the methodology explained in
Ref. [33]. For other technologies no maximum limit is assigned. A
variety of technical restrictions including efficiency numbers and
lifetimes for power generation, storage and transmission systems
are considered in the model. In addition to all these constraints, a
set of financial assumptions that were taken from different rele-
vant literature are applied to the model which is discussed in
section 3.5.

Key feature of the model is its flexibility and expandability,
which allows modelling of energy systems on local, national,
regional or global level and for a variety of scenarios. The LUTmodel
has been described in detail by Bogdanov and Breyer [31] and

min
�Xreg

r¼1

Xtech

t¼1

�
Capext, crft þ Opexfixedt

�
, Installed Capacityt;r þOpexVaiablet , Egenerated t; r þRamping Costt , Total Rampingt;r

�
(1)
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Breyer et al. [6]. A flowchart of main input data, output data and
operation sequence of the model is presented in Fig. 4.

2.2. Applied technologies

The block diagram of the energy model is presented in Fig. 5.
Main components of the model can be classified into four
categories:

� Electricity generation technologies: solar photovoltaic (PV)
rooftop, PV fixed-tilted, PV single-axis tracking, wind onshore,

hydro power (dam and run of river), concentrating solar thermal
power (CSP), geothermal, biomass and waste-to-energy power
plants. In addition to RE technologies, fossil generation tech-
nologies and nuclear power plants are considered in the energy
system. Gas turbines are used over the first steps of the transi-
tion in their conventional way, by consuming natural gas, but as
the transition progresses, they are fed by RE-based synthetic
natural gas and biomethane.

� Energy storage technologies: batteries, pumped hydro energy
storage (PHES), thermal energy storage (TES), adiabatic com-
pressed air energy storage [34], and power-to-gas (PtG) storage.

Fig. 4. Flowchart of the energy model [35].

Fig. 5. Block diagram of the energy model components [35].

N. Ghorbani et al. / Renewable Energy 146 (2020) 125e148 129



PtG technology consists of water electrolysis, methanation and
CO2 direct air capture (DAC) [48]. The technical assumptions for
storage technologies are provided in the Supplementary Mate-
rial (Tables S2e2).

� Electricity transmission technology: HVAC. The length of the
transmission lines is calculated based on the existing high
voltage grids (400 and 230 kV) in Iran.

� Energy sector bridging technologies: PtG, PtH and seawater

reverse osmosis (SWRO) desalination. Bridging technologies by
converting excess energy into valuable products provide more
flexibility for the energy system, increase the efficiency and
decrease the overall costs.

In addition, the energy system incudes PV prosumers which are
developed in another hourly model enabling installation of resi-
dential, commercial and industrial rooftop PV systems and their
corresponding batteries. The excess PV electricity from self-
consumption sector is transferred into the grid.

2.3. Methodology for cost calculation

LCOE is a standard metric for economic comparison of different
electricity generation technologies [36]. In general, LCOE includes
lifetime costs of construction and operation of a power generation
plant. However, in this study the LCOE calculation is extended to
assess the LCOE for the whole energy system including levelised
cost of curtailment (LCOC), levelised cost of storage (LCOS) and
levelised cost of transmission (LCOT). GHG emissions costs are
added to the LCOE calculation. Total cost and LCOE in this study are

characterised by Eq. (3).

Total Costsystem ¼
Xreg

r
LCOEr,Edemand;r (3.1)

LCOEr ¼ LCOEprimary;r þ LCOCr þ LCOSr þ LCOTr (3.2)

where Capex is capital expenditures of the power generation
technologies (V/MWel) and Opexfixed is fixed operational expendi-
tures (percentage of Capex =year) and Opexvariable is variable oper-
ational expenditures (V/MWhel).

LCOCr ¼ LCOEprimary;r,
Ecurtailment;r

Edemand;r þ Eexport;r � Eimport;r
(3.4)

where Capex and Opex are capital and operational expenditures of
the storage technologies and Capacity is installed capacity of stor-
age technologies and is expressed in MW.

LCOTr ¼ TotalCosttransmission, sharer
Edemand;r þ Eexport;r � Eimport;r

(3.6)

Table 1
The nine modelled regions and the corresponding provinces.

Region Provinces

1-AZ Azerbayejan East, Azerbayejan West, Ardabil, Zanjan, Qazvin
2-KO Kordestan, Hamedan, Kermanshah, Markazi, Lorestan, Ilam
3-TE Tehran, Alborz, Qom
4-MA Mazandaran, Golestan, Gilan, Semnan
5-IS Isfahan, Yazd
6-KHZ Khozestan, Kohgiluyeh and Boyer-Ahmad, Chaharmahal and Bakhtiari
7-FA Fars, Booshehr, Hormozgan
8-KHR Khorasan North, Khorasan West, Khorasan Razavi
9-KE Kerman, Sistan and Baluchestan

LCOEprimary;r ¼
Ptech

t¼1

�
Capext,crft þ Opexfixed;t

�
,Capacityt;r þ Opexvariable;t,Egeneration;t;r

Edemand;r þ Eexport;r � Eimport;r
(3.3)

LCOSr ¼
PStoragetech

t¼1

�
Capext, crft þ Opexfixed;t

�
,Capacityt;r þ Opexvariable;t,Estorage;discharge ;t;r

Edemand;r þ Eexport;r � Eimport;r
(3.5)
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TotalCosttransmission is total annual cost of transmission grids and
CapexTL and OpexTL are capital and operational expenditures of the
transmission lines.

sharer ¼0:5,
Eexport;rPreg
r Eexport;r

þ 0:5,
Eimport;rPreg
r Eimport;r

(3.8)

where sharer represents the regions' share in grid utilisation.

crft ¼ WACC , ð1þWACCÞNt

ð1þWACCÞNt � 1
(3.9)

crft is the capital recovery factor, which is a function of weighted
average cost of capital (WACC) and lifetime of the technology (Nt).

Additional abbreviations in Eq. (3) are: electricity, E, region, r,
technology, t, and transmission line, TL.

3. Scenario assumptions

3.1. Subdivision of the country and grid structure

In this study, Iran is modelled in nine regions based on the
country's grid structure, electricity consumption and RE potential
of the provinces (political subdivision of Iran is in the form of
provinces). Table 1 presents the corresponding provinces of the

modelled regions. Fig. 6 shows the modelled regions and inter-
connection power lines between them and also the consumption
centre of each region. The city with the highest electricity demand
in each region is assumed as a consumption centre. The intercon-
nection lines on the map are only schematic lines to show the
connection between regions. The length of the power transmission
lines between consumption centres used in the simulation are
measured according to the existing power grid structure of the
country [37]. The regions are named after provinces where the
consumption centres are located.

3.2. Applied scenarios

In this study, three scenarios for the transition of Iran's power
system from 2015 to 2050 are studied:

1. Best Policy Scenario (BPS): A transition of Iran's power system
from the current fossil fuel-based system to a fully RE-based
system is modelled. Transition is applied from 2015 to 2050 in
5-year time steps. No new fossil or nuclear power plants are
allowed to be installed and the existing ones are phased out
according to their lifetimes. However, the installation of gas
turbines is not restricted since they have higher efficiency and
less CO2 emission and in particular can utilise synthetic natural
gas (SNG) and biomethane, both free of fossil sources, as fuel.
This scenario only covers electricity demand of the power sector

Fig. 6. Iran subdivision and transmission line structure.

TotalCosttransmission ¼
Xlines

l¼1

�
CapexTL , crfTL þOpexfixed;TL

�
,CapacityTL;l ,LengthTL þ Opexvariable;TL,Etransmission ;t;l (3.7)
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and presents an optimal mix for power plants in each time step
over the transition.

2. Integrated scenario: This scenario is also a transition to a fully
RE-based power system. For this scenario, the seawater desali-
nation sector and non-energetic industrial gas sector demand
are integrated with the power sector. Therefore, the power
system not only supplies the electricity demand of the power
sector but also the electricity needed for the seawater desali-
nation sector to meet the water demand of the country as well
as the electricity demand to produce SNG for non-energetic
industrial gas demand.

3. Current Policy Scenario (CPS): In this scenario, the Iranian power
system is modelled based on the country's current policies. The
country's existing plans are taken into account and it is assumed
that all policies and plans concerning the power industry will be
implemented. These policies are as follows:
� 5 GW wind and solar plants will be added by 2021 according
to 6th Development Plan [38].

� 10 GW of total power capacity comes from wind and solar by
2025 according to 20-Year Vision [39].

� Installation of two nuclear power units, 1 GW by 2024 and
another 1 GW by 2026.

� Turning gas turbine power plants into combined cycle gas
turbine plants [40].

Since there is not any official plan for post-2026, we assumed
that the installation of PV and wind plants would continue by the

same rate according to the current policy. Therefore, the power
system in Iran will experience installation of 5 GWPV and wind
plants in every 5-year period until 2050.

3.3. Demand of the sectors

3.3.1. Power sector
The country's hourly electricity consumption in 2015 is taken

fromRef. [41] and is extrapolated for the next years according to the
electricity demand growth rate estimated by the IEA [15]. An
aggregated load profile for 2050 is presented in Fig. 7. Regions' load
profiles are computed based on the country's hourly demand
divided by the regions' electricity consumption multiplied to the
sum of hourly profile. Annual projected electricity demand for the
country and the modelled regions for all time steps over the energy
transition are indicated in Table 2.

3.3.2. Desalination sector
In this study, a desalination sector powered by RE is applied to

the energy model to investigate the capability of seawater desali-
nation to meet the country's future water demand. For 2015, the
capacity of the desalination sector is the sum of all active desali-
nation capacities in the country, which is comprised of seawater
reverse osmosis (SWRO), multiple-effect distillation (MED), and
multi-stage flash (MSF) plants. For the next time steps, the capacity
is calculated according to the water stress and water demand of
Iran's regions. The model only installs seawater reverse osmosis
(SWRO) technology due to its low costs, high efficiency [42] and
projected attractive cost development [43]. The projected desali-
nation demand for all regions is indicated in Table 3.

The levelised cost of water (LCOW) includes costs of desalination
plant, electricity, water storage and transmission of desalinated
water to the consumption centres. The LCOW is shown in Eq. (4) in
which the components of LCOWdesal are capital and operational
expenditures (Capex and Opex) of desalination plant and for
LCOTdesal the main contributors are Capex and Opex of horizontal
pumps, vertical pumps and pipelines needed to transfer desali-
nated water to the desalination demand site.

LCOW ¼ LCOWdesal þ LCOTdesal (4)

Technical and financial assumptions for the desalination sector
can be found in Refs. [42,45] Desalination water sources in this
study are the Persian Gulf and Gulf of Oman that border Iran in the
south. Caspian Sea situated in the north of Iran is not considered for
water production using seawater desalination in this study. The
reason is that since Caspian Sea is an enclosed water body, there are
environmental concerns regarding the increasing of its salinity and
reduction of its water level. However, currently a desalination plant

Table 2
Projected electricity demand for Iran by regions [TWhel].

Region 2015 2020 2025 2030 2035 2040 2045 2050

1-AZ 27 31 35 39 44 49 55 62
2-KO 24 28 31 35 39 44 50 56
3-TE 49 55 62 70 79 88 99 112
4-MA 22 24 28 31 35 39 44 50
5-IS 35 40 45 50 57 63 71 81
6-KHZ 35 40 45 50 57 63 72 82
7-FA 38 43 48 54 61 69 78 88
8-KHR 22 24 28 31 35 39 44 50
9-KE 19 21 24 27 31 34 39 44
Total 273 307 346 388 437 490 553 625
Electricity consumption per capita [kWh]a 3445 3683 3995 4386 4852 5377 6007 6782
Population [million] 79.1 83.4 86.5 88.5 90 91.2 92.1 92.2

a Rounding may lead to a difference between the calculated numbers for electricity consumption per capita and the total electricity demand and population.

Fig. 7. Aggregated load profile for the year 2050.

N. Ghorbani et al. / Renewable Energy 146 (2020) 125e148132



is going to be installed after getting permission from Iran's Envi-
ronment Protection Organization, despite considerable disagree-
ment. The plan will have adverse effects on both marine
environment due to discharging the high concentrate brine into the
sea and land environment since there is a long transmission line
crossing variety of natural features like mountain and forest [46].

3.3.3. Industrial gas sector
The non-energetic industrial gas consumption in 2015 is taken

from Ref. [47]. The estimated demand of non-energetic industrial
gas and the electricity needed to produce this amount of SNG by
power-to-gas (PtG) technology are indicated in Table 4. An annual
average growth rate of 2.1% is assumed for gas demand according to

Table 3
Projected desalination demand in Iran [44].

Time step 2015 2020 2025 2030 2035 2040 2045 2050

Annual desalination demand [million m3] 108 405 2981 23308 77494 90625 95990 101328
Annual electricity demand for SWRO desalination and pumping [TWhel] 0.6 2.6 17.6 131.2 418.5 476.4 500.1 524.4

Table 4
Projected non-energetic industrial gas demand in Iran.

Time step 2015 2020 2025 2030 2035 2040 2045 2050

Annual non-energetic industrial gas demand [TWhth] 120.4 133.6 148.2 164.4 182.4 202.4 224.6 249.1
Annual electricity demand for non-energetic industrial gas [TWhel] 0 0 0 0 27.9 102.2 310.7 391

Table 5
Average full load hours for PV single-axis and fixed-tilted, CSP, and wind power plants.

Electricity generation system PV single-axis tracking PV fixed-tilted CSP wind

Full load hours 2064 1723 2253 2449

Fig. 8. Aggregated feed-in profiles for PV fixed-tilted (top left), for PV single-axis tracking (top right), for CSP solar field (bottom left) and for wind power plants (bottom right).
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the projection of the IEA [15] for the natural gas demand for the
Middle East. PtG technology is based on water electrolysis,
methanation and CO2 direct air capture (DAC) [48].

3.4. Feed-in for wind and solar energy

Feed-in full load hours (FLH) for optimally fixed-tilted solar PV,
CSP and wind energy in Iran are calculated according to the
approach described in Ref. [31] and for single-axis tracking PV ac-
cording to Ref. [49]. The weather data is based on the NASA dataset
for the year 2005 [50,51] and temporal and spatial resolutions of
the dataset are hourly and 0.45� � 0.45�, respectively. The average
FLH for solar PV, CSP, and wind power plants in Iran are indicated in
Table 5 and the regional breakdown is provided in the Supple-
mentary Material (Table S1). The average aggregated feed-in pro-
files are presented in Fig. 8.

3.5. Financial assumptions

The main target of the model is to define a least cost system
configuration under applied constraints and assumptions. The
financial assumptions for all energy system components, which are
based on the technologies' learning curves and various scientific
literature, are tabulated in the Supplementary Material (Table S2).
The power transmission and distribution losses are considered in
the simulation according to Sadovskaia et al. [52] and the corre-
sponding efficiencies are indicated in Supplementary Material
(Tables S2e5).Assumptions are made for 5-year time periods from
2015 to 2050. The Capex and Opex generally refer to a kW of
electrical power. For the case of water electrolysis to a kW of
hydrogen thermal combustion energy, and for CO2 DAC, metha-
nation and gas storage to a kW of methane thermal combustion

energy. For weighted average cost of capital (WACC) an average
value of 7% is assumed for all technologies and all time steps, but for
residential solar PV prosumers, due to lower financial return re-
quirements, WACC is set to 4%. AWACC of 7% might be argued to be
low for Iran, taking into account the market specifics of the country
and a research estimated Iran's total equity risk premium (ERP) to
be 11.2% [53]. However, in the present study a WACC of 7% is
assumed for all time steps from 2015 to 2050 and it is assumed that
by increasing the share of renewables the risk of investment will
decrease and a 7% WACC is possible by 2050 in Iran.

4. Results

4.1. Power sector projection in BPS and CPS

In this section, the transition of the power sector in the BPS and
CPS is investigated and the results of the integrated scenario are
discussed in section 4.2.

Fig. 9 presents the shares of different power plants to supply the
country's growing electricity demand during the transition for both
scenarios. The absolute numbers of installed capacities are tabu-
lated in the Supplementary Material (Table S3). It can be seen in the
BPS (Fig. 9 (left)) that the power system experiences a transition
from a fossil fuel based energy system in 2015 to a fully renewables
powered energy system in 2050. Solar PV appears in the power
technology mix in 2020 and its penetration increases steadily to
dominate the power system from 2040 onwards. In 2050, 77%
(546 TWh) of total generated electricity is produced by solar PV
technologies, of which 44%, 36% and 20% are delivered from PV
fixed tilted, PV single-axis tracking and PV prosumers, respectively.
For wind electricity generation, there is a rapid increase from
0.3 TWh in 2015 to 172 TWh in 2030. However, for the following

Fig. 9. Electricity generation by technology for the BPS (left) and CPS (right) from 2015 to 2050.

N. Ghorbani et al. / Renewable Energy 146 (2020) 125e148134



years, the contribution of wind energy to the total electricity gen-
eration remains constant. In 2050, the contribution of wind de-
creases due to phasing out of capacities reached their lifetimes, and
there are no wind power re-investments due to the lower cost of
solar PV and battery systems.

In the CPS (Fig. 9 (right)), the power capacity mix is completely
different from the BPS. Gas turbine power plant based natural gas is
the main technology to supply the country's electricity demand in
2015. After 2015, only combined cycle gas turbine (CCGT) plants are
installed in the system due to its higher efficiency. Although,
electricity produced by wind and solar PV increases, their contri-
bution in total electricity generation is marginal. Moreover, there is
an increase in the share of nuclear energy according to the coun-
try's policy, in spite of its expensive cost.

The required capacities of different power plants from 2015 to
2050 for both scenarios are shown in Fig. 10. Total installed capacity
in the BPS is higher than for the CPS for all years. This is not only due
to the lower full load hours of PV and wind plants in general in
comparison to conventional fossil fuel power plants, but also due to
the extremely high FLH (6680 h [54]) of gas power plants in Iran.
Although the power system in the BPS has a larger capacity, its
LCOE is lower in comparison to the CPS. Contributions of power
system components to the LCOE for both scenarios are presented in
Fig. 11. As can be seen, electricity cost in the BPS is less than that in
the CPS for all time steps over the transition except 2020 when the
CPS experiences a fall in electricity cost due to the elimination of
large amount of internal combustion engines capacity from the

system and consequently having less fuel and GHG emission costs.
As demonstrated in Fig. 11 (right), fuel cost accounts for the major
contribution in LCOE in 2015. Although for the BPS fuel and GHG
emission costs are being eliminated over the transition due to the
replacement of fossil fuels by renewables, for the CPS, fuel cost and
GHG emission cost remain the largest contributors to the system's
LCOE. Capex, fixed Opex and variable Opex for the new generation
capacities for both BPS and CPS are provided in the Supplementary
Material (Figs. S3eS5).

Fig. 12 (top) presents the required storage capacity from 2015 to
2050 for corresponding power systems in the BPS and CPS and
Fig. 12 (bottom) presents the electricity output of storage technol-
ogies for each time step. For both scenarios, a larger and more
diverse storage system is required over time. However, the BPSwith
a substantially higher share of RE requires more storage capacity
compared to the CPS. Moreover, the storage technology mix of the
scenarios is different. For the BPS, storage technologies come into
effect after 2030 when the RE exceeds 98% of the total electricity
generation, as shown in Fig. 9. Although gas storage has a large
capacity in the BPS, its electricity output is insignificant compared
to the battery storage output as can be seen in Fig. 12. Gas storage
operates as a seasonal storage, whereas battery storage works as a
daily energy storage to complement solar PV. For the CPS, storage
systems only supply 5% of the total electricity demand of the power
system compared to 34% in the BPS in 2050. In addition, as shown
in Fig. 12 (top right), gas storage is added to the CPS system earlier
to decrease curtailment of PV excess electricity in the inefficient

Fig. 10. Power plants mix for the BPS (left) and CPS (right) from 2015 to 2050.
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CPS power system. Energy storage capacity and storage output in all
regions for BPS and CPS are presented in the Supplementary Ma-
terial (Fig. S7).

Fig. 13 illustrates GHG emissions for both scenarios over the
transition. For the BPS, there is a drastic reduction of emitted GHG
from 119 Mton/a in 2015 to zero by 2050. As seen in Fig. 13, there
are two noticeable reductions for GHG emissions in the BPS. The
first decrease is in 2020 due to a high penetration of the RE share in
the power mix and the second one occurs in 2035 when natural gas
is replaced by SNG. By contrast, in the CPS scenario, GHG emissions
increase during the transition and reach to 188 Mton/a in 2050.

4.2. Integrated system

The results of transition for the power system integrated with
desalination and non-energetic gas sectors are discussed in this
section.

The result of LCOE for the integrated scenario is presented in
Fig.14. The cost structure is similar to the result for the BPS. In 2015,
the power system, which is comprised of 83% fossil power plants,
has the highest LCOE at 88 V/MWhel due to high fuel cost and GHG
emissions cost. However, over the transition as the share of re-
newables increases and fossil power plants decommission, the
LCOE decreases continuously and reaches to 41 V/MWhel in 2050.
The LCOE in the integrated scenario is lower compared to the BPS
for all time steps due to a fast ramp-up of low cost RE capacities and
the positive impact of sector coupling by increasing the flexibility of

the system that leads to a lower cost for curtailment, storage and
transmission. This fact can be observed in Fig. 15, which shows the
contribution of levelised costs of primary generation (LCOE pri-
mary), storage (LCOS), curtailment (LCOC), fuel cost, and GHG
emissions cost to the total LCOE for both scenarios.

Fig. 16 represents the cost optimal mix of installed power plants
for the integrated scenario. The power plants installation follows a
similar trend as for the BPS. In 2015, the installed capacity is
dominated by fossil power plants by 83% but during the transition
renewables, particularly solar PV, are installed and dominate the
system to first reduce the FLH of fossil plants and second to replace
the phased out fossil plants and meet the increasing electricity
demand. In 2050, solar PV with 70% contribution to the total
installed capacity is the dominant electricity generation technology
due to its high cost competitiveness compared to all other elec-
tricity generation technologies. The significant difference between
the installed capacities in the BPS (Fig. 10) and integrated scenario
is due to additional electricity demand of desalination and non-
energetic gas sectors in the integrated scenario. There is 159%
additional solar PV installed capacity and consequently 119% more
batteries in the integrated system. Fig. 17 (left) shows the required
storage capacity for the integrated scenario. It can be observed that
the increase in the gas storage requirement is much more than
battery capacity since the additional capacity of gas storage in the
integrated system is utilised more for producing SNG than meeting
the electricity demand. This fact is more obvious in Fig. 17 (right)
which presents the electricity output of storage technologies in the

Fig. 11. LCOE by technology for the BPS (left) and CPS (right) from 2015 to 2050.
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system. The share of gas storage output in total storage output
decreased by 83% compared to the BPS (see Fig. 12 bottom left),
clearly indicating the benefit of sector coupling. The capacities of
installed power plants and storage technologies are indicated in the
Supplementary Material (Tables S3 and S4).

The desalination sector provides more than 50% of the country's

water demand after 2030. The difference between water demand
and desalination capacity is covered by renewable and non-
renewable water sources. Among three different types of desali-
nation plants (SWRO, MED and MSF) which are applied to the en-
ergy model, only SWRO technology is installed by the model due to
its high efficiency, lowcosts and low electricity consumption. Fig.18

Fig. 12. Energy storage capacity for the BPS (top left) and CPS (top right) and storage output for the BPS (bottom left) and CPS (bottom right) from 2015 to 2050.

Fig. 13. Change in annual GHG emissions during the energy transition from 2015 to 2050 for the BPS (left) and CPS (right).
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shows Iran's water demand and the required desalination capacity
tomeet the demand from 2015 to 2050. In 2050 the country's water
demand is 339 million m3/day and the installed desalination plants
cover 82% of the demand.

The levelised cost of water (LCOW) breakdown in cost categories
is presented in Fig. 19. As can be observed, LCOW decreases
continuously over the transition from 2.3 V/m3 in 2015 to 1.5 V/m3

by 2050. For the first 5-year time step, the reason for the decline in
LCOW is due to removing the gas cost from the system by
decommissioning the fossil fuel powered desalination plants. For
2020 onwards, the desalination sector enjoys an ongoing decrease
in LCOE as discussed before due to decommissioning of fossil power
plants and in addition to an increase in SWRO efficiency from
4.1 kWh/m3 in 2015 to 2.6 kWh/m3 in 2050. Since LCOW is
dependent on SWRO efficiency and LCOE, there is a progressive

decline in LCOW [42,45].
The gas sector, similar to the desalination sector, increases the

flexibility of the integrated systemwith providing better utilisation
of the produced electricity by variable RE. Fig. 20 shows Iran's total
gas demand from 2015 to 2050. The left figure is a breakdown of gas
demand in fossil gas, biomethane and SNG, and the right one shows
the share of gas demand utilised for electricity generation and non-
energetic industrial gas demand. Total gas demand in Iran de-
creases from 576.1 TWhth in 2015 to 255.8 TWhth in 2050. Shifting
from fossil gas to SNG is found to be cost competitive. In 2015, the
total gas demand is supplied by fossil gas. A large amount of fossil
gas (79%) is used for electricity generation. In 2020, biomethane
appears with 4.9 TWhth capacity, which remains constant over the
transition while SNG is produced in the system from 2035 onwards
with an increasing capacity over the transition.

Fig. 14. LCOE by technology for the integrated scenario from 2015 to 2050.

Fig. 15. Contribution of LCOE primary, LCOS, LCOC, fuel cost and GHG emissions cost to total LCOE for the BPS (left) and for the integrated scenario (right) from 2015 to 2050.

N. Ghorbani et al. / Renewable Energy 146 (2020) 125e148138



The levelised cost of gas (LCOG) from 2015 to 2050 is presented
in Fig. 21. In 2015, LCOG is 23.7 V/MWhth, which increases to 83.4
V/MWhth by 2045. There is a reduction in LCOG to 79.3V/MWhth in
2050 due to elimination of GHG emissions cost and no remaining
fossil gas in the energy system.

Fig. 22 illustrates the hourly profiles for production and storage
of SNG in 2050. FLH of the PtG plants are 4375 and major pro-
duction occurs from March to November during the daytime.
Moreover, when there is excess electricity fromwind power plants,
PtG plants produce SNG to avoid curtailment of the excess elec-
tricity in the system. Fig. 22 indicates that gas storage operates as a
seasonal storage. The maximum charging occurs in November and
gas storage is fully charged by the beginning of the last month of
autumn. State-of-charge profiles for other storage technologies are
presented in the Supplementary Material (Fig. S1). An energy flow

diagram for the integrated scenario is presented in Fig. 23. The
figure represents all generation and storage technologies and the
HVAC transmission grid. The energy flow is started from primary
RE resources to final electricity demand of the power system,
desalination and non-energetic industrial gas sectors. The differ-
ence between primary energy and final demand is comprised of
potentially useable heat and total losses in the system.

4.3. Regional analysis

As described in section 3, in the present study Iran is structured
into nine regions in the model to provide more detailed informa-
tion on a regional basis. The model builds the optimised power
system configurations which are characterised by optimised ca-
pacitates for a mix of electricity generation technologies, storage

Fig. 16. Power plants capacity mix for the integrated scenario from 2015 to 2050.

Fig. 17. Energy storage capacities (left) and storage output (right) for the integrated scenario from 2015 to 2050.

N. Ghorbani et al. / Renewable Energy 146 (2020) 125e148 139



technologies and transmission power lines for each region. This
section provides details of the integrated scenario over the nine
defined regions in Iran and the transmitted power between the
regions for the BPS.

4.3.1. Installed capacities and LCOE
Fig. 24 presents electricity generation in each region. Solar PV is

the dominant technology in all regions while wind energy with
smaller shares contributes to power generation of all regions except
region 3 (TE) and region 7 (FA). The contribution of hydro power is
only noticeable in region 6 (KHZ) that currently has the largest
hydro power capacity in the country with 9 GW. Fig. 25 shows how
LCOE varies over the country in different regions. Region 7 with
380 TWh is the largest electricity producer in the country and has
the lowest LCOE (31.3V/MWh), while region 2 (KO) with the lowest
electricity generation (82 TWh) has the highest LCOE (59.7
V/MWh) in the country. The levelised detailed results of power
system cost for the nine regions are presented in Fig. 25. The next
largest electricity producer regions after region 7 (FA) are region 5
(IS) and region 6 (KHZ) with 252 TWh and 229 TWh, respectively.
However, LCOE in region 5 (IS) is slightly higher than that in region
6 (KHZ). The lower LCOE for region 6 can be explained by the

Fig. 18. Water desalination capacity to meet Iran's total water demand.

Fig. 19. LCOW breakdown in cost categories from 2015 to 2050.

Fig. 20. Iran's total gas demand breakdown into fossil gas, biomethane and SNG (left) and share of gas demand for electricity generation and non-energetic industrial gas (right)
from 2015 to 2050.

Fig. 21. LCOG in the integrated scenario from 2015 to 2050 and gas demand for non-
energetic industrial gas sector.
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highest installed capacity of hydro power among all regions, which
provides flexibility in the system and reduces the need for energy
storage (see Fig. 25c). Region 3 (TE) with 252 TWh has the second
highest LCOE in the country. The reason is that there is no wind
installation in the optimised power mix of this region; therefore,
the region requires more storage to balance the demand during
absence of solar radiation that leads to a higher LCOS compared to

other regions. Hourly demand, generation and storage over a
representative two-week period for 3 different regions are shown
in the Supplementary Material (Figs. S8eS10).

4.4. Electricity exchange

Electricity exchange among the nine modelled regions in Iran is

Fig. 22. Hourly profile of methanation (left) and state of charge profile for gas storage in the year 2050 (right).

Fig. 23. Energy flow of the integrated system for the year 2050.
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enabled by HVAC power lines. Interconnection of the regions form a
larger network with a higher reliability and a lower electricity cost.
The cost of electricity transmission (LCOT)makes up only 4% of total
LCOE but adds a valuable flexibility to the system and lowers the
electricity cost by reducing the required storage capacity in the
system. In 2050, the electricity grid transmits 22% of total electricity
generated within the country. Annual electricity import and export
between the regions for 2050 is presented in Fig. 26. The exporting
flow from a region is shownwith the same colour as the exporting
region's arc. For example, the arc of KE region is green and also all
connected flows have the same colour that indicates all of them are
exporting flows from KE and this region is a net exporter. The KE
region has a high FLH for PV systems. In addition, the KE region has
the highest upper limit for installations of solar PV and wind power
plants compared to the other regions due to its large area. There-
fore, the KE region generates substantial electricity that makes this
region a major net exporter with 64 TWh electricity export, which
contributes to 47% of the total transmitted power in the country. On
the other hand, the TE regionwith the smallest area and the highest
electricity demand is a net importer that makes up 32% of total
imported electricity in the county. The TE region imports electricity
from all its neighbouring regions except the AZ region which is a
net importer region due to limited resources and having the lowest
PV FLH across the country. Upper limits for installable capacity for
all technologies in all regions are provided in the Supplementary
Material (Table S5) and the grid profile is presented in the Sup-
plementary Material (Fig. S2).

5. Discussion

The intention of this research was to provide a least cost tran-
sition pathway towards a zero GHG emission power system by 2050

for Iran, which fulfils the targets of the Paris Agreement and pro-
motes energy security in Iran. The results of the BPS power system
transition were compared with outcomes of a power system based
on the country's current policies. The results indicate that Iran can
build an affordable power system totally based on renewables,
which is more cost-effective than the current power system. The
LCOE of the proposed system by the BPS at the end of the transition
in 2050 is 54V/MWh, which is 39% lower than the country's power
system cost in 2015. The electricity cost decreases further by sector
coupling through the integrated scenario and reaches to 41V/MWh
in 2050. However, a power system constructed according to the
existing policies of the country leads to a substantially higher LCOE
of 128 V/MWh by 2050. The major contributors to this high LCOE
are fuel cost and GHG emission cost by 45% and 35%, respectively.
Although Iran is a fossil fuel exporter, if the growing energy de-
mand in the country continues to be satisfied by fossil fuel, the
country would be an importer of fossil fuels in the next decade that
will have a significant adverse impact on the country's economy
due to loss of oil revenues and enormous energy cost [28,55].

Concerning the cost structure of the BPS, solar PV and battery
which enable the system to cover 70% of the total demand, make up
55.4% of the LCOE in 2050. In the integrated scenario, also solar PV
and battery have the highest share in LCOE. However, due to the
flexibility provided by sector coupling and enabling the system to
utilise variable RE electricity in a more effective way, LCOT, LCOC
and LCOS dropped by 93%, 56% and 45%, respectively, compared to
the corresponding costs in the BPS. LCOE of the fully renewable
power system for both, the BPS and integrated scenario, in this
study are comparable to the results of other countries studies. For
instance, LCOE of the power system for Saudi Arabia [45], Turkey
[56], Pakistan [57] and India [58] are found to be 41 V/MWh, 65
V/MWh, 46 V/MWh and 52 V/MWh, respectively. The LCOE for the

Fig. 24. Regional electricity generation for the integrated scenario in the year 2050.

N. Ghorbani et al. / Renewable Energy 146 (2020) 125e148142



power sector in Iran is in line with these countries: 32%, 17% and 4%
more than Saudi Arabia, Pakistan and India respectively and 17%
less than Turkey. Another research carried out by the authors of the
present study for Iran shows slightly lower LCOE for the BPS with
50 V/MWh and a higher one for the integrated scenario with 47
V/MWh, compared to the results of the current research [30]. In the

previous study, Iran was modelled as a single node, therefore, only
national electricity generation and consumption were taken into
consideration. However, the current study analyses a 9-node power
system with electricity transmission between the regions that
represent a system closer to the real power system structure in Iran.
The power scenario of a single node system presents a lower LCOE

Fig. 25. Regional LCOE (a), LCOE for primary generation (b), LCOS (c), LCOT (d), LCOC (e) for the integrated scenario in the year 2050.
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since all the available RE resources in the country are used to supply
the demand in a copper plate approach, which utilises more of the
best possible resources. Nevertheless, in the 9-node power system,
every region is supposed to generate electricity for its own use and
the excess generation can be transferred through the transmission
network to neighbouring regions. The role of interconnected grids
to balance the 9-node energy system ismore noticeablewhen other
energy sectors are coupled to the power system. Transmission grids
help to decrease the additional capacity of energy storage and
electricity curtailment in the system. Therefore, LCOE in the inte-
grated scenario of 9-node system is less than the integrated system
of a single node. It is noteworthy that, curtailment has technical and
economic benefits in the energy transition and a system with op-
timum amount of curtailment costs less than a system with no
curtailment. The simultaneous increase of curtailment, storage
capacity and penetration of RE is part of the least cost solution in a
100% RE transition. The relation of three linked parameters
(curtailment, storage and penetration) in the energy transition is
studied in Ref. [59]. Curtailment electricity for both BPS and CPS are
provided in the Supplementary Material (Fig. S6).

The power transmission system leads to exchanges of 22% of

total generated electricity between the 9 modelled regions in the
BPS scenario. The KE region is the major net exporter due to its
excellent solar potential and land availability that leads to the
highest potential for solar PV installations compared to all other
regions. On the other hand, the TE region that includes the capital
city of Tehran, as one of the largest consumers of electricity in the
country, has the highest demand but the smallest area that makes
the region a net importer. The TE region meets its demand by 36%
import from its neighbouring regions. The total electricity exchange
of 22% is in an order also found in other more detailed country
studies, such as 18% for Turkey [56], 11% for India [58], 59% for
Nigeria [61] and 12% for Europe [60].

Solar PV in both, the BP and integrated scenarios, covers the
majority of electricity demand in all regions due to its high po-
tential all over the county. Many studies indicate that solar PV will
dominate an energy system based on 100% RE resources by 2050 all
around the world due to its ongoing and rapid cost reduction
[6e8,57,58,61,62]. Jacobson et al. [8] find a 55% share of solar PV in
Iran's energy system by 2050. However, a study [63] which de-
scribes a zero CO2 emissions energy system for Middle East by 2100
reports a very low share of solar energy in the energy mix. Besides

Fig. 26. Annual electricity exchange between regions for the BPS in the year 2050.
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the fact that timeframe is far away from the Paris Agreement's
target, the study considers very large capacities for nuclear energy
and fossil CCS, despite their expensive costs and safety risks. The
nuclear share in the energy mix is reported to be 30% while the
contribution of solar energy is only 25% in 2100. This is while
Middle East countries are well placed to utilise solar energy and
they have ambitious plan for investing in solar PV [64], since it is
now the least cost source of electricity. The results of the present
study for the BPS show that Iran can achieve an affordable zero
GHG emissions power system in 2050 with contribution of 68%
solar PV to its total 429 GW installed power capacity. The share of
PV fixed-tilted, PV single-axis and PV prosumer in total PV capacity
are 46.4%, 32.1% and 21.4%, respectively. The lower share of PV
prosumer is due to low cost electricity provided under current
policies. However, PV prosumer can play an important role in
dissemination of RE in Iran as it enables participation of private
sector's investment in Iran's power system which is currently a
state-owned system. Moreover, the distributed approach of self-
generation could have several advantages for the country such as
reducing cost of electricity transmission and distribution and the
corresponding losses, electrification of isolated areas and shaving
peak demand.Wind energy plays an important role in replacing the
share of fossil fuels by renewable electricity in the system especially
in the beginning of the transition period. In 2030, the capacity of
installed wind plants reaches to 58.7 GW and with supplying 40.9%
of total demand is the major electricity resource in the country.
However, after 2030, there are no new installations for wind plants
and also no re-investments for wind plants at the end of their
technical lifetime, thus and solar PV dominates the power system
due to its high cost competiveness. Hydropower and gas turbines
(powered by SNG) by 30 TWh and 9 TWhmake up 4.2% and 0.4% of
total generated electricity, respectively, in 2050. Hydropower and
gas turbines contribute to satisfying the demand when solar and
wind generation is low, especially in winter. SNG appears in system
in 2035 when its generation starts to become cost competitive and
the share of RE exceeds 82% of total installed power capacity.
Therefore, the power system requires to cover its seasonal storage
to meet the demand during winter when there is relatively lower
generation from RE especially solar PV. Storage technologies have a
crucial role in the transition to a fully RE-based energy system. Gas
storage installation starts in 2035 and with 6.4 TWh capacity con-
tributes to 91% of total installed storage capacity in 2050. Due to gas
storage operation as a seasonal storage, its share in total storage
output is only 7%, since the full charge cycles are only 2.5 per year.
By contrast, 90% of storage output is delivered by batteries, which
achieve 330 full charge cycles per year. Batteries play a more critical
role in the system and come into effect earlier in 2030 to store the
solar PV excess generation during the daytime that can be utilised
in the evening and night hours. Moreover, during night hours when
the demand is lower, the stored electricity in batteries is transferred
to PtG plants to enable storing energy for a longer term. This
battery-to-PtG effect is more visible for Iran during the first month
of the spring when there is the lowest demand in the year (see
Fig. 7 and Fig. S11) and in total 4 TWhel are transferred from bat-
teries to electrolysers being equivalent to 0.63% of total electricity
generation in 2050. This effect has been reported and described in
more detail for India [58] and Nigeria [61]. The fast cost reduction of
batteries [65e67] and the perfect match to solar PV [68,69] leads to
high utilisation of batteries as vital part of storage system over the
transition to enabling a very high solar PV share and in combination
a very low-cost power system.

The structure of the power system in the CPS is quite different
from the two other scenarios since the installations of solar PV and
wind plants are restricted to the capacities defined in the country's
plan. Although the capacity of solar PV and wind power plants in

total increases from 0.18 GW in 2015 to 35 GW in 2050, this capacity
is not able to keep up with the growing electricity demand and
80.9% of demand is met by gas turbine powered by fossil natural
gas. Gas turbines contribute to more than 36 bV fuel cost, 188 Mton
emitted CO2 and consequently 28.3 bVGHG emissions cost in 2050.
However, the CO2 emissions might be higher than what is calcu-
lated in this study since the assumed thermal efficiencies for both
OCGT and CCGT in this study are 12% higher thanwhat are reported
for Iran's GT plants [13]. The OCGT and CCGT efficiencies in the
present study are assumed to be 43% and 58%, respectively (see the
Supplementary Material (Tables S2e1)), while according to the
Iran's Ministry of Energy they are 31% and 46%. Moreover, according
to Iran's report for the United Nations Framework Convention on
Climate Change [70], the CO2 emissions from upstream flaring in
gas and oil activities which is called fugitive emissions is a
considerable number for Iran and 40.9 Mton CO2eq is reported for
2010 and also it is argued that extensivework is required to develop
local emission factors. Therefore, the 119 Mton CO2 emissions for
2015 in this study which is calculated based on the higher effi-
ciencies for power plants and not considering fugitive emission is
55 Mton less than the number, which is reported in a document by
Iran's Ministry of Energy [71]. On the other hand, the IPCC approach
for calculating of CO2 emissions [72] based on consumed fuels in
the country's power plants which is reported by Iran's Ministry of
Energy [13] leads to 117 Mton CO2 which is close to the number of
the present study.

In addition to the fuel emissions in the CPS, the sustainability of
the power system would further be threatened by the installation
of 2 GW planned nuclear power plant capacity. Nuclear energy has
a LCOE of higher than 100 V/MWh [73e75] and its safety concerns
and lack of sustainability cannot be neglected [12,76]. It is note-
worthy to mention that the CPS that is supposed to represent the
current policy of the country is more ambitious than the real sit-
uation of the power system. This is mainly because the outlined
plans are not implemented according the schedule and they get
postponed. Moreover, there is no plan for post-2026, but it was
assumed that a 5 GW installation in each 5-year time step for solar
PV and wind plants would continue till 2050. However, even the
CPS modelled in this study leads to an inefficient and expensive
power system that is far from the Paris Agreement targets and
would strongly violate a 1.5 �C economy [77]. The CPS will have
negative impacts on the economy and environment in the country,
which have already been highly affected by the current inefficient
power system. Although Iran has taken its first steps towards a
promotion of RE such as a subsidy reform, revising feed-in tariffs
and a 20-year power purchase agreement, the country has a long
way to go to restructure its energy system based on RE. The lack of a
rigorous plan and progressive policy framework for provision of
energy for a sustainable development is a challenging barrier to the
development of RE in the country. Other barriers are technical and
economic challenges, weakness in higher education and respective
capacity building and lack of social acceptance and awareness
[28,78]. Moreover, the relationship of Iran with Western word
countries and international sanctions on Iran result in more eco-
nomic challenges and loss of foreign investors. For example, an
agreement for the construction of a 600MW solar PV power plant
(that would be the world's sixth largest solar PV plant at the time of
announcement) in Iran by a British company was suspended due to
the sanctions imposed in 2018 [79]. The RE potential in Iran is
extensive. Wind energy can be harvested in many regions and solar
energy is feasible almost everywhere across the country. A research
by Aghahosseini et al. [64] indicates that in a transition roadmap for
the MENA region towards 100% RE Iran can play an important role
as a net electricity exporter country due to its abundant solar en-
ergy resource and high land availability. RE in Iran is able to make
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the country's domestic market independent from fossil fuel and
frees its fossil resources up for export before 2050 [80]. Although
fossil resources, the country's primary revenue source, are limited
andwill be depleted. Fasihi et al. [81] show Iran can use its excellent
RE resources and existing infrastructure for fossil fuel trans-
portation to export synthetic fuels based on RE electricity. The
study finds that RE-based fuels can reach fuel-parity in Iran in next
decades depending on different factors including crude oil price
and climate change mitigation mechanisms like GHG emissions
cost. Moreover, RE deployment in Iran results in economic growth
in short-term and long-term by microeconomic productivity,
providing employment and other economic benefits [82].

On the other hand, the transition of the power sector through
the integrated scenario, which presents the results of adding the
desalination and non-energetic industrial gas sectors to the BPS,
leads to amore efficient power system, which supplies electricity at
a lower cost compared to the BPS due to more low-cost RE-based
electricity generation and flexibility provided by sector coupling.
Moreover, the integrated scenario enables Iran to address its
serious water crisis and to meet the water demand by SWRO
desalination plants powered by least cost electricity provided
mainly by solar PV and batteries. In 2050, LCOW ranges from 0.5
V/m3 in the KHZ region to 1.8 V/m3 in the TE region and an average
of 1.5 V/m3 for whole country. The results are in agreement with
the results reported by a research conducted by Caldera et al. [24]
that analysed meeting the water demand of Iran in 2030 by desa-
lination plants powered by a 100% RE-based power system. The
LCOW found by Caldera et al. [24] ranges from 0.50 V/m3 to 2 V/m3

in the country. In addition to the water demand, Iran can supply its
non-energetic industrial gas demand through the integrated sce-
nario. SNG produced by PtG plants is becoming cost competitive
after 2030 and it is a big step towards defossilating all energy
sectors and reaching to an energy system totally based on RE.

6. Conclusion

The current policy of Iran concerning the power systemwill lead
to an expensive and inefficient power system with a LCOE of 128
V/MWh (83.5 V/MWh if the GHG emission cost would be neglec-
ted) and 188 Mton emitted CO2 in 2050 that supplies 80.9% of its
total demand by GT powered by fossil gas. Iran can benefit from its
excellent solar and wind energy potential and the globally
decreasing costs of these technologies to achieve a zero GHG
emission cost-effective power system with LCOE of 54 V/MWh.
Solar PV with support of batteries will be the dominant generation
technology, covering 77% of total demand. For a 100% RE-based
power system in Iran solar PV complemented by wind energy
and some hydro power are the backbone of the system while
storage technologies play a crucial role in providing a resilient and
reliable power system. Batteries with 632 GWh capacity deliver 90%
of total storage output to cover diurnal storage demand and gas
storage with a large capacity of 6367 GWh but a small share of 7% of
total storage output provides seasonal storage. Moreover, power
transmission grids provide more flexibility by balancing the de-
mand through exchanging electricity between the regions that
leads to a lower electricity cost due to lower capacities required for
energy storage. The modelled KE region located in southeast of the
country would be themajor electricity exporter due to its large area
and excellent solar energy and very goodwind energy resources. By
aid of sector coupling Iran's power system can make a more
promising transition that results to a 24% lower electricity cost and
addresses the serious water scarcity in the country by a growing
desalination sector. Moreover, the integration of non-energetic gas
demand in the integrated scenario indicates the capability of re-
newables to substitute fossil fuel by renewable electricity based

fuels.
The current study focused on the defossilisation of power,

desalination and non-energetic gas sectors in Iran. The next
research shall include the sectors transport, heating/cooling and
industrial feedstock to show comprehensive pathways for the
transition to a zero GHG emission energy system.
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A B S T R A C T

The aim of this research is to analyse the impact of renewable energy (RE) technologies and sector coupling via 
analysing the transition pathways towards a sustainable energy system in Chile. Four energy transition scenarios 
for the power, heat, transport and desalination sectors were assessed using the LUT Energy System Transition 
model. The current policy scenario was modelled and compared with three best policy scenarios. The results 
showed that the transition to a 100 % renewable-based energy system by 2050 is technically feasible. Further, 
such an energy system would be more cost-efficient than the current policy scenario to reach carbon neutrality by 
2050. The results also indicate that Chile could reach carbon neutrality by 2030 and become a negative 
greenhouse gas emitter country by 2035. In a 100 % renewable-based energy system, solar photovoltaics (PV) 
would contribute 86 % of electricity generation, which would represent 83 % of the total final energy demand for 
the year 2050. This would imply the use of about 10 % of the available techno-economic RE potential of the 
country. Three vital elements (high level of renewable electrification across all sectors, flexibility and RE-based 
fuel production) and three key enablers (solar PV, interconnection and full sectoral integration) were identified 
in order to transition to a fully sustainable energy system. Chile could contribute to the global sustainable energy 
transition and advance to the global post-fossil fuels economy through the clean extraction of key raw materials 
and RE-based fuels and chemicals production.   

1. Introduction 

Defossilising the global economy will require radical structural 

changes [1,2]. This needs to be designed to bring multiple co-benefits to 
the human-planet system [3,4], and consequently, to the biosphere and 
to climate resilience [5], as well. In this sense, energy efficiency and 
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Cubic metre; CPS, Current policy scenario; DAC, CO2 Direct air capture; DH, District heating; FT, Fischer-Tropsch; FCEV, Fuel cell electric vehicle; FLH, Full load 
hours; GT, Gas turbine; GW, Gigawatt; GWh, Gigawatt-hour; GHG, Greenhouse gas; HDV, Heavy duty vehicle; HT, High temperature; HVAC, High voltage alternating 
current; HVDC, High voltage direct current; H2, Hydrogen; IH, Individual heating; ICE, Internal combustion engine; LUT, LUT University; LCOC, Levelised cost of 
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renewable energy (RE) resources, in combination with electrification of 
end uses, seem to be vital elements for a successful energy transition, 
and for instance, in reducing 94 % of energy-related greenhouse gas 
(GHG) emissions by 2050 [6]. However, the progress made by RE is not 
fast enough to compete with the rising energy demand so far [7]. Ac-
cording to a recent International Energy Agency report [8], more efforts 
are needed in key technologies (such us energy storage, hydrogen, smart 
grids, demand response and direct air capture) towards the integration 
of energy systems and sustainable fuel production. 

1.1. Status of research to design fully sustainable energy systems 

Research around the design of 100 % renewable-based energy sys-
tems are fairly new, but has received increasing attention in the last 
decade [9]. Although this kind of research has been carried out at a 
different scale worldwide, the analysis has often been performed for the 
power sector and from a technical perspective [9]. In any case, most of 
the studies conclude that a 100 % RE electric system is technologically 
feasible [9] and also economically viable [10–12]. Some studies [13–16] 
at the country level on 100 % RE systems, for all end-use of energy, have 
revealed that it would be technically possible in the long-term, where 
electrification, sustainable fuels production and sectoral integration 
would be pivotal. However, there is still a discussion about the pathways 
to go down for a fully sustainable energy system. 

Table 1 shows a brief overview for selected countries and regions 
studies that address sustainable energy transition nationally, in different 
countries, from a database of 550 articles on 100 % renewable energy 
systems (as of early July 2021) [17]. Articles that only discuss energy 
transition at global and sub-national level were excluded. Reports on 
overnight studies were also excluded, because stakeholders and 
policy-makers are strongly interested in descriptions what measures to 

be done by when and how the legacy energy system could be used or 
phased out in a best way. This reflects how to achieve the aim of 100 % 
renewable energy systems, in several steps over time, starting from the 
existing reality. In Table 1, only studies that provide pathway de-
scriptions from the present to a 100 % renewable energy system state are 
considered; where at least the sectors of power, heat, and transportation 
are included in representing a sector coupled energy system and the PV 
share in 2050 reaches at least a 50 % contribution in electricity supply 
for the energy system. This allows an excellent comparison to the results 
of this research. All identified studies use optimisation models, while 
OSeMOSYS and its derivative GENeSYS-MOD use time slices of only 6 to 
16 data points for a year, while the other models, LUT-ESTM, PyPSA-Eur 
and RIO, run on full hourly resolution. A very low number of time slices 
may imply higher uncertainties in results [18]. Other energy system 
models are not detected fulfilling the applied criteria. More details about 
how the mentioned and other energy system models work, can be found 
at Prina et al. [19]. 

Detailed models for more realistic scenarios, in order to improve the 
design of a sustainable energy pathway [35], are still in early develop-
ment. Hansen et al. [9] highlighted the need for more research on 100 % 
RE systems across all sectors, especially on energy transition pathways 
for a better understanding of how to reach it, and the need to link the 
local and the global level studies. In this sense, a coherent way to find 
insights is to perform the analysis country by country. However, there 
would be many challenges to overcome, especially in developing 
countries [36]. 

1.2. Chile as a case study on sustainable energy transition 

Chile is an interesting country as a case study for diverse reasons and 
with great opportunities for potential energy solutions that could have 
global repercussions. Some of the reasons are as follows:  

• Similar to the current global situation, the energy supply is highly 
dependent on fossil fuels in Chile. The energy-related GHG emissions 
represent 77 % of the national total in 2018 [37].  

• Chile is home to 34 of the 46 most air-polluted South American cities 
[38]. The most populated cities located in the centre and south of 
Chile have high concentrations of particulate matter in the air [39]. 
In most of those cities, the main source of air pollution is the 
excessive use of firewood for heating [40]. In addition, the country’s 
capital has exceeded ozone standards in the last two decades, which 
is related to a steady increase in both gasoline and diesel-powered 
private cars [41].  

• Chile is the world’s largest copper supplier [42]. The copper 
extraction, mainly located in the driest area of the planet (the Ata-
cama Desert), has used seawater desalination as an alternative for 
the water requirement. In addition, this country has the world’s 
largest copper and lithium reserves [43]. Both raw materials will be 
needed for the global sustainable transition [44,45], putting the 
country in an excellent position to contribute.  

• Chile is one of the first countries to propose updated and more 
ambitious NDCs and was one of the first to announce its commitment 
to reach carbon neutrality by 2050. However, the measures are 
insufficient in terms of its contribution to the Paris Agreement targets 
[46] and are mainly for the energy sector [47]. Some of the miti-
gation measures to reach carbon neutrality are based on forest 
plantations, which could cause more negative than positive impacts 
to the environment [48,49].  

• In the recent years, Chile has been recognised as a world leader 
among emerging markets for enabling and using sustainable energy 
[50]. Renewable electricity fed into the grid has exceeded by 3.8 
times the mandatory target set by the government [51]. This success 
in promoting renewable electricity production has occurred without 
fiscal incentives, subsidies or a feed-in tariff [52]. Yet, GHG emis-
sions in the country are still increasing [37] and it is expected that 

Table 1 
Countries and regions with detailed 100 % renewable energy system analyses for 
a PV share higher than 50 %. Studies are only considered for pathway de-
scriptions from the present to 100 % renewable energy systems no later than the 
year 2050. Values provided are all for the target year 2050 and for the entire 
energy system comprising at least the sectors power, heat and transport. All 
models used are operated as optimisation models.  

Country/ 
Region 

PV share Model Temporal 
resolution 

Reference 

120 in 145 
global 
regions 

>50 % LUT-ESTM hourly Bogdanov et al. 
[20] 

Europe 61 % LUT-ESTM hourly SPE [21] 
Europe South 58–100 

%1 
PyPSA-Eur hourly Victoria et al. 

[22] 
Kazakhstan 81 % LUT-ESTM hourly Bogdanov et al. 

[23] 
Turkmenistan 79 % LUT-ESTM hourly Satymov et al. 

[24] 
Jordan 82 % LUT-ESTM hourly Azzuni et al. [25] 
Ethiopia 66 % LUT-ESTM hourly Oyewo et al. [26] 
India 70 % GENeSYS- 

MOD 
time slices 
(6) 

Lawrenz et al. 
[27] 

Nepal, Bhutan 67 % LUT-ESTM hourly Gulagi et al. [28] 
Philippines 97 % LUT-ESTM hourly Gulagi et al. [29] 
Australia 72 % OSeMOSYS time slices 

(8) 
Aboumahboub 
et al. [30,31] 

Mexico 75 % GENeSYS- 
MOD 

time slices 
(16) 

Sarmiento et al. 
[32] 

Mexico 54 % Energy 
PATHWAYS - 
RIO 

hourly Buira et al. [33] 

Bolivia 93 % LUT-ESTM hourly Lopez et al. [34] 

1 Europe modelled in multi-node and interconnected, with several countries 
above 50 % PV, while entire Europe remains below 50 %; countries above 50 % 
are Portugal, Spain, Italy, Belgium, Luxemburg, Switzerland, Austria, Czech 
Republic, Slovakia, Hungary, Slovenia, Croatia, Bosnia-Herzegovina, Serbia, 
Bulgaria, and Greece. 
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the peak of GHG emissions will be reached by 2027 [47]. The 
ongoing energy transition in Chile, internationally recognised, has 
been criticised for its structure, which has not been changed to make 
real progress towards a decentralised and truly sustainable system 
[53,54].  

• Chile is also well known for its enormous RE potential. The country 
has some of the world’s best solar and wind energy resources sites. 
These sites are located in the Atacama Desert [55] and Chilean side 
of Patagonia [56], respectively. In addition, Chile is the first South 
American nation with a geothermal power plant and will be the first 
to have a concentrating solar thermal power plant. However, Chile 
has utilised less than 1 % of the total techno-economic RE potential 
for electricity generation, which is naturally distributed across its 
continental territory.  

• Finally, Chile has been identified as one of the countries that has 
lowest costs for sustainable RE-based fuels and chemicals production 
[57–59]. 

Although the ongoing energy transition in Chile needs to be accel-
erated, the understanding of the transition is just beginning [60]. Pre-
vious scientific work applied to this country have considered at least 60 
% of the electricity generated from RE resources [61–63] and did not 
include heat and transport sectors. Heat sector was recently addressed 
with a focus on the role of district heating technology for air pollution 
decontamination and decarbonisation [64]. Three of the four 100 % RE 
studies [65–67] also addressed the power sector only. Moreover, those 
studies have not included the whole Chilean territory, and the RE po-
tential from Chilean Patagonia has not been considered in the analysis. 

The first 100 % RE study for Chile across all sectors was recently 
published [60], but it considered the country as one consumption node 
only. Also, the average annual growth rate of the final energy demand 
was about three times less than the Chilean government’s projection. 
Furthermore, the pumped hydro energy storage potential of the country 
was not considered in the study. 

In this research, the current policy scenario (CPS) has been simu-
lated, which is based on the energy measures presented at the COP25, in 
order to compare the findings with three best policy scenarios (BPSs). 
Each scenario represents a pathway where energy production covers the 
final energy demand projected by the Chilean government. The final 
energy demand contemplates the energy required from all activities of 
the country. All of that was with the aim of analysing the impact of the 
RE technologies and sector coupling (or a fully integrated energy sys-
tem) in the energy transition pathways for Chile from a sustainability 
perspective with a focus on GHG emissions. 

2. Methods and data 

2.1. Overview of the modelling tool applied 

The LUT Energy System Transition model works with a geographical 
multi-node, high time resolution, dispatch optimisation methodology, 
single objective investment optimisation methodology, and linear pro-
gramming technique [19], to obtain cost-optimised scenarios for the 
whole Chilean energy system. The model has progressively been 
developed from the power sector [1,68] to the integration of power and 
heat [69], transport [70] and desalination [71] sectors, respectively. In 
the case of industrial fuels, the model has the capability to simulate the 
production of e-fuels (gaseous and liquid) [57,58] based on both green 
hydrogen [72] and CO2 from direct air capture units [73], what is also 
known as power-to-X (PtX), but based on biomass as well. A detailed 
description of how the model works with all sectors integrated can be 
found in Bogdanov et al. [20,23]. 

Fig. 1 illustrates the reference energy system to simulate the energy 
supply and demand sectors in a fully integrated and interconnected 
system. For this purpose, the model involves a total of 108 energy- 
related technologies. A description of the fundamental structure of the 
LUT model, and the main equations of the target function for minimising 
the total annual costs for an energy system can be found in the 

Fig. 1. Schematic representation of the LUT-EST model for all sectors integrated.  
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Supplementary Materials (see section S2.1). 
In this research, the modelling tool was set to simulate four Chilean 

energy system transition pathways from 2015 to 2050. Each pathway 
represents a scenario with all sectors fully coupled and Chile fully 
interconnected by a high-voltage transmission grid. For this intercon-
nection, Chile was subdivided into six zones. A zone represents the sub- 
region in the model equations, and in each zone one main node of 
consumption was identified. This interzonal connection allows RE re-
sources to be harnessed from anywhere in the country, and ways for 
supplying energy at the lowest possible cost to be found. An explanation 
of the country’s subdivision is presented in the Supplementary Materials 
(see section S2.2). 

2.2. Country data collection and preparation 

Data were collected by region and then prepared by zone as input for 
the model. The regional data collected were the historical power gen-
eration capacities, the final sectoral energy demand in 2015 and the 
projected final sectoral energy demand until 2050. 

The historical power generation capacities were extracted from a 
dataset of the National Energy Commission (CNE, by its Spanish 
acronym) of the Chilean Ministry of Energy (‘Minenergia’) which can be 
found at [74]. These data were allocated by zone and then chronologi-
cally ordered from <1960 to 2015 (see the folder 4. Historical power 
generation capacities, in the dataset [75]). This is needed to know the end 
of the lifetime of the existing power plants that should be replaced or 
renovated during the transition period, in order to consider it as a new 
investment. 

The final energy demand by region in 2015 was acquired from the 
CNE (which was requested under the Transparency Law), based on its 
report ‘Anuario Estadístico de Energía 2016’ [76]. The regional energy 
data provided by CNE has a detailed classification of the type of ener-
getics consumed (diesel, fuel oil, natural gas, liquefied petroleum gas, 
coal, kerosene, electricity, biomass, biogas, motor gasoline, aviation 
gasoline, aviation kerosene, naphtha, among others) by end-use activity 
(and sub-activity), such as: transport (road, rail, marine and aviation); 
industry (paper and cellulose, cement, fishing, steelmaking, sugar, 
petrochemical and others); mining (copper, iron, saltpetre and others); 
energy (refining, electricity production, methanol production, gas plants 
and firewood); residential, commercial and public, and; non-energy use 
(not include in this study). 

The regional final energy consumption by activity was grouped by 
zone and then re-classified as final energy demand by sector (power, 
heat, transport and desalination) and by energy form (electricity, heat 
and fuel). In addition, the final energy demand for each sector was 
subdivided and categorised as following: 

• Power final energy demand was divided into three end-users: resi-
dential, commercial (public included) and industrial.  

• Heat final energy demand was divided into four end-consumption 
types: industrial process heat, space heating, domestic hot water 
heating and biomass for cooking. Heat demand was also categorised 
as low, medium and high temperatures. This was performed ac-
cording to Bogdanov et al. [69].  

• Transport final energy demand by mode (road, rail, marine and 
aviation) was divided into both passenger (passenger-kilometre) and 
freight (ton-kilometre) transportation and categorised into three 
means: by vehicle type: light duty vehicle (LDV), two wheelers (2W), 
three wheelers (3W), bus (BUS), medium duty vehicle (MDV) and 
heavy duty vehicle (HDV); by powertrain technology: internal 
combustion engine (ICE), battery electric vehicle (BEV), plug-in 
hybrid electric vehicle (PHEV) and fuel-cell electric vehicle 
(FCEV), and; by fuel type: diesel, gasoline, liquid hydrocarbons, 
biodiesel and bioethanol, hydrogen, liquid natural gas (LNG), jet fuel 
and electricity. All of that was carried out according to Breyer et al. 
[77] and Khalili et al. [70].  

• Desalination demand includes three end-water-use (in m3 per day): 
municipal, industrial (mining included) and agricultural. Seawater 
desalination demand was projected in zones with a water stress index 
larger than 40 %, based on Caldera and Breyer [71]. 

The final energy demand projected for Chile was extracted from a 
dataset of the long-term energy planning report [78] of the ‘Minenergia’. 
Here, the available long-term energy planning values were first grouped 
by zone (see Table 2) and then re-classified by sector and by energy form 
(see Fig. 2) since data were given by region and by energy end-user 
activity (transport, industry, mining, residential, commercial and pub-
lic). The data used as input for this study are provided in the dataset [75] 
(see the folder 5. Projection of the final energy demand). 

The following step in the data preparation was generating the hourly 
synthetic electricity load profiles from 2015 to 2050. This was created 
using the method described in Toktarova et al. [79]. Then, hourly de-
mand profiles for the other energy sectors were generated as well, in 
order to run simulations for every hour of a year in an optimised manner. 

Another step in the country data preparation was estimating the 
potential of RE resources. To estimate the potential for solar, wind and 
hydro resources, real weather data were used according to Afanasyeva 
et al. [80], Bogdanov et al. [68] and Verzano [81], respectively. Sus-
tainable bioenergy potential was estimated based on Mensah et al. [82]. 
Geothermal potential estimates were done according to Aghahosseini 
et al. [83]. Additionally, using the Ghorbani et al. [84] method, the 
pumped hydro energy storage (PHES) potential was estimated [85]. 
More details of the input data used as energy potential by technology for 
each zone can be found in the dataset [75] (see the folder 6. Renewable 
energy potential). 

2.3. Financial and technical assumptions 

A complete list of financial and technical assumptions for the tech-
nologies involved in the modelling tool, obtained from different sources, 
is presented in the Supplementary Materials (see section S2.3). These 
assumptions are based on the most updated learning curves of all the key 
technologies. These assumptions are a crucial element for attempting to 
determine a cost-optimal energy transition pathway in a realistic way. 
This is also key to detect hard-to-abate technologies or sectors, from an 
economic perspective, since those hard-to-abate technologies or sectors 
can have a negative environmental impact during the transition period. 
To calculate the capital recovery factor for each technology, the 
weighted average cost of capital was set at 7 %. 

2.4. Scenarios definition 

Four scenarios were set up to analyse different Chilean energy system 
transition pathways. Three Best Policy Scenarios (BPS) are defined for 
comparison with the Current Policy Scenario (CPS), all of which are 
described in Table 3. Comparing the official government policy as the 
CPS with other scenarios is a standard approach approved by OECD 
countries where variations can be properly discussed. The assumptions 
for the CPS were obtained from two government reports: ‘Chilean NDC 
mitigation proposal: Methodological approach and supporting ambition’ 
[47] and ‘PLANIFICACIÓN ENERGÉTICA DE LARGO PLAZO – Informe de 
Actualización de Antecedentes 2019’ [86]. Some of the main assumptions 
of CPS include decommissioning of all coal-fired power plants by 2040, 
and reaching 96 % renewable electricity generation by 2050 in order to 
obtain partial electrification for different purposes, for instance: heating 
in residential, commercial and public buildings; machines in industrial, 
mining and commercial activities; road and rail transport modes; and 
green hydrogen production. 
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2.5. Assumptions for sustainability perspective of an energy system and 
GHG emission analysis 

In this work, we assumed a sustainable energy system, defined by 
Child et al. [87]. This means that an energy system should meet certain 
criteria in the three spheres of sustainability, such as:  

• Economic: use of resources more decentralised and effectively; 
reduce risk for fuel price volatility, and; promote economic 
prosperity. 

• Social: reduce negative health impacts produced by local air pollu-
tion; avert risks from nuclear accidents, waste sites and long-term 
disposals; reduce resource use conflicts and geopolitical resource 
conflicts, and; energy mixes with social acceptance. 

• Environmental: protection of marine and land ecosystems; protec-
tion of rivers and catchment areas by limiting large hydropower 
plants; reduction of freshwater use, and; do efforts for limiting GHG 
emission to 1.5 ◦C compatible pathway. 

According to Child et al. [87], those criteria can be achieved by some 
characteristics related to the supply side and demand side of the energy 
systems at national and sub-national levels. Some examples include: 
efficiency gains with high levels of electrification of energy services 
based on primary renewable energy; flexibility of energy systems 
through the interaction of high shares of low-cost renewable electricity 
generation with storage capacities, grids transmission and sector 
coupling; sustainable fuels production; carbon capture and storage; 
seawater desalination; and GHG emission reduction. In fact, all these 
aspects can be addressed with the LUT model, which have been set out 
for meeting the majority of sustainable criteria of an energy system. 

Additionally, for analysing one of the environmental criteria in the 
four Chilean energy transition pathways in more detail, which is related 
to achieving global climate target commitment at the national level, the 
CO2 equivalent emissions have been assessed. For this, the GHG emis-
sion from each scenario was compared with its consistency in the na-
tional contribution to hold warming below a 1.5 ◦C pathway. That 
means to reduce the absolute GHG emissions to at least 70 MtCO2eq by 
2030, and to at least 38 MtCO2eq by 2050, according to Climate Action 
Tracker [88]. 

Table 2 
Projected final energy demand for each zone from 2015 to 2050.  

Zone Final energy demand, in TWh 

2015 2020 2025 2030 2035 2040 2045 2050 

Chile-North 58.6 62.8 68.3 69.2 71.4 75.7 80.3 88.0 
Chile-Central North 54.6 58.6 63.9 65.6 68.3 72.4 75.7 82.4 
Chile-Central 111.7 120.4 131.2 134.1 139.4 148.9 157.2 172.6 
Chile-South 84.5 92.7 103.1 110.7 119.4 130.4 142.4 158.7 
Chile-Aysén 3.4 3.7 4.0 4.1 4.2 4.5 4.9 5.4 
Chile-Magallanes 10.2 11.3 12.7 13.8 15.0 16.4 17.9 20.0 
Total 323.0 349.4 383.2 397.5 417.7 448.2 478.3 527.0  

Fig. 2. Final energy demand by sector (2a) and by energy form (2b) from 2015 to 2050.  

Table 3 
Scenarios overview.  

Scenario name Description 

Current Policy Scenario (CPS) The CPS contains the latest government 
targets for the energy sector presented at 
COP25 in order to achieve GHG neutrality by 
2050. This scenario was simulated without 
GHG emissions costs, however, the 
assumptions extracted from the government 
reports have implicit a value of 4.5 €/tCO2eq 
during the period. 

Best Policy Scenario Unconstraint 
(BPS-Un) 

The BPS-Un does not have any RE target or 
GHG emissions costs. Here, the research 
question is what RE level can be achieved on 
pure economics. 

Best Policy Scenario 100 % RE (BPS- 
100RE) 

The BPS-100RE target is to achieve 100 % RE 
by 2050 and the scenario includes GHG 
emissions costs. In this scenario, a restriction 
for electricity exchange through interzonal 
grid transmission was applied, in order to 
allow for more utilisation of regional 
resources. 

Best Policy Scenario 100 % RE High 
Transmission (BPS-100RE-HT) 

This scenario has the same RE target by 2050 
and the same GHG emissions costs 
assumptions as BPS-100RE. However, the 
BPS-100RE-HT does not have any electricity 
exchange restrictions through interzonal grid 
transmission.  
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To estimate the national absolute emission, the energy-related GHG 
emissions by scenario were summed at 23 MtCO2eq, which is an average 
annual from 1990 to 2016 of the emissions from agriculture, industrial 
processes and product use (IPPU) and waste. This is a conservative 
assumption since there is no consideration of any emission reduction 
from those emitter sectors, in other words, we are only considering the 
GHG emission reduction from the energy sector. In addition, to compare 
the achievement of GHG neutrality, we assumed − 60 MtCO2eq as the 
annual absorption capability from LULUCF (land use, land use change 
and forestry), which is the average annual from 1990 to 2016 as well. 
Actually, this is also a conservative assumption compared to the − 65 
MtCO2eq assumed by 2050, which is based on an afforestation and forest 
management plan, in the Chilean government analysis to achieve carbon 
neutrality by that year [47]. 

Finally, in order to be coherent with some socio-environmental 
criteria, this study has not considered building nuclear power plants 
or new large hydropower plants. In fact, large hydropower projects have 
created historical conflicts in Chile [89,90]. As energy systems based on 
100 % RE can reduce the GHG emissions energy-related to zero, and do 
not use any fossil fuels by 2050, hereafter, we will use the concepts 100 
% renewable-based energy system, fully defossilised energy system, and 
fossil-free energy system, as synonymous with a fully sustainable energy 
system. This also implies blocking energy crops for energy supply. 

3. Results 

3.1. Overview of the technology results in the energy supply 

In terms of the primary energy demand, both the CPS and BPS-Un 
would require fossil fuels by 2050, while in the BPS-100RE and BPS- 
100RE-HT, the primary energy demand would be fully supplied by 
renewable sources by 2050. In all scenarios, high levels of electrification 
across all sectors would imply efficiency gains between 24 % and 34 % at 
the end of the transition period, compared with the current energy 
systems, based on low electrification rates. More details on major trends 
in long-term primary energy demand by sector, by energy form, and by 
efficiency gains are available in the Supplementary Materials (see sec-
tion S3.1). 

3.1.1. Electricity 
Fig. 3 shows the electrical installed capacity and electricity genera-

tion by technology for each scenario during the transition period. This 
represents the power technologies that are required through the tran-
sition to meet the electricity demand from all sectors in a fully integrated 
energy system. Results of the new and cumulative installed electrical 
capacity, electricity generation and curtailment are provided in the 
Supplementary Materials (see section S4.2). 

As can be seen in Fig. 3 (top), the total installed power generation 
capacity increases from 20 GW in 2015 to 151 GW in the CPS, 215 GW in 
the BPS-Un, 254 GW in the BPS-100RE and 238 GW in the BPS-100RE- 
HT, by 2050. The share of RE technologies for the CPS reaches to 95 % of 
the total installed power capacity by 2050. The corresponding share in 
the BPS-Un, BPS-100RE and BPS-100RE-HT would be 98 %, 97 % and 
96 %, respectively. 

In terms of electricity generation, the share of RE would also 
dramatically increase throughout the transition, as shown in Fig. 3 
(bottom). Indeed, for CPS, BPS-Un, BPS-100RE and BPS-100RE-HT, 
annual average growth rates of 4.4 %, 5.3 %, 5.8 % and 5.7 % respec-
tively are observed. For CPS, out of the 323 TWh generated by 2050, 12 
TWh comes from fossil fuel technologies and 311 TWh comes from RE 
technologies, which represent 96 % of the total electricity generation. 
For BPS-Un, 98 % of the electricity generated comes from RE technol-
ogies by 2050. However, for BPS-100RE and BPS-100RE-HT, the elec-
tricity generation is solely supplied by RE technologies at the end of the 
transition period. 

For CPS, the renewable electricity generated by 2050 would 
comprise the following: 78.7 % solar photovoltaic (PV), 8.4 % hydro-
power, 5.6 % geothermal power, 2.9 % wind power, and less than 1 % 
bioenergy and concentrated solar thermal power (CSP) together. In the 
case of BPS-Un, the renewable electricity generated at the end of the 
period would come from solar PV (88.5 %), hydropower (6.7 %), wind 
power (2.4 %), and biopower and geothermal power (less than 1 % 
combined). In the BPS-100RE, the electricity generated by 2050 would 
be: 86.6 % solar PV, 5.9 % hydropower, 3.8 % geothermal power, 3.2 % 
wind power and 0.5 % biopower. Similarly, in the BPS-100RE-HT, the 
electricity generated at the end of the period would comprise 85.8 % 
solar PV, 5.9 % hydropower, 4.0 % wind power, 3.9 % geothermal 

Fig. 3. Cumulative installed capacity by power technology (top) and electricity generation by power technology (bottom) for each scenario during the transi-
tion period. 
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power and 0.4 % biopower. 
By 2050, PV prosumers would generate 59 TWh in each scenario 

(which represents about 40 % of the total electricity demand from the 
power sector), whereas PV systems, single-axis tracking and fixed-tilted, 
would generate 195 TWh in the CPS and between 328 and 385 TWh for 
the three best policy scenarios. These amount to more than 130 TWh in 
the BPS-Un and 180 TWh in the other two scenarios of the solar elec-
tricity supplied at the end of the period. Solar PV technologies will drive 
the massive electrification across all sectors and the production of sus-
tainable fuels such as synthetic (gas and liquid) fuels produced based on 
PtX. These results indicate that solar PV technology will be one of the 
key enablers of the sustainable energy transition in Chile. 

To support high levels of electrification in a fully integrated energy 
system, electricity storage technologies will be needed. An explanation 
of this is provided in the Supplementary Materials (see section S3.2.1). 

According to the results, a high level of electrification becomes one 
of the vital elements in the transition towards a sustainable energy 
system. Also, the flexibility provided by a fully integrated energy system, 
which will be supported by the electricity storage technologies, is crucial 
to attainment of a fossil-free energy system. 

3.1.2. Heat 
Fig. 4 shows the total installed capacity for the heat sector and heat 

generation by technology for each scenario from 2015 to 2050, in 5- 
years intervals. The results of the new installed heat capacity by sce-
nario, more details of both cumulative installed heat capacity and heat 
generation by technology for each zone and scenario, heat management 
results, final energy demand results by type of energy for heat by sce-
nario, and electricity demand results for sustainable heat by scenario, 
are available in the Supplementary Materials (see section S4.4). 

The installed heat capacity, as can be observed in Fig. 4 (top), would 
increase from 36 GW in 2015 to 86 GW by 2050 for CPS. In the other 
three scenarios, the installed heat capacity would rise to about 100 GW 
at the end of the period. In the CPS, 31 % of the installed heat capacity by 
2050 would be fossil fuels technologies (25 % gas and 6 % oil), and the 
remaining 69 % would be comprised of a combination of direct and 
indirect electric heating (35 %), solar thermal (22 %), biomass (11 %) 
and geothermal (1 %) technologies. In the other three scenarios, the 
share of installed heat capacity by technology would be approximately 

the following: 11 % fossil fuels (mainly gas), 74 % direct and indirect 
electric heating, 11 % biomass, 3 % solar thermal and 1 % geothermal. 

Heat generation would grow at a similar rate during the transition 
period for all scenarios, as can be seen in Fig. 4 (bottom). By 2050, heat 
generation would reach to about 370 TWh in the CPS and BPS-Un, and 
around 350 TWh in the BPS-100RE and BPS-100RE-HT. The results 
show that bioenergy-based technologies would contribute to heat gen-
eration by around 13 % in all scenarios during the transition. In the CPS, 
fossil fuel technologies would generate 40 % of the required heat by 
2050, and the remaining 47 % would be supplied by renewable-based 
electric heating (direct) and heat pumps (indirect) (35 %), solar ther-
mal (12 %) and geothermal (less than 1 %). 

The results for the three best policy scenarios show that renewable 
energy-based direct and indirect electric heating would dominate the 
heat generation from the second half of the transition period, reaching 
about 70 % of the total heat supply by 2050 in each scenario. However, 
the difference between BPS-Un with the two 100 % RE scenarios is that 
the heat generation from fossil gas will be fully replaced by renewable- 
based synthetic fuels at the end of the transition period. 

Heat storage technologies will also be needed in a fully integrated 
energy system for each transition pathway. An explanation of this is 
provided in the Supplementary Materials (see section S3.2.2). 

According to these results, a high level of electrification for power-to- 
heat (PtH) and the flexibility provided by a fully integrated energy 
system, which in this case will be supported by heat storage technolo-
gies, indicate again that electrification and flexibility are vital elements 
in the transition towards a fully sustainable energy system. 

3.1.3. Fuels 
Fuels are used for electricity generation, heat generation and all 

transportation modes. However, the share used for these purposes varies 
by scenario during the transition period. The current fuel supply 
dominated by fossil resources, will be replaced by fossil-free, or sus-
tainable fuels, produced by RE-based PtX, but in different levels for each 
transition pathway. 

Fig. 5 shows the technological requirement for converting fuels by 
scenario, during the transition period (more details can be found in the 
Supplementary Materials; see section S4.6). As Fig. 5 shows, water 
electrolysis to produce hydrogen (H2), based on electricity, will be the 

Fig. 4. Cumulative installed capacity by heat technology (top) and heat generation by heat technology (bottom) for each scenario during the transition period.  
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main installed capacity technology for fuel conversion in all scenarios. 
H2 can be used directly as final energy fuel in the transport sector, and as 
a basis for producing different fuels and chemicals. 

In the bar graph for CPS (Fig. 5), it is possible to deduce that out of 
the 22 GWoutput installed capacity for fuel conversion by 2050, 73 % 
would be water electrolysis, 21 % methanation, 4 % liquid hydrogen, 
and, a combination of other technologies would reach less than 2 % (the 
full load hours differ for each of them, which implies different levels of 
effective capacity outputs). This is the scenario where the technological 
installed capacity for fuel conversion will start earlier than the other 
three scenarios. It is due to the current governmental promotion of 
hydrogen production for different industrial activities. In the BPS-Un, of 
the estimated 21 GWoutput installed capacity for fuel conversion by 2050, 
71 % would be water electrolysis, 23 % methanation, 4 % liquid 
hydrogen, and, a combination of other technologies would reach less 
than 2 %. 

In the BPS-100RE, 19 %, 72 %, 2 %, 6 % and 1 % of the 44 GWoutput 
installed capacity for fuel conversion by 2050 would be water electrol-
ysis, methanation, liquid hydrogen, Fischer-Tropsch and a combination 
of other technologies respectively. The BPS-100RE-HT would have the 
same installed capacity shares that the BPS-100RE by 2050 but of 41 
GWoutput. The two 100 % RE scenarios show a significant amount of 
Fischer-Tropsch fuels conversion compared with the other two sce-
narios. Fischer-Tropsch fuels will mainly be used in marine and aviation 
transportation modes. 

Gas (CH4 and H2) storage requirements for each scenario during the 
transition period are illustrated in Fig. 11 (bottom). The bar graphs for 
CPS and BPS-Un show that the total installed storage capacity for gas 
storage would reach 2.6 TWh and 2.8 TWh by 2050, respectively (70 % 

CH4 and 30 % H2 in the CPS, and 62 % CH4 and 48 % H2 in the BPS-Un). 
In the BPS-100RE and BPS-100RE-HT, the total installed storage ca-
pacities for gas storage would respectively reach 9 TWh and 7.6 TWh by 
2050 (74 % CH4 and 26 % H2 in the BPS-100RE, and 78 % CH4 and 22 % 
H2 in the BPS-100RE-HT). 

The results indicate that sustainable fuel production will become a 
third vital element on the path to achieving a fully defossilised energy 
system. Gas storage requirements for each scenario during the transition 
period is described in the Supplementary Materials (see section S3.2.3). 

3.1.4. Energy supply for the transport sector 
Fig. 6 shows, for each scenario from 2015 to 2050, the final energy 

demand for the transport sector supplied by different types of fuels (top), 
as well as the electricity demand for sustainable transport (bottom). 
More details of the results to supply the final energy demand for the 
transport sector by zone and scenario can be found in the Supplementary 
Materials (see section S4.7). 

As can be seen in Fig. 6 (top), the final energy demand is the same for 
each scenario during the transition. It will decline from 115 TWh in 
2015 to 52 TWh by 2050 and will mostly occur due to the efficiency 
gains of electrification. This will be made possible mainly through the 
transition of road vehicles to a combination of electric vehicles with 
batteries, plug-in hybrids and fuel cells. 

One difference between the CPS and BPS-Un scenarios and the two 
100 % RE scenarios will be the gradual replacement of liquid fossil fuels 
with renewable-based fuels. This is mainly to cover the demand for 
marine and aviation transport modes. By 2050, the 14 TWh of liquid 
fossil fuels required in the CPS and BPS-Un would become renewable- 
based liquid fuels in the BPS-100RE and BPS-100RE-HT. The 

Fig. 5. Cumulative installed capacity for fuel conversion by technology for each scenario during the transition period.  

Fig. 6. Final energy demand for transport by fuel form (top) and electricity demand for sustainable transport (bottom) by scenario from 2015 to 2050.  
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remaining 38 TWh demand for all four scenarios at the end of the period 
would be covered by electricity (23 TWh), hydrogen (13 TWh) and 
methane (2 TWh). All of those are based on RE resources. 

Another difference between the CPS and BPS-Un with the other two 
scenarios is the amount of electricity required for sustainable transport, 
as shown in Fig. 6 (bottom). In the CPS, the total electricity demand 
would reach to 39 TWh by 2050. This electricity demand would 
comprise 58 % for direct use, 37 % for hydrogen production, 4 % for 
methane production and 1 % for liquid fuel production. In the BPS-Un, 
out of the 41 TWh of electricity required by 2050, 57 % will be for direct 
use, 37 % to produce hydrogen and 6 % to produce methane. In both 
BPS-100RE and BPS-100RE-HT, the total electricity demand would 
reach to 85 TWh at the end of the period. About 28 % of the electricity 
required will be used directly, 18 % for hydrogen production, 4 % for 
methane production and 50 % for liquid fuel production. 

3.1.5. Seawater desalination production 
Fig. 7 shows both the installed capacity required for producing 

desalinated water and the total projected water demand in Chile during 
the transition period. Details of the installed desalination capacity and 
energy demand for desalination production by zone and scenario are 
provided in the Supplementary Materials (see section S4.8). 

As can be seen in Fig. 7, the installed desalination capacity required 
during the transition period and the total water demand will increase. In 
each scenario, the dominant technology for water desalination will be 
seawater reverse osmosis. Although the installed desalination capacity 
will be the same for each transition pathway, the water storage capacity 
requirement varies. For instance, BPS-Un will not need water storage, 
whereas the other scenarios would require different water storage 
capacities. 

The projection of the total water demand in Chile would increase 
from 2.6⋅107 m3/day in 2015 to 5⋅107 m3/day by 2050. The share of 
desalinated seawater to cover the total water demand would also in-
crease from 1 % in 2015 to 17 % by 2050. It means that desalinated 
seawater production would rise from 0.1⋅109 m3 per year in 2015 to 
3.1⋅109 m3 per year by 2050. 

The results show that it will require about 10 TWh of electricity for 
the desalinated seawater production at the end of the period (details of 
the electricity and heat demand for desalination by zone and scenario 
can be found in the Supplementary Materials, see section S4.8). In a fully 
integrated and fully interconnected energy system, as it has been 
simulated for each scenario in this study, the amount of electricity can 
be fully supplied by RE. In addition, seawater demand is highest in those 
zones of Chile where solar PV systems will dominate the electricity 
supply. 

3.1.6. Zonal electricity generation 
Fig. 8 depicts the technological transformation of electricity gener-

ation by zone, between 2015 and 2050, for each scenario. Additional 
graphical results on installed power capacity, storage capacities, storage 
output and more, for all scenarios, are available in the Supplementary 
Materials (see section S4.9). 

As Fig. 8 shows, in 2015, there was a large amount of electricity 

generated from fossil fuels in all zones of the country. However, by 2050, 
RE technologies could dominate electricity generation in each zone as 
well as in each scenario. Solar PV technology would be the pillar for 
electricity generation, especially in the north, central-north, central and 
south zones. PV generation would also contribute to the electricity 
supply in the other two zones located in Patagonia, where wind onshore 
would also generate a significant amount of electricity. Hydropower 
plants existing in the current energy mix would be kept during the 
transition, but its role would primarily be to balance solar PV 
generation. 

Other RE technologies such as bioenergy-based power plants, CSP 
and geothermal make a minimal contribution to the electricity supply in 
all scenarios. This is because they cannot compete with the lower gen-
eration costs of solar PV and wind onshore technologies, which are 
based on the world’s greatest solar and wind resources, located in the 
north of Chile and Patagonia, respectively. 

The results reveal that the electricity generated in each zone by 
scenario could be enough to supply the corresponding electricity de-
mand from all sectors by 2050. However, this does not mean that the 
electricity generated in a zone will all be consumed in the same zone. In 
other words, depending on the hour of the day and the load demand 
profile in a zone, the electricity can be exchanged between zones. The 
differences in electricity generation by technology in each zone by 
scenario, are directly related to grid transmission capacity and the 
electricity exchanges through the zonal interconnection (both grid 
transmissions and electricity exchanges by scenario are described in the 
Supplementary Materials; see section S3.3). In Fig. 8, this effect can be 
noticed in the BPS-100RE-HT, where significantly more electricity is 
generated in the two northern zones of the country, than with the other 
scenarios, even though the greatest electricity demand is located in the 
central zone. Hence, this indicates that grid interconnection is a key 
enabler to the least cost solutions during the transition towards a fully 
sustainable energy system in Chile, together with solar PV technology. 

3.2. Sector coupling 

A fully integrated energy system would imply a structural trans-
formation in the Chilean energy system. A graphical comparison of this 
is illustrated in Figs. 9 and 10. They depict the energy flow of the Chilean 
energy system in 2015 and by 2050, respectively. The energy flow in 
Fig. 10 corresponds to the BPS-100RE, and the graphical illustration of 
three different scenarios can be found in the Supplementary Materials 
(see section S4.11). 

Today, the Chilean energy system, which is close to that of the 
similar energy flow shown in Fig. 9 and is highly dependent on fossil 
fuels, is centralised and largely decoupled. As can be seen in Fig. 9, the 
energy flow in 2015 is inefficient and has no energy recovery options. 
Approximately 14 % of energy is wasted in the first step, from the 
transfer of primary energy to useful energy (by 2050, in the BPS-100RE, 
those losses would be about 0.1 %). In 2015, the power sector was the 
most diversified in terms of energy sources, where different renewable 
technologies contributed 24 % (if hydro dams are included, that 
contribution reaches 42 %). In contrast, transport is the least diversified 

Fig. 7. Cumulative installed desalination capacity by technology and total projected water demand for each scenario during the transition period.  
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Fig. 8. Comparison of the electricity generation by technology and by zone between 2015 and the four scenarios by 2050. The six zones ordered from the top to the 
bottom in each country figure are: Chile-North, Chile-Central North, Chile-Central, Chile-South, Chile-Aysén and Chile-Magallanes. 

Fig. 9. Energy flow for the Chilean energy system in 2015; values in TWh.  
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sector as it relies almost completely on fossil fuel (mainly based on oil). 
Although biomass supply 26 % of energy for the heat sector, this sector is 
still highly dependent on fossil fuels; oil (44 %), gas (24 %) and coal (6 
%). 

Fig. 10 depicts the energy flow of a fully integrated Chilean energy 
system by 2050. There, it is possible to observe the impact of sector 
coupling in the BPS-100RE, compared to its decoupled stage in 2015. On 
the one hand, the losses from primary energy to useful energy would be 
significantly reduced. On the other hand, all sectors would experience a 
diversification of the energy sources. However, in this case, the fully 
renewable-based supply would be dominated by solar energy technol-
ogies, as pointed out in previous sections. 

This fully sector coupled energy system by 2050 includes the inte-
grated use of different energy infrastructures and carriers, in particular, 
electricity, heat and synthetic (gas and liquid) fuels. Mainly based on 
renewable electricity, the energy flows through a variety of flexibility 
options: batteries for short-term storage, PHES and TES for short- and 
medium-term storage, gas storage for seasonal variations, and a com-
bination of PtH and PtX (power-to-gas and power-to-liquid). Here, green 
hydrogen is the basis for producing synthetic sustainable fuels (renew-
able-based hydrogen, methane and Fischer-Tropsch (FT) fuels). 

All of this indicates that low-cost renewable electricity and green 
hydrogen are the core components in a fully sector coupled energy 
system. This allows a more decentralised, integrated, flexible and 
demand-oriented energy system to be obtained. The coupling of the 
sectors gives flexibility in an energy system while at the same time, fossil 
fuels could be fully replaced with sustainable fuels and GHG emissions 
could be reduced to zero. As mentioned in previous sections, flexibility is 
one of the vital elements in the transition towards a fully sustainable 
energy system. Hence, the results reveal that another key enabler for 

attaining a low-cost fully defossilised energy system is the integration of 
the sectors or so-called sector coupling. 

3.3. Energy costs and investment 

Fig. 11 shows the total annual energy system cost, by sector and main 
cost category, and Fig. 12 shows the technological investments required, 
both figures for each scenario during the transition period. All of the 
energy system cost, investment and fuel cost results by scenario as well 
as the levelised cost of electricity (LCOE), the levelised cost of heat 
(LCOH) and the levelised cost of water (LCOW), are provided in the 
Supplementary Materials (see section S4.12). 

As can be observed in Fig. 11 (top), the power sector would keep 
almost the same share of the total annual energy systems cost during the 
transition period for each scenario while the heat sector would 
concentrate the major share during almost the whole period. The share 
of the total annual energy system cost related to the transport sector 
would decline in all scenarios, but in CPS and BPS-Un, it would be about 
half than the other two scenarios at the end of the period. The total 
annual energy system cost for the desalination sector will have a slight 
increment in each scenario during the transition period. 

The bar graphs of Fig. 11 (top) also show that in the CPS, the total 
annual energy systems cost by 2050 would be 3.0 b€ higher than in 2015 
whereas in BPS-Un, it would be 0.6 b€ lower. In the case of BPS-100RE 
and BPS-100RE-HT, the total annual energy systems cost by 2050 would 
be 0.8 b€ and 0.4 b€ higher than in 2015, respectively. 

The energy system in BPS-Un would be more cost-efficient than in 
CPS during the whole transition period. By 2050, the energy systems 
cost in BPS-Un would be 3.6 b€ lower than in CPS. The total annual 
system cost in the CPS would be lower than in the two BPS-100RE until 

Fig. 10. Energy flow for the Chilean energy system in the BPS-100RE by 2050; values in TWh.  
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2030. The maximum difference (around 2.1 b€) would be in 2025. This 
would mainly occur from the CPS’s lack of CO2 emission costs (see 
Fig. 11, bottom); meanwhile, in the two BPS-100RE, the fossil fuel cost is 
gradually substituted by capital expenditures (CAPEX), and some 
operational expenditures (OPEX), based on low-cost renewable tech-
nologies. Actually, in both BPS-100RE and BPS-100RE-HT, the energy 
system would become more cost-efficient than the CPS from 2035 on-
wards, becoming 1.4 b€ cheaper and 1.8 b€ cheaper at the end of the 
period, respectively. Although BPS-Un shows that its energy system 
would be the most cost-efficient option, it is not a fully sustainable so-
lution since it would still be dependent on some fossil fuel. 

These results reveal that the cost-efficiency gain in the three best 
policy scenarios compared with the CPS is an effect of a blend of three 
key enablers in the energy transition: high level of electricity generated 
from solar PV systems, the capability of the power transmission grids for 
facilitating the use of electricity in a different zone than where it was 
generated, and the flexibility gain through the coupling of the sectors. In 
other words, the results suggest that the key enablers for a lower cost 
energy system in Chile are solar PV technology, zonal interconnection 
and sector coupling. In the case of the two 100 % RE scenarios, they 
would allow a fully defossilised energy system. 

Fig. 11 (bottom) shows that the share of fuel costs will decline at the 
same time that the share of CAPEX and OPEX will increase for all sce-
narios during the transition period, but at different levels. The grid cost 

would be a lower share of the total energy systems cost for each tran-
sition pathway. The GHG emissions cost, which had only been consid-
ered in the BPS100RE and BPS100RE-HT, will decline to zero at the end 
of the period. The GHG cost helps to reduce the fossil fuel utilisation in 
the energy system. 

In the CPS, fuel costs would decrease from 13.9 b€ in 2015 to 6.4 b€ 
by 2050, where 95 % of it would be related to fossil fuels at the end of 
the period. In the BPS-Un, fuel costs would drop to 2.4 b€ by 2050 (85 % 
would be related to fossil fuels). While in the BPS-100RE and BPS- 
100RE-HT, that 0.4 b€ by 2050 will be related to renewable fuels 
only. CAPEX plus OPEX in the two 100 % RE scenarios will be higher 
than in the other two scenarios. However, the LCOE (which includes the 
costs of electricity generation from all technologies, curtailment, storage 
and transmission) in the three best policy scenarios would be about 9 
€/MWh lower than in the CPS at the end of the period. These results 
indicate that cost reduction is another effect of the three key enablers 
mentioned before. 

Fig. 12 illustrates that the CAPEX will be distributed across a large 
range of energy-related technologies in each transition pathway. In all 
scenarios, solar PV technology takes up a significant share of the total 
investment during the whole transition period. The electric (direct and 
indirect) heating and energy storage technologies, as well as the tech-
nologies to produce fossil-free fuels, would require a large investment 
from the second half of the transition onwards. From 2020 to 2030, the 

Fig. 11. Annual system costs by sector (top) and main cost category (bottom) for each scenario through the transition.  

Fig. 12. Capital expenditures in every 5-year interval by scenario during the transition period.  
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BPS-100RE-HT shows the highest capital costs. After that, the invest-
ment would be relatively similar to the other two best policy scenarios. 

Although the CPS is one of the scenarios with a lower investment, it 
will have the highest total annual energy systems cost and LCOE at the 
end of the period. Finally, these results indicate that the two 100 % RE 
scenarios would require totals of about 26 % and 22 % more investment 
than the CPS and BPS-Un, respectively, in order to achieve a fully 
defossilised energy system in Chile by 2050. 

3.4. Greenhouse gas emissions 

Fig. 13 depicts the GHG emissions reduction by sector and by mode 
in the transport sector for each scenario, from 2015 to 2050. More de-
tails of the GHG emission results by sector and zone for each scenario are 
presented in the Supplementary Materials (see section S4.13). As Fig. 13 
(top) shows, the heat sector would be the large emitter during the whole 
transition period in the CPS and BPS-Un, while the transport sector 
would be the large emitter in the two 100 % RE scenarios. 

These bar graphs also show that the GHG emissions would decline to 
36 MtCO2eq and 17 MtCO2eq by 2050 in the CPS and BPS-Un, respec-
tively, and in the BPS-100RE and BPS-100RE-HT it would fall to zero. As 
can be observed in Fig. 13 (bottom), the large GHG emitter mode in the 
transport sector is road. In the CPS and BPS-Un, road-related GHG 
emissions would drop to a similar share to marine and aviation modes. 

The reason behind the levels of GHG emissions in the CPS and BPS- 
Un at the end of the period is due to fossil fuel consumption in the power, 
heat and transport sectors. In contrast, in the other two 100 % RE sce-
narios, fossil fuel will be replaced by sustainable fuels, and the majority 
of which will be produced from green hydrogen and renewable-based 
CO2 DAC, such as methane and FT fuels. 

The results indicate that the BPS-100RE and BPS-100RE-HT are both 
fully aligned with the 1.5 ◦C target. Including GHG emissions from non- 
energy sectors (agriculture, IPPU and waste) and considering the annual 
absorption capability from LULUCF, that we assumed, these two 100 % 
RE scenarios would reduce the national absolute GHG emissions to 
about 55 MtCO2eq by 2030, and 23 MtCO2eq by 2050 (while it should be 
reduced to at least 70 MtCO2eq by 2030, and to at least 38 MtCO2eq by 
2050). The BPS-Un could be aligned at the end of the period, if the 
emissions from the non-energy sectors is reduced by at least 9 % by 
2050. 

The results also reveal that carbon neutrality could be achieved by 
2030 in the two 100 % RE scenarios, and by 2040 in the BPS-Un. 
Whereas in the CPS, as the government has planned, carbon neutrality 

will be achieved by 2050; but it will not be compatible with the 1.5 ◦C 
pathway [88]. 

4. Discussion 

4.1. Central findings 

The results of the four scenarios that were defined and simulated for 
Chile from 2015 to 2050 indicate that two of the scenarios can be cat-
egorised as truly sustainable energy transitions. Although each energy 
transition pathway has been simulated by setting some of the sustain-
ability criteria (refer to section 2.5), two scenarios show a crucial dif-
ference at the end of the period. In the CPS and BPS-Un, 26 % and 12 % 
of the primary energy demand, respectively, would be covered from 
fossil fuels. In contrast, the two 100 % RE best policy scenarios (BPS- 
100RE and BPS-100RE-HT) would reduce fossil fuel utilisation and the 
energy-related GHG emissions to zero, by 2050. These two 100 % 
renewable-based energy systems would also be more cost-efficient than 
CPS, from 2035 onwards. Hence, a fully sustainable energy system, 
besides covering the demand from all sectors and to meet a series of 
economic, social and environmental criteria, should be a fossil/nuclear- 
free fuel energy system, as well. 

The energy systems obtained by 2050 as a result of the two 100 % RE 
best policy scenarios meet almost all criteria that were assumed from a 
sustainability perspective. In this sense, it is found that a fully sustain-
able energy system for Chile could be achieved by 2050 mainly based on 
three vital elements (from a technological point of view) and three key 
enablers (from a cost-optimal point of view). 

The results revealed the following three vital elements for achieving 
a fully sustainable energy system. The first one was the high levels of 
renewable-based electrification across all sectors (power, heat, transport 
and desalination). The second was flexibility, which is provided by a 
combination of electricity exchanges through the grids and the coupling 
of the sectors. The third was sustainable fuels production, essentially 
based on PtX, to produce green hydrogen first and then synthetic gas and 
liquid fuels. These vital elements are fully in line with several studies 
[13–16,91–99] applied to different scales in other parts of the world, 
and with proposed actions by IRENA [100] and REN21 [7] reports. 

The three key enablers that have been found for the lowest-cost 
option, in order to attain a fully sustainable energy system are: solar 
PV technology, zonal interconnection and full sectoral integration. All of 
these are in line with those pointed out by Brown et al. [96], especially 
with respect to the synergies between grid transmission and sector 

Fig. 13. Greenhouse gas emissions by sector (top) and by mode in the transport sector (bottom), for each scenario during the transition period.  
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coupling that allow for obtaining the lowest-cost solutions. Low-cost 
renewable electricity and green hydrogen would be the core in a fully 
sector coupled energy system. This would allow a more decentralised, 
integrated, flexible and demand-oriented energy system to be obtained. 

Regarding the high levels of renewable-based electrification across 
all sectors, solar PV would be the dominant technology during Chile’s 
whole energy transition. In the two scenarios, where full defossilisation 
is achieved, solar PV (fixed tilted, single-axis and prosumers) would 
contribute about 86 % of the total electricity generated by 2050, which 
represents about 83 % of the total final energy demand. The remaining 
share of electricity generation would be composed of about 6 % hy-
dropower, 4 % wind power, 4 % geothermal and less than 1 % biopower 
and CSP. However, our results that are related to the renewable elec-
tricity generation shares differ with previous 100 % RE studies, where 
Chile has been included in a continental [101] or global [102,103] level, 
or the country was the study case [60,65–67]. Despite the fact that the 
total final energy demand considered in our current work was higher 
than in each of these previous studies, only Haas et al. [65] showed a 
scenario where solar PV contribution was near 70 %. All other work 
show a solar PV contribution equal to or lower than 50 %. 

Nevertheless, the results of the previous studies are not directly 
comparable with the findings of this research. On the one hand, some of 
them [65–67] were only applied to the power sector, and did not 
consider PV prosumers. Moreover, they did not consider the whole 
country in their analyses. In the case of Barbosa et al. [101] and Agha-
hosseini et al. [104], they included PV prosumers in their analysis for the 
power sector. On the other hand, in the studies in which all sectors were 
included [60,102,103], Chile was considered to be one node. In this 
research, the country is divided into six nodes. This could explain the 
differences in results, especially in the power generation shares since the 
modelling tool chose the lowest cost option that existed near the energy 
demand, but also due to the electricity exchange between the zones. This 
has drastic consequences for the share of wind energy, since it would be 
a highly attractive source of electricity, if the excellent wind resources 
would be closer to the demand centres. This effect is well considered in 
this research, but cannot be correctly addressed in a single-node study. 

Additionally, the most updated technological costs and learning 
curves have been used for the financial assumptions, which led to some 
variation in the results with the previous studies. However, there is a 
great difference in the work performed by Gaete-Morales et al. [67]. For 
example, in that work (published in 2019), they assumed PV costs based 
on a learning rate from studies carried out in 2010–2014. In other words, 
the PV costs utilised by Gaete-Morales et al. [67] in 2050 seem to be the 
PV costs assumed by about 2030. As a consequence, the results show a 
PV contribution of 20–33 % by 2050 between the scenarios, whereas the 
current findings indicate a PV contribution of 79–89 % between the four 
scenarios. In summary, our study is the first applied to Chile, including 
all sectors integrated and contemplating the whole country fully inter-
connected by six nodes, and was performed with the most updated cost 
assumptions for energy-related technologies. 

4.1.1. Opportunities and challenges 
The results of this research suggest that a technological trans-

formation, from the supply side, towards to achieve a fully defossilised 
electric system in Chile is feasible. It would mainly be based on the 
world’s greatest solar resource located in the Atacama Desert [55] but 
also based on the good solar conditions in almost all Chilean territory 
[105]. PV prosumers could reach 33 GW of installed capacity by 2050 
throughout the country, and, in the transition pathway with more 
installed capacity of solar PV systems (fixed tilted and single-axis), this 
technology would reach 201 GW at the end of the period. This installed 
capacity is one sixth of the available techno-economic PV potential in 
Chile, reported by the Chilean government [106] (RE potential of 
Patagonia is not included in that report). It means that those around 
1200 GW of solar PV potential was estimated without including: areas 
with capacity factors less than 0.24, areas with ground slopes over 10◦, 

urban areas and human settlements, rail lines and roads, natural parks, 
protected areas, and water bodies. Moreover, Patagonia’s solar PV po-
tential is not included in the government report. In fact, Patagonia has 
some areas with solar irradiation levels above 4 kWh/(m2⋅d) [107]. 
Also, some of the most populated cities and towns in Patagonia have a 
solar PV potential comparable with the centre of France and even better 
than Freiburg, one of the sunniest places in Germany [108]. All this 
demonstrates the great opportunity of Chile for PV deployment in all its 
regions and for materialising a sustainable energy transition in a more 
decentralised manner. 

In addition to the solar power potential in Chile, the existing elec-
trical infrastructure is another advantage for attaining a fully sustainable 
energy system. The national electric system already interconnects 14 of 
the 16 geo-administrative regions of Chile. This is analogous to the in-
terconnections that were used for the Chile-North (CL-N), Chile-Central 
North (CL-CN), Chile-Central (CL-C) and Chile-South (CL-S) zones in this 
study. According to the findings, in terms of the electricity exchanges 
throughout the transmission grids, the majority of the energy would 
flow from CL-CN to CL-C. The CL-CN zone is located in the Atacama 
Desert, and the CL-C zone is in the place with the highest energy 
demand. 

Despite Chile having sites with the world’s highest wind energy 
potential in Patagonia [56], the finding indicates that the interconnec-
tion of the two regions located there with the rest of the country is not 
needed. In other words, the excellent wind potential in Patagonia has no 
chance against the excellent solar potential located in the north of the 
country. This is mainly due to the distance from the sites with the 
highest energy potential (the Atacama Desert and Patagonia) to the large 
consumption node. Therefore, it can be suggested to increment by at 
least 1.5 times the capability of the existing transmission grids from the 
Atacama Desert to CL-C zone (where the highest energy consumption 
node is located and more than 50 % of the Chilean population lives). 
This will help facilitate the sustainable energy transition by harnessing 
the sun’s energy through PV technology. 

Furthermore, copper extraction, which is one of the most energy- 
intensive industries in Chile (its projected final energy demands have 
been included in this study), is mainly located in CL-N and CL-CN zones, 
where solar resources are higher [109]. Here, there is also a synergy 
between solar energy and seawater desalination [110]. All this would 
allow Chilean copper mining to become a cleaner process [43,111]. 
According to Hass et al. [112], the Chilean copper mining electrical 
supply could become 100 % solar based by 2030. But also, according to 
Moreno-Leiva et al. [113], copper mining needs a multi-vector system 
design to supply its energy (electricity, heat and fuels) and water de-
mand, with an appropriate operational flexibility. Therefore, the current 
approach and results are in line with achieving clean copper production 
sooner in Chile. In addition, due to Chile being the world’s largest 
copper producer with the largest reserves of copper [43], the country 
can drive the clean production of this raw material that is needed for the 
global sustainable energy transition. 

The large marine coast extension in Chile suggests an opportunity to 
face some climate change impacts at the local level, related to water 
issues and beyond. Through renewable energy based seawater desali-
nation, it would be possible to reduce issues associated with water 
scarcity and groundwater abstraction. The desalination plants would 
also help the water cycle, supporting both the adaptation to, and miti-
gation of climate change impacts. This results in providing abundant 
water for human use, while helping to preserve and restore ecosystems 
[114]. According to the results, the energy needed for the seawater 
desalination process could be fully supplied by renewable resources. It 
can help to supply the water-intensive demand for copper and lithium 
extraction in Chile. The Atacama Desert also contains one of the world’s 
largest lithium reserves [115] (about 25 %). Thus, the renewable 
seawater desalination plants could also contribute to the clean extrac-
tion of copper [116] and lithium [115]. Both raw materials are needed 
for global sustainable energy transition as well [44,45], where lithium is 
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most critical [117,118]. 
All this means that Chile could reach a fully sustainable energy 

system by 2050, using only about 10 % of its techno-economic RE po-
tential for electricity generation distributed throughout the continental 
territory. However, the economic competitiveness of some technologies 
in the coming years, particularly solar PV and wind onshore, could in-
crease the available techno-economic RE potential of this country. 

In this sense, another opportunity for Chile to not only carry out a 
fully sustainable energy transition, but also contribute to the global 
energy transition, and utilise the full potential to produce sustainable 
RE-based fuels. The Atacama Desert and Patagonia have been identified 
as two of the best sites in the world for producing green hydrogen, 
synthetic gas and liquid fuels, and even chemicals [57–59]. It could even 
become a hot spot for CO2 direct removal as part of a global net-negative 
post-2050 economy [119]. In addition to green hydrogen that can be 
used directly for energy purposes, it is the basis for producing synthetic 
methane, synthetic liquified natural gas, and synthetic diesel, gasoline 
and jet fuel, based on the Fischer-Tropsch process. These PtX-based 
sustainable fuels are essential as replacements of fossil fuels used in 
marine and aviation transportation, with no technological change 
needed in the transport modes. This would take place in the second half 
of the transition period, allowing an attainment of a fully defossilised 
energy system in Chile by 2050. Hence, Chile has the potential to 
contribute to the global sustainable RE-based fuel supply and even to the 
production of global sustainable RE-based chemicals. Chile also has the 
opportunity to become a green hydrogen producer where this chemical 
element can be used as an industrial raw material for manufacturing 
glass, metals, fertilisers, among other. 

However, the fully sustainable energy transition will not be without 
challenges. From a socio-environmental point of view, clean copper and 
lithium production is one of the biggest challenges in Chile [115], but it 
is also a global concern [120]. In the same sense, the 
socio-environmental conflicts on the integration of large-scale RE power 
plants into the energy mix could face challenges as well [54,121]. 

However, in Chile, there is more willingness to pay for RE technol-
ogies other than hydro dams [122]. Nevertheless, another challenge 
related to social acceptance could emerge according to Flores-Fernandez 
[54]: ‘The incorporation of non-conventional renewable sources to the energy 
matrix has not modified the technocratic model of market-based manage-
ment, the ownership structure of the projects, nor has it implied an advance 
towards democratic and decentralised energy systems that promote local 
development and the effective participation of communities in energy 
decision-making.’ 

Reaching the levels of power prosumers shown in the results seems to 
be another challenge. In the case of the PV prosumers segment, the 
challenge is directly related to the current regulatory framework. In 
Chile, although it is legal to install grid-connected PV systems, it is under 
a net-billing scheme. If this scheme is kept during the transition period, 
the contribution of the PV prosumers, especially from the residential 
segment, could be significantly limited [108]. That would cause re-
percussions to the contribution of this segment to the decarbonisation 
and decentralisation of a fully integrated energy system [123], but also 
to its contribution to reducing air pollution in Chilean cities with high 
levels of particulate matter [124,125]. 

From a techno-economic point of view, a scenario has been defined 
that does not have a 100 % RE target by 2050 or GHG emissions cost (the 
BPS-Un). This is to identify the segments and sectors that are hard-to- 
abate. Based on this, it has been found that fossil fuel requirements, 
especially for marine and aviation transport modes and the high tem-
perature segment of the heat sector, are the most hard-to-shift. In fact, 
Fischer-Tropsch fuel production is not considered in the current energy 
targets of Chile’s government. According to the results in the BPS-Un 
(but also in the CPS), some fossil fuels would still be used in the 
power sector but more in the heat sector by 2050 as well. This statement 
coincides with the part of the current government energy target that has 
less ambition for achieving carbon neutrality so far. 

In the heat sector, technological transformation seems to be a big 
challenge in Chile. This challenge is essentially related to the investment 
cost and energy price. On the one hand, heat pumps and district heating 
systems have high capital expenditures in this country. In the case of a 
heat pump, it would be more of a challenge for the residential segment, 
which is the second largest heat demanding segment in the country but 
with less purchasing power. In fact, the residential segment is one of the 
main responsible for particulate matter emissions in Chile due to the use 
of cheap and bad quality woodfire for heating [126]. However, in the 
case of district heating systems, they show an interesting potential that 
have two-fold function in Chile (decarbonisation and air pollution 
decontamination), where a national district heating plan could be 
aligned with a 100 % RE target [64]. On the other hand, the current 
electricity price in Chile is not competitive yet with other forms of en-
ergy (such as firewood and fossil alternatives) for heating purposes in 
most parts of the country. Firewood is the cheapest fuel option for 
heating purposes in most parts of the country [40,127]. 

However, more than technical or economic challenges, it seems that 
political, institutional and cultural barriers are the main obstacles for a 
100 % renewable-based energy system [128,129]. Actually, and in 
accordance with the latest REN21 report [7], the support from effective 
policies has been key to the advancement of RE technologies in the 
power sector, while heat and transport sectors have had less policy 
attention, despite the fact that they are large energy consumer sectors. 

4.1.2. Energy cost and investment 
Comparison of the four pathways simulated shows that the BPS-Un 

would provide the most cost-efficient energy system during the whole 
transition period. The two 100 % RE scenarios would give more cost- 
efficient energy systems than CPS, from 2035 onwards. By 2050, the 
total annual energy system cost under the CPS scenario would be 3.6 b€, 
1.4 b€ and 1.8 b€ higher than BPS-Un, BPS-100RE and BPS-100RE-HT, 
respectively. Although in the BPS-Un the total annual energy system 
cost would be the cheapest option, it would have a crucial distinction 
from the other two best policy scenarios. The two 100 % RE scenarios 
would imply a fully defossilised energy system by 2050. 

Nevertheless, in terms of LCOE, the three best policy scenarios would 
not be significantly different. After that, BPS-Un would have on average 
a 14 % lower LCOE than the two 100 % RE scenarios from 2020 to 2030, 
and three best policy scenarios would have almost the same LCOE from 
2035 to 2050. Moreover, these three best policy scenarios would have 
lower LCOE than CPS from 2030 onwards, reaching a LCOE of about 25 
% lower than CPS at the end of the transition period. 

The difference of 0.4 b€ in the total annual energy system cost by 
2050, between BPS-100RE and BPS-100RE-HT, is mainly an effect of the 
energy transmission through the grid. Because in the BPS-100RE-HT 
there is no limit to the electricity exchange between the inter-
connected zones, it would imply 16 GW less of installed power capacity, 
1 GW less installed energy storage capacity, and 3 GW less electrolyser 
for green hydrogen production, compared with the other 100 % RE 
scenario. Consequently, this would also imply less investment cost in the 
BPS-100RE-HT, but it is not significant compared with the difference 
between both 100 % RE scenarios with investment in the CPS. 

In the CPS, the total investment would be about 26 % lower than in 
each of the two 100 % RE scenarios. However, the two best policy sce-
narios would allow a fully defossilised energy system to be achieved by 
2050. Furthermore, this does not include the costs saved from reducing 
the health impact. In this sense, according to one of the key insights 
recently reported by IRENA [100]: ‘Low-carbon investment would signifi-
cantly pay off, with savings eight times more than costs when accounting for 
reduced health and environmental externalities.’ 

In any case, it can be suggested to implement both a feed-in-tariff 
scheme (at least for PV prosumers) and promoting a weighted average 
cost of capital (WACC) lower than 7 %. Lower WACC values can make a 
RE project much more competitive, especially a PV project, as was 
pointed out by Vartiainen et al. [130]. Meanwhile, because Chile has a 
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tax of only 4.5 €/tCO2eq, it can be effective to apply an increment to the 
current CO2 emissions taxes, following the call from 27 Nobel 
Prize-winning economists [131]. These three suggestions are intended 
to accelerate the sustainable energy transition in Chile and also to in-
crease the contribution that the country can make to the global sus-
tainable energy transition through the production of RE-based fuels and 
clean raw materials. 

4.1.3. Greenhouse gas emissions 
Clean technologies supported by a cost-efficient solution would 

cause a strong reduction of the negative environmental impacts. With a 
100 % renewable-based energy system, it is possible to go beyond GHG 
reduction, and produced particulate-free clean air at a local level. In 
Chile’s case, this would solve the air quality problems related to high 
levels of particulate matter during winter periods, reducing negative 
impacts on citizens’ health. 

Focusing particularly on GHG emissions analysis, the obtained re-
sults reveal that the CPS is not in line with the pathway for limiting 
warming to 1.5 ◦C. This aligns with the analysis from Climate Action 
Tracker [88] so far. In the case of the BPS-Un scenario, it could be 
consistent with the 1.5 ◦C pathway at the end of the period, but it would 
be directly dependent on the GHG emissions reduction from other 
non-energy emitter sectors. In contrast, the two 100 % RE scenarios not 
only are fully aligned with the pathway for limiting warming to 1.5 ◦C, 
they would also allow Chile to reach carbon neutrality by 2030. These 
100 % RE policy scenarios also imply that Chile could become a negative 
emitter country from 2035 onwards. 

However, from the point of view related to the three spheres of 
sustainability, to achieve a fully defossilised energy system is more 
important. This would be possible thanks to a transition towards a fully 
cross-sectoral integrated energy system. In Chile, this requires using 
about 10 % of its available techno-economic RE potential for attaining a 
fully defossilised energy system. Furthermore, that energy system would 
be more cost-efficient than the CPS by 2050. 

Chile only emits 0.24 % of the global GHG emission. However, all 
countries that emit less than 1 % of the global GHG emissions, total to 
about 24 % of the total emissions [132]. On the other hand, Chile 
probably has better RE resources than those other countries, but those 
countries could have less final energy consumption per capita than 
Chile. Nevertheless, due to most of those countries being located in the 
Sun Belt (between latitude ±45◦), they could achieve a 100 % 
renewable-based energy system by 2050, as well as those 17 countries 
that are major emitters [20,133]. In any case, Chile has the potential to 
contribute through sustainable, RE-based fuel production. Chile can also 
contribute with the clean production of raw materials (copper and 
lithium) to the global energy transition. Additionally, Chile could even 
contribute with RE-based chemical production. All of this could be done 
in order to accelerate the attainment of a global post-fossil fuels 
economy. 

4.2. Limitations of this study 

This study has simulated four energy transition pathways where 
energy needs from all sectors in Chile are covered. In this regard, the 
LUT model tool delivers the newly installed electric capacity required 
for each of the six zones that have been contemplated. However, the 
specific location of those utility-scale power plants is not provided in the 
results. The solar PV capacity, of more than 180 GW, in the two 100 % 
RE scenarios are not constrained by land area. Nevertheless, in order to 
reduce social conflict and environmental externalities, the specific 
location of the new power plants should be assessed in more detail. It can 
be made following the strategies purposed by Matamala et al. [121]. 

From a geographical and sectoral perspective, only fully inter-
connected and integrated option of the energy system for each scenario 
has been addressed. Medium and low voltage transmission lines have 
not been considered in the analysis. Nevertheless, in the case of Chile, 

considering that the world’s largest solar and wind energy potential are 
both located in the extreme tips of this country; some geographical or 
even sectoral separation could give more value to some zones. Perhaps, 
it could also reduce the total energy systems cost or investment. How-
ever, this needs to be investigated further. 

Another limitation of this study is the fact that the so-called smart 
charging of battery-electric vehicles and vehicle-to-grid flexibility have 
not been included, but the potential impact in an energy system is dis-
cussed by Child et al. [134]. In the same sense, an analysis in a higher 
local level applying the intelligent cyber-physical system approach 
[135] or to city-scale [97] could show some differences as well. How-
ever, its impact at the national level would be also needed to be 
evaluated. 

In any case, a more decentralised energy system based on RE re-
sources would imply some positive socio-economic and socio- 
environmental impacts. RE technologies are showing a constant in-
crease in the number of employments rates [136]. Also, the job creation 
during the transition towards a 100 % renewable-based energy system 
that seems to be highly attractive [137,138]. In addition, that kind of 
transformation of the energy system by 2050 is also indicated in a higher 
gross domestic product growth [100]. The social health cost and other 
environmental externalities would give more insight into the positive 
impacts of a fully sustainable energy transition. As all these 
socio-economic and socio-environmental aspects were not addressed in 
this study, it is suggested to perform an in-depth analysis of them. This is 
in order to understand in a more holistic manner the impacts of the 
transition towards a fully renewable-based energy system. But more 
importantly, to justify why we need an acceleration of defossilising the 
energy system to attain the climate targets by 2050. 

4.3. New research opportunities 

In addition to those socio-economic and socio-environmental aspects 
that are outside of the focus of this research, some geographical char-
acteristics that distinguish Chile from the other countries, together with 
some natural resources and its enormous RE potential distributed 
throughout its continental territory, make this Andean nation an inter-
esting study case. In other words, Chile has a unique situation to 
research concerning ways to produce solar fuels, such as those reported 
by Lips et al. [139], Ardo et al. [140] and Detz et al. [141], and to 
become a global fossil-free fuel and chemical production pole as well. 

Based on the world’s best solar and wind energy resources, studies 
have identified Chile as one of the world’s best countries to produce low- 
cost RE-based fuels and chemicals [57–59]. However, the Chilean export 
potential of green hydrogen as an industrial raw material and PtX-based 
fuels and chemicals has not been studied. In addition to the 
techno-economic refining for the green hydrogen and ammonia pro-
duction suggested by Armijo and Philibert [59] and Fasihi et al. [142], 
the impact on the energy system structure (i.e. how much of both power 
and storage installed capacity is needed for that, where it will be better 
to install, and how the energy demand profile would vary) in this 
country needs to be analysed. On the other hand, Chile’s contribution to 
accelerate the global sustainable energy transition and the attainment of 
a post-fossil fuels economy could also be investigated. 

On the other hand, although it has not been considered in this work a 
scenario with fossil carbon capture and storage (CCS) technologies (in 
order to avoid additional water stress and air pollution), it could be 
interesting to compare the total costs of a BPS with zero emissions with a 
scenario considering a full set of fossil CCS technologies and also 
negative CO2 emission technologies [119,143,144]. This is an open 
question, especially if it is considered what Xiao et al. [145] and Victoria 
et al. [146] found about incorrect PV cost and incorrect PtX modelling 
leading to stark distortions in the results of energy scenarios. Therefore, 
a highly sophisticated method is required and this case requires more 
investigation. 
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5. Conclusions and recommendations 

In this study, Chile’s energy transition was modelled based on the 
current policy scenario and compared with the three best policy sce-
narios. Each transition pathway was simulated by subdividing the whole 
country into six zones, including its energy demand from all activities 
into four sectors (power, heat, transport and desalination), and 
contemplating a fully interconnected and integrated energy system, 
carried out in full hourly resolution. This is the first study applied to 
Chile under these characteristics. 

The results confirm that attaining a fully sustainable energy system 
in Chile by 2050 is technically-feasible, and they also reveal that this 
scenario could be more cost-efficient from 2035 onwards than the cur-
rent policy scenario to achieve carbon neutrality. Under the two 100 % 
RE transition pathways, Chile could reach carbon neutrality by 2030, 
and could become a negative emitter country by 2035. In addition, the 
two 100 % RE scenarios would be pathways consistent with limiting 
warming to 1.5 ◦C, and would also imply that a fully defossilised energy 
system could be achieved by 2050. 

Furthermore, a 100 % RE scenario would use about 10 % of the 
available techno-economic RE potential for electricity generation in 
Chile. The two 100 % RE scenarios would imply a more decentralised 
energy system that meets the majority of assumed sustainable criteria, 
and water scarcity would be covered by RE-based seawater desalination. 
However, socio-economic and socio-environmental benefits need to be 
evaluated in order to obtain more justification for accelerating the sus-
tainable energy transition. Also, it is necessary to investigate how soci-
ety can accept and use the technological changes discussed in the 
scenario and what is the most important barrier to government policy 
regarding the energy transition in Chile. 

All of that would be possible in Chile mainly because the country has 
the world’s best solar resource. This enables supplying low-cost elec-
tricity to support PtX-based sector coupling, not to mention the rest of 
the RE potential distributed throughout Chile’s territory. Actually, in a 
100 % RE system, solar PV could contribute 86 % of the total electricity 
generated by 2050, which would represent about 83 % of the total final 
energy demand in that year. 

From a technological perspective, in order to transition to a fully 
sustainable energy system, there are three vital elements: a high level of 
renewable electricity across all sectors, flexibility, and sustainable fuels 
production. And for a cost-optimal solution, there are three key en-
ablers: solar PV technology, zonal (or regional) interconnection, and full 
sectoral integration or sector coupling. However, to ensure a truly sus-
tainable energy transition and to reach a fully defossilised energy sys-
tem, the energy policies acquire fundamental importance [147]. In this 
sense, in order to accelerate the transition towards a fully sustainable 
energy system in Chile, the recommendations for decision-makers are as 
follows: 

• Increase the capacity of the transmission lines in the National Elec-
tric System by at least 50 %, particularly, the interconnection be-
tween the Atacama Desert and the central-south zones of the country.  

• Implement fossil fuel bans across all sectors.  
• Support and foment sector coupling and the PtX-based production of 

synthetic (gas and liquid) fuels and chemicals.  
• Implement a regulatory change in the prosumer scheme and include 

a feed-in-tariff.  
• Progressively increase the CO2 emission taxes during the transition 

period in at least half of the values assumed in this study.  
• Promote WACC lower than 7 % for RE projects.  
• Support and foment the implementation of district heating and heat 

pumps in the prosumer segment.  
• Facilitate and foment the implementation of new business models 

that include the communities and citizens.  

• Estimate and consider the social heath saving cost, the creation of 
jobs and the GDP growth caused by the RE technologies in the energy 
transition analysis. 

Furthermore, we conclude that it is much more important to go for a 
full defossilisation of the energy system across all sectors, rather than to 
reach carbon neutrality. In addition to this, it would imply pathways 
that will be consistent with the Paris agreement targets. The benefits of 
the solution for each country would go beyond just the environment. 
Actually, this would also allow them to reach a truly sustainable energy 
system in their three spheres, which could help us all reach a global post- 
fossil fuels economy. 

Finally, the contribution that Chile could make to the global sus-
tainable energy transition and to reaching a global post-fossil fuels 
economy, as well as the impact of this in the Chilean energy system 
structure is still an open question. In any case, Chile has the potential 
and the opportunity to contribute to the acceleration of both of these 
global goals, particularly through the supply of clean copper and 
lithium, and through sustainable RE-based fuel and chemical 
production. 
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Breyer C. Transition toward a fully renewable-based energy system in Chile by 
2050 across power, heat, transport and desalination sectors. International Journal 
of Sustainable Energy Planning and Management 2020;25:77–94. https://doi. 
org/10.5278/ijsepm.3385. 

[61] Munoz FD, Pumarino BJ, Salas IA. Aiming low and achieving it: a long-term 
analysis of a renewable policy in Chile. Energy Econ 2017;65:304–14. https:// 
doi.org/10.1016/j.eneco.2017.05.013. 

[62] Raugei M, Leccisi E, Fthenakis V, Escobar Moragas R, Simsek Y. Net energy 
analysis and life cycle energy assessment of electricity supply in Chile: present 
status and future scenarios. Energy 2018;162:659–68. https://doi.org/10.1016/j. 
energy.2018.08.051. 

[63] Maximov SA, Harrison GP, Friedrich D. Long term impact of grid level energy 
storage on renewable energy penetration and emissions in the chilean electric 
system. Energies 2019;12:1070. https://doi.org/10.3390/en12061070. 

[64] Paardekooper S, Lund H, Chang M, Nielsen S, Moreno D, Thellufsen JZ. Heat 
Roadmap Chile: a national district heating plan for air pollution decontamination 
and decarbonisation. J Clean Prod 2020;272:122744. https://doi.org/10.1016/j. 
jclepro.2020.122744. 

[65] Haas J, Cebulla F, Nowak W, Rahmann C, Palma-Behnke R. A multi-service 
approach for planning the optimal mix of energy storage technologies in a fully- 
renewable power supply. Energy Convers Manag 2018;178:355–68. https://doi. 
org/10.1016/j.enconman.2018.09.087. 

[66] Haas J, Nowak W, Palma-Behnke R. Multi-objective planning of energy storage 
technologies for a fully renewable system: implications for the main stakeholders 
in Chile. Energy Pol 2019;126:494–506. https://doi.org/10.1016/j. 
enpol.2018.11.034. 

[67] Gaete-Morales C, Gallego-Schmid A, Stamford L, Azapagic A. A novel framework 
for development and optimisation of future electricity scenarios with high 
penetration of renewables and storage. Appl Energy 2019;250:1657–72. https:// 
doi.org/10.1016/j.apenergy.2019.05.006. 

[68] Bogdanov D, Breyer C. North-East Asian Super Grid for 100% renewable energy 
supply: optimal mix of energy technologies for electricity, gas and heat supply 
options. Energy Convers Manag 2016;112:176–90. https://doi.org/10.1016/j. 
enconman.2016.01.019. 

[69] Bogdanov D, Toktarova A, Breyer C. Transition towards 100% renewable power 
and heat supply for energy intensive economies and severe continental climate 
conditions: case for Kazakhstan. Appl Energy 2019;253:113606. https://doi.org/ 
10.1016/j.apenergy.2019.113606. 

[70] Khalili S, Rantanen E, Bogdanov D, Breyer C. Global transportation demand 
development with impacts on the energy demand and greenhouse gas emissions 
in a climate-constrained world. Energies 2019;12:3870. https://doi.org/10.3390/ 
en12203870. 

[71] Caldera U, Breyer C. Strengthening the global water supply through a 
decarbonised global desalination sector and improved irrigation systems. Energy 
2020;200:117507. https://doi.org/10.1016/j.energy.2020.117507. 

[72] Fasihi M, Breyer C. Baseload electricity and hydrogen supply based on hybrid PV- 
wind power plants. J Clean Prod 2020;243:118466. https://doi.org/10.1016/j. 
jclepro.2019.118466. 

[73] Fasihi M, Efimova O, Breyer C. Techno-economic assessment of CO 2 direct air 
capture plants. J Clean Prod 2019;224:957–80. https://doi.org/10.1016/j. 
jclepro.2019.03.086. 

[74] CNE. Electricity - comisión Nacional de Energía n.d. https://www.cne.cl/en/es 
tadisticas/electricidad/. [Accessed 1 July 2020]. 

[75] Osorio-Aravena JC, Aghahosseini A, Bogdanov D, Caldera U, Narges G, Mensah T, 
et al. Input data for modelling Chile’s energy transition, vol. 1. Mendeley; 2020. 
https://doi.org/10.17632/X9S5BCCWKM.1. 

[76] Anuario CNE. Estadístico de Energía 2016. Comisión Nacional de Energía; 2016. 
[77] Breyer C, Khalili S, Bogdanov D. Solar photovoltaic capacity demand for a 

sustainable transport sector to fulfil the Paris Agreement by 2050. Prog 
Photovoltaics Res Appl 2019;27:978–89. https://doi.org/10.1002/pip.3114. 
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Solar photovoltaics is ready to power a sustainable future. Joule 2021;5:1041–56. 
https://doi.org/10.1016/j.joule.2021.03.005. 

[147] Markard J. The next phase of the energy transition and its implications for 
research and policy. Nature Energy 2018;3:628–33. https://doi.org/10.1038/ 
s41560-018-0171-7. 

J.C. Osorio-Aravena et al.                                                                                                                                                                                                                    



Publication Ⅶ 

Aghahosseini, A., Solomon, A. A., Breyer, C., Pregger, T., Simon, S., Strachan, P., and 

Jäger-Waldau, A. 

Energy system transition pathways to meet the global electricity demand for 

ambitious climate targets and cost competitiveness 

Reprinted with permission from 

Applied Energy 

Vol. 331, pp. 120401, 2023 

© 2023, Elsevier 





Applied Energy 331 (2023) 120401

Available online 5 December 2022
0306-2619/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Energy system transition pathways to meet the global electricity demand 
for ambitious climate targets and cost competitiveness 

Arman Aghahosseini a,*, A.A. Solomon a, Christian Breyer a, Thomas Pregger b, Sonja Simon b, 
Peter Strachan c, Arnulf Jäger-Waldau d 
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H I G H L I G H T S

• 9 global transition pathways are analysed for decarbonisation of electricity sector. 
• Input-output data of simulation models are remodelled by a cost-optimisation model. 
• The least-cost, highly diversified, and business-as-usual pathways are compared. 
• Pace, CO2 costs and energy diversity are found crucial across the scenarios. 
• Ambitious paths show competitive costs, ranging between 45.2 and 59.2 €/MWh by 2050.
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A B S T R A C T

This study presents a novel energy system modelling approach for the analysis and comparison of global energy 
transition pathways for the decarbonisation of the electricity sector. The results of the International Energy 
Agency (IEA), and the Teske/DLR scenarios are each reproduced. Additionally, five new energy transition tra-
jectories, called LUT, are presented. The research examines the feasibility of each scenario across nine major 
regions in 5-year intervals, from 2015 to 2050, under a uniform modelling environment with identical technical 
and financial assumptions. The main differences between the energy transition paths are identified across: (1) the 
average electricity generation costs; (2) energy diversity; (3) system flexibility; (4) energy security; and, (5) 
transition dynamics. All LUT and Teske/DLR scenarios are transitioned to zero CO2 emissions and a 100% 
renewable energy system by 2050 at the latest. Results reveal that the LUT scenarios are the least-cost pathways, 
while the Teske/DLR scenarios are centred around energy diversity with slightly higher LCOE of around 10–20%. 
The IEA shares similarities with the Teske/DLR scenarios in terms of energy diversity yet depends on the 
continued use of fossil fuels with carbon capture and storage, and nuclear power. The IEA scenario based on 
current governmental policies presents a worst-case situation regarding CO2 emissions reduction, climate change 
and overall system costs.   

1. Introduction 

Global temperature rise and extreme weather events, such as floods, 
droughts, wildfires and so on, have unceasingly hit new records [1]. If no 
serious action is taken, yearly mortality rates caused by climate change 
will be more than that of the COVID-19 pandemic by mid-century [2], 
while fatalities due to air pollution caused by fossil fuel and 

unsustainable biomass combustion are in the same order already today 
[3,4]. The energy system, as one of the main contributors to the climate 
crisis, accounted for almost 90% of the total carbon dioxide (CO2) 
emissions and around 75% of the total greenhouse gas (GHG) emissions 
in 2018 [5]. This amount is expected to increase if the current situation 
in the energy system remains unchanged in the decades to come. An 
investigation into the historical financial performance of energy 
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companies revealed that renewable energy (RE) generated higher and 
better risk-adjusted returns on investment relative to fossil fuels over the 
last 10 years and showed higher resilience during severe and volatile 
situations such as the COVID-19 pandemic [6]. Global new investment 
in the energy transition totalled 755 bUSD in 2021, most of which was 
spent in the Asia-Pacific region. RE accounted for 366 bUSD, dominated 
by wind power and solar photovoltaics (PV) installations, followed by 
electrification of the transport sector with a total of 273 bUSD [7]. 
Meanwhile, fossil fuels are subsidised with 5900 bUSD annually, which 
equals 6.8% of the global gross domestic product, and countries un-
derpaying for their fuel consumption hide the full supply chain and 
environmental costs of these resources, as pointed out by the Interna-
tional Monetary Fund [8,9]. Analysing energy transition pathways is 
vital to achieve the climate change mitigation target of the Paris 
Agreement and to decarbonise the global energy system, in particular 
the electricity sector. 

Energy system scenarios allow us to conceptualise future energy 
systems and to address the challenges and opportunities of managing 
decarbonisation. These results and insights further help inform policy-
makers to take more effective decisions within the context of the energy 
transition. Several global energy system transition scenarios have been 
carried out by various research groups, institutions and organisations 
[10–15], as described in Note S1 of the Supplementary Material (SM). 
Each of these studies has a set of goals and targets to address certain 
issues, particularly climate change mitigation, air pollution reduction 
and security of energy supply, which must be reached at some point in 
time in the future. However, depending on the scenario’s definition and 
the intention of the research work, the final goal varies drastically from 
one scenario to another. Analysing and comparing scenarios in a as 
detailed and transparent as possible manner allows to have a clearer 
vision of the probable situation of energy systems and helps policy-
makers interpret the outcome of such analyses. In the current study, 
energy system transition scenarios based on the three following global 
energy system models are selected: 

• The Stated Policy Scenario (STEPS) and the Sustainable Develop-
ment Scenario (SDS), modelled originally via the World Energy 
Model (WEM) and led by the International Energy Agency (IEA) 
[16,17]. The Net Zero Emissions by 2050 (NZE2050) scenario is not 
included due to lack of data on a regional basis.  

• The 2 ◦C and 1.5 ◦C scenarios, modelled originally via the [R]E 24/7 
and Energy System Model (EM) and led by Sven Teske from the 
University of Technology Sydney (UTS) and the German Aerospace 
Center (DLR) et al. [18,19].  

• The Best Policy Scenario (BPS) and its derivations (five scenarios in 
total), modelled by the LUT Energy System Transition Model (LUT- 
ESTM) and led by Breyer et al. [20,21]. 

Each of these scenarios aims to assess future energy systems under 
different assumptions, constraints, and configurations while addressing 
the impacts of climate change, the need to shift away from fossil fuels, 
and the necessity of enabling a healthy planet for current and future 
generations. In the following, the expression transition is mainly used 
instead of transformation, as the former is typically used for a more 
comprehensive change including in particular societal dimensions [22]. 

Although several energy transition pathways with very high pene-
tration of RE have been created and assessed in the last few years [23], 
there are not many detailed global analyses for all or individual energy 
sectors. Some studies have made efforts to establish a quantitative 
comparison of the results of various energy scenario developers [24,25], 
review different energy tools [26,27], or run energy system models to 
identify differences across models [27–29]. A comparison between 
global scenarios is still missing, where all the scenarios are run under an 
identical modelling environment with similar economic and technical 
assumptions. Such a comparison is necessary to identify and consistently 
quantify differences among energy transition pathways and to help 

stakeholders to better understand the narratives and conclusions of such 
scenarios. In this regard, our research aims to address the following 
research questions:  

• How do the input and output data of different scenario models 
perform in one unique model setup, the LUT-ESTM, which is an 
hourly resolved optimisation model?  

• Can the explored pathways perform successfully without drastic 
adjustments on the body of the scenarios by, for instance, adding 
extra capacities or generation, in the new framework as proposed 
and presented in the original models?  

• If not, what additional system flexibilities are required to ensure the 
feasibility of the pathways in the new model and subsequent system- 
wide impacts? This includes, for instance, power capacities, energy 
storage, hydrogen and e-fuels. 

No study has yet examined key indicators and functionality of pre-
viously developed global energy system pathways derived within the 
context of specific models and assumptions, and in hourly resolution. 
This can be because the collection, preparation, and processing of data 
on such a large scale and volume is complex and time-consuming. In 
addition, there is often limited transparency in the input data for sce-
nario studies and research gaps are filled with different simplifying as-
sumptions that reduce consistency and comparability. There are a 
number of reasons why this type of techno-economic analysis should be 
applied to the electricity sector. On a global scale, the electricity sector 
can be shifted towards 100% RE sooner, potentially as early as 2030 
[30], and is often the first sector to be fully decarbonised in government 
plans and visions [31]. For these reasons, we aim to assess electricity 
sector transition pathways for various scenarios as follows:  

• Firstly, analyse future trajectories for the electricity sector of nine 
world regions in 5-year intervals, from 2025 to 2050;  

• Secondly, collect the relevant input and output data from the deep 
decarbonisation scenarios created by the IEA and Teske/DLR;  

• Thirdly, apply identical technical and financial assumptions for all 
scenarios and reproduce the scenarios using a unique energy system 
model (LUT-ESTM);  

• Fourthly, evaluate the feasibility of the scenarios in high temporal 
resolution and compare the results with five novel scenarios 
modelled with the LUT-ESTM;  

• Finally, contrast and compare the different pathways focussing on 
the calculated electricity costs. 

This paper is focussed on results derived from energy system models 
(ESMs) designed to analyse the global energy transition towards a sus-
tainable future. The LUT-ESTM and the IEA-WEM are categorised as 
ESMs. Here, there are also two separate archetypes: endogenous and 
exogenous investment optimisation models [32]. The former is called a 
myopic optimisation model like the LUT-ESTM [20,21] and the latter is 
a simulation model like the IEA model [16,17]. The other global 
decarbonisation scenarios, discussed in detail by Loftus et al. [25], 
include back-casting methods, such as Teske et al. [19] and Jacobson 
et al. [4], and top-down integrated assessment modelling (IAMs) ap-
proaches, mainly used for the IPCC studies [33]. The focus of this 
research is on the transition of the electricity sector using a cost- 
optimisation model. This makes the scenario comparison more attrac-
tive by adding the scenarios of the IEA [16,17] and Teske et al. [18,19], 
which are modelled by a simulation model and a simulation model based 
on a heuristic technique, respectively. 

The following sections discuss the selected energy system models, 
the methods used to analyse the scenarios and the key results and 
comparisons. 
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2. Overview of the selected energy system models and scenarios 

The sub-sections that follow provide background on the three ESMs 
and their scenarios. 

2.1. IEA 

The IEA publishes annually its flagship report, the World Energy 
Outlook (WEO) [16,34], representing scenarios for the future energy 
system. Names and definitions of the scenarios have changed over time, 
and new scenarios have been introduced recently. A scenario that no 
longer appears in the WEO report is the Current Policies Scenario. The 
STEPS is now the Business-As-Usual scenario, which considers current 
governmental policies and strategies. This scenario is included as a 
reference scenario in the current research. Also, the 450 Scenario has 
been replaced by the SDS as one of the most ambitious climate change 
mitigation scenarios. According to the scenario description, the SDS was 
designed with the intention to achieve net zero emissions by 2070, given 
some countries will reach this target sooner. Furthermore, major im-
provements in air quality and access to energy for all is made possible. At 
the start of 2021, the IEA published for the first time a long-term energy 
transition pathway called NZE2050 to achieve net-zero CO2 emissions 
for the global energy system by 2050. However, the scenario seems to be 
in its infancy since the figures in the first publication have been just 
provided for the world and not by regions as in other regular IEA sce-
narios. This severe limitation blocked that scenario from consideration 
in this research. A minimum level of regional detail is required to 
reproduce it. It is expected that the IEA will publish a more compre-
hensive version of this scenario in the coming years, as many countries 
will follow and rely on such a scenario for transitioning their energy 
system. 

2.2. Teske/DLR 

Teske et al., Teske/DLR from hereafter, has been active in the field of 
global energy system analysis and scenario creation for more than a 
decade, from the earliest Greenpeace reports published in 2008/2009 
[35], 2010 [36], 2012 [37] and 2015 [38,39] to the latest book and 
article released in 2019 [18] and 2021 [19], respectively. The research 
has outlined the long-term energy pathways from a base year to 2050 
that appear feasible for deep decarbonisation while complying with 
defined constraints such as the phase-out of nuclear power, the avoid-
ance of large hydropower and carbon capture and storage (CCS), and the 
limited use of biomass according to sustainable potentials. The scenario 
modelling does not follow system cost optimisation, but applies a heu-
ristic multidimensional and diversity-focused approach that in-
corporates a wide range of new technologies, accounting for potential 
uncertainties in implementation due to varying regional to local con-
straints and interests, energy security requirements, and technology 
acceptance. In the scenarios, Teske/DLR examine power, heat, and fuel 
supplies with the main focus on the role of efficiency and RE for each of 
the 10 regions of the world defined according to the IEA. The study 
released in 2019 [18] also addresses non-energy and non-CO2 emissions 
and uses simplified climate modelling to demonstrate compliance with 
the climate targets of the Paris Agreement in the two transition path-
ways (2 ◦C and 1.5 ◦C). They also assess economic and infrastructural 
implications in comparison with a 5.0 ◦C ‘reference’ scenario. 

2.3. LUT 

The LUT-ESTM is a cost-optimising ESM that has been used for 
developing energy transition pathways from a local to a regional to a 
global scale, which includes sector coupling, uninterrupted hourly res-
olution, power-to-X, and grid interconnection. The model has been 
examined for the 9 world major regions and 145 regions, and the global 
results are published in three peer-reviewed publications [20,21,23]. 

The first of its kind was modelling a global interconnected electricity 
system powered by 100% RE for the year 2030 where the impact of long- 
distance grid interconnections across 9 major regions and 23 sub-regions 
have been discussed [23]. The findings reveal that there is a small 
decline in the LCOE by 4%, especially for close neighbouring regions, 
whereas the electricity trade and further cost reduction could not be 
found for long-distance grid interconnections. The second publication 
[20] modelled the 100% renewables-based electricity sector across 145 
regions worldwide in 5-year time steps from 2015 to 2050. Finally, the 
most recent publication [21] focused on transitioning towards a 100% 
RE system across all energy sectors, including power, heat and transport 
sectors, for 145 regions from 2015 to 2050. The study also investigates 
the possibility of producing fresh water through desalination technolo-
gies, in particular seawater reverse osmosis in a scenario variation [40]. 
Further, the amount of new green jobs created as a consequence of such 
a transition is estimated for the electricity sector [41] and the entire 
energy system [42], which is driven by the findings in the global energy 
transition scenarios [20,21]. 

3. Methods, materials and assumptions 

The analysis presented in this article employs the data of two global 
ESMs, as shown in Table 1 and reproduces their results using the LUT- 
ESTM in an hourly resolution to capture the complex dynamics of 
input and output for each scenario developed by the models. Therefore, 
the feasibility of each scenario in high temporal resolution is evaluated 
and robust conclusions are drawn. Moreover, the findings are compared 
with five new scenarios developed using the LUT-ESTM and the differ-
ences in terms of techno-economic characteristics are discussed. 

In the following scenario comparison, the world is clustered into 9 
major regions according to the structure of the LUT-ESTM [20]. The 
main reason for this regional setup is the accessibility to detailed data 
also required for hourly modelling for 145 regions in the world that 
collectively form the 9 major regions. Therefore, the data can be easily 

Table 1 
Overview of the taken input data from the original sources for the scenario 
comparison.  

* Data for solar PV and wind power are modified due to the use of hydrogen and 
e-fuels in other sectors. 
** The profiles used in the LUT scenarios are adopted and normalised based on 
the corresponding data in the Teske/DLR and the IEA scenarios. 
*** Only electrolyser efficiency is taken from the original source. 
**** Identical financial assumptions are used as listed in Table S2 of the SM. In 
addition, the financial assumptions from Teske/DLR are adopted and applied to 
all scenarios for sensitivity analysis. 
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expanded or compressed for other studies as well and used to restructure 
data of different studies. This leads to a consistent comparison of the 
selected scenarios. The scenarios of IEA and Teske/DLR have an almost 
similar regional structure with only some differences regarding the 
countries allocated to each region. Both studies consist of 8 major re-
gions, where data for India and China are provided individually forming 
10 major regions in total. Since the detailed data is not available for all 
the countries/ sub-regions within the major regions, proxies are used to 
distribute the data while restructuring the regions (Note S2). The 
regional grouping in the LUT-ESTM and the selected models are shown 
in Fig. 1. The status of the electricity sector in 2015 and 2020 is eval-
uated from various datasets and set as the starting years of the transition 
for all the scenarios. 

For Teske/DLR and the IEA scenarios, cost calculations have not 

directly and predominantly driven technology deployment but were 
executed in the post-processing to illustrate the overall system costs of 
the pathways and to make comparison among scenarios. However, the 
LUT scenarios are cost-optimised for given constraints where the main 
objective function of the model is to minimise the total annual system 
cost. This feature allows the model to select the most cost-effective set of 
technologies throughout the transition based on the technical and 
financial assumptions listed in Table S2 of the SM. Country and regional 
data have been aggregated or weighted for 9 major regions in all sce-
narios. Hourly resource profiles for wind, solar PV, concentrating solar 
thermal power (CSP) and hydropower are extracted from real weather 
data and applied to the major regions (see also Note S2). The develop-
ment of electricity consumption and hourly electricity demand profiles 
is discussed in Note S3. 

Fig. 1. Regional grouping of the LUT-ESTM (top) and the Teske/DLR and IEA scenarios (bottom) [16]. The countries that are missing in the LUT-ESTM are col-
oured white. 
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Both the IEA and the Teske/DLR studies cover all energy demands in 
buildings, industry, transport and the conversion sectors. Sector 
coupling, i.e. the interconnection of all energy sectors by achieving a 
high level of direct and indirect electrification in heating and trans-
portation, allows variable RE to become the new primary energy of the 
energy system. However, since only the power system is modelled in this 
research, the potential benefits from sector coupling and high electrifi-
cation of other sectors are not factored in. In this regard, separating the 
respective data of other sectors is important to focus on the power sys-
tem, which required assumptions and modifications as explained in 
Notes S2-3. Such a separation was more straightforward for the case of 
IEA as the rate of indirect electrification required for hydrogen and 
synfuels production is negligible. For the Teske/DLR scenarios, the ca-
pacity and generation of solar PV and wind power have been reduced as 
they are also used for indirect electrification of other sectors, in partic-
ular hydrogen and synfuels production. Note S2 provides details for the 
new electricity generation and capacity estimate after excluding the 
indirect electricity needed for other sectors. 

The fundamental challenge of reproducing other energy system 
modelling results is access to detailed data, assumptions, constraints, 
and processes. The selected studies provide sufficient input–output data, 
as well as a wide range of measures for CO2 emissions reduction, tech-
nological diversity, and transition dynamics that are suitable for 
comparing long-term energy scenarios for the energy transition. How-
ever, further assumptions and modifications are still needed to fulfil the 
requirements, such as proxies applied to make the regional data com-
parable. The LUT-ESTM was forced to take the exact capacity and gen-
eration provided in the sources to replicate the same results by adding 
several constraints to control the capacity expansion and retirements as 
well as the required full load hour (FLH) for electricity generation. This 
is because, based on the present fast-declining costs of renewable energy 
[43], the model will not build sufficient additional fossil fuel capacities 
even when not constrained requiring additional enforcing as applied in 
[44,45] for scenarios with a lower share of RE. Therefore, the best way 
to examine the role of slow(er) transition pathways, relying on fossil 
fuels (with and without CCS) and nuclear power, in an optimisation 
modelling framework such as the LUT-ESTM was to force the con-
struction of the minimum installed capacities of those technologies. In 
addition, the cost-optimised model is allowed to provide additional 
flexibility, if needed, by choosing the least-cost solutions for the IEA and 
Teske/DLR scenarios. Another challenge is to balance generation and 
demand, especially in hourly resolved data with high penetration of RE. 
To ensure the technical feasibility of the Teske/DLR and the IEA sce-
narios in the LUT-ESTM in hourly resolution, energy storage was not 
limited to the given capacity and throughput in the respective sources. 
Instead, the values were set as the minimum constraints with the pos-
sibility of further expansion. This might translate to higher numbers 
than given in the sources. Utility-scale batteries and pumped hydro 
energy storage (PHES) for all scenarios and hydrogen storage for the 
Teske/DLR scenarios were part of the solution. The selection of energy 
storage options is executed via cost optimisation to reduce the burden on 
the final energy system costs. 

Table 2 lists the scenarios chosen for this study and further 
description regarding the scenarios provided in Note S4. Tables S2-S7 in 
the SM include detailed technical and cost assumptions considered for 
this analysis in a harmonised way. Further description of the model 
setup, including the main equations and system flow chart, is provided 
in Note S5 of the SM. 

4. Results 

4.1. Development of electricity generation capacity and supply 

Fig. 2 illustrates the transition pathways in terms of global electricity 
generation capacity and electricity supply in the explored scenarios. 
Fig. 3 shows the electricity generation mix and RE penetration to the 

total electricity generation by scenarios throughout the transition. The 
respective figures on a regional basis are provided in Figures S2 and S3 
of the SM. 

As shown, solar PV dominates all the LUT-BPS scenarios by 2050 in 
terms of both installed capacity and electricity generation, followed by 
wind power. Regarding the installed capacity, solar PV grows from 
around 0.6 TW at the beginning of 2020 to 19.7 – 26.3 TW in 2050, 
depending on the scenarios. This drastic increase accounts for 58 – 79% 
of the total electricity generation in 2050 and depicts a compound 
annual growth rate (CAGR) of 13 – 14% over the transition period. 
Utility-scale fixed-tilted solar PV systems experience a gradual increase 
from nearly 500 GW in 2020 to about 2170 GW by 2050. Single-axis 
tracking PV capacities soar rapidly with a CAGR of 14% and reach 
11.7 TW by 2050, as the lower cost option. Similarly, PV prosumers 
surge throughout the transition reaching about 11.2 TW by 2050. Very 
high shares of solar PV electricity are also found by other researchers in 
the same range [10,15,48]. Other RE sources, such as hydropower and 
bioenergy, complement solar and wind energy during the transition but 
with more restricted expansion due to limited resource potential. Higher 
installed capacity and electricity generation of the LUT-BPS-Plus2030 
scenario in 2030 is due to the requirement to supply the global elec-
tricity demand via 100% RE. This leads to a higher capacity addition of 
solar PV and more utilisation of energy storage in 2030 as compared to 
the other two BPS-Plus scenarios. Maintaining and repowering installed 
wind power capacity at the end of the technical lifetime provides further 
flexibility in the electricity system and decreases the overall system 
costs. This phenomenon can be understood by comparing the LUT-BPS- 
NWF and the LUT-BPS-WF scenario. In the LUT-BPS-NWF scenario, the 
wind power capacity is partially decommissioned and the installed ca-
pacity decreases from 4072 GW in 2045 to 1478 GW in 2050, as strict 
cost optimisation is considered. Whereas, in the LUT-BPS-WF scenario, 
the wind power capacity is repowered by setting the value of the year 
2045 (4663 GW) as a minimum capacity that must be installed in 2050. 
Consequently, the wind capacity remains unchanged, which partially 
declines the need for additionally installed capacity of solar PV and 
battery storage. Further, the capacities of fossil fuel-based power gen-
eration plummet mostly in the first half of the transition trajectory and 
gas turbines switch from fossil methane to e-methane or biomethane 
towards the end of the transition. 

In the Teske/DLR scenarios, the deployment of various RE technol-
ogies shows a higher level of diversity compared to other scenarios of 
fully sustainable energy systems which are mainly based on solar and 
wind energy. PV and wind power amount to approximately 58% of the 
electricity generation by 2050 with an almost equal contribution in both 
the Teske/DLR scenarios, followed by CSP (15%), hydropower (9%), 
bioenergy and geothermal (6% each), renewable gas (5%) and ocean 
energy (2%). Biomass- and geothermal-based combined heat and power 
(CHP) plants additionally provide renewable heat, which indicates the 
importance of sector coupling and synergies between different sectors in 
modelling the entire energy systems. Nuclear power capacity is phased 
out earlier than according to its technical lifetime. This reflects the 
current situation as many nuclear power plants are being decom-
missioned earlier than planned [49]. In the Teske/DLR scenarios, hy-
dropower shows a steady growth over the transition period accounting 
for about 10% of the electricity generation, which is in line with the 
results of the LUT scenarios. However, the role of CSP, bioenergy and 
geothermal as dispatchable RE sources that provide further flexibility in 
the system is more significant. (Figures S6 and S7). 

The IEA scenarios are, due to different narratives and lower climate 
protection targets, the only scenarios with an increase in nuclear power 
capacity, as well as fossil methane and coal power plants with and 
without CCS. The contribution of fossil fuels is much higher in the STEPS 
than the SDS as the former represents the current and future countries- 
specific policies. From 2040 onwards, all the existing coal-fired power 
plant capacities in the SDS are either switched to fossil gas power plants 
or run with CCS units, to support emissions reduction efforts. The SDS as 
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the climate-friendly scenario of the IEA pushes for higher installation of 
solar PV and wind energy towards the end of the transition, accounting 
for a slightly more than half of the electricity generation in 2050. RE 
installed capacity increases from around 36% in 2020 to 81% by 2050. 
Nuclear power generation lifts from about 2500 TWh in 2020 to 5200 
TWh by 2050, and the contribution to total electricity generation re-
mains almost constant throughout the transition (11%). It is worthwhile 
to note that this scenario aims to be fully carbon–neutral by 2070, thus 
relying on some fossil fuels, roughly 9%, for the electricity supply in 
2050 from which 70% is without CCS technology. A sample of hourly 
time series for the LUT-BPS-Plus2040 representing all the components 
contributing to the electricity generation and demand for the year 2050 
is provided in the SM 2. 

4.2. Economics of energy transition pathways 

Owing to the fundamental shift in the energy system structure and 
technological improvement in the CO2 emissions mitigation scenarios, 
the global average levelised cost of electricity (LCOE) decreases from 
70.9 €/MWh in 2015 to 45.2 – 49.7 €/MWh for the LUT-BPS scenarios, 
to 53.9 – 54.1 €/MWh for the Teske/DLR scenarios, and to 59.2 – 69.5 
€/MWh for the IEA scenarios in 2050. As shown in Fig. 4 (top left), the 
LCOE experiences a temporary fluctuation at the beginning of the 
transition with a drop in 2020 due to a moderate increase in RE and 
stabilising fossil fuel-based electricity generation compared to 2015, 
followed by a quick jump in 2025 because of new investments required 
for the structural and systematic change as well as higher CO2 costs. The 
difference between scenarios’ LCOE is more profound in 2030, espe-
cially for the LUT scenarios, due to a faster pace of the transition. Thanks 

to the RE development and deployment as well as relatively low carbon 
prices assumed in the IEA-STEPS scenario, even the most pessimistic 
scenario shows a gradual cost reduction despite holding a high share of 
fossil fuels by 2050. However, it is quite clear that a 100% RE-based 
scenario is the least-cost energy transition pathway to bring CO2 emis-
sions down to zero by 2050 or even earlier. 

The LCOE for the LUT-BPS-Plus2040 and the LUT-BPS-Plus2030 
declines neck-and-neck throughout the transition representing the 
lowest LCOE at 45 €/MWh by 2050 compared with the other scenarios. 
Regarding the cumulative pathway costs, the LUT-BPS-Plus2030 in-
dicates that even a rapid and radical transition to a 100% RE-based 
power system is technically and economically feasible. This scenario 
setup shows the least-cost solution with regards to the cumulative 
annual cost among all scenarios although it requires immediate and 
effective actions by policymakers to make it possible. Additionally, 
repowering wind capacity in the BPS-WF compared to the BPS-NWF 
reduced the total annual system cost and the LCOE by 141b€ (6%) and 
2.9 €/MWh (6%), respectively. All the LUT scenarios depict almost the 
same downward trend in cost despite different assumptions, dynamics, 
and constraints. 

The IEA-STEPS scenario requires the least investments compared to 
any other scenario since there is no drastic change in the electricity 
system by continuing the current policy of the countries with some 
modest modifications (Figure S9). The impact of slow transition and 
continued dependency on fossil fuels can be observed in the total annual 
system costs, particularly as it gets closer to the mid-century (Fig. 4). The 
impact of a higher CO2 pricing on the IEA-SDS scenario results in much 
higher LCOE at the beginning of the transition than for the IEA-STEPS, 
and it becomes cheaper towards the end of the trajectory as the share 

Fig. 2. Development of installed power capacity (left) and electricity generation (right) throughout the transition trajectory, for the selected years 2020 (present), 
2030, 2040 and 2050. 

Fig. 3. Ternary plots for the electricity gen-
eration mix (left) and RE generation mix 
(right) per transition pathways. The total 
relative numbers add up to 1, meaning 100% 
of the total electricity generation (left) and 
100% of the total RE generation (right). 
Fossil fuels include electricity generation 
with and without CCS. Other RE consists of 
hydropower, bioenergy, CSP, ocean power, 
geothermal energy and renewable gas 
including hydrogen. Black circles indicate 
the starting points in 2020. Markers are 
placed in every 5-year intervals from 2020 to 
2050 to illustrate transition paths and their 
dynamics. See also Figures S2 and S3 in the 
SM.   
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of renewables soars. 
The Teske/DLR scenarios show similar trends regarding the devel-

opment of the LCOE and cumulative pathway costs to the IEA-SDS 
scenario. This translates to a sustainable energy system with zero CO2 
emissions with LCOE just slightly lower than a system relying on fossil 
fuels (with or without CCS) and nuclear power. Further, using the un-
tapped potential of other RE sources than solar PV and wind, where 
available, can contribute to the security of the energy supply in the long 
term. In addition, the Teske/DLR scenarios depict that shifting away 
from fossil fuels at faster or slower pace would cost approximately the 
same, provided that energy consumption in the coming years can be 
reduced somewhat more on the 1.5 ◦C path. This makes the rapid shift 
towards a 100% RE system more attractive due to less CO2 emissions, 
less air pollution and reduced nuclear accident risk. Both scenarios have 
lower LCOE by 2050 than the current energy system. Similar findings 
have been identified for the LUT-BPS scenarios and to a lower degree for 
the IEA-SDS. 

The cumulative pathway cost is normalised to the electricity con-
sumption of the IEA-SDS across all the scenarios due to different as-
sumptions regarding the development of annual electricity 
consumption. Table S8 compares the cumulative pathway cost across all 
the scenarios. In this regard, the LUT scenarios are approximately 18 – 
28% lower in cost than other scenarios. With respect to the LCOE, The 
LUT-BPS-Plus2030 is the least-cost pathway with a lower cost of about 
21 – 28% than the IEA and the Teske/DLR scenarios and around 0.1 – 4% 
than the other LUT-BPS scenarios by 2050. This is mainly due to the 
faster pace of RE growth rate and the phase-out of fossil fuels by 2030. In 
terms of the total annual cost, capital expenditures (CAPEX) and LCOE, 

the LUT-BPS-Plus2040 is even a bit lower in cost as the LUT-BPS- 
Plus2030 scenario requires more investment in RE, energy storage and 
electrolysis capacity in 2030 to be carbon–neutral. Thus, the CAPEX of 
this scenario is higher than that in the BPS-Plus2040, while the LCOE is 
lower due to less CO2 and fuel costs. Moreover, the curtailment is more 
efficiently managed thanks to the extra battery storage capacity to 
support the massive solar PV penetration in the BPS-Plus 2030 scenario 
(see Section 4.3). The results, therefore, confirm that RE penetration, 
curtailment, and storage flexibility are interdependent and also a func-
tion of relative cost [50]. 

By the end of the transition, the IEA-STEPS has the highest cost per 
MWh of electricity generated, as can be seen in Table 3. It should be 
noted that the lowest CO2 pricing is applied for the IEA-STEPS 
(Table S6), yet the scenario is around 10.3 – 24.3 €/MWh (17 – 54%) 
more expensive than the other pathways mainly due to noticeable fossil 
fuels remained in 2050. The Teske/DLR-2.0 ◦C scenario costs the most in 
terms of the cumulative pathway cost, accounting for 38% higher cost 
than the BPS-Plus2030. The main reasons are higher technology costs 
due to diversification and higher CO2 emissions and its associated costs. 
Besides, the IEA-SDS scenario, having a lower electricity generation due 
to less integration of variable RE and energy storage, thus less curtail-
ment, results in 3 – 5% lower costs than the Teske/DLR scenarios with 
identical CO2 costs. This is despite the negative social and environ-
mental impacts as well as air pollution associated with fossil CCS and 
nuclear power in the IEA-SDS [51–55]. Consequently, the Teske/DLR 
scenarios have the LCOE of about 5.1 – 5.3 €/MWh lower than the IEA- 
SDS in 2050. A very low CO2 pricing assumption can make an energy 
system relying on fossil fuels, IEA-STEPS, cost competitive over a long- 

Fig. 4. Evolution of the electricity system cost in the studied scenarios, LCOE throughout the transition pathways from 2015 to 2050 (top left), LCOE with the key 
components for the present and future years (top right), cumulative pathway cost during the transition (bottom left) and annual system cost (bottom right). The 
respective values for the annual cost and the cumulative annual cost are normalised based on the electricity consumption of the IEA-SDS across all the scenarios for 
comparability of absolute values. 
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run compared to a system with significantly higher penetration of RE 
and CO2 pricing, Teske/DLR. However, the former contains many socio- 
environmental side effects and the respective costs of externalities, such 
as air pollution morbidity and mortality, water pollution, and other non- 
health environmental impacts, that remain until the end of the transition 
horizon. These effects are not fully factored in for this research. 

4.3. System flexibility in hourly modelling of electricity systems 

Energy storage is found crucial in carbon–neutral scenarios for the 
hours when variable RE sources are not sufficiently available to meet 
demand (Fig. 5). Another option to ensure the viability of a highly RE- 
based electricity system is the complementarity between RE sources, 
especially related to a large geographical region with seasonal variation 
such as Europe. Employing various RE options in the final electricity 

generation mix can significantly reduce the need for storage, curtail-
ment, and electrolysis capacity for hydrogen generation. Different 
combinations of technologies can provide high reliability of supply in 
this context, especially given favourable local boundary conditions. For 
example, CSP together with thermal energy storage (TES) can provide 
high security of supply, but also PV and wind power plants together with 
short-term battery storage can achieve comparably high flexibility. 
Using a wide range of RE sources to support the energy security aspect 
might increase the overall system cost, as observed in Fig. 4. On the 
other hand, diversity may reduce possible societal, structural and eco-
nomic risks of the energy transition. Some argue that coupling nuclear 
power and fossil CCS in the transition pathways with high penetration of 
RE can be another viable option for controllability and flexibility in the 
electricity supply due to the dispatchability of these technologies 
[33,56]. However, one of the main disadvantages of such a combination 

Table 3 
Comparison of LCOE by scenario for the year 2050 in percent; The ‘+’ sign shows higher cost, and the ‘-’ sign stands for a lower cost. Every scenario in each row is 
compared with the corresponding scenarios in the columns.   

LUT-BPS Teske/DLR IEA 

NWF WF Plus2040 Plus2035 Plus2030 2.0◦C 1.5◦C SDS STEPS 

LUT-BPS NWF  − 5.9% − 9.1% − 7.1% − 8.3% 8.5% 8.8% 19.0% 39.9% 
WF   − 3.4% − 1.3% − 2.6% 15.2% 15.6% 26.5% 48.6% 
Plus2040    2.2% 0.9% 19.3% 19.7% 31.0% 53.9% 
Plus2035     − 1.3% 16.7% 17.1% 28.1% 50.5% 
Plus2030      18.3% 18.7% 29.8% 52.5% 

Teske/DLR 2.0◦C       0.3% 9.8% 29.0% 
1.5◦C        9.4% 28.5% 

IEA SDS         17.5% 
STEPS           

Fig. 5. Development of electricity storage capacity by scenarios and years (top left), storage capacity for heat (top right), ratio of electrical energy storage throughput 
to electricity demand (bottom left), and energy storage throughput including electricity, gas, and heat storage (bottom right). 
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is higher cost as opposed to the considered 100% RE systems. Older 
research is often based on outdated cost assumptions or lack of proper 
methods [57–59], thus distorted results are obtained if the true and full 
costs of the supply chain of fossil CCS and nuclear power are not 
accounted for. 

As the pace of transition increases, the need for energy storage ca-
pacity and throughput becomes pivotal earlier, as can be seen in the 
LUT-BPS-Plus scenarios. This means the system requires more flexibility 
to meet the hourly demand, which can be provided by energy storage in 
this configuration. This can be observed for the case of BPS-Plus2030, 
which by far has the largest battery capacity addition in 2030, 
covering 20% of the electricity demand, and tops the list until the end of 
the transition. In 2050, because of not repowering the already installed 
wind power capacity at earlier stages in the LUT-BPS-NWF, a big jump 
for battery storage capacity, by a factor of 1.6, relative to 2040 has 
occurred to supplement solar PV. On the other hand, solar-wind resource 
complementarity in the LUT-BPS-WF reduces the need for energy stor-
age and solar PV capacity. The LUT-BPS-Plus2030 holds the highest 
electrical energy storage throughput by about 24,310 TWh, mainly via 
utility-scale batteries (95%). The Teske/DLR-1.5 ◦C accounts for the 
highest energy storage throughput for heat, including TES, gas, and 
hydrogen, with 27,525 TWh from which 87% comes from TES in 2050. 
The ratio of energy storage output to the total electricity demand is 
significant for both studies, estimated to be around 22% in the Teske/ 
DLR and between 33% and 51% in the LUT scenarios in 2050. However, 
the IEA scenarios run with less energy storage in 2050 (15% storage 
output compared to the annual demand in the SDS and 5% in the STEPS) 
as large amounts of fossil fuels and nuclear power are added or remained 
until the end of the transition. In some cases, the model opts to run one 
technology in higher FLH or more cycles during a year, making the 
energy system more efficient and cost-competitive. The IEA-STEPS 
could run in the hourly model with no need for additional storage ca-
pacity due to a high share of fossil fuels and nuclear power. Other sce-
narios with high shares of renewables rely on extra storage, especially 
towards the end of the transition. Fig. 5 shows the energy storage ca-
pacity and throughput as well as the ratio of electrical storage output to 
demand during the transition across all the scenarios. 

The results of the remodelling of the IEA and Teske/DLR scenarios 

can be compared with the storage capacities mentioned in the studies 
(Fig. 6). Among all the IEA and Teske/DLR scenarios, Teske/DLR-1.5 ◦C 
needs the most flexibility provided by energy storage due to a rapid 
transition and phasing out of fossil fuels and nuclear capacities by 
approximately 1042 GW capacity and 2842 TWh throughput of all 
storage technologies collectively in 2050. 

4.4. CO2 emissions perspective 

Fig. 7 compares the annual and cumulative CO2 emissions, normal-
ised to the electricity consumption of the IEA-SDS, across all the sce-
narios. The LUT scenarios experience the deepest and fastest CO2 
emissions reduction. Over 10 years, CO2 emissions for both the LUT- 
BPS-NWF and the LUT-BPS-WF are reduced from around 13 Gt CO2 in 
2020 to about 2 Gt CO2 in 2030 and further decreased to zero by 2050. 
As Fig. 7 shows, the Teske/DLR-1.5 ◦C scenario has a consistent down-
ward trend from 2020 to 2050. In contrast, CO2 emissions in the IEA- 
STEPS scenario decline slightly throughout the transition by 14%, 
which does not limit CO2 emissions fast enough to ensure controlling 
global temperature rise. Cumulative CO2 emissions of the IEA-STEPS are 
estimated to be slightly more than 350 Gt CO2 in 2050 for the electricity 
sector alone, which is about 287 Gt CO2 (+436%) higher than that in the 
LUT-BPS-Plus2030. Among all the studied scenarios, the LUT-BPS- 
Plus2030 stands out as the best pathway to keep the global tempera-
ture rise below 1.5 ◦C with the minimum cumulative CO2 emissions of 
66 Gt CO2 by 2050. However, a comparable pattern of emission 
reduction must be followed by all energy sectors across the world to 
reach the target of the Paris Agreement and thus to limit the global 
average temperature rise. 

The Teske/DLR-2 ◦C and the IEA-SDS scenarios decline quite simi-
larly throughout the transition, falling to just below 2 Gt CO2 in 2045. 
The Teske/DLR-2 ◦C reaches zero CO2 emissions by 2050 and it is ex-
pected to decrease further due to the negative emission technologies 
(NETs) employed, while the IEA-SDS still includes fossil fuels and emits 
CO2 by 2050. The emissions reduction is swifter in the Teske/DLR- 
1.5 ◦C, placing it right in the middle of the fastest and slowest carbon-
–neutral pathways. An earlier retirement of fossil fuels power plants is 
assumed in this scenario as in Teske/DLR-2 ◦C and the IEA-SDS 

Fig. 6. The reported in comparison to the remodelled energy storage interface capacity for batteries and PHES plus hydrogen dispatch capacity in the IEA and Teske/ 
DLR scenarios throughout the transition. See also Figure S10 for storage throughput comparison. 
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scenarios, although the remaining conventional gas-fired power plants 
are assumed to run on synthetic fuel such as hydrogen by 2050. 

Further details about the regional findings such as the development 
of RE to the total electricity generation, regional LCOE, CO2 emissions 
reduction, emissions intensity and examples of hourly resolved data for 
balancing supply and demand throughout the transition can be found in 
Note S6. 

5. Discussion 

5.1. Diversity versus optimised cost and transition dynamics in deep 
decarbonisation 

It is worth noting that the scenarios considered in this research differ 
in their narratives and approaches for modelling the global energy 
systems. As a result, the remodelling carried out could only be partially 
harmonised and compared. The LUT-BPS scenarios represent a faster 
pace of defossilisation based on a techno-economic optimisation while 
pushing forward the societal aspects of the energy transition, such as the 
role of prosumers, the use of waste incineration but not landfills, and 
limiting the RE potential due to not only technical but also sustainability 
reasons. The Teske/DLR scenarios represent ambitious paths following 
an emission budget approach. Taking into account different preferences 
and barriers of the world regions, the aim is to create a basis for dis-
cussion that reduces possible risks and barriers through parallel tech-
nology development, and that gains broad industrial support and 

momentum. Both the LUT and Teske/DLR scenarios have a clear focus 
on RE and reduction of specific energy consumption. In contrast, the 
IEA-SDS scenario takes a further step towards technology accessibility 
and diversity by using nuclear power and fossil fuels with CCS in the 
long term. This can increase the acceptance of the scenario among po-
litical stakeholders, despite the associated socio-environmental impacts 
and the lower CO2 emissions reduction target. The IEA-STEPS scenario 
demonstrates to these stakeholders what a world following today’s 
policies and without an ambitious transition would look like in terms of 
the final electricity generation mix and the respective costs and emis-
sions. If the CO2 costs had been assumed to be at a similar level as the 
other scenarios considered, as a need to internalise external effects due 
to climate change, for example, the IEA-STEPS would have the highest 
cumulative pathway costs. In terms of the LCOE, however, it is the most 
expensive scenario by the end of the transition as it would continue to 
depend on fossil fuels with additional fuel prices and CO2 costs. The 
results show that the LUT scenarios with more ambitious targets, i.e. 
100% RE and zero CO2 emissions prior to or by 2050, cost less than the 
IEA-STEPS with only 14% CO2 emissions reduction over 30 years 
(Fig. 8). 

However, the final cost of future energy systems comes down to the 
system design, assumptions, and integration of various RE sources and 
energy storage into the power system, while considering the importance 
of energy security and system reliability throughout a year. Of course, 
other flexibility options such as grid interconnections [60,61] and 
demand-side management [62] can facilitate a massive penetration of 

Fig. 7. Total annual (left) and cumulative (right) CO2 emissions estimated globally throughout the transition pathways.  

Fig. 8. CO2 emissions reduction by 2050 compared to 2020 relative to the cumulative pathway cost for the analysed scenarios. Results are normalised to the 
electricity consumption of the IEA-SDS. 
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variable RE sources into the electricity system, but this requires a highly 
detailed multi-nodal analysis, which is out of the scope of the present 
study. 

The contribution of various RE technologies in the Teske/DLR sce-
narios ensures energy security and system flexibility, whereas it costs 
more than other considered scenarios over the transition time horizon. 
In fact, the diversity of energy carriers, sources and technologies pro-
vides security of supply in the energy system [63]. It can be argued that 
the energy diversity is even more noticeable for the IEA scenarios, where 
the contribution of fossil CCS and nuclear power together with a mixture 
of RE sources promises a stable electricity system. While this argument is 
valid for the sake of diversity, it fails to address other critical dimensions 
of energy security [63]. Undoubtedly, the improvement of energy se-
curity is a crucial aspect of any sustainable energy strategy since this 
guarantees meeting basic human needs [64]. This can prevent potential 
energy crises such as the 2012 shortage of imported natural gas by Eu-
ropean countries from Russia [65] and the recent similar shortage that 
expanded beyond Europe [66] and became a global energy crisis [67]. In 
contrast, the situation would be much easier and more secure if RE 
sources of countries have been harnessed and utilised, which in turn 
reduce the energy dependency and reliance on energy imports. How-
ever, this is not in contradiction with electricity trade among countries 
that brings numerous benefits for nations [68], such as green jobs cre-
ation [41,42], massive reductions in air pollution [4,69] and overall cost 
reduction [60,70], but it addresses the need for diversification and se-
curity of energy supply at a national level. It should be noted that mutual 
dependency might be an asset which can foster cooperation among 
nations, whereas one-sided and concentrated import dependency, such 
as huge reliance on Russian natural gas, increases the risk of energy 
crises that can lead to many other issues such as food insecurity and 
humanitarian needs [71]. Meanwhile, RE sources are cheap and envi-
ronmentally friendly, create more jobs, improve health conditions etc., 
which is undeniably excellent value added to energy systems. In this 
regard, the IAMs have been critiqued by Jaxa-Rozen and Trutnevyte 
[57], Xiao et al. [58] and Victoria et al. [59] for underestimating the role 
of RE due to outdated cost assumptions but also methodological issues 
which may lead to misinformation. 

The IEA and the Teske/DLR scenarios are relatively similar in the 
costs of the pathways, while they both used the same cost assumptions, 
except for solar PV and wind power, and the Teske/DLR scenarios have a 
net-zero CO2 emissions target by 2050 that outperform the IEA sce-
narios. Furthermore, it is expected that NETs, i.e. land-use sequestration 
as applied in Teske et al. [18,19], help reduce the emissions further for 
the energy system transition including all sectors. The Teske/DLR and 
the LUT scenarios all lead to net-zero CO2 emissions in 2050, while the 
LUT scenarios are substantially lower in cost because of strict cost 
optimisation. The cost-optimised system leads to less diversity of tech-
nologies, while all scenarios ensure full energy system stability in hourly 
resolution. The IEA scenarios show lower performance in different di-
mensions: low CO2 emissions reduction, high cost and low transition 
dynamic with a high risk of additionally accumulated stranded assets 
due to sub-prime investment trajectories. 

The ambitious LUT scenarios demonstrate the CO2 emissions 
reduction benefits for the electricity sector, as earlier documented for 
solar PV investments [72], which is in stark contrast to the perceived 
high costs of reaching zero CO2 emissions. Lack of cost optimisation and 
investment in unproven technologies, as documented in the IEA sce-
narios, may cause a delay in or even take away seizing the great op-
portunities of the energy transition ahead. Similarly, this had been also 
concluded by Xiao et al. [58] on invalidated cost assumptions for energy 
scenarios that lead to underestimation of RE economic potential, over-
estimation of the transition pathway costs, and delayed energy transi-
tion towards RE in the falsely belied that they are too costly. In short, the 
wide difference between these scenarios results in calls for better ap-
proaches that can address the dilemma of path choice to narrow the gap 
in policy-making and scenario development. Furthermore, the relatively 

close technology-related system costs calculated for the explored sce-
narios show that decisions about the future mix of renewables can be 
made based on important factors such as security of supply, technology 
acceptance, availability of rare materials, and economic implications. 

5.2. Are the existing technologies sufficient and scalable for such 
transitions? 

Some specific RE technologies stand out among the available options 
that could technically be scaled up in a large volume and quite fast, such 
as solar PV and wind power plants. As found in the LUT-BPS cost-opti-
mised energy transition pathways, a substantially low-cost solar PV can 
meet the projected electricity demand globally, which is further com-
plemented by battery storage, wind power, other RE and storage op-
tions. More importantly, it is expected that solar PV plays a vital role in 
the entire energy system transition [21,59,73–75]. In this regard, it is 
necessary to shift away from combustion processes to renewable 
electricity-based alternatives, such as direct electric heating, heat pumps 
and electric vehicles, or indirect renewable electricity-relevant solutions 
for water desalination [76,77] or electrification via power-to-X appli-
cations [60,78–81], especially for tackling the hard-to-abate sectors 
[73]. The massive industrialisation of global solar PV manufacturing 
with a factor of 17 to reach 10.4 TW by 2030 from 0.6 TW at the 
beginning of 2020 would remain the main hurdle to overcome in the 
LUT-BPS-Plus2030. Achieving such a target is very ambitious but is 
possible under conducive political and social circumstances and some 
technological innovation and materials recycling, according to Breyer 
[73]. The CAGR in the cumulative installed capacities need to be around 
33%, which would lead to annual PV capacity installations of about 2.6 
TW in 2030. This is exactly in line with Verlinden [82] who analyses the 
scalability of the PV industry for a cumulative 70 TW PV capacity 
around mid-century for serving energy demand across all energy sectors 
[21,74]. Based on a historical learning rate of nearly 24% since 1976 
and 40% from 2007 to 2020, solar PV can be categorised as a dynamic, 
multi-purpose, fast-evolving, low land coverage and least-cost energy 
technology as of today [59,83]. A very fast transition towards 100% RE 
in the electricity sector may be the decisive trigger for a low-cost energy 
system directly and indirectly based on electricity serving all energy 
demands [4,21,84,85]. It can be noted that unlike the LUT and the 
Teske/DLR scenarios, the role of solar PV and its expansion potential 
over the transition time horizon is rather underestimated in the IEA 
scenarios, as also discussed by Creutzig et al. [86]. 

The variability of RE can be balanced through resource comple-
mentarity as well. This case is noticed for the LUT-BPS-WF scenario in 
which repowering wind capacity was complemented by solar PV to meet 
the hourly demand while reducing the additional need for energy stor-
age and solar PV capacity in 2050. Consequently, more optimal results 
are obtained, and the annual system cost dropped by 6% in 2050 
compared to the LUT-BPS-NWF scenario. This warrants further investi-
gation in future research. The role of solar-wind complementarity and its 
significant benefits, such as less storage and conventional backup re-
quirements for less than 100% RE systems, have been discussed in length 
in the literature [87,88]. 

Integration of other renewable energy technologies is mostly 
restricted by sustainable and economic limitations that hinder their 
development at a scale needed for the energy transition. Hydropower is 
mainly restricted by scalability to meet the growing energy demand and 
it is associated with negative climate change impacts. Hydropower 
plants may experience a shortfall due to low precipitation rate or an 
increase in electricity generation because of glacier melt in some loca-
tions such as in Europe and other parts of the world [89]. The latter can 
also cause flooding which might not translate to a rise in electricity 
generation. Environmental concerns negatively affect large-scale hy-
dropower projects [90], which may even lack clear economic attrac-
tiveness compared to solar PV and wind power alternatives [91]. 
Bioenergy is limited due to sustainable issues. High bioenergy utilisation 
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can conflict with sustainability criteria as global arable land is 
decreasing [92], ecosystems are under pressure [93], the global popu-
lation is rising [94], and more food production is needed. Meanwhile, 
ongoing climate change impacts threaten the current food supply 
[95–97], further worsened by geopolitical disruptions, such as the 
ongoing Russian war in Ukraine, involving two of the biggest food 
suppliers, happening today. Further, bioenergy can be used in the heat 
and transport sectors as well, but its total estimated potential that can be 
sustainably produced is restricted to 100 EJ/yr (~27,800 TWh/yr) [98]. 
Untapped geothermal resources can be extracted and utilised through 
enhanced geothermal systems [99]. More research is needed to better 
understand the cost-competitiveness of geothermal energy with solar PV 
and wind power. A study for Central America [100] concluded that 
geothermal energy can be a complementary renewable resource to be 
combined with solar PV for covering the energy demand. This is 
particularly the case for the regions with excellent geothermal resource 
potential. However, the deployment rate is currently very low [101], 
and the scalability of geothermal energy has not been proven yet. 
Similarly, wave power has an attractive potential [102], but it is still in 
its infancy. Therefore, it can take much longer to be technically and 
economically feasible to compete with solar PV and wind power at the 
time needed to stop climate change. At the same time, this technology is 
limited to coastal locations. 

It is of utmost importance to pay careful attention to technological 
readiness, scalability, industry maturity and cost-competitiveness while 
designing an energy transition pathway. Victoria et al. [59] suggested 
that when modelling energy scenarios, up-to-date and accurate cost 
assumptions, materials and land availability constraints, high temporal 
resolution, and the impact of sector coupling should be considered and 
applied. Nevertheless, the feasibility and scalability of some of the 
technologies included in the scenarios have not been verified yet, as 
there are rarely any commercial plants currently available. To begin 
with, carbon capture is the first nominee that is supposed to capture CO2 
through various applications, such as capturing CO2 from the point 
sources like coal- and gas-fired power plants, industrial processes, or 
directly from the air via direct air capture (DAC) unit. The captured CO2 
can be used as a by-product in industry or alternatively transported and 
stored underground in geological formations. Despite the demonstration 
of a few components commercially, this technology is still in its infancy 
and there are several issues associated with it that put it on hold for 
further expansion, as discussed in the literature [61]. Fossil CCS is only 
considered for the case of the IEA scenarios, which increases the system 
cost due to high capital costs. The utilisation of DAC was very limited for 
the LUT-BPSs, as not much e-methane is required for seasonal balancing. 
DAC as a sustainable CO2 sourcing option may be more favourable while 
assessing all energy sectors and as a NETs option to further decrease the 
CO2 emissions and to enable net-negative emissions [78,103]. Secondly, 
the viability of nuclear power is highly questionable due to various 
reasons, i.e. economics, waste disposal, terrorism risk, nuclear-weapons- 
proliferation, public acceptance, safety and decommissioning 
[54,61,104]. Several countries have already shut down multiple nuclear 
power plants mainly due to economic reasons [105]. The share of nu-
clear power in electricity generation declined from 17.5% of the global 
electricity generation in 1995 to slightly less than 10% in 2021 
[106,107]. Budget overruns of nuclear power plants in recent years, but 
also decades-long substantial negative learning rates [108,109] have 
made investors sceptical, making it challenging to augment capital 
[110]. The share of newly added nuclear power capacity in total added 
power capacity in the world has become very low for the last ten years 
[111]. Jacobson et al. [112] studied a 100% RE-based system for the 
case of the US and concluded that the combination of solar, wind and 
water sources can lead the country to a full energy transition by 2035 
while it takes longer between planning and commissioning of a nuclear 
power plant. In addition, small modular and advanced nuclear reactors 
are unlikely to rescue nuclear power due to the very high cost associated 
with these technologies [105]. It is also evaluated that investment in the 

new nuclear power plant of the type Gen III/III + is not profitable mainly 
due to very high construction costs [54]. The role of nuclear power in 
the future energy system becomes quite limited as renewables coupled 
with other flexibility measures, such as energy storage and power-to-X, 
become cheaper faster. On top of that, there is the issue of nuclear waste 
storage and particular concern of using plutonium and uranium 
enrichment technologies as weapons for military purposes that causes a 
great risk to security worldwide [113]. 

Technological progress and massive implementation in battery 
storage applications are the fundamental enablers for expanding the 
battery installed capacities together with solar PV and wind power. 
There is a considerable potential to exploit and expand lithium-ion 
battery storage capacity [114,115] as the price falls off a cliff 
[116–118] although well-established recycling systems are required 
[119]. Aside from battery storage, PHES [120], hydrogen production 
and storage through conversion of electricity to hydrogen via electrol-
ysis [121,122] with the possibility of methanation [81,123], and CSP 
coupled with TES are found to be the other crucial flexibility providers 
in 100% RE systems. However, using fuel cell CHP plants for hydrogen 
could result in a cost increase in comparison with using hydrogen-based 
CHP plants. The cost-competitiveness of this option should be more 
closely measured for the case of an all-energy sectors analysis because 
the heat sector can also benefit from the CHP plants, while gas CHP 
plants may be the lower cost option [124]. Analysing hourly energy 
demand reveals that a great contribution of flexibility is needed in a 
climate-neutral scenario, which can be modelled with energy storage as 
a solid technical solution. This aspect might be simply ignored if the 
annual demand is only supposed to be met rather than hourly demand in 
modelling energy systems. It should be noted that any time horizon less 
than 1 h is not relevant for large-scale geographical area analysis since 
the variations of load and RE resource aggregated profiles at large 
spatial resolution are typically smoothed out and the final results would 
not change dramatically [61]. Furthermore, the used energy system 
components can deliver all energy services required for system stability 
in a sub-hourly consideration, in particular batteries [91,125]. In addi-
tion, curtailment can play a vital role to balance an electricity system 
with high penetration of solar PV and wind power that can save cost and 
decrease the need for energy storage [50]. 

5.3. Uncertainties and limitations 

One crucial topic that should be noted is the importance of data 
availability at different levels, such as detailed cost reporting, for input 
and output metrics, in terms of absolute, specific, and cumulative data 
for proper comparison and analyses. Global scenarios are typically non- 
transparent in their cost presentation, input cost assumptions (partly) 
and output system cost. For instance, the IEA does not report on system 
LCOE, annualised system cost, or cumulative pathway cost, as these 
should be a central metric for scenario comparison. The only cost 
reporting was the required investments, but this could be a misleading 
metric as the findings show that the IEA-STEPS is performing best in 
investments, but worst in all other cost metrics. That said, reporting on 
investments is critically needed and is a relevant metric, but more 
attention should be given to additional details, well-documented and 
traceable outcomes of energy system modelling. The calculated cost data 
are intrinsically dependent on the technology-specific CAPEX and OPEX 
assumed for the future, and the optimisation approach in energy system 
modelling can have large sensitivities to cost assumptions. This crucial 
factor is evaluated by applying the Teske/DLR cost assumptions for 
sensitivity analysis of key cost metrics. The biggest changes are observed 
in both Teske/DLR scenarios and the IEA-SDS in terms of the LCOE and 
the annual system costs. The Teske-1.5 ◦C shows the highest increase by 
23% for the LCOE in 2050. In addition, the annual system cost of the 
IEA-SDS is mostly affected by a 26% increase in 2050. Meanwhile, the 
LCOE and the annual system costs of the LUT scenarios are raised by 
around 10–11% each in 2050. Note S7 provides further details and the 
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respective figures for the sensitivity analysis. 
Modelling global energy transition pathways for the 9 major regions 

and under 9 scenarios in a large geographical area is a quite simplified 
approach for energy system analysis. The main reasons for such 
simplification are the lack of access to the detailed sub-regions’ or 
countries’ data in the explored scenarios from other research groups, as 
well as reducing the data volume and thus the computation time. For 
instance, RE resource profiles are adopted from Bogdanov et al. [20,21] 
and calculated as the weighted average for the major regions. The same 
profiles have been applied to the IEA and the Teske/DLR scenarios, 
while they are normalised with the given yield data for each resource. 
The same approach was implemented for load profiles. Although extra 
care is given to avoid the exaggeration of resource utilisation in the 
considered major regions, it should be noted that the impact of seasonal 
variation and resource distribution might be different on a smaller scale, 
such as the analysis of smaller regions, as shown e.g. with the LUT-ESTM 
for Chile [45,126] and with the PyPSA-Eur-Sec-30 for Europe with a 
large variation of regional structuring [127]. Ignoring the impact of 
seasonal variation of RE sources, in particular solar PV and wind energy, 
on different hemispheres and especially high latitude locations for solar 
PV [59], might lead to different outcomes. However, most of the global 
population lives close to the equator where solar resources are widely 
and evenly distributed across the Sunbelt region and the impact of 
seasonal variation is low [59,74]. 

Grid interconnections between countries or regions within a world 
region are expected to bring further benefits to the energy system by 
enabling system flexibility and cost reduction. In the case of high vari-
able RE shares, combinations of battery storage and the expansion of 
grid transfer capacities are important elements of load balancing in the 
system [128,129]. However, it has been argued that very long-distance 
power transmission networks beyond the dimensions of major regions 
can transfer only a smaller fraction of electricity and contribute very 
limited to the overall cost reduction as discussed for various cases 
around the world [23], and in detail for the Americas [60], East Asia 
[130], Europe-China [131] and Europe-Eurasia-MENA [132]. There-
fore, it is expected to gain marginal cost benefits over interconnecting 
the major regions globally, but individual countries and clusters can take 
substantial advantage of grid interconnections to balance hourly energy 
supply and demand while minimising the cost. Additionally, some 
studies investigated the potential and techno-economic feasibility of 
exporting electricity from North Africa to Europe using CSP plus TES 
plants and point-to-point high voltage direct current lines for load 
balancing [133,134]. 

In the adopted scenarios from the peer research groups, the full en-
ergy system including all sectors has been modelled. However, only 
electricity-related data have been extracted and replicated to the 
designated format of the current study. In a sector coupling approach 
that goes beyond electricity to contain all energy sectors’ demand, it is 
plausible to expect a far higher demand for renewable generation ca-
pacity, but also better balancing of the electricity sector via integration 
of flexibility options and synergy between sectors. Hydrogen and e-fuels 
can be used in the transport sector for international shipping and avia-
tion demand plus thermal and gas storage can be the backbone of the 
heat sector [18,21,45,135]. The most valuable technologies that are also 
linked to storage options are flexible and low-cost electrolysers coupled 
to hydrogen storage which can indirectly balance the electricity system, 
smart charging of electric vehicles, vehicle-to-grid balancing and heat 
pumps using TES. 

In the normative, goal-oriented scenarios considered in this study, it 
is assumed that joint cooperation and international agreements among 
nations would take place making a radical energy transition feasible and 
economically viable for all countries worldwide. This needs to be pow-
ered by the support of non-governmental organisations (NGOs), gov-
ernments and policymakers, especially those from developed countries, 
in order to de-risk the projects through a range of guarantee mechanisms 
for developing countries [136]. This includes, for example, commitment 

to the planned framework, increased transparency around bid solicita-
tion, and enhanced communication with utility planners and developers 
[137]. More concrete targets for shaping the energy transition equitably 
by leaders of the countries during the climate conferences can accelerate 
achieving sustainable, affordable, and reliable energy for all globally. 
Despite the difficulties and challenges ahead of such an ideal hypothesis, 
the presumed ideology is in line with the UN SDGs [46] aiming to make a 
better and brighter future for the entire humankind, not to mention 
other species, living beings and ecosystems. 

6. Conclusion 

This research aims to explore and analyse various energy transition 
pathways through a uniform modelling environment. This is a research 
gap that has not yet been investigated, although it significantly enhances 
comparability and offers new insights into underlying narratives and 
systemic effects of energy models and scenarios. Data for countries or 
sub-regions were aggregated or weighted for 9 world regions. In total, 9 
scenarios have been developed or remodelled using the LUT-ESTM with 
identical technical and financial assumptions:  

• Two scenarios from the IEA: the SDS as a deep decarbonisation 
scenario aiming to decrease CO2 emissions significantly by 2050 and 
reach a net zero emissions in 2070, and the STEPS as a business-as- 
usual pathway for comparison. The NZE2050 scenario is excluded 
due to lack of sufficient data availability on a regional basis. 

• Two scenarios from the Teske/DLR: the 2.0 ◦C and the 1.5 ◦C path-
ways following the target of the Paris Agreement with a budget 
approach and 100% RE until 2050.  

• Five scenarios from the LUT: BPS-NWF, BPS-WF, BPS-Plus2040, BPS- 
Plus2035, and BPS-Plus2030 in line with the Paris Agreement target 
and representing the least cost and the most ambitious transition 
pathways for also investigating zero CO2 emission targets earlier 
than 2050. 

The LUT scenarios are built on the LUT-ESTM, which is a linear 
optimisation model with hourly temporal resolution and an objective 
function of minimising the total annual system costs. The Teske/DLR 
and the IEA scenarios are based on simulation models in the source 
publications, which have been remodelled using the LUT-ESTM in 
hourly resolution over the time horizon from 2015 to 2050 in 5-year 
intervals. The results of the (re)modelling indicate that scenarios with 
lower shares of renewable energy can meet hourly demand with mini-
mum storage requirements, whereas variability of solar PV and wind 
power in deep decarbonisation pathways must be balanced via addi-
tional storage capacity and throughput. Other flexibility options such as 
grid interconnections, demand-side management, sector coupling, and 
NETs were not considered for the analysed scenarios. 

The findings reveal that renewable energy technologies, particularly 
solar PV, and wind power, coupled with energy storage are the least-cost 
energy solutions and will emerge as the central pillars of the electricity 
sector despite the scenario configuration. Other renewable energy 
technologies that could complement the future electricity system 
include hydropower, geothermal, CSP, biomass and ocean energy. The 
LCOE of the electricity sector decreases substantially for all goal- 
oriented scenarios, for instance in the LUT-BPS-Plus2040 scenario 
from around 70.9 €/MWh in 2015 to around 45.2 €/MWh by 2050. 
Considering the cumulative pathway cost, normalised to the electricity 
consumption of the IEA-SDS, the least cost scenario is found to be the 
LUT-BPS-Plus2030 with around 67.5 t€ globally, which is 21% lower in 
cost than the IEA-STEPS that is based on current government policies 
and targets. The LUT scenarios show that a faster pace of the energy 
transition, i.e. reaching zero CO2 emissions by 2030, would cost slightly 
less than a more delayed transition pathway by 2040. It may be one of 
the most relevant results of this study that a zero CO2 emission system 
reached by 2030 or 2040 costs substantially less than a low-performing 

A. Aghahosseini et al.                                                                                                                                                                                                                          



Applied Energy 331 (2023) 120401

16

current policy scenario, i.e. CO2 reduction benefits are to be expected 
not costs while transitioning to zero emissions. Solar PV emerges as the 
most prominent electricity supply source in the LUT scenarios with 
around 58–79% of the total electricity supply on the global average by 
2050. Batteries are found as the key storage technology for the LUT 
scenarios complemented by pumped hydro energy storage, synthetic gas 
generation, and storage for seasonal balancing. This leads to PV-battery 
systems as the inner core of future cost-optimised power systems in most 
parts of the world. 

The Teske/DLR scenarios show a more diverse and therefore more 
costly technology mix in the electricity sector, resulting from the 
attempt to deal with uncertainties regarding regional or local societal, 
economic and political developments and their risks for the transition 
pathways. CSP plays a significant role in the Teske/DLR scenarios due to 
its vast potential globally, assumed co-benefits, and being aligned with 
thermal energy storage that ensures large-scale dispatchable and 
secured electricity supply. The role of hydrogen production is also sig-
nificant with high electrolyser capacities and high-volume hydrogen 
storage to ensure flexibility in the power system with interlinkages to the 
other energy sectors not assessed in this study. However, although the 
technology mix in 2050 is different from the LUT scenarios, the LCOE 
are only around 10% to 20% higher. This shows that the transition of the 
energy system to 100% renewable energy can be achieved via several 
different expansion paths with similar costs. 

The IEA-SDS consists of a mix of renewable energy, nuclear power, 
and fossil fuels with and without carbon capture and storage throughout 
the transition. This also results in a scenario with strong transition dy-
namics worldwide, albeit with remaining specific CO2 emissions of 
about 27 g/kWh in 2050. The LCOE of the technology mix in 2050 is also 
lower than today’s electricity generation costs, but higher than in the 
other scenarios. The IEA-STEPS scenario reflects all of today’s 
announced policy plans, targets, and strategies. Such a scenario presents 
a worst-case situation in terms of CO2 emissions reduction, climate 
change and even the overall system costs. The STEPS is identified as the 
most expensive scenario with an LCOE of 69.5 €/MWh in 2050, even 
though conservative CO2 costs have been applied. 

According to the scenario modelling, deep decarbonisation of the 
electricity sector is possible under conducive political and social cir-
cumstances from around 13 Gt CO2 in 2020 to 0–8 Gt CO2 in 2030 and 
further to zero by 2050, depending on the scenario variant. It is 
explicitly observed from the findings of all the analysed scenarios that a 
100% renewable energy system is more efficient and cost competitive 
than a today’s policy scenario relying on fossil and nuclear fuels even by 
2050. Entirely renewable scenarios are compatible with the Paris 
Agreement and the United Nations Sustainable Development Goals. 
Thanks to low-cost electricity from solar PV and wind power, which can 
be complemented by other RE sources, the electricity sector can run on 
100% renewable energy sources and energy storage 24/7, all year 
round, without relying on fossil fuels (with or without carbon capture 
and storage) and nuclear power. Such a transition can pave the way for 
shifting away from fossil fuels in all energy sectors towards a climate- 
neutral and sustainable energy system for all by the latest around the 
mid-century. 
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