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The main objective of this thesis is to analyze a 100% renewable energy (RE)-based system for 

the MENA region and North America in an hourly resolution model for the year 2030 and to 

evaluate their results from different perspectives. These two regions have an excellent potential 

of RE resources, particularly solar and wind energy, which can evolve to be the main future 

energy sources. In addition, the costs of RE are expected to decrease relative to conventional 

energy sources, making a transition to RE across the regions economically feasible. Four 

scenarios have been evaluated according to different high voltage direct current (HVDC) 

transmission grid development levels, including a region-wide, country-wide, area-wide and 

integrated scenario. In the first two scenarios, RE generation and energy storage technologies 

cover the region’s and country’s power sector electricity demand. The area-wide scenario is the 

same as region-wide scenario, but in which the region-wide energy systems are interconnected. 

In the integrated scenario, which consists of industrial gas production and reverse osmosis water 

desalination demand, integration of new sectors provides the system with required flexibility 

and increases the efficiency of the usage of storage technologies. Given a reliable fuel source, 

RE powered by solar PV and wind energy appear to be the favorable option for all the regions 

due to their higher potential and lower levelized cost of electricity (LCOE). The thesis is also 

focused on Iran as a case study. The same approach for two abovementioned regions has been 

applied for the case of Iran and the results clearly reveal that a 100% RE system for the country 

is feasible and a real policy option. It has been estimated that RE technologies can generate 

sufficient energy to fulfil all electricity demand in Iran by the year 2030 at a price level of 40.3 

– 45.3 €/MWhel, depending on the sectoral integration. A deeply research has been carried out 

for one of the storage technologies used in the energy system optimization called adiabatic 

compressed air energy storage (A-CAES). The impact of A-CAES has been applied for Eurasia, 

Southeast Asia and the Pacific Rim in more detail. The results indicate that for the region-wide 

scenario in Southeast Asia (region with low seasonal variation and lower supply share of wind 

energy) the share of A-CAES output is 1.9% in comparison to Eurasia (region with high 

seasonal variation and a high supply share of wind energy) which has 28.6%. The other impact 



 

 

which was observed was the distribution of the storage technologies after A-CAES integration, 

since battery output and Power-to-Gas (PtG) output were decreased by 72.9% and 21.6% 

(Eurasia) and 5.5% and 1.6% (Southeast Asia), respectively. However, a large scale grid 

integration reduces the demand for A-CAES storage drastically and partly even to zero due to 

substitution by grids. As a result, the most valuable application for A-CAES seems to be in 

rather decentralized or nation-wide energy system designs and as a well-adapted storage for the 

typical generation profiles of wind energy.
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THESIS STRUCTURE 

The focus of the thesis is to define and analyze a cost optimal 100% renewable energy (RE) 

system in two different regions, the MENA region and North America, using an hourly 

resolution model. The optimal sets of RE technologies, least cost energy supply, mix of 

capacities and operation modes were calculated and the role of storage technologies was 

examined. 

The findings have been published as four conference papers. Thus, the thesis has been 

structured in an article-based thesis format. An overal introduction is provided in Section 1 and 

each paper has been categorized as a main section in Sections 2 to 5. In addition, an overall 

discussion and conclusion has been made in Section 6. Additional information related to wind 

energy used in the energy optimization model can be found in the Appendix. 

The list of publications related to this thesis work: 

1- Aghahosseini A., Bodanov D., Breyer Ch., 2016. The MENA Super Grid towards 100% 

Renewable Energy Power Supply by 2030, 11th International Energy Conference, Tehran, May 

30-31. (Available at: Click here1). 

2- Aghahosseini A., Bodanov D., Breyer Ch., 2016. 100% Renewable Energy in North 

America and the Role of Solar Photovoltaics, 32nd European PV Solar Energy Conference, 

Munich, June 20-24. (Available at: Click here). 

3- Aghahosseini A., Bodanov D., Breyer Ch., 2016. The Role of a 100% Renewable Energy 

System for the Future of Iran: Integrating Solar PV, Wind Energy, Hydropower and Storage, 

11th International Energy Conference, Tehran, May 30-31. (Available at: Click here). 

4- Gulagi A., Aghahosseini, A., Bogdanov D., Breyer Ch., 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, 10th International Renewable Energy 

Storage Conference, Düsseldorf, March 15-17. (Available at: Click here). 

In the first three papers and this thesis work, Arman Aghahosseini is the main author. The last 

paper has been done in collaboration with Ashish Gulagi, the adiabatic compressed air energy 

storage (A-CAES) technology analysis has been done by me and the modelling part has been 

done by Mr. Gulagi. Mr. Dmitrii Bogdanov contributed with the coding of an hourly resolution 

model and in visualising the results. Also, Prof. Christian Breyer has supported the project by 

framing the research questions and scope of the work and cross-checking results and 

assumptions.

                                                 
1 The papers can be accessed through the electronic version of the thesis. 

https://www.researchgate.net/publication/303671336_The_MENA_Super_Grid_towards_100_Renewable_Energy_Power_Supply_by_2030
https://www.researchgate.net/publication/304245894_100_Renewable_Energy_in_North_America_and_the_Role_of_Solar_Photovoltaics
https://www.researchgate.net/publication/303678230_The_Role_of_a_100_Renewable_Energy_System_for_the_Future_of_Iran_Integrating_Solar_PV_Wind_Energy_Hydropower_and_Storage
https://www.researchgate.net/publication/298258250_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
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1 INTRODUCTION 

 

Climate change, air and water pollution, and energy insecurity are among the greatest problems 

of the world. Climate change threatens all continents, natural systems, living systems, food 

systems and coastal cities. An average global warming of more than 2°C poses risk for human 

and natural system, such as disease, flooding and water shortages (IPCC, 2014; Teske et al. 

2015). Besides, population growth together with economic growth are crucial factors in carbon 

emissions from fossil fuel consumption. A solution to the mentioned problems requires a large-

scale conversion to perpetual, green and reliable energy at low cost together with an increase in 

energy efficiency. Phasing out nuclear and fossil fuels entirely is still under discussion and 

many scientists and energy experts are skeptical (Teske et al. 2015; WWF, 2011). However, 

the idea of 100% renewable energy (RE) vision has been promoted by several scientists, 

specialists and engineers so far and it is expected to develop further in the near future. 

 

Over the past few decades, a number of studies have proposed large-scale RE plans. Czisch 

(2006) suggested that an entirely renewable electricity supply system, with intercontinental 

transmission lines linking wind sites with hydropower, could supply Europe, North Africa, and 

East Asia at total costs comparable with the costs of the current system. Fthenakis et al. (2009) 

analyzed the technical, geographical, and economic feasibility for solar energy to supply the 

energy needs of the US and concluded that “It is clearly feasible to replace the present fossil 

fuel energy infrastructure in the US with solar power and other renewables, and reduce CO2 

emissions to a level commensurate with the most aggressive climate-change goals”. Dii (2012) 

has examined Europe and MENA should be viewed as a single region in a world of RE in order 

to meet their targets for CO2 emission reduction and to produce sufficient electricity to answer 

their demand. Jacobson et al. (2015) presents roadmaps for the 50 United States to convert their 

energy infrastructure for all purposes (for electricity, transportation, heating/cooling, and 

industry) into clean and sustainable ones powered by wind, water, and sunlight in 2050. Wind 

energy (onshore and offshore) plays the key role in their research work, followed by utility-

scale photovoltaics (PV), rooftop PV, concentrating solar thermal power (CSP) with storage, 

hydropower and other forms of RE. They clearly conclude that the US-averaged end-use load 

decreases by 39% due to conversion from combustion to a fully electrified system. 

 

This thesis analyzes a fully sustainable energy system for the MENA region and North America 
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powered by the optimal sets of RE technologies, least cost energy supply, mix of capacities and 

operation modes, and storage technologies. Three sectors have been considered in this study, 

including the power sector, industrial gas and seawater desalination demand. The energy 

technologies chosen here are existing technologies ranked the highest among several proposed 

options for addressing global warming, air pollution and energy security. The primary 

technologies are mainly solar PV (single-axis tracking and rooftop) and onshore wind energy, 

with a marginal contribution of hydropower (run-of-river and dam), biomass plants (solid 

biomass and biogas), waste-to-energy power plants, CSP and geothermal energy. In addition to 

the mentioned energy sources, the energy storage technologies used in this model are batteries, 

pumped hydro storage (PHS), thermal energy storage (TES), adiabatic compressed air energy 

storage (A-CAES) and power-to-gas (PtG) technology. 

 

The energy sector bridging technologies provide more flexibility to the entire energy system, 

thus reducing the overall cost. One bridging technology available in the model is the PtG 

technology for the case that the produced gas is consumed in the industrial sector and not as a 

storage option for the electricity sector. The second bridging technology is seawater reverse 

osmosis (SWRO) desalination, which couples the water sector to the electricity sector. 

 

The use of nuclear energy is sometimes considered as a part of the solution for climate change 

and energy crisis, but it is simply not viable. Nuclear fission produces dangerous waste, which 

cannot be stored anywhere in the world. Several accidents have occurred in the nuclear energy 

industries that led to significant consequences to people, the environment and facilities by 

releasing remarkable amount of radioactivity into the atmosphere, including Windscale (1957), 

the SL-1 (1961), Three Mile Island (1979), Chernobyl disaster (1986), Tokaimura (1999), and 

Fukushima Daiichi nuclear disaster (2011). Furthermore, nuclear energy is a complicated 

technology that requires a highly sophisticated and trained staff. The nuclear technology is too 

slow to develop and it is an extremely expensive option. Any country with an ordinary nuclear 

reactor can produce nuclear weapons by building a small-scale plutonium plant beside the 

nuclear power plant fueled by uranium. Thus, nuclear power and nuclear weapons have 

developed together. Five countries are recognized as Nuclear Weapon States by the Nuclear 

Non-proliferation Treaty (NPT) and some countries are acquired or suspected of being in the 

process of developing nuclear weapons. Either the trusted countries or the suspected ones must 

not be allowed to have nuclear reactors at all. In addition, nuclear terrorism is an offense 
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committee in which a terrorist organization explodes a nuclear device with the intent to cause 

death and/or serious bodily injury, substantial damage to the environment and property, 

according to the United Nations (2005). The threat from terrorists trying to launch a nuclear 

attack is serious and the most important threat is an attack at one of the nuclear power plants. 

For instance, Europe nowadays is in the focus of terrorist organizations and potential terrorists 

live in the UK, France, Belgium, Germany and other European countries with nuclear power 

plants. Some of the major nuclear risks can be the following: 1) the terrorist could steal a nuclear 

weapon or purchase a nuclear weapon on the black market; 2) the terrorist could steal the stuff 

of a bomb; 3) the terrorist could acquire fissile material from a nation-state; and 4) there is the 

possibility of fabricating a dirty bomb by the terrorist. Phasing out nuclear power and 

developing clean and sustainable energy would promote world peace rather than threaten it. 

 

Another alternatives for transition from a conventional energy system towards a sustainable one 

is coal- and gas-fired plants quipped with carbon capture and storage (CCS). CCS is on the 

cutting edge of greenhouse gas emissions reduction by separating and collecting CO2 from the 

exhaust stream. However, the CO2 extraction efficiency is 80-90%, which is inadequate for a 

net zero emission world. According to the European Commission (2014), this technology 

cannot be available for large-scale commercial deployment until after 2030. It is significantly 

more expensive in comparison to a fully RE-based system that will be discussed further in the 

next sections. Even worse, it needs to be run in baseload operation due to the high capex, which 

is in violation to the intermittent character of solar PV and wind energy. As a consequence, the 

use of nuclear power, coal with CCS and natural gas is excluded in this study because they all 

result in more air pollution and climate-relevant emissions than do RE technologies and have 

other problems, as discussed in several studies (Teske et al. 2015; Jacobson et al. 2013; Dittmar, 

2012; Jacobson and Delucchi, 2011; WWF, 2011). 

 

An analysis of an entirely sustainable electricity system has been carried out by the author for 

the MENA region, North America and as a case study for Iran in this master’s thesis and the 

results for each topic have been published each in a separate conference paper. In addition, A-

CAES that is one type of storage technology used in the energy optimization model in the 

abovementioned papers has been studied in more detail in Eurasia, Southeast Asia and the 

Pacific Rim and the results have been published in a conference paper as well. These four papers 

have been used to build this article-based master’s thesis. An overall discussion and conclusion 
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has been made at the end of this work. 
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2 THE MENA SUPER GRID TOWARDS 100% RENEWABLE ENERGY POWER 

SUPPLY BY 2030 2 

 

Arman Aghahosseini, Dmitrii Bogdanov and Christian Breyer 

Lappeenranta University of Technology, Skinnarilankatu 34, 53850 Lappeenranta, Finland 

E-mail: Arman.Aghahosseini@lut.fi, Christian.Breyer@lut.fi 

 
ABSTRACT: The Middle East and North Africa (MENA) region, comprised of 19 countries, is currently facing 

a serious challenge to supply their growing economies with secure, affordable and clean electricity. The MENA 

region holds a high share of proven crude oil and natural gas reserves in the world. Further, it is predicted to have 

increasing population growth, energy demand, urbanization and industrialization, each of which necessitates a 

comparable expansion of infrastructure, resulting in further increased energy demand. When planning this 

expansion, the effects of climate change, land use change and desertification must be taken into account. The 

MENA region has an excellent potential of renewable energy (RE) resources, particularly solar PV and wind 

energy, which can evolve to be the main future energy sources in this area. In addition, the costs of RE are expected 

to decrease relative to conventional energy sources, making a transition to RE across the region economically 

feasible. The main objective of this paper is to assume a 100% RE-based system for the MENA region in 2030 

and to evaluate its results from different perspectives. Three scenarios have been evaluated according to different 

high voltage direct current (HVDC) transmission grid development levels, including a region-wide, area-wide and 

integrated scenario. The levelized cost of electricity (LCOE) is found to be 61 €/MWhel in a decentralized scenario. 

However, it is observed that this amount decreases to 55 €/MWhel in a more centralized HVDC grid connected 

scenario. In the integrated scenario, which consists of industrial gas production and reverse osmosis water 

desalination demand, integration of new sectors provides the system with required flexibility and increases the 

efficiency of the usage of storage technologies. Therefore, the LCOE declines to 37 €/MWhel and the total 

electricity generation is decreased by 6% in the system compared to the non-integrated sectors. The results clearly 

show that a 100% RE-based system is feasible and a real policy option. 

 
Keywords: 100% renewable energy, MENA, energy system model, integrated scenario, solar PV, wind energy, 

energy storage, power-to-gas, battery, economics. 

 

2.1 Introduction 

 

Total Primary Energy Supply (TPES) of the Middle East and North Africa (MENA) region 

reached around 10,290 TWhth in 2013 (IEA, 2015a), which was an increase of 10% compared 

to 2010 (IRENA, 2013). In 2013, electricity consumption reached about 1161 TWh in the 

region, a 16% increase in comparison to the year 2010 with 1000 TWh. The electricity sector 

is the single largest source of CO2 emissions in the region, accounting for 42% of total carbon 

emissions in 2011 (The World Bank, 2014). Most of the MENA countries have experienced a 

tremendous rise in energy consumption over the last three decades. Increased energy demand 

in the region is largely due to population growth, socio-economic development and urbanization 

in recent decades, driven both by oil and gas revenues, and by growth-oriented policies 

                                                 
2 Published at 11th International Energy Conference, Tehran, May 30-31. 

Available at: Click here 

https://www.researchgate.net/publication/303671336_The_MENA_Super_Grid_towards_100_Renewable_Energy_Power_Supply_by_2030
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(IRENA, 2016). On top of that, energy costs are extremely subsidized in the MENA region. In 

other words, most of the countries have the highest rate of energy subsidies in the world and it 

can to somehow explain the high electricity demand and CO2 emissions per capita prevalent in 

the region (RCREEE, 2015a). 

 

With holding the highest share of proven crude oil reserves and to a lesser extent natural gas 

reserves, the MENA region constitutes a main group of oil and gas producers globally (BP, 

2015; IEA, 2015b, EIA, 2014a). As a matter of fact, the substantial link between fossil fuels 

and the socio-economic development make the region highly vulnerable to the impacts of 

climate change. As global temperature continues to rise, it will have a devastating effects on 

the region, such as increasing the temperature above average and decreasing precipitation. 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 (The World Bank, 2012; Zyadin, 2013). Recent results 

even indicate that survival of humans in the outdoors may not be possible anymore in a growing 

fraction of the Middle East during the 21st century (Pal and Eltahir, 2015). 

 

Nowadays, renewable energy (RE) sources have a small share in the MENA region’s TPES 

(IEA, 2015a). The main primary energy in Iran, Qatar, Oman and the UAE is natural gas, which 

covers most of their needs. In Iraq, Bahrain, Kuwait and Libya, oil remains the primary energy 

source, where natural gas is either not well developed or available. Saudi Arabia is one of the 

largest consumers of total primary energy per capita in the world with 60% of this consumption 

being oil-based, and natural gas accounting for the rest (EIA, 2014b). 

 

The MENA region depends on natural gas and oil to generate most of its electricity and it is 

anticipated to continue that reliance through to 2030 (IEA, 2015b). According to the 

International Energy Agency (IEA, 2013) natural gas accounted for 93% of power generation 

in Algeria in 2013. About 70% of Egypt's electricity is produced by natural gas, with the 

remainder being fueled by oil and RE (mostly hydroelectricity) (EIA, 2015a). In 2013, 98% of 

electricity generation in Tunisia was produced by fossil fuels, with hydroelectric and wind 

sources supplying only 2% of total generation (EIA, 2015d). The electricity sector in Oman 

heavily relies on the country's domestic natural gas resources to fuel electricity generation (EIA, 

2015b). In 2010, 94% of electricity generation in Syria came from conventional thermal power 

plants, with the remaining 6% coming from hydroelectric power plants (EIA, 2015c). In 2013, 
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11.5% of electricity generation came from renewable sources (mainly hydroelectricity) in 

Morocco, although 38% was based on coal, 18% on natural gas and 14% on oil (Energypedia, 

n.d.). Saudi Arabia, Iran, Egypt and the UAE account for nearly 63% of the regional demand 

for electricity, and demand has increased dramatically over the past decade in each of the 

countries. 

 

However, decreasing costs of modern RE technologies, increasing costs of fossil fuels and RE 

policies (REN21, 2015) have led to a rise in the share of technologies such as wind and solar in 

the region. Undoubtedly, solar and wind offer the highest potential among all the renewable 

sources. The RE targets set by countries (REN21, 2015) and the number of projects in the 

pipeline reveal that substantial RE deployment is well underway in the MENA region and it is 

expected to continue for the next couple of decades (IRENA, 2013; The World Bank, 2014). 

 

Today, hydropower is the primary RE source for power generation in the region. Iran is the 

main leader in the case of hydropower generation in the MENA region with 9.5 GW, followed 

by Egypt with 2.8 GW of installed capacity (IRENA, 2013). However, the outlook for further 

hydropower advancement is not as bright as other RE technologies, given its relatively 

restricted further resources to exploit in the region. 

Beyond hydro, wind energy is the most common RE source to generate power in the region, 

especially in Egypt, Morocco, Tunisia and Saudi Arabia. By the end of 2014, total installed 

capacity of wind power accounted for around 1.7 GW in the region (Farfan and Breyer, 2016). 

Wind power increased significantly between 2010 and 2014, with a more than twofold growth 

in total installed capacity, from 0.7 GW in the early 2010 to 1.7 GW at the end of 2014 (Farfan 

and Breyer, 2016). Tunisia has developed power generation from wind over the last few years, 

with wind power capacity rising more than fourfold from 2008 to 2013, from 54 MW in 2008 

to 242 MW in 2013 (IRENA, 2013; Farfan and Breyer, 2016; GIZ, 2012; RCREEE, 2015b). 

  

The MENA region has the greatest potential for solar power generation across the world, and 

accounts for 45% of the total energy potential from all renewable sources globally 

(IEA/IRENA, 2013; IEA, 2014a). By achieving this potential, this region could cover all the 

total current and future energy demands in the world alone. In addition, PV electricity can partly 

or fully reduce costly dependence on fossil fuels and act as fuel and cost saving energy options 

(Breyer, et al. 2010a; Breyer, et al. 2010b). Solar PV will experience a sharp rise due to 
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continuously declining technology costs and removal of barriers in the MENA region. From 

2008 to 2013, the average annual growth rate of solar PV generation was more than 100% in 

the region (Breyer and Reiß, 2014). The MENA countries have set ambitious targets for 

increasing the share of solar PV installations (IRENA, 2013). For instance, Morocco plans to 

achieve 2 GW solar (PV and CSP) installations by 2020 and Algeria set a target of 831 MW of 

PV by 2020 and 2.8 GW by 2030 (Breyer and Reiß, 2014). 

 

In the MENA region, Algeria, Iran, Egypt, and the UAE all recently announced plans to build 

concentrating solar thermal power (CSP) plants paired with natural gas. In 2010, Iran and 

Morocco started to operate the first CSP plants in the MENA region. The year after the first 

construction of CSP plants in this region, Algeria and Egypt started to operate their first CSP 

plants. In 2013, the UAE joined the market and it is projected that the UAE will have the world’s 

largest CSP plant with an install capacity of 100 MW. However, the economic value add of 

CSP for the region remains questionable, since solar PV is lower in LCOE (LAZARD, 2015) 

and the thermal energy storage of CSP plants generates no further value until a RE penetration 

of about 50% (Bogdanov and Breyer, 2015), which is far in the future for all countries in the 

region. Even worse, there are indications, that hybrid PV-battery-gas turbine plants are lower 

in cost (Afanasyeva et al. 2016; Hlusiak et al. 2014). 

 

Whereas other forms of RE may be promising, most MENA countries do not have enough 

natural resources to make them viable. Israel, Jordan, Qatar, and the UAE are the only countries 

currently producing electricity from modern biomass, with the UAE and Saudi Arabia planning 

large-scale waste-to-energy projects. 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 carbon than is saved by the green energy 

produced. The large amount of water necessary to grow energy crops is another concern, 

especially in the water-constrained MENA region. 

  

The MENA region has a great potential of RES and it can be maximized by providing an 

infrastructure for interconnection of the regions’ electricity grid. Only a few studies have been 

carried out for an electricity grid interconnected system for the region that address a high share 

of RE-based electricity. These studies mostly discussed that solar energy could be used to meet 

increasing power demand and to power desalination plants to provide freshwater in the MENA 
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region, and further to provide zero-carbon energy to Europe (Dii, 2012; Mohamed et al. 2015; 

Bohn et al. 2014; Trieb et al. 2006; Czisch, 2005). The EU-MENA Desertec vision, which has 

been studied in much detail by DESERTEC Foundation (2007) and Dii (2012), is a good 

example of this, and has pointed out that Europe should source some of its electricity from the 

MENA region with its excellent solar and wind sources. A transmission base map for this power 

grid interconnection is shown in Figure 1. 

 

 
Figure 1: Schematic transmission grid 2050 for electricity system optimization (Dii, 2012). 

 

This study aims at designing an optimal and cost competitive 100% RE power system for the 

MENA region considering a potential evolution of the generation mix that takes into account: 

- the actual electricity trade and transmission infrastructure of different sub-regions of the 

MENA region; 

- an optimal system design and wise utilization of considered available RE resources; 

- synergy between various resources and different regions that increase the efficiency of 

the power sector. 

 

2.2 Methodology 

 

An hourly resolved model has been developed based on linear optimization of energy system 

parameters under given constraints with a bright perspective of RE power generation and 

demand. The main features of the model are its flexibility and expandability. The model is 
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composed of several power generation and storage technologies, respective installed capacities 

and different operation modes of these technologies, which are used to supply the electricity 

demand of power, water desalination and synthetic natural gas (SNG) generation sectors 

(Bogdanov and Breyer, 2015; Bogdanov and Breyer, 2016). The energy system model can be 

separated into market and regulatory models. Regulatory models only take the long-term energy 

system structure into account and short-term market mechanisms are not considered. This 

model has already been applied to several regions up to now (Bogdanov and Breyer, 2015; 

Bogdanov and Breyer, 2016; Gulagi et al. 2016; Gulagi et al. 2016; Barbosa et al. 2016), and a 

detailed description can be found in those studies. Further technical and financial assumptions 

can be found in the Supplementary Material in the appendix of this paper. 

 

2.2.1 Model summary 

 

A multi-node approach enables definition of a grid configuration in scenario assumptions for 

power transmission interconnections among the sub-regions. The main constraint for the 

optimization is the matching of the power generation and demand for every hour of the applied 

year. The computation time takes longer when the hourly resolution is used in the model. 

Nevertheless, it guarantees that for every hour of the year that the total generation of a sub-

region and electricity import cover the local electricity demand from all considered sectors and 

enables a precise system description including synergy effects of different system components 

for the system balance. The main target of the system optimization is the minimization of the 

total annual energy system cost, calculated as the sum of the annual costs of installed capacities 

of the different technologies, costs of energy generation and generation ramping. The system 

also includes distributed generation and self-consumption of residential, commercial and 

industrial electricity consumers (prosumers) by installing respective capacities of rooftop PV 

systems and batteries. For these prosumers the target function is minimal cost of consumed 

energy calculated as the sum of self-generation, annual cost and cost of electricity consumed 

from the grid, minus benefits from the selling of excess energy. The model flow diagram that 

contains all the considered input data, system models and model output data is presented in 

Figure 2. 
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Figure 2: Model flow diagram that is considered in this paper. 

 

2.2.2 Input data 

 

The model uses several types of input data and constraints which are listed below: 

- historical weather data for direct and diffuse solar irradiation, wind speed and 

precipitation amounts;  

- synthetic load data for every sub-region based on the available hourly load data at a 

national level. In addition, local data of each sub-region is also taken into consideration, 

such as population, temperature, gross domestic product and power plant structure; 

- synthetic geothermal energy potential; 

- non-energy natural gas consumption sector for every sub-region; 

- projected water desalination demand for every sub-region; 

- technical characteristics of energy generation, storage and transmission technologies, 

such as power yield, energy conversion efficiency, power losses in transmission lines 

and storage round trip efficiency; 

- technical characteristics of seawater reverse osmosis (SWRO) desalination; 

- capital expenditures, operational expenditures and ramping costs for all technologies; 

- electricity costs for residential, commercial and industrial consumers, 

- limits for minimum and maximum installed capacity for all energy technologies, 

- configuration of regions and interconnections. 
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The datasets for wind speed, solar irradiation components and precipitation are collected from 

NASA databases (Stackhouse and Whitlock, 2008; Stackhouse and Whitlock, 2009) and partly 

reprocessed by the German Aerospace Center (Stetter, 2012). The spatial resolution of the data 

is 0.45˚ × 0.45˚ grid of latitude and longitude (within 65°S and 65°N) in hourly resolution. The 

time resolution is hourly for wind speed and solar irradiation, and monthly for precipitation. 

IEA (2005) data are used to estimate natural gas consumption in the industrial sector for the 

year 2030 (gas demand for electricity generation, residential and transportation sectors are not 

considered in this study). Water demand is calculated based on water consumption projections 

and future water stress (Luck, Landis, Gassert, 2015). It is assumed that water stress greater 

than 50% shall be covered by seawater desalination. Water transportation costs are also taken 

into account, which is described in Caldera et al.  )2016( . Annual industrial gas demand and 

water demand are presented in the Supplementary Material (Table 11). 

  

Geothermal data are evaluated based on existing information on the surface heat flow rate 

(AAPG, 2015; IASPEI, 2015) and surface ambient temperature for the year 2005 globally. For 

areas where surface heat flow data are not available, the extrapolation of existing heat flow data 

was performed. Based on that, temperature levels and available heat of the middle depth point 

of each 1 km thick layer, between depths of 1 km and 10 km (Chamorro et al. 2014a; Chamorro 

et al. 2014b; Huenges, 2012) globally with 0.45˚ × 0.45˚ spatial resolution, are derived. The 

calculated geothermal potentials are presented in the Supplementary Material (Table 6). 

 

The potentials for biomass and waste resources are taken from German Biomass Research 

Center (German Biomass Research Centre, 2009) and for Lebanon are taken from the UNDP 

(UNDP, 2012). All biowaste is divided into three different components: solid waste, solid 

biomass and biogas. Solid wastes consists of municipal and industrial used wood; solid biomass 

includes straw, wood and coconut residues; biogas is comprised of excrement, municipal 

biowaste and bagasse. The costs for biomass are calculated using data from IEA (2012) 

and 0IPCC (2011). For solid fuels a 50 €/ton gate fee for the waste incineration is assumed. The 

results for regional biomass potentials and costs are provided in the Supplementary Material 

(Table 6 and 7, respectively). 

 

All the input data can be found in the Supplementary Material, in the appendix of this paper. 
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2.2.3 Applied technologies 

 

Four types of technologies are applied in the MENA energy system optimization, which consist 

of conversion of RE resources into electricity, energy storage, energy sector bridging and 

electricity transmission. The full model block diagram is shown in Figure 3. 

 

The technologies for converting RE resources into electricity that are used in this model are 

solar PV (distributed rooftop systems, ground-mounted and single-axis tracking plants), 

concentrating solar thermal power (CSP), onshore wind turbines, biomass plants (solid biomass 

and biogas), waste-to-energy power plants, hydropower (run-of-river and dam) and geothermal 

energy. 

  

In addition to the mentioned energy sources, the energy storage technologies used in this model 

are batteries, pumped hydro storage (PHS), thermal energy storage (TES), adiabatic compressed 

air energy storage (A-CAES) and power-to-gas (PtG) technology. PtG includes synthetic 

natural gas (SNG) synthesis technologies: water electrolysis, methanation, CO2 scrubbing from 

air, gas storage, and both combined and open cycle gas turbines (CCGT, OCGT). SNG 

synthesis process technologies have to be operated in synchronization because of hydrogen and 

CO2 storage absence. Additionally, there is a 48-hour biogas buffer storage and a part of the 

biogas can be upgraded to biomethane and injected into the gas storage. 

 

The energy sector bridging technologies provide more flexibility to the entire energy system, 

thus reducing the overall cost. One bridging technology available in the model is PtG 

technology for the case that the produced gas is consumed in the industrial sector and not as a 

storage option for the electricity sector. The second bridging technology is SWRO desalination, 

which couples the water sector to the electricity sector. 

The electricity transmission technologies are represented on two levels: power distribution and 

transmission within the sub-regions are assumed to be based on standard alternating current 

(AC) grids which are not part of the model and inter-regional transmission grids modeled by 

applying high voltage direct current (HVDC) technology. Power losses in the HVDC grids 

consist of two major components: length dependent electricity losses of the power lines and 

losses in the converter stations at the interconnection with the AC grid. 

An energy system mainly based on RE and in particular intermittent solar PV and wind energy 
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requires different types of flexibility for an overall balanced and cost optimized energy mix. 

The four major categories are generation management (e.g. hydro dams or biomass plants), 

demand side management (e.g. PtG, SWRO desalination), storage of energy at one location and 

energy shifted in time (e.g. batteries), and transmission grids connecting different locations and 

energy shifted in location (e.g. HVDC transmission). 

 

 
Figure 3: Block diagram of the energy system model for the MENA region. 

 

 

2.3 Scenario assumptions 

 

2.3.1 Regions subdivision and grid structure 

 

For the sake of comparison, the 19 MENA countries were clustered into 17 sub-regions, 

including Algeria, Egypt, Libya, Morocco, Tunisia, Bahrain & Qatar3, Iran, Iraq, Israel, Jordan 

& Palestine4, Kuwait, Lebanon, Oman, Saudi Arabia, Syria, United Arab Emirates and Yemen 

in the region-wide and the area-wide scenarios. Bahrain & Qatar, and Jordan & Palestine are 

merged according to their territory, population and demand. However, due to additional 

                                                 
3 Bahrain and Qatar are considered as one sub-region. From hereafter they will be called Bahrain & Qatar for the 

region-wide and area-wide scenarios. 
4 Jordan and Palestine (including West Bank and Gaza Strip) are considered as one sub-region. From hereafter 

they will be called Jordan & Palestine for the region-wide and area-wide scenarios. 
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electricity demand for water desalination and industrial gas, the countries are categorized into 

11 sub-regions in the integrated scenario to get more benefits of the final energy system. The 

more collaboration countries have, the more cost-effective energy systems they will achieve. 

The categorization is as follows: Algeria, Egypt, Morocco, Tunisia & Libya5, Iran, Iraq & 

Kuwait, Israel, Saudi Arabia, Syria & Jordan & Lebanon, UAE & Bahrain & Qatar and Yemen 

& Oman. The subdivision and grid configuration of the MENA region are presented in Figure 

4. 

 

 
Figure 4: The MENA sub-regions and interconnection between the countries for the region-wide and 

the country-wide scenarios (top) and for the integrated scenario (bottom). The yellow dots represent 

the consumption center of the countries and red lines show the HVDC transmission lines 

configuration. 

In this paper three scenarios for energy system development options are discussed:  

- region-wide energy systems, in which all the regions are independent (no HVDC grid 

interconnections) and the electricity demand has to be covered by the respective region’s 

own generation;  

- area-wide energy system, in which the regional-based energy systems are 

interconnected; 

- integrated scenario: area-wide energy system scenario with SWRO desalination and 

industrial gas demand. In this scenario, RE combined with PtG technology are used not 

                                                 
5 All the countries which are called by “&” in the integrated scenario are considered as a one sub-region.  
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only as electricity generation and storage options within the system, but also as energy 

sector bridging technologies to cover water desalination and industrial gas demand, 

increasing the flexibility of the system. 

  

2.3.2 Financial and technical assumptions 

 

The model optimization is carried out on an assumed cost basis and technological status for the 

year 2030 and the overnight building approach. The financial assumptions for capital 

expenditures (capex), operational expenditures (opex) and lifetimes of all components are 

provided in the Supplementary Material (in Table 1). References for the financial and technical 

assumptions can be found in Bogdanov and Breyer (2015; 2016). Weighted average cost of 

capital (WACC) is set to 7% for all scenarios, but for residential PV self-consumption WACC 

is set to 4%, due to lower financial return requirements. The technical assumptions concerning 

power to energy ratios for storage technologies, efficiency numbers for generation and storage 

technologies, and power losses in HVDC power lines and converters are provided in the 

Supplementary Material (Tables 2, 3 and 4, respectively). Electricity prices in residential, 

commercial and industrial sectors in most of the countries are taken from Gerlach et al. (2014) 

for the year 2015, except for Iran and Yemen, whose electricity prices are taken from local 

sources (Ministry of Energy of Iran, 2015; Ministry of electricity and energy of Yemen, 2015). 

Prices are provided in the Supplementary Material (in Table 5). The electricity price is on a 

country basis. However, for the sub-regions electricity prices are the weighted average of a sub-

region. Then, electricity prices are extrapolated in order to calculate electricity prices for the 

year 2030. The excess electricity generation, which cannot be self-consumed by the solar PV 

prosumers, is assumed to be fed into the grid for a transfer selling price of 2 €cents/kWh. 

Prosumers cannot sell to the grid more power than their own annual consumption. 

 

 

2.3.3 Feed-in for solar and wind energy 

 

The feed-in profiles for solar CSP, optimally tilted and single-axis tracking PV, and wind 

energy were calculated according to Bogdanov and Breyer (2015; 2016). The aggregated 

profiles of solar PV generation (optimally tilted and single-axis tracking), wind energy power 

generation and CSP solar field, normalized to maximum capacity averaged for the MENA 

region are presented in Figure 5. The computed average full load hours (FLH) for optimally 

tilted, single-axis tracking PV systems, wind power plants and CSP are provided in the 
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Supplementary Material (Table 8). 

 

 
Figure 5: Aggregated feed-in profiles for optimally tilted PV (top left), single-axis tracking PV (top 

right), CSP solar field (bottom left) and wind power plant (bottom right) in the MENA region. 

 

The feed-in values for hydropower are computed based on the historical weather data for 

precipitation for the year 2005 as a normalized sum of precipitation in the regions. Such an 

estimate leads to a good approximation of the annual generation of hydropower plants. 

 

2.3.4 Upper and lower limitations on installed capacities 

 

Lower limits are taken from Farfan and Breyer (2016) and upper limits are calculated according 

to Bogdanov and Breyer (2016). Lower limits on already installed capacities in the MENA sub-

regions are provided in the Supplementary Material (Table 9) and all upper limits of installable 

capacities in the MENA sub-regions are summarized in the Supplementary Material (Table 10). 

For all other technologies, upper limits are not specified. However, for solid biomass residues, 

biogas and waste-to-energy plants it is assumed, due to energy efficiency reasons, that the 

available and specified amount of the fuel is used during the year. 
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2.3.5 Load profile 

 

The demand profiles for sub-regions are computed as the total demand of regions based on 

synthetic load data. Figure 6 represents the area-aggregated demand of all sub-regions in the 

MENA region. Current electricity demand is collected from IEA (2015a) data and RCREEE 

(2012) data, and the electricity demand growth rate by the year 2030 is estimated using IEA 

(2014b) data. According to the IEA  )b2014( , the electricity demand is set to continue growing 

by 2.7% and 4% in the Middle East and North Africa by 2030, respectively. Solar PV self-

consumption prosumers have a significant impact on the residual load demand in the energy 

system as depicted in Figure 6 (right). The overall electricity demand and the peak load are 

reduced by 8.5% and 3.2%, respectively. 

 

 

Figure 6: Aggregated load curve (left) and system load curve with prosumers influence (right) for 

the year 2030 in the MENA region. 

 

2.4 Results 

 

For each scenario, a cost minimized electrical energy system configuration is derived for the 

given constraints and characterized by optimized installed capacities of RE electricity 

generation, storage and transmission for every technology used in the model, which in turn 

leads to hourly electricity generation, storage charging and discharging, import and export of 

electricity between countries, and curtailment. The average financial results of the different 

scenarios for the total energy system are presented in Table 1. The main financial parameters 

represent levelized cost of electricity (LCOE) (including PV self-consumption and the 

centralized system), levelized cost of electricity for primary generation (LCOE primary), 

levelized cost of curtailment (LCOC), levelized cost of storage (LCOS), levelized cost of 
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transmission (LCOT), total annualized cost, total capital expenditures, total RE capacity and 

total primary generation. 

  
Table 1: Key financial results for the three analyzed scenarios applied for the MENA region. 

 
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 61 34 2.2 25 0 108 1011 963 2107 

Area-wide 55 36 1.8 15 2.2 96 922 877 1999 

Integrated 

scenario 
37 32 1.5 2 1.4 375 3643 3440 8413 

 

From Table 1, it can be perceived that the integration benefit due to connection of different 

regions via HVDC transmission lines is significant in both electricity cost and annual 

expenditures. Electricity cost of the entire system in the area-wide open trade scenario declines 

by about 10% compared to the region-wide scenario. Grid utilization decreases the primary 

energy conversion capacities and generation by 9% in terms of installed capacities and by 5% 

in terms of generated electricity in reference to the region-wide scenario. Grid utilization leads 

to a noticeable reduction of storage utilization (Table 2), particularly A-CAES, whereas cost of 

transmission is relatively small in comparison to the decrease in primary generation and storage 

costs. Curtailment costs decrease consistently compared to storage costs in the case of broader 

grid utilization, leading to a reduction of about 18% in the area-wide scenario compared to the 

region-wide scenario. However, the impact of excess energy on total cost is rather low. The 

power line capacities for the electricity trade between the sub-regions for the area-wide open 

trade scenario is shown in the Supplementary Material (Figure 7 and Table 15). 

 

A further decrease in LCOE of 33% compared to the area-wide open trade scenario can be 

reached by the integration of water desalination and industrial gas sectors. This cost reduction 

is mainly explained by a reduction of storage cost by 87% since industrial gas and desalination 

sectors decrease the need for long-term storage utilization, giving additional flexibility to the 

system. An 11% decrease in primary electricity generation cost can be noticed as well and is 

explained by an increase in the flexibility of the system and the utilization of low-cost wind and 

solar electricity as can be seen in Table 2. For the case of biogas, a fraction of 48% of the biogas 

used in biogas power plants in the area wide-open trade scenario is re-allocated from the 

electricity sector to the industrial gas demand for efficiency reasons. 
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The LCOE components and the import/export share in region-wide, area-wide and integrated 

scenario are presented in the Supplementary Material (Table 12). The share of export is defined 

as the ratio of net exported electricity to the generated primary electricity of a sub-region and 

the share of import is defined as the ratio of imported electricity to the electricity demand. The 

area average is composed of sub-regions’ values weighted by the electricity demand. 

 

Concerning RE installed capacities, an increase of grid utilization leads to a decrease in total 

installed capacities of RE. To be more precise, for PV total the installed capacities decrease by 

25% from the region-wide to area-wide scenario while for wind energy the installed capacities 

increase by 17% from the region-wide to area-wide scenario. The reason for increasing the 

installed capacity of wind is that the LCOE for wind energy in some sub-regions is lower than 

solar PV. Therefore, the system prefers to install wind rather than PV single-axis tracking and 

exchange this electricity with neighboring regions. In addition, the wind resource is at a really 

excellent level in some parts of the MENA region. In the integrated scenario, installed capacities 

of PV and wind increase due to the additional demand of seawater desalination and industrial 

gas demand. The high share of solar PV can be examined by the fact that this is the least cost 

RE source in the region, followed by wind. It is noticeable to mention that a fast cost reduction 

of solar PV technology and battery storage is assumed in the next 15 years. The share of PV 

single-axis tracking and PV self-consumption of the total solar PV installed capacity for the 

area-wide scenario are 73% and 24%, respectively. The grid interconnection decreases the need 

of energy storage. Installed capacities of batteries, A-CAES, PtG and gas turbines decrease with 

interconnection of the regions as summarized in Table 2, whereas the share of PHS stays 

constant. 

  

Compared to all the available RE in the region, PV and wind seems to be more profitable 

technologies due to the availability of the resources. Theoretically, MENA could meet its 

projected power requirements through 2030 using solar PV alone. 

 

A division of regions into net importers and exporters can be observed for the area-wide 

scenario and the integrated scenario, which are presented in Figure 7, and where sub-regions 

with the best renewable resources are net exporters and the others are net importers. In the 

region-wide scenario, all the individual sub-regions or countries of the MENA region need to 
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match their own demand using their own RE. The regions can import or export electricity 

depending on their demand and generation. The differences between the demand and 

production are mainly due to import, export and storage losses. For the integrated scenario, the 

difference is due to the energy consumption for SNG production (Figure 8). The net importer 

regions in the MENA region are the UAE, Bahrain & Qatar, Kuwait, Israel, Morocco, Lebanon, 

Tunisia, Iraq and Syria. The net exporter regions are Saudi Arabia, Egypt, Iran and Libya. In 

comparing net importer and exporter regions, some regions have a balancing system of import 

and export, such as Algeria, Yemen, Oman and Jordan & Palestine. Due to a high electricity 

demand for additional desalination and SNG production, the integrated scenario tends to 

increase the electricity generation between the regions to fulfill the increased demand. Hourly 

resolved profiles for the net exporting region, Saudi Arabia, the net importing region, the UAE, 

and the balancing region, Jordan & Palestine, are presented in the Supplementary Material 

(Figure 1, 2 and 3, respectively). 

 
Table 2: Results on the installed RE technologies and storage capacities for the three scenarios. 

    
Region-wide 

scenario 

Area-wide 

scenario 

Integrated 

scenario 

PV self-consumption [GW] 85.1 85.1 87.0 

PV optimally tilted [GW] 26.2 11.4 1.3 

PV single-axis tracking [GW] 368.5 261.4 1666.4 

PV total [GW] 479.8 357.9 1754.7 

CSP [GW] 0.1 0.0 0.0 

Wind energy [GW] 333.9 391.9 1541.2 

Biomass power plants [GW] 7.6 7.5 5.5 

MSW incinerator [GW] 0.7 0.7 0.7 

Biogas power plants [GW] 22.3 21.4 11.2 

Geothermal power [GW] 5.9 6.1 4.9 

Hydro Run-of-River [GW] 0.21 0.21 0.2 

Hydro dams [GW] 31.5 31.5 31.5 

Battery PV self-

consumption 
[GWh] 69.5 69.5 61.0 

Battery System [GWh] 452.0 298.7 5.9 

Battery total [GWh] 521.5 368.2 66.9 

PHS [GWh] 1.6 1.6 1.6 

A-CAES [GWh] 2141.1 80.9 3.7 

Heat storage [GWh] 29.6 0.0 1.1 

PtG electrolyzers [GWel] 39.5 26.2 592.7 

CCGT [GW] 53.2 39.8 29.7 

OCGT [GW] 37.3 33.6 64.3 

Steam Turbine [GW] 0.4 0.0 0.1 

 

Figure 8 gives an overview of the installed capacities for RE generation and storage for all sub-

regions in the region-wide, area-wide and integrated scenarios. In the region-wide open trade 
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scenario for the sub-regions of Bahrain & Qatar, Israel, Kuwait, Lebanon, the UAE, Oman and 

Libya, solar PV capacities exceed 50% of all installed RE capacities despite the fact that FLH 

for wind are higher or comparable to PV FLH. In sub-regions with excellent wind conditions, 

wind energy is the next preferred technology with the lowest cost after solar PV. Saudi Arabia, 

Iran, Algeria, Morocco, Egypt and Libya have the highest share of wind in the region. 

 

 

 
Figure 7: Annual import and export of electricity diagrams for the area-wide (top) and the integrated 

scenario (bottom). 

 

The interconnection of the sub-regions via HVDC transmission lines decreases the installed 

capacities of PV by 25%, as shown in Figure 8 and Table 2, from the region-wide to the area-

wide scenario. In the case of the integrated scenario, installed capacities for PV and wind 

increase significantly by 390% and 293% compared to the area-wide scenario, respectively, due 
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to the higher demand for electricity and increased system flexibility. PV self-consumption plays 

a key role in the MENA region due to higher electricity prices. PV self-generation covers 89%, 

87% and 90% of residential, commercial and industrial prosumer demand, respectively. An 

overview of PV self-consumption is provided in the Supplementary Material (Table 13). 

 

The interconnected HVDC transmission grid, together with the RE generation and demand, 

significantly influence the requirement of total storage capacity, but also change with the need 

of different storage technologies for the energy system in the whole region. The throughputs of 

batteries, A-CAES and gas storage decrease by 27%, 96% and 25%, respectively, from the 

region-wide to the area-wide scenario. Therefore, A-CAES storage technology experienced the 

highest decline in comparison to other storage technologies while the need for PHS technology 

increased from 0.4 TWhel to 0.5 TWhel in the area-wide scenario. The installation of HVDC 

lines leads to a reduction of the storage technology utilization as the transmitted electricity is 

lower in cost in many cases than storage options. Installed capacities of batteries, PHS, A-

CAES, heat storage, PtG and gas turbines decrease due to the expansion of the grid. The storage 

discharge capacities, annual throughput of storage and full load cycles per year are provided in 

the Supplementary Material (Table 14). State of charge profile diagrams for the area-wide 

scenario for battery, PHS, gas storage and A-CAES is given in the Supplementary Material 

(Figure 5).  

 

Various electricity generation curves for the area-wide scenario are illustrated in the 

Supplementary Material (Figure 6). A full year divided into 8760 hours sorted according to the 

generation minus the load, which is shown by a black line. Electricity generation is more than 

demand for about 5000 hours of the year, which is used for charging storage. The reason for 

high electricity generation can be attributed to the inflexibility of energy sources, due to the 

high share of solar and wind energy and a higher solar irradiation and wind speed during these 

hours of the year in the MENA region. Consequently, other flexible electricity generation 

options such as hydro dams, biomass, biogas, geothermal energy and discharge of storage plants 

are required. As observed for the other hours of the year, the inflexible electricity generation 

options reduces significantly as the electricity demand decreases and there is a need for flexible 

electricity generation options, discharge of storage technologies and utilization of the grid. 

There is curtailment in about 1000 hours of the year, but for all the other hours the HVDC lines 

enable the export of the electricity from the best RE producing sub-regions to other sub-regions 



34 

 

of remaining demand or due to charging of storage. 

 

 
Figure 8: Installed capacities RE generation (left) and storage capacities (right) for region-wide (top), 

area-wide (center) and integrated (bottom) scenarios for the MENA regions. 

 

The grid utilization profile for the MENA region can be found in the Supplementary Material 

(Figure 7). It can be observed that the grid utilization is distributed between different hours of 

a day. However, it is mostly utilized in the morning and evening hours. This can be explained 

by seasonal variation in the region, where most trading of the electricity takes place. There are 

mainly two major climatic patterns in most of the countries; the first six months of the year and 

the second six months of the year. April-May is regarded as spring in some countries such as 
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Iran, Morocco and Israel, going into the summer which is June to September and winter starts 

in October-November and ends in March. In the winter months solar radiation decreases due to 

the overcast and cloudy conditions. In order to satisfy the morning and evening demand, 

transmission of electricity takes place between the regions. In hours of very good solar 

conditions, grid utilization is at its minimum. The capacities and utilization of the transmission 

lines between different regions is provided in the Supplementary Material (Table 15). 

 

The key findings of the energy system from generation to demand in the integrated scenario 

can be depicted by an energy flow diagram (Figure 9). The flow diagram is comprised of the 

primary RE resources, the energy storage technologies, HVDC transmission grids, total demand 

of each sector and system losses. The sector use of electricity for the integrated scenario consists 

of electricity, desalination and industrial gas demand. The usable heat generated and ultimate 

system losses can be explained as a difference between primary electricity generation and final 

electricity demand, which includes curtailed electricity, heat produced by biomass, biogas and 

waste-to-energy power plants, heat generated from electrolyzers for transforming power-to-

hydrogen, in methanation process transforming hydrogen-to-methane and methane-to-power in 

gas turbines. Efficiency losses lead to A-CAES, PHS, battery storage and HVDC transmission 

grid losses. The energy flow diagrams for the region-wide and area-wide scenario are presented 

in the Supplementary Material (Figure 8). 

 



36 

 

 
Figure 9: System energy flow for the integrated scenario. 

 

2.5 Discussion 

 

The electricity cost is decreased remarkably in the RE-based system due to the installation of a 

HVDC transmission grid. The reduction of electricity cost by connection of HVDC grid has 

been also observed in other studies carried out with the same criteria (Bogdanov and Breyer, 

2015; Bogdanov and Breyer, 2016; Gulagi et al. 2016; Gulagi et al. 2016; Barbosa et al. 2016). 

The total levelized cost of electricity in the region decreased from 61 €/MWh for the region-

wide open trade scenario to 55 €/MWh for the area-wide open trade scenario and to 37 €/MWh 

for the integrated scenario. By comparison with the region-wide scenario, it can be highlighted 

that regions such as Egypt, Tunisia and Saudi Arabia experienced the highest reduction of total 

LCOE in the area-wide scenario, by 13%, 12% and 11%, respectively. In contrast, the total 

LCOE rose in some regions such as Yemen, Iraq and Jordan & Palestine from region-wide to 

area-wide scenario. This can be justified on the basis that in these three regions the electricity 

cost is lower when they are independent. However, in most of the regions HVDC grid 

interconnection leads to a decrease the cost of electricity. 
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The total annualized cost of the system decreased from 108 b€ for the region-wide scenario to 

96 b€ for the area-wide scenario. The total capex requirements dropped substantially from 1011 

b€ for the region-wide open trade scenario to 922 b€ for the area-wide open trade scenario. 

However, the total annualized cost and the total capex increased drastically for the integrated 

scenario by 375 b€ and 3643 b€, respectively, to cover the excess electricity needed for the 

desalination and industrial gas sectors. Additional costs of the HVDC transmission grid in the 

area-wide open trade scenario are compensated by a significant decline in installed capacities 

of electricity generation and storage capacities, which is enabled by lower efficiency losses, 

decrease in costs of energy transmission compared to energy storage and access to low cost 

electricity generation in other regions. It is important to mention that the HVDC transmission 

grid may not cover the electricity supply in rural areas, since RE-based mini-grid applications 

based on PV systems, small wind power and micro-hydro plants might be a proper solution in 

addition to grid extension (Breyer et al. 2011; Breyer et al. 2012; Yadoo and Cruickshank, 2012; 

Sen and Bhattacharyya, 2014; Molyneaux, 2016). 

 

PV technologies followed by wind energy have the highest share of installed capacities for a 

100% RE energy mix in the region-wide and the integrated scenario. The reason is that these 

technologies have well distributed FLH all over the sub-regions and are the least cost RE 

technologies in most of the cases. In comparison, wind energy has the highest share of installed 

capacity in the area-wide open trade scenario, followed by PV. However, it is also noticeable 

to mention that an increase in the share of wind could be inverted again after 2030, since the 

learning curve of PV continues (Fraunhofer ISE, 2015), in particular in combination with 

batteries (Hoffmann, 2014; Nykvist and Nilsson, 2015). However, the learning curve of wind 

is not so steep, i.e. the share of PV is expected to grow year by year. Besides, the installation of 

distributed small-scale and centralized PV plants is already profitable in numerous countries 

across the world and PV electricity generation cost will tend to be further reduced in the coming 

years (Breyer and Gerlach, 2013). 

  

The integrated scenario, focusing on the integration to cover current natural gas demand in the 

industrial sector (the gas demand for heat generation and residential use are not considered in 

this study) by flexible generation of SNG and renewable water demand in the most water-

stressed area in the world by SWRO desalination. The availability of RE in the MENA region 

is sufficient to cover additional electricity demand to produce 2482.5 TWhth (254.1 bcm) of 
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SNG and 225.6 billion m3 of renewable water. Nonetheless, expected growth in electricity 

demand stimulates a rise in electricity cost due to inconvenient distribution and profiles of RE 

generation. Additional generation of electricity to cover 6161 TWhel for gas synthesis and 

SWRO desalination promotes a supplementary installation of RE generation capacities of 

1396.8 GW of PV and about 1149.3 GW of wind energy. Furthermore, former long-term gas 

storage increases by 178% in the integrated scenario. Gas storage is one of the least cost storage 

options and additional electricity for SNG demand can be stored in the form of gas storage. 

Next, there is a noticeable increase in electrolyzer units of about 566.5 GW and a significant 

reduction in CCGT capacities of about 10.1 GW. 

 

In addition, the system generates excess heat as a byproduct of different processes such as 

biogas and biomass CHP plants, waste-to-energy incinerators and gas turbines, as well as excess 

electrical energy which can be curtailed or converted to usable heat and stored in heat storage. 

The usable heat amount varies from 179 TWhth per year for the area-wide scenario up to 227 

TWhth for the region-wide scenario. The amount of usable heat in the integrated scenario is 966 

TWhth, which is noticeably larger than for the area-wide scenario because of higher losses in 

gas turbines, methanation and electrolysis. Totally, the estimation of the integration benefit for 

the electricity, industrial gas and water sectors is around 45 b€ of the annual system cost. An 

additional reduction can be seen in the electricity generation by 544 TWh and the curtailed 

electricity by 33 TWh. Further, the cost of renewable water seems to be quite affordable at 1.1 

€/m3 and the cost of electricity decreases by 33% to 37 €/MWh for the integrated scenario 

compared to the area-wide open trade scenario without sector integration. 

  

The findings for the MENA region 100% RE-based energy system clearly reveal that the 

potential of the region for RE generation, in particular for solar and wind energy, is quite high. 

By applying this system to the region, not only can the MENA region fulfill all the electricity 

demands in the region itself, but also can export the rest of the production to other continents. 

The results of a fairly low LCOE in all the considered scenarios for the year 2030 added to the 

already existing RE policies and low carbon development plans can boost the development of 

a renewable power system in the region in the coming years. Several studies have been already 

discussed about various alternatives to reduce the production of fossil fuels and to achieve a 

low carbon based energy system (Agora Energiewende, 2014; Tokimatsu et al. 2016). They 

have mostly addressed non-renewable options, such as nuclear energy, natural gas and coal 
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carbon capture and storage (CCS). However, the LCOE of the alternatives are rather high 

compared to our findings, which are listed as follows (Agora Energiewende, 2014): 112 €/MWh 

for new nuclear (assumed for 2023 in the UK and Czech Republic), 112 €/MWh for gas CCS 

(assumed for 2019 in the UK) and 126 €/MWh for coal CCS (assumed for 2019 in the UK). 

Moreover, a report published by the European Commission (European Commission, 2014) 

concludes that CCS technology is not likely to be commercially available before the year 2030. 

The findings for Europe are assumed to be also valid for the MENA region in the mid-term. In 

addition, several studies for 100% RE by 2050, such as from WWF (2011) and Greenpeace 

(Teske et al. 2015) state that nuclear fission produced dangerous waste that remains extremely 

toxic for many years and it cannot be stored safely anywhere in the world. Consequently, these 

studies have assumed a phase-out of nuclear energy due to sustainability reasons. Dittmar 

(2012) also points out that the financial and human research and development resources spent 

for nuclear fusion cannot solve the energy problems in the world and even worse these resources 

are not available for research of pathways towards a low cost energy future. 

 

The 100% renewable resource-based energy system options for the MENA region demonstrated 

and described in this paper seem to be substantially cost-effective (about 67 - 71% lower cost) 

than the other alternatives, by comparison of the integrated scenario with nuclear energy and 

CCS technology, which have still further drawbacks. These include nuclear melt-down risk, 

nuclear terrorism risk, unsolved nuclear waste disposal, remaining CO2 emissions of power 

plants with CCS technology, a diminishing conventional energy resource base and high health 

cost due to heavy metal emissions of coal fired power plants. 

  

2.6 Conclusion 

 

Existing RE technologies can generate sufficient energy not only to cover all electricity demand 

in the MENA region for the year 2030 on a cost level of 55 - 61 €/MWhel, but also to export the 

additional energy to other continents. In addition, the electricity demand, gas demand and clean 

water demand can be covered by electricity generation based on RE sources as well using PtG 

and SWRO desalination technology, providing the region with 100% renewable synthetic 

natural gas and clean water supply. However, the synthetic natural gas price in 2030 is 

significantly higher than today and government regulation and subsidies are still needed to 

ensure the financial viability of this synthetic fuel. More detailed analyses have to be carried 

out to balance this with today’s direct and indirect subsidies to draw a more solid conclusion. 
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Extreme dependency on fossil fuel resources to generate electricity and rather low prices of 

these resources lead to a low share of RE in the region today. However, there is no doubt that 

non-renewable resources cause harmful effects on the environment and also will run out in the 

mid-term future. In order to cut the dependency of the MENA region power sector on fossil 

fuels, different shares of variable RE technologies are taken into consideration for a 100% RE-

based power system for the region. The need to eliminate this dependency has been an urgent 

issue for many countries throughout the region for the last few years. In the cost minimized 

design of the energy mix presented in this study, solar PV dominates the energy system in the 

electricity sector (in terms of TWh of electricity production) in most sub-regions of the MENA 

region, followed by wind energy. For all the studied scenarios solar PV technology emerged as 

the main energy supply (in terms of GW of installed capacities) in most of the sub-regions; 

however, for the area-wide open trade scenario the role of PV decreases in sub-regions where 

wind sites are the least cost technology. It is also noticeable to mention that an increase in the 

share of wind could be inverted again after 2030, since the learning curve of PV continues, in 

particular in combination with batteries. However, the learning curve of wind is not so steep, 

i.e. the share of PV way grow year by year. 

 

Heat generated as a byproduct of electricity, synthetic natural gas generation and curtailed 

electricity conversion can cover up to 966 TWhth of heat demand. The HVDC transmission grid 

plays a significant role within the renewable resource-based energy system since the established 

Super Grid enables a significant cost decrease, a cut-off of storage utilization, and a significant 

reduction of primary generation capacities. Simultaneously, PV self-consumption promotes a 

moderate increase of total electricity costs of 0.7% (region-wide) and 3.3% (area-wide), 

because consumers tend to utilize solar energy at a higher cost level and the electricity excess 

from prosumer generation provokes additional disturbances in the system. 

 

For the integrated scenario it was found that industrial SNG generation displaces SNG storage 

as seasonal storage for the electricity sector. Instead of gas turbine utilization in the case of an 

energy deficit, the system curtails the SNG generation in that system set-up as a major source 

of flexibility to the system. 

 

More research is needed for a better understanding of a fully integrated RE system in the MENA 
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region. However, this research work clearly indicates that a 100% renewable resources-based 

energy system is a real policy and low cost option. 
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2.8 Supplementary Material 

 
Table 1: Financial assumptions for energy system components. 

Technology 
Capex 

[€/kW] 

Opex fix 

[€/(kW∙a)] 

Opex var  

[€/kWh] 

Lifetime  

[a] 

PV optimally tilted 550 8 0 35 

PV single-axis tracking 620 9 0 35 

PV rooftop 813 12 0 35 

Wind onshore 1000 20 0 25 

CSP (solar field) 528 11 0 25 

Hydro run-of-river 2560 115.2 0.005 60 

Hydro dam 1650 66 0.003 60 

Geothermal energy 4860 87 0 30 

Water electrolysis 380 13 0.0012 30 

Methanation 234 5 0.0015 30 

CO2 scrubbing 356 14 0.0013 30 

CCGT 775 19.4 0.001 30 

OCGT 475 14.25 0.001 30 

Steam turbine 600 12 0 30 

Hot heat burner 100 2 0 30 

Heating rod 20 0.4 0.001 30 

Biomass CHP 2500 175 0.001 30 

Biogas CHP 370 14.8 0.001 30 

Waste incinerator 5240 235.8 0.007 20 

Biogas digester 680 27.2 0 20 

Biogas upgrade 250 20 0 20 

  

Capex  

[€/kWh] 

Opex fix  

[€/(kWh∙a)]6 

Opex var  

[€/kWh] 

Lifetime 

 [a] 

Battery 150 10 0.0002 10 

PHS 70 11 0.0002 50 

A-CAES 31 0.4 0.0012 40 

TES 24 2 0 20 

Gas storage 0.05 0.001 0 50 

 
Capex 

[€/(kWNTC*km)] 

Opex fix  

[€/(kWNTC∙km∙a)] 

Opex var  

[€/kWhNTC] 

Lifetime 

[a] 

HVDC line on ground 0.612 0.0075 0 50 

HVDC line submarine 0.992 0.0010 0 50 

  
Capex  

[€/kWNTC] 

Opex fix  

[€/(kWNTC∙a] 

Opex var  

[€/kWhNTC] 

Lifetime 

[a] 

HVDC converter pair 180 1.8 0 50 

 
Capex 

[€/(m3∙a)] 

Opex fix  

[€/(m3 a)] 

Opex var  

[€/m3] 

Lifetime 

[a] 

Water desalination 2.23 0.09 0 30 

 
Capex 

[€/(m3∙h∙km)] 

Opex fix  

[€/(m3∙h∙km∙a)] 

Opex var  

[€/m3∙h∙km] 

Lifetime 

[a] 

Horizontal pumping and pipes 19.3 0.39 0 30 

Vertical pumping and pipes 15.5 0.31 0 30 

 
Table 2: Efficiencies and energy to power ratio of storage technologies. 

Technology Efficiency [%] Energy/Power Ratio [h] Self-Discharge [%/h] 

Battery 90 6 0 

PHS 85 8 0 

A-CAES 70 100 0.001 

TES 90 8 0.002 

Gas storage 100 80*24 0 

                                                 
6 The opex for storage technologies assumed in this study is related to output energy. 
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Table 3: Efficiency assumptions for energy system components for the year 2030 reference years. 

  ηel [%] ηth [%] 

CSP (solar field)  51 

Steam turbine 42  

Hot heat burner  95 

Heating rod  99 

Water electrolysis  84 

Methanation  77 

CO2 scrubbing  78 

CCGT 58  

OCGT 43  

Geothermal 24  

Biomass CHP 40 45 

Biogas CHP 42 43 

Waste incinerator 34  

Biogas upgrade  98 

 

Table 4: Efficiency assumptions for HVDC transmission. 

  Power losses 

HVDC line 1.6 % / 1000 km 

HVDC converter pair 1.4% 

 

Table 5: Regional end-user grid electricity costs for the year 2030. 

Region 

Electricity costs [€/MWh] 

Residential Commercial Industrial 

Total area (weighted average)
7
 60 75 63 

Algeria 102 106 108 

Bahrain & Qatar 54 49 45 

Egypt 42 62 83 

Iran 28 102 41 

Iraq 27 27 27 

Israel 199 169 131 

Jordan & Palestine 202 193 181 

Kuwait 33 33 35 

Lebanon 175 118 48 

Libya 25 33 39 

Morocco 194 191 185 

Oman 18 20 23 

Saudi Arabia 31 31 31 

Syria 169 135 87 

Tunisia 162 155 148 

United Arab Emirates (UAE) 79 79 79 

Yemen 85 135 87 

 

 

 

 

 

 

                                                 
7 Electricity prices, except for Iran and Yemen which were taken from local sources (see the main paper for more detail), are 

assumed to increase in the same manner as in the last years by 5%, 3% and 1% per year for electricity price levels of 0 – 0.15 

€/kWh, 0.15 – 0.30 €/kWh and more than 0.30 €/kWh, respectively. The total electricity prices per market segment are 

reduced by 15% for the fixed price fraction since PV LCOE has to be competitive with the variable fraction of the electricity 

prices. 
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Table 6: Regional biomass potentials and geothermal energy potentials. 

Region 
Biomass potential [TWhth/a] 

 

     Geothermal 

Potential 

Solid waste Solid biomass Biogas sources [TWhth/a] 

Total area 17.3 114.5 0.0 165.0 

Algeria 0.6 4.9 0.0 5.2 

Bahrain & Qatar 0.2 0.0 0.0 0.0 

Egypt 1.5 40.7 0.0 3.6 

Iran 4.8 32.8 0.0 15.6 

Iraq 2.1 9.4 0.0 46.5 

Israel 0.6 0.5 0.0 1.6 

Jordan & Palestine 0.4 0.1 0.0 16.1 

Kuwait 0.2 0.1 0.0 11.3 

Lebanon 0.2 2 0.0 0.0 

Libya 0.1 0.3 0.0 0.0 

Morocco 0.6 8.4 0.0 0.0 

Oman 0.2 0.2 0.0 0.0 

Saudi Arabia 1.9 4.1 0.0 57.5 

Syria 1.6 7.2 0.0 1.9 

Tunisia 0.2 2.5 0.0 5.7 

United Arab Emirates (UAE) 0.3 0.0 0.0 0.0 

Yemen 1.7 1.4 0.0 0.0 

 

Table 7: Regional biomass costs. 

Region 
Biomass costs [€/MWhth] 

Solid waste Solid biomass Biogas sources 

Total area (weighted average) -10.2 5.0 0.7 

Algeria -10.2 5.3 0.0 

Bahrain & Qatar -10.2 5.3 0.0 

Egypt -10.2 5.3 5.2 

Iran -10.2 5.3 3.0 

Iraq -10.2 5.3 3.0 

Israel -10.1 5.3 0.0 

Jordan & Palestine -10.2 5.3 0.0 

Kuwait -10.2 5.3 0.0 

Lebanon -10.2 5.3 0.0 

Libya -10.2 5.3 0.0 

Morocco -10.2 5.3 1.1 

Oman -10.2 5.3 0.0 

Saudi Arabia -10.2 5.3 0.0 

Syria -10.2 5.3 0.0 

Tunisia -10.2 5.3 0.0 

United Arab Emirates (UAE) -10.2 0 0.0 

Yemen -10.2 5.3 0.0 
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Table 8: Average full load hours (FLH) and LCOE for single-axis tracking PV, optimally tilted PV, 

solar CSP and wind power plants in the MENA region by 2030. 

Region  
Pop. 

[mio. Pop] 

Electr. 

demand 

[TWh] 

PV-

single-

axis 

FLH 

PV 

optimally 

tilted 

FLH 

CSP 

FLH 

Wind 

FLH 

PV single-

axis 

LCOE 

[€/MWh] 

PV 

optimally 

tilted 

LCOE 

[€/MWh] 

CSP 

LCOE 

[€/MWh] 

Wind 

LCOE 

[€/MWh] 

Total area  500 1756 2297 1767 2201 2633 25 29 53 42 

Algeria  48 84 2304 1773 2184 3091 25 28 54 34 

Bahrain & Qatar  4 86 2215 1714 2037 2544 26 29 58 42 

Egypt  117 227 2447 1866 2442 2970 23 27 48 36 

Iran  89 326 2297 1789 2197 2955 25 28 53 36 

Iraq  54 78 2143 1691 2056 2851 27 30 57 37 

Israel  10 84 2236 1747 2121 1427 25 29 55 74 

Jordan & Palestine  16 23 2347 1796 2271 2802 24 28 52 38 

Kuwait  5 75 2185 1659 2143 3077 26 30 55 34 

Lebanon  5 22 2143 1671 2011 1575 27 30 58 67 

Libya  7 58 2397 1851 2326 3002 24 27 50 35 

Morocco  40 58 2344 1790 2305 2883 24 28 51 37 

Oman  5 34 2463 1846 2348 2647 23 27 50 40 

Saudi Arabia  39 389 2443 1830 2382 2729 23 28 49 39 

Syria  29 37 2137 1688 2014 2887 27 30 58 37 

Tunisia  13 29 2072 1677 1886 2792 27 30 62 38 

United Arab 

Emirates (UAE) 

 
11 140 2320 1774 2248 1977 25 28 52 54 

Yemen  36 7 2553 1883 2456 2556 22 27 48 41 

 

Table 9: Lower limits of installed capacities in the MENA sub-regions. 

Region 

 Installed capacity [MW] 

Solar PV Wind Hydro dams Hydro RoR
8
 PHS

9
 

Total area 1343.7 1686.2 20981.3 266.4 813.6 

Algeria 79.2 10.2 247.0 0.0 0.0 

Bahrain & Qatar 41.5 0.0 0.0 0.0 0.0 

Egypt 26.6 550.25 2800.0 0.0 0.0 

Iran 58.3 120.0 13996.9 142.3 0.0 

Iraq 7.2 0.0 2064.0 62.0 250.0 

Israel 709.5 6.0 0.0 0.0 0.0 

Jordan & Palestine 32.2 1.5 5.0 0.0 6.0 

Kuwait 15.7 0.0 0.0 0.0 0.0 

Lebanon 4.1 60.0 207.9 62.2 0.0 

Libya 4.2 0.0 0.0 0.0 0.0 

Morocco 57.4 694.5 940.7 0.0 557.6 

Oman 5.9 0.0 0.0 0.0 0.0 

Saudi Arabia 82.7 0.0 0.0 0.0 0.0 

Syria 2 0.6 719.8 0.0 0.0 

Tunisia 28.3 242.4 0.0 0.0 0.0 

United Arab Emirates (UAE) 182.2 0.9 0.0 0.0 0.0 

Yemen 6.6 0.0 0.0 0.0 0.0 

                                                 
8 RoR = Run-of-River 
9 PHS = Pumped Hydroelectric Storage 
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Table 10: Upper limits on installable capacities in the MENA region in units of GWth for CSP and 

GWel for all other technologies. 

Region 

     area Limits [GW] 

[1000 km2] 
Solar 

CSP 

Solar 

PV 
Wind 

Hydro 

RoR 
Hydro dams PHS 

Total area 11067 101270 50635 3781 0.2 31.5 2 

Algeria 2382 21436 10718 800 0 0.4 0 

Bahrain & Qatar 12 111 56 4 0 0 0 

Egypt 1001 9013 4507 336 0 4.2 0 

Iran 1648 14834 7417 554 0.2 21.0 0 

Iraq 438 3945 1972 147 0 3.1 1 

Israel 21 187 93 7 0 0.0 0 

Jordan & Palestine 96 860 430 32 0 0.0 0 

Kuwait 18 160 80 6 0 0.0 0 

Lebanon 10 94 47 3 0 0.3 0 

Libya 1760 15836 7918 591 0 0.0 0 

Morocco 447 4019 2009 150 0 1.4 1 

Oman 310 2786 1393 104 0 0.0 0 

Saudi Arabia 2150 19347 9674 722 0 0.0 0 

Syria 185 1667 833 62 0 1.1 0 

Tunisia 164 1472 736 55 0 0.0 0 

United Arab Emirates (UAE) 84 752 376 28 0 0.0 0 

Yemen 528 4752 2376 177 0 0.0 0 

 

Table 11: Annual industrial gas demand and water demand for the year 2030. 

 Annual gas demand 

Annual electricity 

demand for gas 

synthesis 

Annual water 

desalination 

demand 

Annual electricity 

demand for water 

desalination 

 [Mtoe] [TWhth] [TWhel] [Mil. m3] [TWhel] 

Total 213.5 2482.5 4711.9 225634.2 1391.5 

Algeria 9.0 105.1 197.1 1310.1 6.1 

Egypt 20.1 233.5 437.1 8682.8 36.9 

Iran 61.8 718.7 1365.6 89418.7 708.6 

Iraq & Kuwait 6.3 73.5 136.9 71732.7 333.9 

Israel 0.7 7.7 14.1 948.0 5.5 

Morocco 0.1 1.0 1.0 2663.3 15.3 

Saudi Arabia 42.1 489.7 933.9 28648.4 162.6 

Syria & Jordan & Lebanon 1.2 14.1 24.7 14816.3 80.3 

Tunisia & Libya 1.5 17.0 30.7 3552.0 12.7 

United Arab Emirates (UAE) 

& Bahrain & Qatar 
54.5 634.0 1211.8 1053.0 3.4 

Yemen & Oman 16.2 188.2 358.9 2808.7 26.2 
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Table 12: Total LCOE components in all sub-regions of the MENA region. 

Region-wide 
LCOE primary LCOC LCOS LCOT LCOE total   

[€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh]   

Area average 36.8 2.3 24.4 0.0 63.5  

Algeria 35.2 2.5 20.8 0.0 58.5  

Bahrain & Qatar 28.9 2.4 49.4 0.0 80.7  

Egypt 37.2 2.2 16.9 0.0 56.3  

Iran 41.7 2.4 13.0 0.0 57.1  

Iraq 44.1 1.4 14.0 0.0 59.5  

Israel 32.9 2.4 53.2 0.0 88.5  

Jordan & Palestine 36.4 1.8 29.0 0.0 67.2  

Kuwait 31.2 2.0 42.6 0.0 75.8  

Lebanon 38.0 2.0 39.6 0.0 79.6  

Libya 32.7 2.0 23.1 0.0 57.8  

Morocco 39.6 3.2 24.0 0.0 66.8  

Oman 31.9 1.8 33.2 0.0 66.9  

Saudi Arabia 35.8 2.2 18.5 0.0 56.5  

Syria 40.1 3.0 25.4 0.0 68.5  

Tunisia 38.4 2.6 32.2 0.0 73.2  

United Arab Emirates 

(UAE) 
34.5 2.9 38.9 0.0 76.3  

Yemen 40.3 1.0 13.7 0.0 55.0  

Area-wide 
LCOE primary LCOC LCOS LCOT LCOE total 

export (-)/ 

import (+) 

[€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [%]  

Area average 38.0 1.9 15.0 2.2 57.1 12.6 

Algeria 35.0 1.9 15.2 1.8 53.9 -1.6 

Bahrain & Qatar 28.8 1.0 42.8 4.1 76.7 27.3 

Egypt 38.9 1.5 6.6 1.9 48.9 -6.0 

Iran 43.8 2.1 4.9 1.4 52.2 -2.1 

Iraq 45.6 0.9 14.8 2.1 63.4 7.4 

Israel 28.1 0.8 47.5 3.6 80.0 19.4 

Jordan & Palestine 36.9 1.6 27.2 2.8 68.5 -9.7 

Kuwait 31.2 1.2 34.8 4.4 71.6 29.9 

Lebanon 40.9 1.0 27.2 3.3 72.4 21.5 

Libya 34.3 1.5 14.9 2.5 53.2 -10.7 

Morocco 40.3 1.8 20.2 1.8 64.1 6.5 

Oman 33.4 1.4 29.0 2.6 66.4 -2.3 

Saudi Arabia 38.1 2.8 7.3 2.0 50.2 -15.4 

Syria 41.8 1.3 15.8 2.7 61.6 5.8 

Tunisia 40.1 1.3 19.8 3.1 64.3 10.6 

United Arab Emirates 

(UAE) 
30.9 0.9 38.9 3.2 73.9 20.6 

Yemen 40.0 1.6 18.7 2.2 62.5 -0.5 

Integrated scenario 
LCOE primary LCOC LCOS LCOT LCOE total 

export (-)/ 

import (+) 

[€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [%]  

Area average 32.2 1.5 1.9 1.4 37.0 10.5 

Algeria 32.5 1.3 1.5 0.8 36.2 5.4 

Egypt 32.6 1.8 1.1 1.0 36.4 -11.7 

Iran 32.9 1.8 2.4 0.4 37.5 -4.2 

Iraq & Kuwait 37.2 1.8 6.3 3.4 48.7 28.6 

Israel 29.0 4.4 41.8 23.4 98.6 74.5 

Morocco 37.9 2.0 12.9 1.6 54.5 3.9 

Saudi Arabia 34.1 1.6 0.1 1.6 37.4 -23.0 

Syria & Jordan & 

Lebanon 
37.2 2.1 7.7 2.0 49.0 -6.1 

Tunisia & Libya 35.0 1.6 4.3 1.5 42.3 -13.3 

United Arab Emirates 

(UAE) & Bahrain & 

Qatar 

24.8 0.4 0.2 2.8 28.2 29.9 

Yemen & Oman 26.5 0.9 0.1 0.2 27.7 -0.5 
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Table 13: Prosumer electricity costs, installed capacities and electricity utilization in the MENA 

region. 

Prosumers parameters  Residential Commercial Industrial 

Electricity price  [€/kWh] 0.062 0.076 0.064 

PV LCOE  [€/kWh] 0.025 0.033 0.033 

Self-consumption PV LCOE  [€/kWh] 0.028 0.038 0.037 

Self-consumption PV and Battery LCOE  

[€/kWh] 0.042 0.059 0.051 

Self-consumption LCOE  [€/kWh] 0.042 0.059 0.051 

Benefit  [€/kWh] 0.021 0.017 0.013 

Installed capacities Residential Commercial Industrial 

PV [GW] 46.5 15.8 22.8 

Battery storage [GWh] 36.1 16.8 16.5 

Generation Residential Commercial Industrial 

PV [TWh] 82.5 28.0 40.7 

Battery storage [TWh] 11.4 5.3 5.2 

Excess [TWh] 7.8 3.0 3.6 

Utilization Residential Commercial Industrial 

Self-consumption of generated PV 

electricity  [%] 89.0 87.0 89.8 

Self-coverage market segment [%] 8.5 6.0 7.6 

Self-coverage operators [%] 42.3 29.9 38.0 

 

Table 14: Overview on storage capacities, throughput and full cycles per year for the four scenarios in 

the MENA region. 

   Region-wide Area-wide Integrated 

  Battery SC [GWhel] 69.5 69.5 61.0 

Storage capacities 

Battery system [GWhel] 452.0 298.7 5.9 

PHS [GWhel] 1.6 1.6 1.6 

A-CAES [GWhel] 2141.1 80.9 3.7 

Gas [GWhth] 97,368 106,571 295,764 

 Battery SC [TWhel] 21.9 21.9 19.3 

Throughput of storage 

Battery system [TWhel] 147.8 101.2 1.7 

PHS [TWhel] 0.4 0.5 0.4 

A-CAES [TWhel] 54.8 2.1 0.1 

Gas [TWhth] 164.4 123.5 68.6 

  Battery SC [-] 314.7 314.7 315.8 

Full cycles per year 

Battery system [-] 327.1 338.9 287.4 

PHS [-] 265.8 294.0 231.4 

A-CAES [-] 25.6 26.2 22.6 

Gas [-] 1.7 1.2 0.2 
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Table 15: Electricity transmission line parameters for the area-wide scenario for the MENA region. 

Region 1 Region 2 Length 

[km] 

Capacity  

[GW] 

Utilization  

[%] 

Algeria Tunisia 379.5 3.2 59 

Bahrain & Qatar Iran 690.2 0.9 55 

Egypt Israel 255.2 4.9 62 

Egypt Saudi Arabia 1049.6 7.3 63 

Iraq Iran 412.5 2.2 63 

Iraq Kuwait 342.1 1.2 58 

Israel Jordan & Palestine 66 1.5 46 

Israel Lebanon 126.5 0.6 62 

Israel Syria 137.5 1.2 55 

Jordan & Palestine Saudi Arabia 794.2 1.3 65 

Jordan & Palestine Syria 104.5 1.1 53 

Kuwait Iran 498.9 5.5 62 

Lebanon Syria 50.6 0.7 59 

Libya Egypt 1074.7 4.6 62 

Morocco Algeria 618.2 1.8 64 

Saudi Arabia Bahrain & Qatar 298.1 4.7 65 

Saudi Arabia Kuwait 312.4 8.5 50 

Saudi Arabia 
United Arab Emirates 

(UAE) 
489.5 6.5 63 

Syria Iraq 401.5 3.8 53 

Tunisia Libya 843.9 1.5 63 

United Arab Emirates 

(UAE) 
Iran 226.6 2.0 55 

United Arab Emirates 

(UAE) 
Oman 641.3 0.3 67 

Yemen Saudi Arabia 447.7 1.3 58 
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Figure 1: Hourly generation profile for a net exporter region, Saudi Arabia. 

 

 

Figure 2: Hourly generation profile for a net importer region, United Arab Emirates (UAE). 

 

 

Figure 3: Hourly generation profile for Jordan & State of Palestine, example for a balancing region. 
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Figure 4: Hourly generation profile for Bahrain and Qatar, example for a net importer region. 

 

 
Figure 5: Aggregated yearly state-of-charge for storage in area-wide open trade scenario, battery (top 

left), PHS (top right), gas storage (bottom left) and A-CAES (bottom right). 
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Figure 6: Electricity generation curves for a whole year for area-wide open trade scenario. 

 

 
Figure 7: Profile for interregional electricity trade between regions for area-wide open trade scenario 

for the MENA region. 
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Figure 8: Energy flow of the system for the region-wide open trade scenario (top) and the area-wide 

open trade scenario (bottom) in 2030. 
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ABSTRACT: Renewable energy (RE) has been already viewed as a minor contributor in the final energy mix of 

North America due to cost and intermittency constraints. However, recent dramatic cost reductions and new 

initiatives using RE, particularly solar PV and wind energy, as a main energy source for the future energy mix of 

the world pave the way for enabling this source of energy to become cost competitive and beneficial in comparison 

to fossil fuels. Other alternatives such as nuclear energy and coal-fired power plants with carbon capture and 

storage (CCS) cannot play an important role in the future of energy system, mainly due to safety and economic 

constraints for these technologies. Phasing out nuclear and fossil fuels is still under discussion, however the ‘net 

zero’ greenhouse gas emissions agreed at COP21 in Paris clearly guides the pathway towards sustainability. 

Consequently, RE would be the only trustable energy source towards a clean and sustainable world. In this study, 

an hourly resolved model has been developed based on linear optimization of energy system parameters under 

given constraints with a bright perspective of RE power generation and demand for North America. The 

geographical, technical and economic potential of different types of RE resources in North America, including 

wind energy, solar PV, hydro, geothermal and biomass energy sources enable the option to build a Super Grid 

connection between different North American regions’ energy resources to achieve synergy effects and make a 

100% RE supply possible. The North American region, including the US, Canada and Mexico in this paper, is 

divided into 20 sub-regions based on their population, demand, area and electricity grid structure. These sub-

regions are interconnected by high voltage direct current (HVDC) power lines. The main objective of this paper is 

to assume a 100% RE-based system for North America in 2030 and to evaluate its results from different 

perspectives. Four scenarios have been evaluated according to different HVDC transmission grid development 

levels, including a region-wide, country-wide, area-wide and integrated scenario. The levelized cost of electricity 

(LCOE) is found to be 63 €/MWhel in a decentralized scenario. However, it is observed that this amount decreases 

to 53 €/MWhel in a more centralized HVDC grid connected scenario. In the integrated scenario, which consists of 

industrial gas production and reverse osmosis water desalination demand, integration of new sectors provides the 

system with required flexibility and increases the efficiency of the usage of storage technologies. Therefore, the 

LCOE declines to 42 €/MWhel and the total electricity generation is decreased by around 6.6% in the energy system 

compared to the non-integrated sectors due to higher system efficiency enabled by more flexibility. The results 

clearly show that a 100% RE-based system is feasible and a real policy option. 
 

Keywords: 100% renewable energy, North America, energy system optimization, grid integration, solar PV, 

wind energy, storage.

 

3.1 Introduction 

 

Over the past few decades, the global population has increased and living standards have 

advanced dramatically in many parts of the world. Consequently, the demand for energy is 

increasing, particularly in Organization for Economic Cooperation and Development (OECD) 

countries mainly because of their lifestyles and high economic development. In fact, the US 

consist of less than 5% of the world’s population (United Nations, 2015) and yet consume as 

much as 25% of total primary energy demand (IEA, 2015a). As the world’s population 

                                                 
10 Published at 32nd European PV Solar Energy Conference (EU PVSEC), Munich, June 20-24. 

Available at: Click here 

https://www.researchgate.net/publication/304245894_100_Renewable_Energy_in_North_America_and_the_Role_of_Solar_Photovoltaics
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continues to grow, the current situation in energy supply and demand, climate change impacts 

and depletion of fossil resources will continue to worsen if these issues are not addressed. 

Phasing out nuclear and fossil fuels is still under discussion, however the ‘net zero’ greenhouse 

gas emissions target around mid-21st century agreed at COP21 in Paris clearly guides the 

pathway towards sustainability (UNFCCC, 2015). 

 

The geographical, technical and economic potential of different types of renewable energy (RE) 

resources in North America11, including solar photovoltaic (PV), wind energy, hydro power, 

geothermal, waste-to-energy and biomass energy resources enable a successful project of 

building a Super Grid connection between different North American regions’ energy resources 

to achieve synergy effects and make a 100% RE supply possible (MacDonald et al. 2016; 

Jacobson et al. 2015a; Jacobson et al. 2015b; Fthenakis et al. 2009). As the cost of RE resources 

begins to match conventional technologies, transition to such variable RE sources has become 

more realistic. North America has experienced significant solar photovoltaics (PV) and wind 

market growth since the past few years (REN21, 2016). US is the main leader of solar potential 

in North America with total installed capacity of around 25.99 GW by the end of 2015 (Werner 

et al. 2016), also driven by the fact that solar PV is in more and more states the least cost power 

source (Makyhoun et al. 2015). At the end of 2015, the PV market had surpassed the limit of 

28 GW installed capacity in North America (Werner et al. 2016; Farfan and Breyer, 2016; 

Makyhoun et al. 2015). 

 

In the coming years, it is expected that the cost of solar PV and wind energy will further 

decrease, while the installed capacity will grow significantly. However, reduction of cost and 

increase the installed capacity mainly depends on the defined target and goal. International 

Energy Agency (IEA) anticipated in its World Energy Outlook report (IEA, 2015b) that the 

installed capacity of PV in North America will arise to around 100 GW by 2030. In the New 

Policies Scenario, solar PV is expected to be a key low-carbon technology in many regions of 

the world, exceeding 1000 GW of installed capacity globally by 2040. This is one of the most 

conservative projections (Breyer et al. 2016) While Fraunhofer institute for solar energy system 

(ISE) (Kost et al. 2013) in the Average Value Scenario predicted that the installed capacity of 

PV will reach 2016 GW globally by 2030. In this report, the levelized cost of electricity (LCOE) 

predicted for solar PV is around 45-70 €/MWh by 2030. However, the latest report of 

                                                 
11 North America in this study refers to the US, Canada and Mexico. 
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International Renewable Energy Agency (IRENA, 2016) has shown that LCOE for solar PV 

will fall by 59% in comparison to the year 2015 and become 4412 €/MWh by 2025. However, 

already in the year 2016 several PV projects had been contracted for prices well below 37 

€/MWh, for instance in Mexico (PV-magazine, 2016a) and Peru (PV-magazine, 2016b). As a 

result, different institutes and agencies forecast the future of RE resources according to their 

visions and reality is progressing very fast, typically faster than the expectations and forecasts. 

The financial analysts of Lazard mentioned utility-scale PV projects in 2015 being possible at 

a cost level of 37-43 €/MWh and expecting a further decline to 32-34 €/MWh in 2017 (Lazard, 

2016). 

 

Renewable policy has been largely driven in the US by supply security concerns on the federal 

level, and economic activity and greenhouse gas mitigation concerns on the state level (Council 

of Economic Advisers, 2014). Recently, US federal and some State Governments have 

supported extending many forms of renewable power generation. On the federal level, reducing 

the dependence on oil imports is crucial. Renewables can help to meet this independence as 

part of the strategy. The national energy strategy of the US has been classified an “all-of-the-

above strategy” (Council of Economic Advisers, 2014). The key goals being highlighted in this 

strategy are generating more electricity from RE resources, consuming less oil while holding 

electricity consumption constant, achieving significant economic and energy security benefits, 

reducing carbon emissions in the energy sector and as a consequence tackle the challenge posed 

by climate change (Council of Economic Advisers, 2014). 

 

Canada is a world leader in the production and consumption of RE. In the electricity sector, 

hydropower is the largest RE source in Canada, accounting for around 60% of electricity 

generation in the country. Other sources of RE, such as biomass, wind, tidal and solar contribute 

to rising the share of renewable to over 63% (Energy and Mines Ministers’ conference, 2013). 

Therefore, over 63% of Canada’s electricity generation does not emit greenhouse gases. The 

rest of the required power come from nuclear with almost 14% and fossil fuels with 22% of 

total share (Energy and Mines Ministers’ conference, 2013). The growth in the use of RE for 

electricity generation is a result of a number of targeted, complementary policy initiatives 

undertaken by federal and provincial governments. All provinces across Canada have been 

increasing the use of RE through a number of initiatives, including offset programs procurement 

                                                 
12 US Dollar to Euro foreign exchange rate is assumed 1.35 in this paper. 
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through requests for proposals, standard offer and feed-in tariff programs, and legislated 

renewable portfolio standards. For example, requests for proposals have been used in all 

provinces with the exception of Alberta, which has an offset program in place. Renewable 

portfolio standards are legislated in Nova Scotia, New Brunswick and Prince Edward Island, 

while standard offer and feed-in tariff programs are used in Ontario, Nova Scotia, Prince 

Edward Island and British Columbia (Energy and Mines Ministers’ conference, 2013). 

 

Canada has a cross-border electricity trade with the United States and renewables play a key 

role in this trade. Provinces that have significant hydropower resources, such as Quebec, 

Newfoundland & Labrador, Manitoba, British Columbia and Yukon are the major net exporters 

of electricity. In recent years, Manitoba has exported more than a quarter of its electricity 

production into the US Midwest (Energy and Mines Ministers’ conference, 2013). In the 

Midwest, it will help balance wind that is being added to the grid in states like North Dakota. 

 

Mexico has overall targets of 24.9% electricity from clean energy sources by 2018, 35% by 

2024, 40% by 2035 and 50% by 2050 (IRENA, 2015b). Clean energy is defined to include 

renewables, cogeneration, nuclear energy, fossil fuels with carbon capture and storage (CCS) 

and other low-carbon technologies. However, nuclear energy and fossil fuels with CCS have 

not proven to be a kind of clean energy. Since coal-based CCS would still emit heavy metals 

causing severe health problems (Epstein et al. 2011) and the CO2 extraction with less than 90% 

efficiency is too low for a net zero world, and nuclear energy violates all sustainability criteria. 

The 2014 Special Programme for the use of RE (PEAER) set a target of 24,345 MW of RE 

capacity by 2018 disaggregated as follows: hydropower (13,030 MW), wind (8922 MW); 

geothermal (1018 MW), bioenergy (784 MW) and solar (627 MW) (IRENA, 2015b). Solar PV 

has proven to be a least cost source of electricity according to results of tenders in 2016 with 

40.5 USD/MWh for more than one GW of capacities (PV-magazine, 2016a). The recent 

evolution of RE policy in Mexico was driven by the Law for the Use of Renewable Energies 

and Financing the Energy Transition, which was published on 28 November 2008. Its goal was 

to encourage the use of RE and clean technologies for electricity generation. 

 

Different scenarios of energy systems based on an entirely sustainable energy system or high 

shares of RE had been already discussed for several countries and regions. Integrated Canada-

US power sector modelling has already done by Martinez et al. (2013) and the result provides 
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the groundwork for these improvements. 

This study aims at designing an optimal and cost competitive 100% RE power system for North 

America considering a potential evolution of the generation mix that takes into account: 

 the actual electricity trade and transmission infrastructure of different sub-regions of 

North America; 

 an optimal system design and wise utilization of considered available RE resources; 

 synergy between various resources and different regions that increase the efficiency of 

the power sector. 

 

3.2 Methodology 

 

An hourly resolved model has been developed based on linear optimization of energy system 

parameters under given constraints with a bright perspective of RE power generation and 

demand. The main features of the model are its flexibility and expandability. The model is 

composed of several power generation and storage technologies, respective installed capacities 

and different operation modes of these technologies, which are used to supply the electricity 

demand of power, water desalination and synthetic natural gas (SNG) generation sectors 

(Bogdanov and Breyer, 2015; Bogdanov and Breyer, 2016). The energy system model can be 

separated into market and regulatory models. Regulatory models only take the long-term energy 

system structure into account and short-term market mechanisms are not considered. This 

model has already been applied to several regions up to now (Bogdanov and Breyer, 2015; 

Bogdanov and Breyer, 2016; Gulagi et al. 2016a; Gulagi et al. 2016b; Barbosa et al. 2016; 

Aghahosseini et al. 2016a; Aghahosseini et al. 2016b), and a detailed description can be found 

in those studies. Further technical and financial assumptions can be found in the Supplementary 

Material in the appendix of this paper. 

 

3.2.1 Model summary 

 

A multi-node approach enables a definition of a grid configuration in scenario assumptions for 

power transmission interconnections among the sub-regions. The main constraint for the 

optimization is the matching of the power generation and demand for every hour of the applied 

year. The computation time takes longer when the hourly resolution is used in the model. 

Nevertheless, it guarantees that for every hour of the year that the total generation of a sub-

region and electricity import cover the local electricity demand from all considered sectors and 

enables a precise system description including synergy effects of different system components 
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for the system balance. The main target of the system optimization is the minimization of the 

total annual energy system cost, calculated as the sum of the annual costs of installed capacities 

of the different technologies, costs of energy generation and generation ramping. The system 

also includes distributed generation and self-consumption of residential, commercial and 

industrial electricity consumers (prosumers) by installing respective capacities of rooftop PV 

systems and batteries. For these prosumers the target function is minimal cost of consumed 

energy calculated as the sum of self-generation, annual cost and cost of electricity consumed 

from the grid, minus benefits from the selling of excess energy. The model flow diagram that 

contains all the considered input data, system models and model output data is presented in 

Figure 1.

 

 

Figure 1: Model flow diagram that is considered in this paper. 

 

3.2.2 Input data 

 

The model uses several types of input data and constraints which are listed below: 

 historical weather data for direct and diffuse solar irradiation, wind speed and 

precipitation amounts;  

 synthetic load data for every sub-region based on the available hourly load data at a 

national level. In addition, local data of each sub-region are also taken into 

consideration, such as population, temperature, gross domestic product and power plant 

structure; 
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 synthetic geothermal energy potential; 

 non-energy natural gas consumption sector for every sub-region; 

 projected water desalination demand for every sub-region; 

 technical characteristics of energy generation, storage and transmission technologies, 

such as power yield, energy conversion efficiency, power losses in transmission lines 

and storage round trip efficiency; 

 technical characteristics of seawater reverse osmosis (SWRO) desalination; 

 capital expenditures, operational expenditures and ramping costs for all technologies; 

 electricity costs for residential, commercial and industrial consumers, 

 limits for minimum and maximum installed capacity for all energy technologies, 

 configuration of regions and interconnections. 

 

The datasets for wind speed, solar irradiation components and precipitation are collected from 

NASA databases (Stackhouse and Whitlock, 2008; Stackhouse and Whitlock, 2009) and partly 

reprocessed by the German Aerospace Center (Stetter, 2012). The spatial resolution of the data 

is 0.45˚ × 0.45˚. The time resolution is hourly for wind speed and solar irradiation, and monthly 

for precipitation. IEA (2015b) data are used to estimate natural gas consumption in the 

industrial sector for the year 2030 (gas demand for electricity generation, residential and 

transportation sectors are not considered in this study). Water demand is calculated based on 

water consumption projections and future water stress (2015). It is assumed that water stress 

greater than 50% shall be covered by seawater desalination. Water transportation costs are also 

taken into account, which is described in Caldera et al.  )2016( . Annual industrial gas demand 

and water demand are presented in the Supplementary Material (Table 11). 

 

Geothermal data are evaluated based on existing information on the surface heat flow rate 

(AAPG, 2015; IASPEI, 2015) and surface ambient temperature for the year 2005 globally. For 

areas where surface heat flow data are not available, the extrapolation of existing heat flow data 

was performed. Based on that, temperature levels and available heat of the middle depth point 

of each 1 km thick layer, between depths of 1 km and 10 km (Chamorro et al. 2014a; Chamorro 

et al. 2014b; Huenges, 2012) globally with 0.45˚ × 0.45˚ spatial resolution, are derived. The 

calculated geothermal potentials are presented in the Supplementary Material (Table 6). 

 

The potentials for biomass and waste resources are taken from German Biomass Research 

Center (German Biomass Research Centre, 2009). All bio-based by-products and waste are 

divided into three different components: solid waste, solid biomass and biogas. Solid wastes 
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consists of municipal and industrial used wood; solid biomass includes straw, wood and coconut 

residues; biogas is comprised of excrement, municipal biowaste and bagasse. The costs for 

biomass are calculated using data from IEA (2012) and IPCC (2011). For solid fuels a 50 €/ton 

gate fee for the waste incineration is assumed. The results for regional biomass potentials and 

costs are provided in the Supplementary Material (Table 6 and 7, respectively). 

 

All the input data can be found in the Supplementary Material. 

 

2.3. Applied technologies 

 

Four types of technologies are applied in North America energy system optimization, which 

consist of conversion of RE resources into electricity, energy storage, energy sector bridging 

and electricity transmission. The full model block diagram is shown in Figure 2. 

 

 
Figure 2: Block diagram of the energy system model for North America. 

 

The technologies for converting RE resources into electricity that are used in this model are 

solar PV (distributed rooftop systems, ground-mounted and single-axis tracking plants), 

concentrating solar thermal power (CSP), onshore wind turbines, biomass plants (solid biomass 

and biogas), waste-to-energy power plants, hydropower (run-of-river and dam) and geothermal 

energy. 

 

In addition to the mentioned energy sources, the energy storage technologies used in this model 

are batteries, pumped hydro storage (PHS), thermal energy storage (TES), adiabatic 
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compressed air energy storage (A-CAES) and power-to-gas (PtG) technology. PtG includes 

synthetic natural gas (SNG) with the SNG synthesis technologies: water electrolysis, 

methanation, CO2 scrubbing from air, gas storage, and both combined and open cycle gas 

turbines (CCGT, OCGT). SNG synthesis process technologies have to be operated in 

synchronization because of hydrogen and CO2 storage absence. Additionally, there is a 48-hour 

biogas buffer storage and a part of the biogas can be upgraded to biomethane and injected into 

the gas storage. 

 

The energy sector bridging technologies provide more flexibility to the entire energy system, 

thus reducing the overall cost. One bridging technology available in the model is PtG 

technology for the case that the produced gas is consumed in the industrial sector and not as a 

storage option for the electricity sector. The second bridging technology is SWRO desalination, 

which couples the water sector to the electricity sector. 

 

The electricity transmission technologies are represented on two levels: power distribution and 

transmission within the sub-regions are assumed to be based on standard alternating current 

(AC) grids which are not part of the model and inter-regional transmission grids modeled by 

applying high voltage direct current (HVDC) technology. Power losses in the HVDC grids 

consist of two major components: length dependent electricity losses of the power lines and 

losses in the converter stations at the interconnection with the AC grid. 

 

An energy system mainly based on RE and in particular intermittent solar PV and wind energy 

requires different types of flexibility for an overall balanced and cost optimized energy mix. 

The four major categories are generation management (e.g. hydro dams or biomass plants), 

demand side management (e.g. PtG, SWRO desalination), storage of energy at one location and 

energy shifted in time (e.g. batteries), and transmission grids connecting different locations and 

energy shifted in location (e.g. HVDC transmission). 

 

3.3 Scenario Assumptions 

 

3.3.1 Regions subdivision and grid structure 

 

The three North American countries, including the US, Canada and Mexico, were clustered into 

20 sub-regions. The subdivision and grid configuration of North America’s regions are 
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presented in Figure 3. 

 

 

 
Figure 3: The figure13 represents North American sub-regions, including the US, Canada and Mexico, 

and HVDC transmission lines configuration. This region is divided into 20 sub-regions: US-New 

England & New York (US-NENY), US-Mid-Atlantics (US-MA), US-Carolinas (US-CAR), US-

Southern (US-S), US-Tennessee Valley Authority (US-TVA), US-Midwest (US-MW), US-Central 

(US-C), US-Texas (US-TX), US-Southwest (US-SW), US-Northwest (US-NW), US-California (US-

CA), US-Alaska (US-AK), US-Hawaii (US-HI), US-Gulf (US-GU), West Canada (CA-W), East 

Canada (CA-E), Northwest Mexico (MX-NW), North Mexico (MX-N), Central Mexico (MX-C) and 

South Mexico (MX-S). 

 

In this paper four scenarios for energy system development options are discussed:  

 Region-wide energy systems, in which all the regions are independent (no HVDC grid 

interconnections) and the electricity demand has to be covered by the respective region’s 

own generation; 

 Country-wide energy system, in which the regional energy systems are interconnected 

by HVDC grids within the borders of nations;  

 Area-wide energy system, in which the region-wide energy systems are interconnected; 

 Integrated scenario, the area-wide energy system scenario with SWRO desalination and 

industrial gas demand. In this scenario, RE combined with PtG technology are used not 

only as electricity generation and storage options within the system, but also as energy 

sector bridging technologies to cover water desalination and industrial gas demand, 

increasing the flexibility of the system. 

  

3.3.2 Financial and technical assumptions 

 

The model optimization is carried out on an assumed cost basis and technological status for the 

                                                 
13 Behrmann Cylindrical Projection is used for all the maps in order to compress the northern part of Canada 

which is not the main discussion in this study. 
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year 2030 and the overnight building approach. The financial assumptions for capital 

expenditures (capex), operational expenditures (opex) and lifetimes of all components are 

provided in the Supplementary Material (Table 1). Weighted average cost of capital (WACC) 

is set to 7% for all scenarios, but for residential PV self-consumption WACC is set to 4%, due 

to lower financial return requirements. The technical assumptions concerning power to energy 

ratios for storage technologies, efficiency numbers for generation and storage technologies, and 

power losses in HVDC power lines and converters are provided in the Supplementary Material 

(Tables 2, 3 and 4, respectively). Electricity prices in residential, commercial and industrial 

sectors for the US’s regions are taken from (EIA, 2014a; EIA, 2014b; EIA, 2014c; Statistics 

Canada, 2013; SENER, 2014; EIA, 2015), for Canada’s regions are taken from (Northwest 

Territories Power Corporation, 2016; Government of the Northwest Territories, 2008; CBC 

News, 2011; The Yukon Electrical Company Limited, 2011; The Yukon Electrical Company 

Limited, 2011a; The Yukon Electrical Company Limited, 2011b; Hydro Québec, 2015) and for 

Mexico’s regions are taken from CFE (2016a; 2016b; 2016c). Prices are provided in the 

Supplementary Material (Table 5). The electricity price is on a country basis. However, for the 

sub-regions electricity prices are the weighted average of a sub-region. Then, electricity prices 

are extrapolated in order to calculate electricity prices for the year 2030 using the approach of 

Gerlach et al. (2014). The excess electricity generation, which cannot be self-consumed by the 

solar PV prosumers, is assumed to be fed into the grid for a transfer selling price of 2 

€cents/kWh. Prosumers cannot sell to the grid more power than their own annual consumption. 

 

3.3.3 Feed-in for solar and wind energy 

 

The feed-in profiles for solar CSP, optimally tilted and single-axis tracking PV, and wind 

energy were calculated according to Bogdanov and Breyer (2015; 2016). The aggregated 

profiles of solar PV generation (optimally tilted and single-axis tracking), wind energy power 

generation and CSP solar field, normalized to maximum capacity averaged for North America 

are presented in Figure 4. The computed average full load hours (FLH) for optimally tilted, 

single-axis tracking PV systems, wind power plants and CSP are provided in the Supplementary 

Material (Table 8). 

 

The feed-in values for hydropower are computed based on the historical weather data for 

precipitation for the year 2005 as a normalized sum of precipitation in the regions. Such an 

estimate leads to a good approximation of the annual generation of hydropower plants. 
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3.3.4 Upper and lower limitations on installed capacities 

 

Lower limits of installed capacities are taken from Farfan and Breyer (2016) and upper limits 

are calculated according to Bogdanov and Breyer (2016). Lower limits on already installed 

capacities in North America sub-regions are provided in the Supplementary Material (Table 9) 

and all upper limits of installable capacities in North America sub-regions are summarized in 

the Supplementary Material (Table 10). For all other technologies, upper limits are not 

specified. However, for solid biomass residues, biogas and waste-to-energy plants it is assumed, 

due to energy efficiency reasons, that the available and specified amount of the fuel is used 

during the year. 

 

 
Figure 4: Aggregated feed-in profiles for optimally tilted PV (top left), single-axis tracking PV (top 

right), CSP solar field (bottom left) and wind power plant (bottom right) in North America. 

 

3.3.5 Load profile 

 

The demand profiles for sub-regions are computed as the total demand of regions based on 

synthetic load data. Figure 5 represents the area-aggregated demand of all sub-regions in North 

America. Current electricity demand is collected from local sources (Statistics Canada, 2013; 
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SENER, 2014; EIA, 2015), and the electricity demand growth rate by the year 2030 is estimated 

using IEA (2015b) data. According to the IEA (2015b), the electricity demand is set to continue 

growing by 0.9% p.a. in North America by 2030. Solar PV self-consumption prosumers have a 

substantial impact on the residual load demand in the energy system as shown in Figure 5 

(right). The overall electricity demand and the peak load are dropped by 19.7% and 8.5%, 

respectively. 

 

 
Figure 5: Aggregated load curve (left) and system load curve with prosumers influence (right) for the 

year 2030 in North America. 

 

3.4 Results 

 

For each scenario, a cost minimized electrical energy system configuration is applied for the 

given constraints and characterized by optimized installed capacities of RE electricity 

generation, storage and transmission for every technology used in the model. Therefore, the 

final results include hourly electricity generation, storage charging and discharging, import and 

export of electricity between sub-regions, and curtailment. The key financial results of the 

different scenarios for the total energy system are presented in Table 1. The main financial 

parameters give data on levelized cost of electricity (LCOE) (including PV self-consumption 

and the centralized system), levelized cost of electricity for primary generation (LCOE 

primary), levelized cost of curtailment (LCOC), levelized cost of storage (LCOS), levelized 

cost of transmission (LCOT), total annualized cost, total capital expenditures, total RE capacity 

and total primary generation. 
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Table 1: Key financial results for the four analyzed scenarios applied for North America. 

 
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 63 38 2.8 23 0.0 387.6 3502 3354 7207 

Country-wide 56 36 2.5 15 3.1 340.6 3114 2941 7062 

Area-wide 53 35 2.1 12 3.9 320.6 2945 2760 6861 

Integrated 

scenario 
42 33 1.2 5 3.4 498.2 4668 4152 10975 

 

 

From Table 1, it can be clearly observed that the integration benefit is significant in both 

electricity cost and annual expenditures due to connection of different regions via HVDC 

transmission lines. Electricity cost of the entire system in the area-wide open trade scenario 

plunged by about 16% compared to the region-wide scenario. Grid utilization decreases the 

primary energy conversion capacities and generation by 18% in terms of installed capacities 

and by 5% in terms of generated electricity in reference to the region-wide scenario. Grid 

utilization leads to a considerable reduction of storage utilization (Table 2), especially A-CAES, 

whereas cost of transmission is relatively small in comparison to the decrease in primary 

generation and storage costs. Curtailment costs decrease by half in comparison to storage costs 

in the case of broader grid utilization, leading to a reduction of about 25% in the area-wide 

scenario compared to the region-wide scenario. However, the impact of excess energy on total 

cost is rather low. The power line capacities for the electricity trade between the sub-regions 

for the area-wide open trade scenario is shown in the Supplementary Material (Figure 7 and 

Table 15). 

 

A further decrease in LCOE of 16% can be reached by the integration of water desalination and 

industrial gas sectors compared to the area-wide open trade scenario. This cost reduction can 

be explained by a decrease in storage cost by 58% since industrial gas and desalination sectors 

decrease the need for long-term storage utilization, giving additional flexibility to the system. 

Primary electricity generation cost declined by 6% in the integrated scenario compared to the 

area-wide scenario and the reason could be an increase in the flexibility of the system and the 

utilization of low-cost wind and solar electricity as can be seen in Table 2. For the case of 

biogas, a fraction of 32% of the biogas used in biogas power plants in the area wide-open trade 

scenario is re-allocated in the integrated scenario from the electricity sector to the industrial gas 

demand for efficiency reasons. 
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The LCOE components and the import/export share in the region-wide, country-wide, area-

wide and integrated scenario are presented in the Supplementary Material (Table 12). The share 

of export is defined as the ratio of net exported electricity to the generated primary electricity 

of a sub-region and the share of import is defined as the ratio of imported electricity to the 

electricity demand. The area average is composed of sub-regions’ values weighted by the 

electricity demand. 

 

Concerning the total installed capacities, for PV total the installed capacities decrease by 32% 

from the region-wide to area-wide scenario while for wind energy the installed capacities 

increase by 9% from the region-wide to area-wide scenario. The reason for increasing the 

installed capacity of wind is that the LCOE for wind energy in some sub-regions is lower than 

solar PV. Therefore, the system prefers to install wind rather than PV single-axis tracking and 

exchange this electricity with neighboring regions via power lines. In addition, the wind 

resource is at a really excellent level in several parts of North America, particularly in the US-

Central, US-Midwest, US-Texas, East Canada, West Canada, the west part of US-Alaska and 

the east part of US-Northwest. In the integrated scenario, installed capacities of PV and wind 

increase due to the additional demand of seawater desalination and industrial gas demand. The 

high share of solar PV and wind energy can be examined by the fact that these are the least cost 

RE resources in the region. It is noticeable to mention that a fast cost reduction of solar PV 

technology and battery storage is assumed in the next 15 years. The share of PV single-axis 

tracking and PV self-consumption of the total solar PV installed capacity for the region-wide 

scenario are 56% and 43%, respectively. However, the installed capacity of PV single-axis 

tracking in the area-wide scenario decrease to 35%, while the share of PV self-consumption 

increase to 63% of the total installed capacity of PV. Compared to all the available RE resources 

in the region, PV and wind seems to be financially more attractive technologies due to the 

excellent availability of the respective resources. 

 

The grid interconnection decreases the need of energy storage. Installed capacities of batteries, 

A-CAES, PtG, PHS and gas turbines decrease with interconnection of the regions as 

summarized in Table 2, whereas the share of heat storage increases by 325% in the integrated 

scenario due to storage of additional usable heat generated in the system, however on a very 

low level. 
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A division of regions into net importers and exporters can be observed for the area-wide 

scenario and the integrated scenario, which are presented in Figure 6, and where sub-regions 

with the best renewable resources are net exporters and the others are net importers. In the 

region-wide scenario, all the individual sub-regions of North America need to match their own 

demand using their own RE. The regions can import or export electricity depending on their 

demand and generation. The differences between the demand and production are mainly due to 

import, export and storage losses. For the integrated scenario, the difference is due to the energy 

consumption for SNG production (Figure 7). The net importer regions in North America are 

US-Mid-Atlantics, US-Tennessee Valley Authority, US-New England & New York, US-Gulf, 

US-Carolinas, US-Southern, US-California, US-Southwest, Northwest Mexico, Central 

Mexico and North Mexico. The net exporter regions are East Canada, US-Midwest, US-Central, 

US-Northwest, US-Texas and West Canada. In comparing net importer and exporter regions, 

US-Alaska and South Mexico have a balancing system of import and export. Due to a high 

electricity demand for additional desalination and SNG production, the integrated scenario 

tends to increase the electricity generation between the regions to fulfill the increased demand. 

Hourly resolved profiles for the net exporting region, East Canada, the net importing region, 

the US-Mid-Atlantics, and the balancing region, South Mexico, are presented in the 

Supplementary Material (Figure 1, 2 and 3, respectively). 

 

Figure 7 gives an overview on the installed capacities for RE generation and storage for all sub-

regions in the region-wide, area-wide and integrated scenarios. In the region-wide and area-

wide scenarios, the share of solar PV dominates the system for most of the sub-regions, except 

for northern sub-regions such as Eastern Canada, Western Canada, US-Alaska, US-Midwest 

and US-Central where excellent FLH of wind resource leads to an increase of the share of wind 

energy among other RE resources. Solar PV comprises of 56% of total RE resources in the 

region-wide scenario. Among all sub-regions, Northwestern Mexico and US-Southern have the 

highest amount with 74% and 70% of total share, respectively. In area-wide open trade scenario 

the share of solar PV still remains the highest, while it decrease by 10% in comparison to the 

region-wide scenario. It is noteworthy that the share of wind energy increases by 10% in the 

area-wide scenario. In the integrated scenario, solar PV stayed the main energy in most of the 

regions, while the share of wind energy increases significantly. A 48% of RE resources comes 

from wind energy in the integrated scenario, followed by solar PV by 45%, hydropower by 5% 

and the rest of resources by 2%. 
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Table 2: Results on the installed RE technologies and storage capacities for the four scenarios. 

 

Despite the fact that hydropower is one of the main energy resources in Canada and accounts 

for 32% and 36% for Eastern Canada and Western Canada in the region-wide open trade 

scenario, respectively, it does not have a significant role in other sub-regions. It is noticeable to 

mention that hydropower has the highest share by 36% among all RE resources in Western 

Canada, following by solar PV and wind energy in the region-wide and area-wide scenarios. 

However, the share of hydro declines in the integrated scenario to 17%. It can be explained by 

the fact that when the demand for water desalination and industrial gas added to the integrated 

scenario, wind energy is the most cost-competitive option compared to other resources. 

Therefore, the model prefers to use more wind energy to the system. On the other hand, US-

Tennessee Valley Authority has only 4% share of hydropower in the region-wide scenario, 

while the rate increases in the area-wide and integrated scenario by 10% and 14%, respectively. 

A state of charge profile for hydro dams is shown in the Supplementary Material (Figure 5). As 

can be seen, the highest filling state of hydro reservoirs is in the summer months of a year.  

 

    
Region-wide 

scenario 

Country-wide 

scenario 

Area-wide 

scenario 

Integrated 

scenario 

PV self-consumption [GW] 811.9 811.9 811.9 811.9 

PV optimally tilted [GW] 20.6 20.6 20.6 20.3 

PV single-axis tracking [GW] 1062.3 566.0 453.8 1018.2 

PV total [GW] 1894.8 1398.5 1286.3 1850.4 

CSP [GW] 0.0 0.0 0.0 0.0 

Wind energy [GW] 1004.9 1134.2 1096.6 1979.6 

Biomass power plants [GW] 22.1 14.1 8.2 4.2 

MSW incinerator [GW] 3.9 3.8 3.8 3.8 

Biogas power plants [GW] 51.9 68.0 67.6 45.8 

Geothermal power [GW] 19.4 5.2 5.2 4.6 

Hydro Run-of-River [GW] 29.3 29.2 29.2 26.2 

Hydro dams [GW] 158.3 167.5 178.3 178.2 

Battery PV self-

consumption 
[GWh] 1410.9 

1410.9 
1410.9 1410.9 

Battery System [GWh] 1234.4 592.9 483.3 402.4 

Battery total [GWh] 2645.3 2003.8 1894.2 1813.3 

PHS [GWh] 34.9 34.9 34.9 24.5 

A-CAES [GWh] 5821.6 185.9 1.3 4.8 

Heat storage [GWh] 0.4 1.0 0.0 1.7 

PtG electrolyzers [GWel] 113.6 83.7 53.6 442.3 

CCGT [GW] 159.4 132.7 102.8 8.8 

OCGT [GW] 64.5 76.9 42.3 54.6 

Steam Turbine [GW] 0.0 0.0 0.0 0.1 
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Figure 6: Annual import and export of electricity for the area-wide open trade scenario. 

 

 

The interconnection of the sub-regions via HVDC transmission lines decreases the installed 

capacities of PV by 32%, as shown in Figure 7 and Table 2, from the region-wide to the area-

wide scenario. In the case of the integrated scenario, installed capacities for PV and wind 

increase significantly by 44% and 81% compared to the area-wide scenario, respectively, due 

to the higher demand for electricity and increased system flexibility. PV self-consumption plays 

a key role in North America due to high enough electricity prices. PV self-generation covers 

74.6%, 79.7% and 81.9% of residential, commercial and industrial prosumer demand, 

respectively. An overview of PV self-consumption is provided in the Supplementary Material 

(Table 13). 

 

The interconnected HVDC transmission grid, together with the RE generation and demand, 

significantly influence the requirement of total storage capacity, but also change with the need 

of different storage technologies for the energy system in the whole region. The throughputs of 

the battery system, A-CAES and gas storage decrease by 57.8%, 99.9% and 31.8%, 

respectively, from the region-wide to the area-wide scenario. Therefore, A-CAES storage 

technology experienced the highest decline in comparison to other storage technologies, which 

had been already observed in other regions in the world (Gulagi et al. 2016a) while the need for 

PHS technology increased from 7.9 TWhel to 8.4 TWhel in the area-wide scenario. The 

installation of HVDC lines leads to a reduction of the storage technology utilization as the 
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transmitted electricity is lower in cost in many cases than storage options. Installed capacities 

of batteries, PHS, A-CAES, heat storage, PtG and gas turbines decrease due to the expansion 

of the grid. The storage discharge capacities, annual throughput of storage and full load cycles 

per year are provided in the Supplementary Material (Table 14). State of charge profile 

diagrams for the area-wide scenario for battery, PHS, gas storage and A-CAES is given in the 

Supplementary Material (Figure 4). 

  

Various electricity generation curves for the area-wide scenario are illustrated in the 

Supplementary Material (Figure 6). A full year divided into 8760 hours sorted according to the 

generation minus the load, which is shown by a black line. Electricity generation is more than 

demand for about 5000 hours of the year, which is used for charging storage. The reason for 

high electricity generation can be attributed to the inflexibility of energy sources, due to the 

high share of solar and wind energy and a higher solar irradiation and wind speed during these 

hours of the year in North America. Consequently, other flexible electricity generation options 

such as hydro dams, biomass, biogas, geothermal energy and discharge of storage plants are 

required. As observed for the other hours of the year, the inflexible electricity generation 

options reduces significantly as the electricity demand decreases and there is a need for flexible 

electricity generation options, discharge of storage technologies and utilization of the grid. 

There is curtailment in about 1000 hours of the year, but for all the other hours the HVDC lines 

enable the export of the electricity from the best RE producing sub-regions to other sub-regions 

of remaining demand or due to charging of storage. 

 

The grid utilization profile for North America can be found in the Supplementary Material 

(Figure 7). It can be observed that the grid utilization is distributed between different hours of 

a day. However, it is mostly utilized in the morning and evening hours. The lowest electricity 

transmission is between 10 am to 15 pm, especially in the first half of the year. This can be 

explained by seasonal variation in the region, where most trading of the electricity takes place. 

In order to satisfy the morning and evening demand, transmission of electricity takes place 

between the regions. In hours of very good solar conditions, grid utilization is at its minimum. 

The capacities and utilization of the transmission lines between different regions is provided in 

the Supplementary Material (Table 15). The largest electricity transmission capacity is from 

Eastern Canada to US-New England & New York with 90.2 GW and also from US-New 

England & New York to US-Mid-Atlantics with 64.9 GW. 
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Figure 7: Installed capacities RE generation (left) and storage capacities (right) for region-wide (top), 

area-wide (center) and integrated (bottom) scenarios for North Americas. 

 

The key findings of the energy system from generation to demand in the integrated scenario 

can be depicted by an energy flow diagram (Figure 8). The flow diagram is comprised of the 

primary RE resources, the energy storage technologies, HVDC transmission grids, total demand 

of each sector and system losses. The sector use of electricity for the integrated scenario consists 

of electricity, desalination and industrial gas demand. The usable heat generated and ultimate 

system losses can be explained as a difference between primary electricity generation and final 

electricity demand, which includes curtailed electricity, heat produced by biomass, biogas and 

waste-to-energy power plants, heat generated from electrolysers for transforming power-to-

hydrogen, in methanation process transforming hydrogen-to-methane and methane-to-power in 

gas turbines. Efficiency losses lead to A-CAES, PHS, battery storage and HVDC transmission 

grid losses. The energy flow diagrams for the region-wide and area-wide scenario are presented 

in the Supplementary Material (Figure 8). 
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Figure 8: System energy flow for the integrated scenario. 

 

 

3.5 Discussion 

 

The electricity cost is decreased remarkably in the RE-based system due to the installation of a 

HVDC transmission grid. The reduction of electricity cost by connection of HVDC grid has 

been also observed in other studies carried out with the same criteria (Bogdanov and Breyer, 

2015; Bogdanov and Breyer, 2016; Gulagi et al. 2016a; Gulagi et al. 2016b; Barbosa et al. 2016; 

Aghahosseini et al. 2016a; Aghahosseini et al. 2016b). The total levelized cost of electricity in 

the region decreased from 63 €/MWh for the region-wide open trade scenario to 53 €/MWh for 

the area-wide open trade scenario and to 42 €/MWh for the integrated scenario. By comparing 

with the region-wide scenario, it can be highlighted that regions such as US-Southern, US-

Midwest and US-California experienced the highest reduction of total LCOE in the area-wide 

scenario, by around 17%. In contrast, the total LCOE rose in some regions such as US-

Tennessee Valley Authority, US-New England & New York and US-Mid-Atlantics from 

region-wide to area-wide scenario, by 16%, 12% and 8% respectively. This can be justified on 

the basis that in these three regions the electricity cost is lower when they are independent. 
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However, in most of the regions HVDC grid interconnection leads to a decrease the cost of 

electricity. 

 

The total annualized cost of the system decreased from 387.6 b€ for the region-wide scenario 

to 320.6 b€ for the area-wide scenario. The total capex requirements dropped substantially from 

3502 b€ for the region-wide open trade scenario to 2945 b€ for the area-wide open trade 

scenario. However, the total annualized cost and the total capex increased drastically for the 

integrated scenario by 498.2 b€ and 4668 b€, respectively, to cover the excess electricity needed 

for the desalination and industrial gas sectors. Additional costs of the HVDC transmission grid 

in the area-wide open trade scenario are compensated by a significant decline in installed 

capacities of electricity generation and storage capacities, which is enabled by lower efficiency 

losses, decrease in costs of energy transmission compared to energy storage and access to low 

cost electricity generation in other regions. It is important to mention that the HVDC 

transmission grid may not cover the electricity supply in rural areas in Mexico, since RE-based 

mini-grid applications based on PV systems, small wind power and micro-hydro plants might 

be a proper solution in addition to grid extension (Breyer et al. 2011; Breyer et al. 2012; Yadoo 

and Cruickshank, 2012; Sen and Bhattacharyya, 2014; Molyneaux et al. 2016). 

 

PV technologies followed by wind energy have the highest share of installed capacities for a 

100% RE energy mix in the region-wide and the area-wide scenarios. The reason is that these 

technologies have well distributed FLH all over the sub-regions and are the least cost RE 

technologies in most of the cases. In comparison, the share of wind energy increased in the 

integrated scenario by 48% of total installed capacity, followed by PV by 45%. However, an 

increase in the share of wind could be inverted again after 2030, since the learning curve of PV 

continues (Fraunhofer ISE, 2015), in particular in combination with batteries (Hoffmann, 2014; 

Nykvist and Nilsson, 2015). On the other hand, the learning curve of wind is not so sharp, i.e. 

the share of PV is expected to grow year by year. Such an effect had been found for instance 

for the case of Saudi Arabia (Caldera et al. 2016b). Besides, the installation of distributed small-

scale and centralized PV plants is already profitable in numerous countries across the world and 

PV electricity generation cost will tend to be further reduced in the coming years (Breyer and 

Gerlach, 2013). 

 

A study carried out by IRENA (2015a) reveals that doubling the share of RE in the US by 2030 
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is achievable due to the best wind, solar, geothermal, hydro and biomass resources in the 

country. Apart from that, US has a vibrant culture of innovation, plentiful financing 

opportunities, and a highly skilled labors for making possible a transition from conventional 

energy system towards a sustainable energy system. Solar PV is considered as a main RE 

resources in the country and it is expected that 135 GW of solar PV would be installed by 2030. 

A rapid reduction in the price of solar PV technologies has also been discussed and a LCOE of 

33-41 €/MWh for utility-scale and 63-74 €/MWh for rooftop installations is anticipate for the 

year 2030 in the IRENA study, which is only little higher than assumed in this research, but 

also in comparison to others (Lazard, 2016). In comparison to solar PV, onshore wind seems to 

have a better potential to become a leader of RE resources in the US with installed capacity of 

314 GW by 2030, according to IRENA (2015a). The LCOE for wind energy is assumed to 

become 37-44 €/MWh. 

 

A high share of RE resources for the energy sectors have studied and discussed for different 

states and cities of the US, such as Washington State, Hawaii and San Francisco. Hawaii sets a 

target for achieving RE goal at 100% by 2045 (Clean Technica, 2015). In other words, Hawaii 

should be running only on electricity produced by RE resources in 30 years. Nevertheless, 70% 

of electricity in the State generated by oil in 2013, and coal accounted for 14% of total electricity 

production (DBEDT Hawaii State Energy Office, 2015). In addition to getting off of fossil 

fuels, policymakers want to save money which is spent for importing fossil fuels every year. 

San Francisco has a goal to achieve a 100% renewable electricity supply community wide by 

2030 (Go 100% Renewable Energy, n.d.). A study carried out by Jacobson et al. (2016) 

analyzed the potential and consequences of Washington State’s use of wind, water and solar 

(WWS) to produce electricity and electrolytic hydrogen for 100% of its all-purposes energy in 

different sectors by 2050, with 80-85% conversion by 2030. Even more, they expected to 

experience a reduction in power demand by around 40% due to electrification plus modest 

efficiency measures. Similar approach has studied for each of the 50 United States (Jacobson 

et al. 2015a). The results show that US all-purpose load would be met with 30.9% onshore 

wind, 19.1% offshore wind, 30.7% utility-scale PV, 7.2% rooftop PV, 7.3% CSP with storage, 

3% hydroelectric, 1.25% geothermal, 0.37% wave power and 0.14% tidal power. As a result, a 

100% renewable energy is a real policy option for North America and is not a wishful thinking 

anymore. Grid interconnection will also make this transition easier to achieve a fully sustainable 

energy system in the mid-term future. 
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The integrated scenario, focusing on the integration to cover current natural gas demand in the 

industrial sector (the gas demand for heat generation and residential use are not considered in 

this study) by flexible generation of SNG and renewable water demand by SWRO desalination. 

The availability of RE in North America is sufficient to cover additional electricity demand to 

produce 2134 TWhth (218.4 bcm) of SNG and 83.6 billion m3 of renewable water. Nonetheless, 

expected growth in electricity demand stimulates a rise in electricity cost due to inconvenient 

distribution and profiles of RE generation. Additional generation of electricity to cover 4245.6 

TWhel for gas synthesis and SWRO desalination promotes a supplementary installation of RE 

generation capacities of 1850.4 GW of PV and 1979.6 GW of wind energy. Furthermore, there 

is a noticeable increase in electrolyser units of about 328.7 GW (+289%) and a significant 

reduction in CCGT capacities of about 56.6 GW (-35.5%). This can be explained by flexibility 

provided by CCGT in the area-wide scenario in the supply side to be substituted by flexibility 

of electrolysers in the integrated scenario in the demand side.  

 

In addition, the system generates excess heat as a by-product of different processes such as 

biogas and biomass CHP plants, waste-to-energy incinerators and gas turbines, as well as excess 

electrical energy which can be curtailed or converted to usable heat and stored in heat storage. 

The usable heat amount varies from 498 TWhth (7% of total generated electricity) per year for 

the area-wide scenario up to 735 TWhth (9.7% of total generated electricity) for the region-wide 

scenario. The amount of usable heat in the integrated scenario is 828 TWhth, which is noticeably 

larger than for the area-wide scenario because of higher losses in gas turbines, methanation and 

electrolysis. Totally, the estimation of the integration benefit for the electricity, industrial gas 

and water sectors is around 56 b€ of the annual system cost (Figure 9). An additional reduction 

can be seen in the electricity generation by 774 TWh and the curtailed electricity by 208 TWh. 

Further, the cost of desalinated water seems to be quite affordable at 1.1 €/m3 and the cost of 

electricity decreases by 21% to 42 €/MWh for the integrated scenario compared to the area-

wide open trade scenario without sector integration. 
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Figure 9: A comparison of the integrated sectors and independent sectors for both the total annual cost 

(left) and the total electricity generation from RE resources (right). 

 

The findings for North America 100% RE-based energy system clearly reveal that the potential 

of the region for RE generation, in particular for solar and wind energy, is quite high. By 

applying this system to the region, not only can North America fulfill all the electricity demands 

in the region itself, but also could potentially export the rest of the production to other 

continents. The results of a fairly low LCOE in all the considered scenarios for the year 2030 

added to the already existing RE policies and low carbon development plans can boost the 

development of a renewable power system in the region in the coming years. Several studies 

have been already discussed about various alternatives to reduce the production of fossil fuels 

and to achieve a low carbon based energy system (Agora Energiewende, 2014; Tokimatsu et 

al. 2016). While, some studies such as IEA (2015b) have mostly addressed non-renewable 

options, such as nuclear energy, natural gas and coal carbon capture and storage (CCS). 

However, the LCOE of the alternatives are rather high compared to our findings, which are 

listed as follows (Agora Energiewende, 2014): 112 €/MWh for new nuclear (assumed for 2023 

in the UK and Czech Republic), 112 €/MWh for gas CCS (assumed for 2019 in the UK) and 

126 €/MWh for coal CCS (assumed for 2019 in the UK). Moreover, a report published by the 

European Commission (2014b) concludes that CCS technology is not likely to be commercially 

available before the year 2030. The findings for Europe are assumed to be also valid for North 

America in the mid-term. In addition, several studies for 100% RE by 2050, such as from WWF 

(2011) and Greenpeace (Teske et al. 2015) state that nuclear fission produced dangerous waste 

that remains extremely toxic for many years and it cannot be stored safely anywhere in the 

world. Consequently, these studies have assumed a phase-out of nuclear energy due to 

sustainability reasons. Dittmar (2012) also points out that the financial and human research and 

development resources spent for nuclear fusion cannot solve the energy problems in the world 

and even worse these resources are not available for research of pathways towards a low cost 

energy future. 
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The 100% renewable resource-based energy system options for North America demonstrated 

and described in this paper seem to be substantially cost-effective (about 63 - 67% lower cost) 

than the other alternatives, by comparison of the integrated scenario with nuclear energy and 

CCS technology, which have still further drawbacks. These include nuclear melt-down risk, 

nuclear terrorism risk, unsolved nuclear waste disposal, remaining CO2 emissions of power 

plants with CCS technology, a diminishing conventional energy resource base and high health 

cost due to heavy metal emissions of coal fired power plants (Epstein et al. 2011). 

 

3.6 Conclusion 

 

This study analyzes the technical and economic feasibility of a roadmap for North America to 

convert the energy infrastructure into a green and sustainable energy system powered by solar 

PV, wind energy, hydropower and other RE resources. Existing RE technologies can generate 

sufficient energy not only to cover all electricity demand in North America for the year 2030 

on a cost level of 42-63 €/MWhel, but also to potentially export the additional electricity to other 

countries. In addition, the electricity demand, gas demand and clean water demand can be 

covered by electricity generation based on RE sources as well using PtG and SWRO 

desalination technology, providing the region with 100% renewable synthetic natural gas and 

clean water supply. The advantage regarding the use of RE for electricity generation has been 

discussed through four scenarios; the region-wide, country-wide, area-wide and integrated 

scenarios. 

 

Extreme dependency on fossil fuel resources to generate electricity, rather low prices of these 

resources and high share of nuclear power lead to a low share of RE in the region today, 

especially in the US and Mexico. However, the ‘net zero’ greenhouse gas emissions agreed at 

COP21 in Paris clearly guides the pathway towards sustainability. In order to cut the 

dependency of North America power sector on fossil fuels, different shares of variable RE 

technologies are taken into consideration for a 100% RE-based power system for the region. In 

the cost minimized design of the energy mix presented in this study, solar PV dominates the 

energy system in the electricity sector by 45-56% of total RE share, depending on the defined 

scenarios, in most sub-regions of North America, followed by wind energy by 29-48% of total 

RE share. For all the studied scenarios solar PV technology emerged as the main energy supply 

(in terms of GW of installed capacities) in most of the sub-regions; however, for the integrated 
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scenario the role of PV decreases in sub-regions where wind sites are the least cost technology 

and high potential of wind resources are available. It is important to note that an increase in the 

share of wind could be inverted again after 2030, since the learning curve of PV continues, in 

particular in combination with batteries. However, the learning curve of wind is not so sharp, 

i.e. the share of PV expected to grow year by year. 

 

Heat generated as a by-product of electricity, synthetic natural gas generation and curtailed 

electricity conversion can cover up to 828 TWhth of heat demand. The HVDC transmission 

power lines plays a substantial role within the renewable resource-based energy system since 

the established Super Grid enables a significant cost decrease, a cut-off of storage utilization, 

and a significant reduction of primary generation capacities. A remarkable decline can be seen 

in the case of A-CAES, where the need for storage dropped dramatically in the area-wide open 

trade scenario and the integrated scenario by around 99.9%. For the integrated scenario it was 

found that industrial SNG generation displaces SNG storage as seasonal storage for the 

electricity sector. Instead of gas turbine utilization in the case of an energy deficit, the system 

curtails the SNG generation in that system set-up as a major source of flexibility to the system. 

Based on the presented results, current barriers to implement a 100% RE-based system are 

neither technical nor economic for the applied year. As such, they must be political and social. 

Such obstacles are likely due to the fact that most people are unaware of the potential of RE 

resources in their countries and how they will benefit from them. In addition, fossil fuels and 

nuclear energy are beneficial for many investors across the world and those investors resist to 

make this transition possible. 

 

More research is needed for a better understanding of a fully integrated RE system in North 

America. However, this research work clearly indicates that a 100% renewable resources-based 

energy system is a real policy and low cost option.
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3.8 Supplementary Material 

 
Table 6: Financial assumptions for energy system components (Caldera et al. 2016a; Fraunhofer ISE, 

2015; Vartiainen et al. 2015; Agora Energiewende, 2015; European Commission, 2014a; Hoffmann 

W., 2014; Pleßmann et al. 2014; Komoto et al. 2009; Urban et al. 2009). 

Technology 
Capex 

[€/kW] 

Opex fix 

[€/(kW∙a)] 

Opex var  

[€/kWh] 

Lifetime  

[a] 

PV optimally tilted 550 8 0 35 

PV single-axis tracking 620 9 0 35 

PV rooftop 813 12 0 35 

Wind onshore 1000 20 0 25 

CSP (solar field) 528 11 0 25 

Hydro run-of-river 2560 115.2 0.005 60 

Hydro dam 1650 66 0.003 60 

Geothermal energy 4860 87 0 30 

Water electrolysis 380 13 0.0012 30 

Methanation 234 5 0.0015 30 

CO2 scrubbing 356 14 0.0013 30 

CCGT 775 19.4 0.001 30 

OCGT 475 14.25 0.001 30 

Steam turbine 600 12 0 30 

Hot heat burner 100 2 0 30 

Heating rod 20 0.4 0.001 30 

Biomass CHP 2500 175 0.001 30 

Biogas CHP 370 14.8 0.001 30 

Waste incinerator 5240 235.8 0.007 20 

Biogas digester 680 27.2 0 20 

Biogas upgrade 250 20 0 20 

  

Capex  

[€/kWh] 

Opex fix  

[€/(kWh∙a)] 

Opex var  

[€/kWh] 

Lifetime 

 [a] 

Battery system 150 10 0.0002 10/20 

Battery prosumer 150 10 0.0002 10 

PHS 70 11 0.0002 50 

A-CAES 31 0.4 0.0012 40 

TES 24 2 0 20 

Gas storage 0.05 0.001 0 50 

 
Capex 

[€/(kWNTC*km)] 

Opex fix  

[€/(kWNTC∙km∙a)] 

Opex var  

[€/kWhNTC] 
Lifetime [a] 

HVDC line on ground 0.612 0.0075 0 50 

HVDC line submarine 0.992 0.0010 0 50 

  
Capex  

[€/kWNTC] 

Opex fix  

[€/(kWNTC∙a] 

Opex var  

[€/kWhNTC] 
Lifetime [a] 

HVDC converter pair 180 1.8 0 50 

 
Capex 

[€/(m3∙a)] 

Opex fix  

[€/(m3 a)] 

Opex var  

[€/m3] 
Lifetime [a] 

Water desalination 2.23 0.09 0 30 

 
Capex 

[€/(m3∙h∙km)] 

Opex fix  

[€/(m3∙h∙km∙a)] 

Opex var  

[€/m3∙h∙km] 
Lifetime [a] 

Horizontal pumping and pipes 19.3 0.39 0 30 

Vertical pumping and pipes 15.5 0.31 0 30 
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Table 7: Efficiencies and energy to power ratio of storage technologies. 

Technology Efficiency [%] Energy/Power Ratio [h] Self-Discharge [%/h] 

Battery 90 6 0 

PHS 85 8 0 

A-CAES 70 100 0.001 

TES 90 8 0.002 

Gas storage 100 80*24 0 

 

Table 8: Efficiency assumptions for energy system components for the year 2030 reference years. 

  ηel [%] ηth [%] 

CSP (solar field)  51 

Steam turbine 42  

Hot heat burner  95 

Heating rod  99 

Water electrolysis  84 

Methanation  77 

CO2 scrubbing  78 

CCGT 58  

OCGT 43  

Geothermal 24  

Biomass CHP 40 45 

Biogas CHP 42 43 

Waste incinerator 34  

Biogas upgrade  98 

 

Table 9: Efficiency assumptions for HVDC transmission. 

  Power losses 

HVDC line 1.6 % / 1000 km 

HVDC converter pair 1.4% 

 

Table 10: Regional end-user grid electricity costs for the year 2030. 

Region 

Electricity costs [€/MWh] 

Residential Commercial Industrial 

Total area (weighted average) 169 174 154 

CA-West 162 164 153 

CA-East 151 179 172 

US-New England & New York 205 194 164 

US-Mid-Atlantics 186 178 145 

US-Carolinas 186 175 151 

US-Southern 182 179 154 

US-TVA 166 169 127 

US-Midwest 182 170 148 

US-Central 175 167 145 

US-Texas 176 162 137 

US-Southwest 181 167 137 

US-Northwest 158 144 126 

US-California 210 205 187 

US-Alaska 309 296 209 

US-Hawaii 358 354 342 

US-Gulf 160 161 131 

MX-Noroeste (Northwest) 103 176 176 

MX-Noreste (North) 104 175 175 

MX-Centro-Occidente (Center) 105 186 186 

MX-Centro & Sur-Sureste (South) 102 182 182 
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Table 6: Regional biomass potentials and geothermal energy potentials. 

Region 
Biomass potential [TWhth/a] 

 

Geothermal Potential 

Solid waste Solid biomass Biogas sources [TWhth/a] 

Total area 97.8 1140.7 0.0 860.7 

CA-West 6.3 155.7 0.0 176.1 

CA-East 13.9 71.9 0.0 5.3 

US-New England & New York 7.1 26.1 0.0 0.0 

US-Mid-Atlantics 10.4 27.3 0.0 2.2 

US-Carolinas 3.0 17.7 0.0 0.6 

US-Southern 7.1 36.6 0.0 0.0 

US-TVA 2.3 17.0 0.0 0.0 

US-Midwest 10.6 127.3 0.0 124.9 

US-Central 1.8 47.3 0.0 80.3 

US-Texas 5.4 55.4 0.0 1.3 

US-Southwest 7.2 104.4 0.0 21.1 

US-Northwest 5.3 164.5 0.0 316.1 

US-California 7.9 33.8 0.0 24.4 

US-Alaska 0.2 135.4 0.0 15.2 

US-Hawaii 0.3 2.3 0.0 0.0 

US-Gulf 2.2 31.6 0.0 0.0 

MX-Noroeste (Northwest) 0.6 16.2 0.0 9.9 

MX-Noreste (North) 0.9 22.6 0.0 9.0 

MX-Centro-Occidente (Center) 1.6 18.4 0.0 54.1 

MX-Centro & Sur-Sureste (South) 3.7 29.2 0.0 20.0 

 

Table 7: Regional biomass costs, calculated based on biomass sources mix in the region. Solid wastes 

cost are based on assumption of 50 €/ton gate fee paid to the MSW incinerator. 

Region 
Biomass costs [€/MWhth] 

Solid waste Solid biomass Biogas sources 

Total area (weighted average) -10.1 9.7 1.9 

CA-West -9.8 13.4 0.0 

CA-East -9.8 13.4 0.0 

US-New England & New York -10.2 10.5 0.6 

US-Mid-Atlantics -10.2 10.5 0.6 

US-Carolinas -10.2 10.5 0.6 

US-Southern -10.2 10.5 0.6 

US-TVA -10.2 10.5 0.6 

US-Midwest -10.2 10.5 0.6 

US-Central -10.2 10.5 0.6 

US-Texas -10.2 10.5 0.6 

US-Southwest -10.2 10.5 0.6 

US-Northwest -10.2 10.5 0.6 

US-California -10.2 10.5 0.6 

US-Alaska -10.2 10.5 0.6 

US-Hawaii -10.2 10.5 0.6 

US-Gulf -10.2 10.5 0.6 

MX-Noroeste (Northwest) -10.2 5.3 7.2 

MX-Noreste (North) -10.2 5.3 7.2 

MX-Centro-Occidente (Center) -10.2 5.4 7.2 

MX-Centro & Sur-Sureste (South) -10.2 5.5 7.2 
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Table 8: Average full load hours (FLH) and LCOE for single-axis tracking PV, optimally tilted PV, 

solar CSP and wind power plants in North America by 2030. 

Region  
Pop. 

[mio. Pop] 

Electr. 

demand 

[TWh] 

PV-

single-

axis 

FLH 

PV 

optimally 

tilted 

FLH 

CSP 

FLH 

Wind 

FLH 

PV single-

axis 

LCOE 

[€/MWh] 

PV 

optimally 

tilted 

LCOE 

[€/MWh] 

CSP 

LCOE 

[€/MWh] 

Wind 

LCOE 

[€/MWh] 

Total area  494 6059 1977 1544 1861 2848 30 34 66 40 

CA-West  11 189 1424 1113 1295 3115 40 45 90 34 

CA-East  24 372 1555 1258 1410 3972 37 40 83 27 

US-New England & 

New York 

 
34 307 1597 1317 1440 2144 36 38 81 49 

US-Mid-Atlantics  50 680 1616 1353 1417 2552 35 37 83 41 

US-Carolinas  14 243 1754 1456 1575 2295 32 35 74 46 

US-Southern  34 514 1903 1536 1715 2000 30 33 68 53 

US-TVA  11 209 1732 1427 1543 2310 33 35 76 46 

US-Midwest  51 746 1755 1408 1580 3944 32 36 74 27 

US-Central  9 150 1983 1562 1850 4178 29 32 63 25 

US-Texas  26 428 2168 1698 2039 3752 26 30 57 28 

US-Southwest  35 543 2348 1780 2354 3264 24 28 50 32 

US-Northwest  25 379 2160 1652 2069 3423 26 31 57 31 

US-California  38 299 2347 1758 2386 2192 24 29 49 48 

US-Alaska  1 7 1330 966 1229 3478 43 52 95 30 

US-Hawaii  1 11 2468 1812 2337 2889 23 28 50 37 

US-Gulf  11 211 1832 1496 1666 2013 31 34 70 53 

MX-Noroeste 

(Northwest) 

 
10 115 2475 1842 2548 1923 23 27 46 55 

MX-Noreste (North)  17 320 2371 1853 2313 2808 24 27 51 38 

MX-Centro-

Occidente (Center) 

 
28 163 2419 1837 2290 2698 24 27 51 39 

MX-Centro & Sur-

Sureste (South) 

 
65 173 2298 1762 2173 2019 25 29 54 52 
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Table 9: Lower limits of installed capacities in North America sub-regions. 

 

Table 10: Upper limits on installable capacities in the North America in units of GWth for CSP and 

GWel for all other technologies. 

Region 

     area Limits [GW] 

[1000 km2] 
Solar 

CSP 

Solar 

PV 
Wind 

Hydro 

RoR 
Hydro dams PHS 

Total area 22035747 198321.7 99160.9 7404.0 43.7 188.2 36.0 

CA-West 6827155 61444.4 30722.2 2293.9 8.7 20.5 0.0 

CA-East 3152421 28371.8 14185.9 1059.2 14.0 52.7 0.3 

US-New England & New York 327560 2948.0 1474.0 110.1 0.2 9.4 3.4 

US-Mid-Atlantics 342403 3081.6 1540.8 115.0 1.2 6.0 11.3 

US-Carolinas 222295 2000.7 1000.3 74.7 0.3 5.9 4.7 

US-Southern 460040 4140.4 2070.2 154.6 0.3 7.2 3.4 

US-TVA 213823 1924.4 962.2 71.8 0.5 4.3 0.0 

US-Midwest 1599070 14391.6 7195.8 537.3 0.1 5.0 4.6 

US-Central 594514 5350.6 2675.3 199.8 0.0 1.1 0.5 

US-Texas 695673 6261.1 3130.5 233.7 0.0 0.6 0.0 

US-Southwest 1311066 11799.6 5899.8 440.5 0.2 4.3 0.0 

US-Northwest 2066206 18595.9 9297.9 694.2 17.0 36.2 1.9 

US-California 423970 3815.7 1907.9 142.5 1.1 13.4 5.8 

US-Alaska 1700131 15301.2 7650.6 571.2 0.0 0.6 0.0 

US-Hawaii 28313 254.8 127.4 9.5 0.0 0.0 0.0 

US-Gulf 397458 3577.1 1788.6 133.5 0.0 1.9 0.0 

MX-Noroeste (Northwest) 317774 2860.0 1430.0 106.8 0.0 1.4 0.0 

MX-Noreste (North) 444063 3996.6 1998.3 149.2 0.0 0.2 0.0 

MX-Centro-Occidente (Center) 355014 3195.1 1597.6 119.3 0.0 4.4 0.0 

MX-Centro & Sur-Sureste (South) 556798 5011.2 2505.6 187.1 0.0 13.1 0.0 

 

 

                                                 
14 RoR = Run-of-River 
15 PHS = Pumped Hydroelectric Storage 

Region 

 Installed capacity [MW] 

Solar PV Wind Hydro dams Hydro RoR
14

 PHS
15

 

Total area 20573.6 73779.6 125483.2 29165.2 18023.4 

CA-West 0.0 2228.0 13687.7 5779.6 0.0 

CA-East 1895.6 6723.5 35120.3 9300.9 174 

US-New England & New York 580.7 2473.5 6291.4 166.2 1680.0 

US-Mid-Atlantics 1183.0 2457.1 4001.5 805.8 5669.8 

US-Carolinas 771.5 0.0 3940.8 179.0 2356.2 

US-Southern 188.4 0.0 4768.4 233.0 1723.0 

US-TVA 28.7 29.0 2893.4 332.0 0.0 

US-Midwest 168.3 17760.3 3341.7 70.3 2312.0 

US-Central 1.0 6809.0 708.1 29.0 260 

US-Texas 125.0 13068.9 387.9 0.0 0.0 

US-Southwest 1313.9 1192.7 2842.8 111.5 0.0 

US-Northwest 9060.2 11948.4 24144.3 11363.9 944.5 

US-California 5018.5 6456.4 8937.5 755.6 2903.9 

US-Alaska 0.0 44.3 381.2 15.0 0.0 

US-Hawaii 47.5 207.1 5.6 12.3 0.0 

US-Gulf 0.9 0.1 1291.4 0.0 0.0 

MX-Noroeste (Northwest) 46.8 10.6 931.6 9.6 0.0 

MX-Noreste (North) 17.3 76.0 125.5 0.0 0.0 

MX-Centro-Occidente (Center) 5.8 150.4 2940.7 1.4 0.0 

MX-Centro & Sur-Sureste (South) 120.7 2144.3 8741.5 0.0 0.0 
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Table 11: Annual industrial gas demand and water demand for the year 2030. 

 Annual gas demand 

Annual electricity 

demand for gas 

synthesis 

Annual water 

desalination 

demand 

Annual electricity 

demand for water 

desalination 

 [Mtoe] [TWhth] [TWhel] [Mil. m3] [TWhel] 

Total 183.5 2134.0 3783.7 83607.2 462.0 

CA-West 7.1 82.9 149.3 230.7 1.4 

CA-East 15.6 181.8 327.4 506.0 0.0 

US-New England & New York 14.7 171.4 303.5 6266.4 0.0 

US-Mid-Atlantics 21.6 251.1 444.8 9182.2 30.6 

US-Carolinas 6.2 72.7 128.7 2657.6 0.0 

US-Southern 14.7 171.0 303.0 6252.9 18.8 

US-TVA 4.7 54.4 96.4 1989.5 0.0 

US-Midwest 22.0 256.2 455.8 9368.6 43.2 

US-Central 3.7 43.0 77.8 1570.8 8.6 

US-Texas 11.3 130.9 233.7 4784.1 31.2 

US-Southwest 15.0 174.2 310.4 6370.1 56.9 

US-Northwest 11.0 127.6 225.9 4664.5 44.6 

US-California 16.4 191.0 338.6 6983.9 29.5 

US-Alaska 0.3 3.7 6.5 134.3 0.0 

US-Hawaii 0.6 7.0 12.5 255.6 0.0 

US-Gulf 4.5 52.9 94.0 1934.3 7.3 

MX-Noroeste (Northwest) 1.1 13.4 22.6 1684.7 7.5 

MX-Noreste (North) 2.0 22.8 40.3 2879.8 22.8 

MX-Centro-Occidente (Center) 3.2 37.8 63.7 4761.5 45.2 

MX-Centro & Sur-Sureste (South) 7.6 88.2 148.7 11129.8 114.5 
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Table 12: Total LCOE components in all sub-regions of North America. 

Region-wide 
LCOE primary LCOC LCOS LCOT LCOE total   

[€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh]   

Area weighted average 37.5 2.8 22.9 0.0 63.2  

CA-West 41.1 1.3 7.0 0.0 49.4  

CA-East 34.6 2.7 6.0 0.0 43.3  

US-New England & 

New York 45.4 2.9 22.2 0.0 70.5 
 

US-Mid-Atlantics 40.8 3.6 31.4 0.0 75.8  

US-Carolinas 41.8 4.1 29.0 0.0 74.9  

US-Southern 40.0 3.8 31.9 0.0 75.7  

US-TVA 41.2 2.7 29.4 0.0 73.3  

US-Midwest 33.6 2.5 20.9 0.0 57.0  

US-Central 34.2 1.5 21.6 0.0 57.3  

US-Texas 30.7 2.6 26.8 0.0 60.1  

US-Southwest 31.3 3.4 24.7 0.0 59.4  

US-Northwest 39.0 2.1 9.2 0.0 50.3  

US-California 41.4 2.9 20.2 0.0 64.5  

US-Alaska 41.2 1.6 8.8 0.0 51.6  

US-Hawaii 36.1 2.1 27.6 0.0 65.8  

US-Gulf 43.8 3.1 30.4 0.0 77.3  

MX-Noroeste 

(Northwest) 33.7 2.0 32.7 0.0 68.4 
 

MX-Noreste (North) 33.9 2.7 26.4 0.0 63.0  

MX-Centro-Occidente 

(Center) 39.4 2.8 18.6 0.0 60.8 
 

MX-Centro & Sur-

Sureste (South) 40.7 0.9 13.3 0.0 54.9 
 

Country-wide 
LCOE primary LCOC LCOS LCOT LCOE total 

export (-)/ 

import (+) 

[€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [%]  

Area weighted average 35.7 2.5 15.0 3.1 56.3 21.5 

CA-West 41.0 1.3 7.0 0.0 49.3 0.2 

CA-East 34.5 2.5 6.2 0.0 43.2 -0.1 

US-New England & 

New York 46.3 1.9 12.7 2.8 63.7 17.7 

US-Mid-Atlantics 49.5 1.7 12.7 8.9 72.8 48.6 

US-Carolinas 43.9 2.6 14.6 2.8 63.9 18.1 

US-Southern 38.9 1.9 20.3 2.9 64.0 16.4 

US-TVA 44.0 5.8 16.8 26.3 92.9 72.3 

US-Midwest 30.5 2.7 16.1 3.5 52.8 -35.9 

US-Central 28.5 2.9 16.7 4.0 52.1 -37.4 

US-Texas 30.4 2.9 17.5 2.2 53.0 -18.9 

US-Southwest 32.5 2.9 17.3 1.2 53.9 4.4 

US-Northwest 37.7 1.8 7.7 1.6 48.8 -13.6 

US-California 34.3 3.1 14.6 3.0 55.0 15.6 

US-Alaska 40.0 2.0 5.7 0.8 48.5 -0.9 

US-Hawaii 36.4 2.0 24.8 0.6 63.8 1.6 

US-Gulf 39.8 4.1 27.2 39.8 110.9 80.1 

MX-Noroeste 

(Northwest) 30.5 1.4 32.3 1.6 65.8 9.2 

MX-Noreste (North) 35.9 3.5 18.4 0.9 58.7 -3.3 

MX-Centro-Occidente 

(Center) 39.9 1.9 13.6 1.0 56.4 0.6 

MX-Centro & Sur-

Sureste (South) 42.3 0.9 10.5 1.5 55.2 -0.5 

Area-wide 
LCOE primary LCOC LCOS LCOT LCOE total 

export (-)/ 

import (+) 

[€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [%]  

Area weighted average 34.6 2.1 12.4 3.9 53.0 27.4 

CA-West 40.8 1.1 2.4 1.9 46.2 -8.3 

CA-East 31.3 1.4 3.7 5.0 41.4 -62.4 



98 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

US-New England & 

New York 40.1 2.5 19.5 16.7 78.8 61.8 

US-Mid-Atlantics 43.6 1.1 18.1 19.4 82.2 66.1 

US-Carolinas 42.5 1.7 15.3 5.4 64.9 36.4 

US-Southern 40.9 2.2 17.2 2.8 63.1 18.2 

US-TVA 44.6 5.2 14.1 21.0 84.9 68.8 

US-Midwest 31.0 2.2 11.9 2.3 47.4 -22.1 

US-Central 28.6 3.1 16.6 3.7 52.0 -34.2 

US-Texas 31.0 2.5 18.4 1.6 53.5 -6.2 

US-Southwest 32.3 2.8 18.3 1.1 54.5 6.1 

US-Northwest 36.4 2.1 6.3 1.7 46.5 -14.1 

US-California 34.5 3.0 13.3 3.1 53.9 17.3 

US-Alaska 39.2 2.0 6.1 0.9 48.2 -1.7 

US-Hawaii 36.4 1.9 24.9 0.5 63.7 1.4 

US-Gulf 44.2 2.0 11.4 8.9 66.5 51.1 

MX-Noroeste 

(Northwest) 30.8 2.3 26.1 1.9 61.1 8.8 

MX-Noreste (North) 35.5 2.6 17.0 1.3 56.4 3.9 

MX-Centro-Occidente 

(Center) 39.8 1.8 14.2 1.0 56.8 2.5 

MX-Centro & Sur-

Sureste (South) 40.5 1.0 11.7 1.3 54.5 -2.3 

Integrated scenario 
LCOE primary LCOC LCOS LCOT LCOE total 

export (-)/ 

import (+) 

[€/MWh] [€/MWh] [€/MWh] [€/MWh] [€/MWh] [%]  

Area wighted average 32.5 1.2 5.1 3.4 42.2 26.8 

CA-West 38.5 0.2 1.4 0.6 40.7 4.5 

CA-East 30.1 0.9 1.0 4.1 36.1 -62.2 

US-New England & 

New York 39.9 1.0 19.2 38.2 98.3 81.5 

US-Mid-Atlantics 42.0 0.3 9.2 14.1 65.6 65.3 

US-Carolinas 40.5 1.1 6.5 3.6 51.7 30.2 

US-Southern 35.6 1.1 9.3 2.6 48.6 22.8 

US-TVA 37.3 3.1 17.4 43.1 100.9 83.9 

US-Midwest 30.1 1.1 3.3 2.2 36.7 -29.5 

US-Central 28.0 1.9 5.6 3.4 38.9 -46.3 

US-Texas 30.2 1.4 4.5 1.6 37.7 -15.8 

US-Southwest 31.8 1.9 6.4 0.7 40.8 0.5 

US-Northwest 35.3 0.8 2.4 1.3 39.8 -14.9 

US-California 29.0 1.0 4.8 2.5 37.3 21.1 

US-Alaska 37.6 1.3 2.6 0.0 41.5 0.0 

US-Hawaii 28.3 1.2 15.4 0.0 44.9 0.0 

US-Gulf 35.2 1.1 11.4 16.7 64.4 70.4 

MX-Noroeste 

(Northwest) 28.1 1.2 21.4 1.7 52.4 5.7 

MX-Noreste (North) 34.9 1.7 13.0 1.1 50.7 0.3 

MX-Centro-Occidente 

(Center) 37.6 2.0 7.5 1.1 48.2 -2.9 

MX-Centro & Sur-

Sureste (South) 35.1 0.8 6.5 1.0 43.4 7.7 



99 

 

Table 13: Prosumer electricity costs, installed capacities and electricity utilization in North America. 

Prosumers parameters  Residential Commercial Industrial 

Electricity price [€/kWh] 0.170 0.174 0.153 

PV LCOE [€/kWh] 0.029 0.039 0.037 

Self-consumption PV LCOE [€/kWh] 0.039 0.049 0.045 

Self-consumption PV and Battery LCOE [€/kWh] 0.071 0.086 0.078 

Self-consumption LCOE [€/kWh] 0.070 0.086 0.078 

Benefit [€/kWh] 0.100 0.088 0.075 

Installed capacities Residential Commercial Industrial 

PV [GW] 285.2 212.9 313.8 

Battery storage [GWh] 480.2 389.8 541.0 

Generation Residential Commercial Industrial 

PV [TWh] 425.8 319.0 492.1 

Battery storage [TWh] 143.3 114.6 163.1 

Excess [TWh] 92.4 51.9 70.7 

Utilization Residential Commercial Industrial 

Self-consumption of generated PV electricity [%] 74.6 79.7 81.9 

Self-coverage market segment [%] 17.0 16.8 15.1 

Self-coverage operators [%] 85.0 84.0 75.3 

 

Table 14: Overview on storage capacities, throughput and full cycles per year for the four scenarios in 

North America. 

   Region-wide Country-wide Area-wide Integrated 

  Battery SC [GWhel] 1410.9 1410.9 1410.9 1410.9 

Storage capacities 

Battery system [GWhel] 1234.4 592.9 483.3 402.4 

PHS [GWhel] 34.9 34.9 34.9 24.5 

A-CAES [GWhel] 5821.6 185.9 1.3 4.8 

Gas [GWhth] 273396.6 229590.8 174299.2 221421.2 

 Battery SC [TWhel] 421.1 421.1 421.1 421.1 

Throughput of storage 

Battery system [TWhel] 364.2 181.9 153.4 121.4 

PHS [TWhel] 7.9 7.6 8.4 5.2 

A-CAES [TWhel] 142.9 5.2 0.03 0.1 

Gas [TWhth] 555.3 494.2 378.4 40.6 

  Battery SC [-] 298.4 298.4 298.4 298.4 

Full cycles per year 

Battery system [-] 295.0 306.8 317.3 301.7 

PHS [-] 228.5 216.7 242.1 210.6 

A-CAES [-] 24.6 28.0 25.7 25.8 

Gas [-] 2.0 2.2 2.2 0.2 
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Table 15: Electricity transmission line parameters for the area-wide scenario for North America. 

Region 1 Region 2 
Length 

[km] 

Capacity  

[GW] 

Utilization  

[%] 

CA-West US-Northwest 899.8 4.4 66 

CA-East US-Midwest 742.5 25.6 62 

US-New England & New York CA-East 424.6 90.2 88 

US-New England & New York US-Mid-Atlantics 82.4 64.9 86 

US-Mid-Atlantics US-Carolinas 463.1 9.6 70 

US-Mid-Atlantics US-Midwest 660.0 4.8 60 

US-Carolinas US-Southern 337.7 2.5 58 

US-Carolinas US-TVA 333.3 8.4 71 

US-Southern US-TVA 485.1 16.2 70 

US-TVA US-Midwest 379.5 41.8 73 

US-Midwest CA-West 1486.1 7.0 71 

US-Midwest US-Gulf 838.2 5.7 66 

US-Central US-Midwest 705.1 10.4 63 

US-Texas US-Central 400.4 10.4 56 

US-Southwest US-Central 1036.2 10.0 69 

US-Southwest US-Northwest 1133.0 4.1 65 

US-Northwest US-Midwest 1789.7 2.6 71 

US-California US-Southwest 356.4 9.2 55 

US-California US-Northwest 1089.0 13.7 68 

US-Alaska CA-West 1530.1 0.2 63 

US-Gulf US-Southern 574.2 9.7 68 

US-Gulf US-Central 574.2 11.9 70 

US-Gulf US-Texas 316.8 12.8 60 

MX-Noroeste (Northwest) US-California 124.3 4.8 52 

MX-Noroeste (Northwest) MX-Noreste (North) 618.2 3.2 62 

MX-Noreste (North) US-Texas 658.9 8.5 65 

MX-Noreste (North) MX-Centro-Occidente (Center) 833.8 4.6 69 

MX-Centro-Occidente (Center) MX-Centro & Sur-Sureste (South) 294.8 5.6 58 

 

 

Figure 3: Hourly generation profile for a net exporter region, Eastern Canada. 
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Figure 4: Hourly generation profile for a net importer region, US-Mid-Atlantics. 

 

 

Figure 3: Hourly generation profile for Southern Mexico, example for a balancing region. 
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Figure 4: Aggregated yearly state-of-charge for storage in area-wide open trade scenario, battery (top 

left), PHS (top right), gas storage (bottom left) and A-CAES (bottom right). 

 

 
Figure 5: State-of-charge for hydro dams in the area-wide open trade scenario. 
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Figure 6: Electricity generation curves for a whole year for area-wide open trade scenario for North 

America. 

 

 

Figure 7: Profile for interregional electricity trade between regions with the absolute numbers (left) 

and with power line utilisation (right) for area-wide open trade scenario for North America. 
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Figure 8: Energy flow of the system for the region-wide open trade scenario (top) and the area-wide 

open trade scenario (bottom) in 2030. 
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E-mail: Arman.Aghahosseini@lut.fi, Christian.Breyer@lut.fi 

 

ABSTRACT: The devastating effects of fossil fuels on the environment, limited natural sources and increasing 

demand for energy across the world make renewable energy (RE) sources more important than in the past. COP21 

resulted in a global agreement on net zero CO2 emissions shortly after the middle of the 21st century, which will 

lead to a collapse of fossil fuel demand. To be more precise, whenever the costs of renewable resources decrease, 

the interest in using them increases. Therefore, suppliers and decision-makers have recently been motivated to 

invest in RE rather than fossil fuels technologies even though large untapped fossil fuel resources are available. 

Among RE technologies, Iran has a very high potential for solar energy, followed by wind, and complemented by 

hydropower, geothermal energy, biomass and waste-to-energy. The focus of the study is to define a cost optimal 

100% RE system in Iran using an hourly resolution model. The optimal sets of RE technologies, least cost energy 

supply, mix of capacities and operation modes were calculated and the role of storage technologies was examined. 

Two scenarios have been evaluated in this study: a country-wide scenario and an integrated scenario. In the 

country-wide scenario, RE generation and energy storage technologies cover the country’s power sector electricity 

demand, however, in the integrated scenario, the RE generated was able to fulfil not only the electricity demand 

of the power sector but also the substantial demand for electricity for water desalination and synthesis of industrial 

gas. By adding the sector integration, the total levelized cost of electricity (LCOE) decreased from 45.3 €/MWh 

to 40.3 €/MWh. The LCOE of 40.3 €/MWh in the integrated scenario is quite cost-effective and beneficial in 

comparison to other low-carbon but high cost alternatives such as carbon capture and storage (CCS) and nuclear 

energy. The levelized cost of water and the levelized cost of gas are 1.5 €/m3 and 107.8 €/MWhLHV, respectively. 

A 100% RE system for Iran is found to be a real policy option. 

 

Keywords: 100% renewable energy, Iran, electricity, solar PV, wind energy, hydropower, LCOE. 
 

4.1 Introduction 

 

Iran is located in the southern part of Caspian Sea with an area of 1,648,195 km2. The total 

population of Iran was around 78.5 million in 2014, which consisted of roughly 20% of the total 

the Middle East and North Africa (MENA) population share. It is projected that Iran’s 

population will increase by 88.5 million by 2030 and 92.2 million by 2050, i.e. an annual growth 

of about less than 1% (United Nations, 2015). Therefore, the rate of population growth will 

decline by 5% in total share of the MENA region by 2050. 

 

Nowadays, Iran has a heavy dependence on oil and gas reserves and its economy mostly relies 

on the revenues from these resources. International sanctions have dramatically influenced 

                                                 
16 Published at 11th International Energy Conference, Tehran, May 30-31. 

Available at: Click here 
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Iran’s energy sector and have suspended upstream oil and gas projects. Natural gas has been 

the main energy resource in Iran so far with a share of 60% of total primary energy consumption 

in 2013, following by oil with 38%, hydropower with 1-2%, and a marginal contribution of 

coal, biomass and waste, nuclear power and non-hydro renewables (BP Group, 2014; EIA, 

2015a). 

 

Iran has the second largest natural gas reserves in the world after Russia (BP Group, 2014). It 

has 15.8% of the total reserves of the world, of which 33% comes from gas fields and 67% 

comes from non-associated gas fields (Iran’s Energy Ministry, 2000). The ten biggest non-

associated gas fields in Iran are South Park, Kish, North Pars, Golshan, Tabnak, Kangan, 

Kangiran, Nar, Aghar and Farsi (B-structure) (Iran’s Energy Ministry, 2000). South Park is the 

largest natural gas field in Iran and also in the world. South Park in Iran, together with North 

Dome in Qatar, hold the largest non-associated gas fields globally. Although Iran has a huge 

amount of natural gas reserves, it is producing only a small share of the reserves, about 160 

billion cubic meters per year. Consequently, it is one of the few countries capable of producing 

a much larger share of natural gas in the future. 

 

According to Energy Information Administration (EIA, 2015a), Iran is the fourth largest proved 

oil reserve holder in the world, behind Venezuela, Saudi Arabia and Canada. Total Iranian oil 

supply in 2014 was around 3.37 million barrels per day, a 20% decrease compared to 2010 

(EIA, 2015b). Iran’s crude oil reserves account for 10% of the world’s reserves and 13% of the 

Organization of the Petroleum Exporting Countries (OPEC) reserves (EIA, 2015a). Most of the 

crude oil reserves are located onshore, with the reminder mostly located offshore in the Persian 

Gulf (EIA, 2015a). 

 

Iran is one of the most energy intensive countries of the world with per capita energy 

consumption of 10 times more than the European Union (The World Bank, 2014). Energy use 

in Iran is rather inefficient mainly due to huge energy subsidies by the government, with energy 

intensity of 3 and 2.5 times higher than the global average and the Middle Eastern average, 

respectively (The World Bank, 2014; IEA, 2015). Electricity consumption was around 201.8 

TWh in 2012 and it is expected to increase by more than 2.5 times by 2050, to 555.4 TWh (IEA, 

2014a). Private household energy consumption increased sharply in 2012 and this accounts for 

35% of total energy consumption in Iran. This amount is roughly the same as electricity 
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consumption in the industrial sector. In order to meet the total electricity demand, hydroelectric 

and nuclear power plants are getting into the market, although they still do not play a key role 

in the total electricity supply. 

 

The electricity sector is heavily subsidized by the government, and mostly state owned 

companies control power generation, distribution and transmission (Table 1). However, a 

fossil-fuel subsidy has been reformed in the last few years according to the Iranian parliament 

ratification in March 2010 (Hassanzadeh, 2012). As a result, the price of electricity and water 

has increased and it will continue to rise marginally to cover the total fuel cost. 

 
Table 1: Subsidy rates for fossil fuel consumption as a share of the full cost of supply in Iran, 2014 

(IEA, 2014b). 

Average 

subsidization rate 

(%) 

Subsidy per 

capita (€/person) 

Subsidy by fuel (billion €) 

Oil Gas Electricity Total 

82 764.6 30.9 17.2 12 60 

 

Iran has set up hydroelectric plants and gas-fired open and combined cycle power plants during 

the past few years. Currently, Iran is not only self-sufficient in power plant construction, but 

also has signed a few contracts to implement projects in neighboring countries, such as Oman, 

Iraq, Syria and Lebanon (Payvand Iran News, 2011). 

 

Recently, the Iranian government has focused on renewable energy (RE) use in different 

economic sectors (SUNA, 2016a) and Iran’s energy policy has changed from one dominated 

by oil to diversify energy supply with more sustainable resources (Helio International, 2006), 

as well as nuclear power. As a result, it is expected that the current fossil fuel energy prices will 

increase and more subsidization of RE generation will be applied. Moreover, COP21 in Paris 

clearly declared that deep reductions in global emissions will be required to urgently address 

climate change; as a consequence, no net CO2 emissions will be allowed anymore shortly after 

the middle of the 21st century (UNFCCC, 2015). 

 

Hydropower is the primary renewable energy source for power generation in Iran, with 

approximately 10 GW of installed capacity (Table 2). Iran is the main leader with regards to 

hydropower generation in the MENA region, followed by Morocco with 2.8 GW of installed 

capacity (Farfan and Breyer, 2016; IRENA, 2013). 
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Beyond hydro, wind energy is the most common source of renewable electricity production in 

Iran. The suitable geographical location with low air pressure in most parts of the country, 

except north and northwestern areas with high air pressure, and heterogeneous climate produce 

strong air flows over Iran during summer and winter months (Mirhosseini et al., 2011, 

Mostafaeipour et al., 2014). The wind energy potential has been assessed and evaluated for 

some areas such as Tehran (Keyhani, 2010), Manjil (Mostafaeipour and Abarghooei, 2008), 

Sistan and Baluchestan (Tizpar et al., 2014), Zabol (Rahmani et al., 2014) and Semnan 

(Mirhosseini et al., 2011), which confirms the existence of appropriate power density for 

utilization of wind energy in the country. Although Iran was the leader in the MENA region 

with regards to power generation from wind energy with 92 MW installed capacity in 2010 

(Farfan and Breyer, 2016), it has experienced flat growth in recent years. However, 27 MW of 

installed wind power capacity was added to the system in 2014 (Farfan and Breyer, 2016). 

 

 
Figure 1: The atlas of solar horizontal irradiation (left) (Solar GIS, 2016) and mean wind velocity at 

height 40 m (right) (SUNA, 2016b) clearly show that Iran has an excellent potential of solar and wind 

energy. 

 

Solar power generation has seen high growth in recent years, mainly through photovoltaics 

(PV) and following by concentrating solar thermal power (CSP) plants in Iran. The potential 

for PV is extremely high in Iran, mainly due to having about 300 clear sky sunny days per year 

on two thirds of its land area and an average 2200 kWh solar radiation per square meter (Najafi 

et al., 2015). In 2010, Iran and Morocco started to operate on the first CSP plants in the MENA 

region, and CSP contributes significantly to the growing share of solar energy. Despite the huge 
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potential of solar energy, this technology has not been well developed in the country, and only 

represents less than 1% of total electricity generation (EIA, 2015a), mainly due to the 

availability of fossil fuel sources with a cheaper price and heavily subsidized non-renewable 

sources. Solar and wind energy potentials for Iran are represented in Figure 1. 

 

Modern biomass, waste-to-energy and geothermal power production are the least exploited 

energy sources in Iran. However, waste-to-energy projects will become more important. A 

number of geothermal energy projects exist in several areas in northern Iran, including Khoy-

Maku, Sabalan, Sahand and Damavand at Azarbaijan Gharbi, Ardebil, Azarbaijan Sharghi and 

Tehran provinces. The installed renewable energy capacity in Iran can be seen in Table 2. 

 
Table 2: Installed renewable energy capacity in Iran (MW). Year of most recent data indicated by 

superscripts. 

Hydro Solar Wind Biomass and 

waste 

Geothermal Total 

PV CSP 

11,413.9a,1 58.3a,1 17b,1,2 151a,3,4 8.7a,5,* 5c,1,6,7 11,653.9 
 

a 2015, b 2011, c 2010,  
* This amount is based on 8.7 MW biogas power plants constructed by the private sector. 
1 Farfan and Breyer, 2016; 2 IRENA, 2013; 3 SUNA, 2016c; 4 Bahrami and Abbaszadeh, 2013; 5 

SUNA, 2016d; 6 SUNA, 2016e; 7 Moshanir Power Engineering Consultants, 2015. 
 

Water scarcity is a serious issue in Iran today and it will become more challenging due to the 

overall consumption growth by increasing living standards. The location of Iran in the dry belt 

of the earth led to the status that Iran became one of the most water-stressed countries across 

the world, where roughly 70% of its area is located in arid and semi-arid locations. It has been 

estimated that the total per capita annual renewable water availability of the country will reach 

800 m3 by 2021, which is less than the global threshold of 1000 m3 (Foltz, 2002; Gorjian and 

Ghobadian, 2015). Seawater desalination as a potential solution has been addressed in different 

studies (Gorjian and Ghobadian, 2015; Caldera et al., 2016). Iran is surrounded by the Caspian 

Sea along its northern borders and the Persian Gulf and the Sea of Oman along its southern 

borders. Therefore, there is a favorable condition for the implementation of a seawater 

desalination system using RE sources.  

 

Iran has a great potential of RE sources which can be maximized by providing an infrastructure 

for operating plants based on renewables. This study aims at designing an optimal and cost 
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competitive, 100% RE power system for Iran considering optimal sets of RE technologies, mix 

of capacities, operation modes and least cost energy supply. Such a system will have a net zero 

carbon footprint and, consequently, contribute to protecting the environment and to mitigating 

climate change. In this energy system, different types of storage technologies were considered 

in order to store energy during off-peak times, which can be used when the demand for energy 

increases. Furthermore, the integration of the power, water desalination and industrial gas 

sectors and effects of integration on the 100% RE system is evaluated.   

 

4.2 Methodology 

 

An hourly resolved model has been developed based on linear optimization of energy system 

parameters under given constraints with a bright perspective of RE power generation and 

demand. A main features of the model is its flexibility and expandability. It is composed of 

several power generation and storage technologies, respective installed capacities and different 

operation modes of these technologies, which are used to supply the electricity demand of 

power, seawater desalination and synthetic natural gas (SNG) generation sectors. Energy 

system models can be separated into market and regulatory models. Regulatory models only 

take the long-term energy system structure into account and short-term market mechanisms are 

not considered. The used model belongs to the group of long-term energy system structure 

analyses. 

 

4.2.1 Model Overview 

 

The main constraint for optimization is the matching of power generation and demand for every 

hour of the applied year. Hourly modeling enables a more accurate system description including 

synergy effects of different system components for power system balance (Bogdanov and 

Breyer, 2016). 

 

The aim of the system optimization is to minimize the total annual cost of the installed 

capacities of the different technologies, cost of energy generation and generation ramping. The 

system also includes distributed generation and self-consumption of residential, commercial 

and industrial electricity consumers (prosumers) by installing respective capacities of rooftop 

PV systems and batteries. For these prosumers the target function is minimal cost of consumed 
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energy, calculated as the sum of self-generation, annual cost and cost of electricity consumed 

from the grid, minus benefits from selling excess production.  

 

The full description of the model, its input data including RE resources and technical 

assumptions can be found in Bogdanov and Breyer (2016) and Barbosa et al. (2016). 

 

4.2.2 Applied Technologies 

 

The three main technologies applied in the energy system optimization are: conversion of RE 

resources into electricity, energy storage and energy sector bridging. 

 

The technologies for converting RE resources into electricity applied in the model are ground-

mounted (optimally tilted and single-axis, north-south oriented horizontal continuous tracking) 

and rooftop solar PV systems, concentrating solar thermal power (CSP), onshore wind turbines, 

hydropower (run-of-river and dams), biomass plants (solid biomass and biogas), waste-to-

energy power plants and geothermal power plants. 

 

The energy storage technologies used in the model are battery storage, pumped hydro storage 

(PHS), adiabatic compressed air energy storage (A-CAES), thermal energy storage (TES) and 

power-to-gas (PtG) technology. PtG includes synthetic natural gas (SNG) synthesis 

technologies: water electrolysis, methanation, CO2 scrubbing from air, gas storage, and both 

combined and open cycle gas turbines (CCGT, OCGT). SNG synthesis process technologies 

have to be operated in synchronization because of hydrogen and CO2 storage absence. 

Additionally, there is a 48-hour biogas buffer storage and a part of the biogas can be upgraded 

to biomethane and injected into the gas storage. 

 

The energy sector bridging technologies provide more flexibility to the entire energy system, 

thus reducing the overall cost. PtG technology is a bridging technology available in the model 

for the case that the produced gas is used in the industrial sector and not as a storage option for 

the electricity sector. Another bridging technology is seawater reverse osmosis (SWRO) 

desalination, which couples the renewable water production to the electricity sector. 

 

An energy system mainly based on RE and in particular intermittent solar PV and wind energy 
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requires flexibility for an overall balanced and cost optimized energy mix. The flexibility 

includes generation management (e.g. hydro dams or biomass plants), demand side 

management (e.g. PtG, SWRO desalination) and storage of energy at one location and energy 

shifted in time (e.g. batteries). The full block model diagram and flowchart is presented in 

Figure 2. 

 

 
 Figure 2: Block diagram of the energy system model (left) and the model flowchart (right) for Iran. 

 

4.2.3 Financial and Technical Assumptions 

 

The model optimization is carried out on an assumed cost basis and technological status for the 

year 2030 and the overnight building approach. The financial assumptions for capital 

expenditures (capex), operational expenditures (opex) and lifetimes of all components are 

provided in Table 3. The capex and opex numbers refer in general to a kW of electrical power, 

in the case of water electrolysis to a kW of hydrogen thermal combustion energy, and for CO2 

scrubbing, methanation and gas storage to a kW of methane thermal combustion energy. 

Efficiencies of water electrolysis, CO2 scrubbing and methanation refer to the lower heating 

value of hydrogen and methane, respectively. The financial assumptions for storage systems 

refer to a kWh of electricity, and gas storage refers to a thermal kWh of methane at the lower 

heating value. Weighted average cost of capital (WACC) is set to 7% for all scenarios, but for 

residential PV self-consumption WACC is set to 4%, due to lower financial return 

requirements. The technical assumptions concerning power to energy ratios for storage 

technologies, and efficiency numbers for generation and storage technologies are provided in 

Table 4 and 5, respectively. 
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It is assumed that up to 20% of commercial, residential and industrial consumers can install 

their own power generation capacities based on PV generation and Li-ion batteries to reach 

minimal cost of annual power consumption. Electricity prices for residential (28 €/MWh), 

commercial (102 €/MWh) and industrial (41 €/MWh) consumers for the year 2015 are taken 

from the Ministry of Energy of Iran (Ministry of Energy of Iran, 2015), the weighted average 

of the electricity tariff is taken into account for residential consumers and for the two other 

consumers the electricity tariff of intermediate load is used. Excess generation, which cannot 

be self-consumed by the solar PV prosumers, is assumed to be fed into the grid for a transaction 

cost of 2 €cents/kWh. Prosumers cannot sell to the grid more power than their own annual 

consumption. 

 

Geothermal data are evaluated based on existing information on the surface heat flow rate 

(AAPG, 2015; IASPEI, 2015) and surface ambient temperature for the year 2005 globally. For 

areas where surface heat flow data are not available, an extrapolation of existing heat flow data 

was performed. Based on that, temperature levels and available heat at the middle depth point 

of each 1 km thick layer, between depths of 1 km and 10 km (Chamorro et al., 2014a; Chamorro 

et al., 2014b; Huenges, 2012) globally with 0.45˚ × 0.45˚ spatial resolution, are derived.  

 
 

Table 3: Financial assumptions for energy system components for the 2030 reference year (Caldera et 

al., 2016a; Bogdanov and Breyer, 2016; Pleßmann et al., 2014; Hoffmann, 2014; Komoto et al., 2013; 

Komoto et al., 2009; Fraunhofer ISE, 2015; Urban et al., 2009; European Commission. 2014a; 

Vartiainen et al., 2009). 

Technology 
Capex  

[€/kW] 

Opex fix 

[€/(kW∙a)] 

Opex var 

[€/(kWh)] 

Lifetime 

[a] 

PV optimally tilted 550 8 0 35 

PV single-axis tracking 620 9 0 35 

PV rooftop 813 12 0 35 

Wind onshore 1000 20 0 25 

CSP (solar field) 528 11 0 25 

Geothermal 4860 87 0 30 

Hydro run-of-river 2560 115.2 0.005 60 

Hydro dam 1650 66 0.003 60 

Water electrolysis 380 13 0.0012 30 

Methanation 234 5 0.0015 30 

CO2 scrubbing 356 14 0.0013 30 

CCGT 775 19.4 0.001 30 

OCGT 475 14.25 0.001 30 

Steam turbine 600 12 0 30 

Hot heat burner 100 2 0 30 

Heating rod 20 0.4 0.001 30 

Biomass CHP 2500 175 0.001 30 
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Biogas CHP 370 14.8 0.001 30 

Waste incinerator 5240 235.8 0.007 20 

Biogas digester 680 27.2 0 20 

Biogas upgrade 250 20 0 20 

 

Capex 

[€/(m3∙a)] 

Opex fix  

[€/(m3∙a)] 

Opex var  

[€/m3] 

Lifetime 

[a] 

Water desalination 2.23 0.09 0 30 

  

Capex 

[€/(kWh)] 

Opex fix 

[€/(kWh∙a)] 

Opex var  

[€/kWh] 

Lifetime 

[a] 

Battery 150 10 0.0002 10 

PHS 70 11 0.0002 50 

A-CAES 31 0.4 0.0012 40 

TES 24 2 0 20 

Gas storage 0.05 0.001 0 50 

  

Capex 

[€/(m3)] 

Opex fix 

[€/(m3∙h∙a)] 
Opex var [€/m3] 

Lifetime 

[a] 

Water storage 65 1.3 0 30 

  

Capex  

[€/(m3∙h∙km)] 

Opex fix  

[€/(m3∙h∙km∙a)] 

Opex var  

[€/m3∙h∙km] 

Lifetime 

 [a] 

Horizontal pumping and 

pipes 
19.3 0.39 0 30 

Vertical pumping and pipes 15.5 0.31 0 30 

 

Table 4: Efficiencies and energy to power ratio of storage technologies (Pleßmann et al., 2014). 

Technology 
Efficiency  

[%] 

Energy/Power Ratio  

[h] 

Self-Discharge  

[%/h] 

Battery 90 6 0 

TES 90 8 0.002 

PHS 85 8 0 

A-CAES 70 100 0.001 

Gas storage 100 80*24 0 

 

Table 5: Efficiency assumptions for energy system components for the year 2030 reference years. 

  ηel [%] ηth [%] 

CSP (solar field)  51 

Steam turbine 42  

Hot heat burner  95 

Heating rod  99 

Water electrolysis  84 

Methanation  77 

CO2 scrubbing  78 

CCGT 58  

OCGT 43  

Geothermal 24  

Biomass CHP 40 45 

Biogas CHP 42 43 

Waste incinerator 34  

Biogas upgrade  98 
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The potentials for biomass and waste resources are taken from German Biomass Research 

Center  )2009 .( All biowaste is divided in three different components: solid waste, solid biomass 

and biogas. Solid waste consists of municipal and industrial used wood; solid biomass includes 

straw, wood and coconut residues; biogas is comprised of excrement, municipal biowaste and 

bagasse. The costs for biomass are calculated using data from the IEA (2012) and IPCC dna 

(2011). For solid fuels a 50 €/ton gate fee for the waste incineration is assumed. Biomass 

estimated costs in Iran for three different components, including solid waste, solid biomass and 

biogas sources, are -10.2 €/MWhth, 5.3 €/MWhth and 3 €/MWhth, respectively. The results for 

calculated geothermal potential and biomass potentials are provided in Table 6. 

 
Table 6: Estimation of biomass potentials and geothermal energy potential for Iran in the year 2030. 

Solid waste 

[TWhth/a] 

Solid biomass [TWhth/a] Biogas sources 

[TWhth/a] 
Geothermal Potential [TWhth/a] 

4.8 32.8 0.0 15.6 

 

Feed-in full load hours (FLH) for Iran are computed on the basis of the 0.45˚ × 0.45˚ spatially 

resolved data. The calculated FLH values are based on the following assumption: 0–10% best 

areas are weighted by 0.3, 10–20% best areas are weighted by 0.3, 20– 30% best areas are 

weighted by 0.2, 30–40% best areas are weighted by 0.1 and 40–50% best areas are weighted 

by 0.1. The average FLH and levelized cost of electricity for CSP, optimally tilted PV, single-

axis tracking PV and wind power plants in Iran are presented in Table 7. As can be seen wind 

energy has the highest FLH, followed by single-axis tracking PV, CSP and optimally tilted PV. 

From an LCOE point of view, PV single-axis is the cheapest in cost and CSP is significantly 

more expensive compared to the other technologies. The aggregated profiles of solar PV 

generation (optimally tilted and single-axis tracking), CSP solar field and wind energy power 

generation normalized to maximum capacity and country-averaged are presented in Figure 3. 
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Figure 3: Aggregated feed-in profiles for optimally tilted PV (top left), single-axis tracking PV (top 

right), CSP solar field (bottom left) and wind power plant (bottom right) for Iran. 

 

Table 7: Average full load hours (FLH) and LCOE for CSP, optimally tilted PV, single-axis tracking 

PV and wind power plants in Iran. 

PV single-axis 

FLH 

PV optimally 

tilted 

FLH 

CSP 

 

FLH 

Wind 

 

FLH 

PV  

single-axis 

LCOE [€/MWh] 

PV optimally 

tilted 

LCOE 

[€/MWh] 

CSP 

 

LCOE 

[€/MWh] 

Wind 

 

LCOE 

[€/MWh] 

2297 1789 2197 2955 25 28 53 36 

 

4.2.4 Scenario Assumptions 

 

In this study, two different scenarios with different energy systems are considered: i) a country-

wide scenario energy system in which RE generation and energy storage technologies cover the 

country’s power sector electricity demand, and ii) an integrated scenario in which the demand 

for SWRO desalination and industrial gas are integrated to the country-wide energy system. In 

this scenario, RE sources combined with energy storage technologies are considered not only 

as electricity generation and storage options within the system, but also as energy sector 

bridging technologies to cover water desalination and industrial gas demand. The main aim is 
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to increase the flexibility of the system and also to achieve a least-cost option for electricity 

generation. The consumption center was considered in the model according to population 

density and economic importance in the capital of Iran, Tehran. 

 

4.2.5 Upper and Lower limitations on installed capacities 

 

Upper limits are calculated according to Bogdanov and Breyer (2016). Lower limits on already 

installed capacities in Iran are provided in Table 8 and all upper limits of installable capacities 

are summarized in Table 9. For all other technologies, upper limits are not specified. However, 

for solid biomass residues, biogas and waste-to-energy plants it is assumed, due to energy 

efficiency reasons, that the available and specified amount of the fuel is used during the year. 

 
Table 8: Lower limits of installed capacities [MW] considered in this study for Iran (Farfan and 

Breyer, 2016). 

 Solar PV Wind17 Hydro RoR18  Hydro dams PHS19 

Iran 58.3 120.0 142.3 13996.9 0.0 

 

Table 9: Upper limits on installable capacities in Iran in units of GWth for CSP and GWel for all other 

technologies. 

 

  Limits [GW] 

Area 

[1000 km2] 
Solar CSP Solar PV Wind Hydro RoR Hydro dams PHS 

Iran 1648 14834 7417 554 0.2 21 0 

 

4.2.6 Load Profile 

 

The demand profiles for Iran are based on local data (Iran Grid Management Company, 2016). 

Figure 4 represents the area-aggregated demand of Iran without the impact of PV self-

consumption prosumers (left) and considering PV self-consumption prosumers (right). The 

electricity demand increase by the year 2030 is estimated using IEA (2015) assumptions. Solar 

PV self-consumption prosumers have a modest impact on the residual load demand in the 

energy system as illustrated in Figure 4 (right). The overall electricity demand and the average 

load are reduced by 6% and 5% respectively, while the peak load stayed almost constant in the 

load curve with prosumer influence. 

                                                 
17 Only active capacities of wind energy are considered in this study. 
18 RoR = Run-of-River 
19 PHS = Pumped Hydroelectric Storage 
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Industrial gas demand and desalinated water demand for Iran are presented in Table 10. Gas 

demand values are based on IEA (2005) data and desalination demand numbers are based on 

water stress and water consumption projections (Caldera et al., 2016a). 

 

 
Figure 4: Aggregated load curve20 (left) and load curve with prosumer influence (right) for the year 

2030. 

 

Table 10: Annual industrial gas (IEA, 2005) and water demand (Caldera et al., 2016a) in Iran for the 

year 2030. 

Annual gas demand 

[TWhth] 

Annual electricity 

demand for gas synthesis 

[TWhel] 

Annual water 

desalination demand [106 

m3] 

Annual electricity demand 

for water desalination 

[TWhel] 

718.7 1366.4 89419 708.7 

 

4.3 Results 

 

The least cost electrical energy system configurations are estimated based on the supplied 

constraints and characterized by optimized installed capacities of RE electricity generation and 

storage for every modelled technology. As a consequence, respective hourly electricity 

generation, storage charging and discharging, and curtailment have been obtained. The main 

financial results of the country-wide and integrated scenarios for the total system (including PV 

self-consumption and the centralized system) are expressed as levelized cost of electricity 

(LCOE), levelized cost of electricity for primary generation (LCOE primary), levelized cost of 

curtailment (LCOC), levelized cost of storage (LCOS), total annualized cost, total capital 

expenditures, total renewables capacity, total primary generation and total storage capacities, 

as shown in Table 11, Figure 5 and Figure 6. 

                                                 
20 The aggregated load curve is based on the Gregorian (Western) calendar. 
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From Table 11 it can be easily seen that the total LCOE for both analyzed scenarios are low. 

However, the integrated scenario shows a much more competitive cost for 100% RE energy 

systems for Iran in the year 2030. An 11% decrease in total LCOE can be observed in the 

integrated scenario due to a reduction of all estimated levelized costs (Figure 5). An increase in 

the utilization of low-cost wind and solar PV electricity for SNG production, a rise in the 

flexibility of the system, and an efficient utilization of mid-term storage lead to a fall in LCOE 

for primary generation, LCOS and LCOC by 6.5%, 27.3% and 25%, respectively. SNG 

production tends to increase the electricity generation of the country to fulfil the growth 

demand. As Iran’s energy system is currently dominated by domestic natural gas usage, SNG 

can logically play a significant role in addressing future energy demand. The system total 

annual cost and capex increased from 15 b€ to 119 b€ and from 167 b€ to 1150 b€, respectively. 

The total RE installed capacities increased dramatically from 172.4 GW to 1089.4 GW in order 

to generate 2269.9 TWh (+601%) for SWRO desalination and industrial gas demand. 

 
Table 11: Financial results for the country-wide and integrated scenarios for a fully sustainable energy 

system in Iran. 

 
Total 

LCOE  

LCOE 

primary 
LCOC LCOS 

Total 

ann. 

cost  

Total 

capex  

RE 

capacities  

Generated 

electricity  

 [€/MWh] [€/MWh] [€/MWh] [€/MWh] [b€] [b€] [GW] [TWh] 

Country-wide 45.3 35.4 3.2 6.6 15 167 172.4 377.7 

Integrated 40.3 33.1 2.4 4.8 119 1150 1089.4 2647.6 

 

This conclusive evidence proves that water scarcity is a serious problem in Iran and it should 

be addressed by SWRO desalination. It is noteworthy that the cost of renewable water seems 

to be quite affordable at 1.5 €/m3, particularly for a country that suffers from a lack of access 

to enough water resources. A case study for desalination in Iran (Caldera et al. 2016b) revealed 

that the combination of PV single-axis tracking, PV fixed-tilted, wind energy, battery and PtG 

would be the best option for producing renewable water with the LCOW range between 1.5 

€/m3 – 2.5 €/m3, which is quite comparable with the LCOW in this study. However, the cost of 

synthetic gas, at 107.8 €/MWhLHV, appears to be substantially higher than the current price, 

especially for Iran which is one of the main natural gas reserve holders in the world. Another 

study by Fasihi et al. (2016) for a hybrid PV-Wind power plant with equal installed capacity of 

PV and Wind in one of the best sites in Iran, allocated exclusively for SNG production, shows 

significantly lower production cost (70 €/MWhth). This is mainly due to full allocation of 
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generated electricity to PtG plant which will result in higher FLH of PtG plants, which will 

reduce the SNG production cost, and in addition to slightly lower solar PV capex as in this 

study due to the assumption of very large-scale PV power plants and respective highly cost 

competitive pricing. 

 

Table 12 represents the comparison of all installed RE technologies in the country-wide and the 

integrated scenarios. It can be observed that PV single-axis tracking, PV optimally tilted and 

wind energy experienced a substantial increase from the country-wide to integrated scenario 

due to additional demand for SWRO desalination and industrial gas. Hydro dam installed 

capacities remained stable and geothermal energy, municipal solid waste (MSW) incinerator 

and biomass power plant installed capacity raised slightly in the integrated scenario. A 72% 

decrease in biogas power plant installed capacity can be explained by the reallocation of biogas 

resources to biomethane upgrading to contribute to the SNG demand. In fact, biogas is 

reallocated from electricity generation to SNG supply in the integrated scenario (Table 12 and 

Figure 6). According to the energy model results, it can be easily understood that solar PV and 

wind energy play the most important role in the country, while CSP, PV optimally tilted and 

hydro RoR do not have a crucial impact on the total RE-based energy system. In order to fulfil 

the extra electricity demand of SWRO desalination and industrial gas production, 531.4 GW 

(+593%) of wind energy and 484.3 GW (+888%) of total PV are needed. The higher share of 

wind compared to PV can be justified by the fact that both solar PV and wind energy are already 

low cost at 25 €/MWh and 36 €/MWh, respectively, but wind energy matches better the 

continuous high utilization of the SWRO desalination and electrolyzer capacities. In addition, 

wind could be available in every hour of the day in a part of the country although solar radiation 

is only during the daytime and its excess energy could be stored by batteries and used during 

the nighttime. However, it is anticipated that PV will further reduce the cost and become an 

even lower cost option for on-grid, roof-top systems and PV power plants in the MENA region 

by 2030 and onwards (Vartiainen, et al., 2015; Breyer et al., 2010a; Breyer et al., 2010b). 

Despite the existence of other RE resources in Iran, the total installed capacities of other 

renewable sources presented a minimal change considering the integrated scenario.  

 

The installed capacities for RE generation and storage in Iran can be seen in Figure 6 for the 

country-wide and the integrated scenarios. For the country-wide scenario, wind capacities 

include 43% of all installed RE capacities, followed by solar PV with 27%. It can be observed 
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that in areas that have excellent wind conditions, low cost wind energy is the preferred 

technology. Similar to the country-wide scenario, for the integrated scenario wind dominates 

all RE installed capacities by 49%. However, the share of PV increased drastically by 44% of 

total share compared to the country-wide scenario. Although the installed capacities of hydro 

dams stayed constant and OCGT decreased marginally, the share of each in the mix of 

technologies declined significantly from 12% in the country-wide to 2% in the integrated 

scenario. A steep increase can be seen in CCGT capacity, mainly to get baseload conditions for 

desalination plants for reducing the LCOW by increasing the FLH, since the electrolyzers are 

only in operation at times of PV and electricity excess supply. 

 
Table 12: Overview on installed RE technologies and storage capacities for the country-wide and 

integrated scenarios. 

  Country-wide Integrated scenario Relative change (%) 

PV self-consumption [GW] 10.4 10.4 0% 

PV optimally tilted [GW] 0.1 1.5 +1400% 

PV single-axis tracking [GW] 38.5 472.4 +1127% 

PV total [GW] 49 484.3 +888% 

CSP [GW] 0.0 0.8 - 

Wind energy [GW] 76.7 531.4 +593% 

Biomass power plants  [GW] 0.0 2.6 - 

Biogas power plants [GW] 6.1 1.7 -72% 

MSW incinerator [GW] 0.2 0.3 +50% 

Geothermal energy [GW] 0.6 0.7 +17% 

Hydro Run-of-River [GW] 0.1 0.2 +100% 

Hydro dams [GW] 20.9 20.9 0% 

Battery PV self-consumption [GWh] 0.0 0.0 0% 

Battery total [GWh] 0.0 29.9 - 

PHS [GWh] 0.0 0.0 0% 

A-CAES [GWh] 0.0 1234.3 - 

TES [GWh] 0.0 60.6 - 

PtG electrolyzers [GWel] 2.7 158.6 +5774% 

CCGT [GW] 4.4 22.7 +416% 

OCGT [GW] 21.8 21.3 -2% 

Steam Turbine [GW] 0.0 3.0 - 

 



122 

 

 
Figure 5: LCOE components for the country-wide (left) and the integrated (right) scenarios for Iran. 

 

In terms of storage, the low installed capacities can be explained by the fact that Iran has a high 

availability of RE sources, particularly wind energy, solar PV and hydropower, which can 

produce electricity all-year-round (Figure 6). The total storage capacities soar from 9.7 TWh in 

the country-wide scenario to 110.9 TWh in the integrated scenario. In the integrated scenario, 

an increase in the total installed capacity for short and mid-term electricity storage is observed 

due to the addition of total PV and wind installed capacities. PtG electrolyzers experienced the 

highest increase in the integrated scenario by 5774% (Tables 12 and 13). A level of 155.9 GWel 

of PtG electrolyzers, which were not needed for electricity storage in the country-wide scenario, 

are installed for industrial SNG production. A-CAES that has no role in the country-wide 

scenario, is increased substantially in the integrated scenario. On the other hand, TES increased 

slightly compared to other storage technologies. Consequently, the role of this storage 

technology is negligible in the country. A total of 29.9 GWh of battery storage is required in 

the integrated scenario to store the additional electricity generation from PV and wind energy, 

which can be used when the demand for energy increases. An overview of storage capacities, 

throughput of storage and full cycles per year for the country-wide and the integrated scenarios 

is presented in Table 13. Gas storage has the highest capacity compared to other energy storage 

technologies and the share of gas storage increased from the country-wide to the integrated 

scenario by 1026% when the natural gas demand is added to the energy system (Figure 6).  

 

The findings for the integrated scenario can be summarized in an energy flow diagram 
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comprised of primary RE generation, energy storage technologies, total demand of each sector 

and losses (Figure 7). The excess heat generated by the system and ultimate system losses 

consist of the difference of primary power generation and final electricity demand. In addition, 

the excess electricity curtailed by the system can be converted to heat, stored in heat storage 

and utilized for heat demand. As shown in Figure 7, the usable heat generated in the integrated 

scenario is 330 TWhth per year. The excess heat generated as a byproduct of biomass and biogas 

plants is equally distributed over the year.  

 
Table 13: Overview on storage capacities, throughput of storage and full cycles per year for the 

analyzed scenarios. 

   
Country-wide 

scenario 
Integrated scenario 

Storage capacities 

Battery SC [GWhel] 0.0 0.0 

Battery system [GWhel] 0.0 29.9 

PHS [GWhel] 0.0 0.0 

A-CAES [GWhel] 0.0 1234.3 

TES [GWhel] 0.0 60.6 

Gas storage [GWhth] 9741 109700 

Throughput of storage 

Battery SC [TWhel] 0.0 0.0 

Battery system [TWhel] 0.0 7.9 

PHS [TWhel] 0.0 0.0 

A-CAES [TWhel] 0.0 23.6 

TES [TWhel] 0.0 3.8 

Gas storage [TWhth] 15.5 34.2 

Full cycles per year 

Battery SC [-] 468.8 468.8 

Battery system [-] 269.5 263.5 

PHS [-] 0.0 0.0 

A-CAES [-] 0.0 19.1 

TES [-] 0.0 62.9 

Gas storage [-] 1.6 0.3 
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Figure 6: RE installed capacities and storage capacities for the country-wide (left) and the integrated 

(right) scenarios in Iran. 

 

An hourly generation profile of Iran is shown in Figure 8, which represents the generation of 

RE in the first days of a year. As can be seen, wind energy has the highest generation among 

all RE resources at the beginning of the year and leads to excess electricity generation, which 

is used to generated SNG using electrolysis, CO2 scrubbing form air and methanation capacities 

as well as battery storage and some curtailment to balance out the electricity generation and 

demand. At the beginning of the second week of the year, CCGT, OCGT and hydro dams are 

used to cover the electricity demand when wind and solar PV generation is lower.  
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Figure 7: Energy flow of the system for the integrated scenario. 

 

 
Figure 8: Hourly generation profile for Iran for the beginning of January. At the top of the figure, 

generation of different RE resources, CCGT and OCGT in hourly resolution are indicated and at the 

bottom storage options and excess electricity generation are illustrated. 
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4.4 Discussion 

 

By considering the high potential of RE in Iran due to its specific geographical location with 

the help of designing a flexible and dynamic structure, and removing existing obstacles such as 

dependency on oil and natural gas, it is critical to analyze the economic feasibility of RE in the 

country to speed up its development. However, lack of dynamic strategic management, 

ineffective policies, non-optimal utilization of human resources and obstacles in the 

administrative structure would lead to a serious barriers to increase the share of RE in the market 

(Fadai et al., 2016). 

 

The LCOE of both country-wide and integrated scenarios clearly reveal that among all the 

alternatives for achieving a low carbon based energy system, RE options are the most 

competitive and least-cost solution. The LCOE for other alternatives such as coal carbon 

capture and storage (CCS), gas CCS, and nuclear energy are about 180-210% higher than the 

integrated scenario and 150-180% higher in comparison to the country-wide scenario. The cost 

assumption for other alternatives are as follows: 112 €/MWh for new nuclear (assumed for 2023 

in the UK and Czech Republic), 112 €/MWh for gas CCS (assumed for 2019 in the UK) and 

126 €/MWh for coal CCS (assumed for 2019 in the UK) (Agora Energiewende, 2014). A study 

carried out about CCS investment possibility for Croatia (Višković et al., 2014) pointed out that 

CO2 capture from a fossil fuel fired power plant is technically feasible, but it is not cost-

effective. The findings for Croatia are assumed to be valid for Iran in the mid-term as well. The 

LCOE calculated in that study was 94.4 €/MWh, which still is not cost competitive compared 

to the LCOE of RE sources that has been estimated for Iran in this paper. However, a report 

published by the European Commission (European Commission, 2014b) concludes that CCS 

technology will not probably be commercially available before the year 2030. 

 

In terms of installed capacities, wind and PV technologies have the highest share of the RE 

sources, representing 27% and 43% of the total RE installed capacities in the country-wide 

scenario and 49% and 44% of the total RE installed capacities in the integrated scenario. These 

results are in accordance with the fact that wind and PV technologies have well distributed FLH 

all over the country and are the least cost RE technologies in most of the cases. Besides, the 

installation of wind turbines in windy regions of the country, constructing wind farms, and 

distributed small-scale and centralized PV plants are already profitable in numerous regions in 
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Iran (Alamdari et al., 2012; Ghobadian et al., 2009; Aguilar et al., 2015). It is estimated that 

PV electricity generation cost will decrease even more than the current cost level in the coming 

years (Vartiainen et al., 2015; Breyer et al., 2010a; Breyer et al., 2010b; Breyer and Gerlach, 

2013), especially in regions with high PV FLH. The Iranian government set an aggressive and 

ambitious energy price reform in February 2010 in order to bring the budget deficit under 

control and to manage the rising trend of energy demand (Moshiri, 2013). As a result, energy 

price reform is a great opportunity to embark on a mid-term and long-term investment plan for 

RE, which are abundant in the country. 

 

Currently, hydropower has the greatest share in the electricity sector compared to other sources 

of RE in Iran. The share of hydropower in total electricity generation capacity is around 5%, 

while non-hydro renewables contribute to less than 1% of electricity generation capacity (EIA, 

2015a). However, a high share of other complementary renewable sources will diminish the 

dependency on hydropower plants, leading to the least-cost solution for the problem under the 

given constraints. The share of hydropower of the total RE sources is 12% in the country-wide 

scenario. Despite the amount of hydropower staying constant when SWRO desalination and 

industrial gas are added to the system, the share of this RE source reduced significantly due to 

the increase in the share of wind energy and solar PV. Biogas power plants constitute 4% of 

total RE sources in the country-wide scenario, whereas the role of biogas in the integrated 

scenario is insignificant. Although biomass power plants, MSW incinerators and geothermal 

energy have a minor role in the total RE installed capacities, they are used to increase diversity 

and security of the energy system. 

 

In the country-wide scenario, 2.7 GWel of PtG technology is needed in the power sector for a 

100% RE system, which increased to 158.6 GWel when the additional demand for SWRO 

desalination and industrial SNG is required. Gas storage experienced the same condition and 

its share increased by 1026% in the integrated scenario. Even though for the country-wide 

scenario the impact of A-CAES on the storage system was negligible, its installed capacity was 

expanded by 1234.3 GWh in the integrated scenario. Nevertheless, other storage technologies 

such as PHS and TES play a marginal role in both scenarios. 

 

The abundant RE sources in Iran would cover not only electricity demand in the power sector, 

but also additional electricity demand for producing 718.7 TWhLHV of SNG and 89,419 million 
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m3 of water desalination. Adding 2075.1 TWhel for gas synthesis and SWRO desalination 

requires additional RE capacities of 454.7 GW of wind energy and 435.3 GW of solar PV. 

When both water and industrial gas sectors were considered in the integrated scenario, annual 

system cost increased by 104 b€ (+693%). However, considering these two sectors separately 

will significantly increase the annual system cost. Due to the high demand of water and 

industrial gas, the electricity generation in the integrated scenario soared by 601% to cover all 

the demand of Iran for the year 2030. Moreover, a study for the MENA region (Aghahosseini 

et al., 2016) clearly concluded that the connection between countries by HVDC power lines has 

a positive impact on the least cost of electricity and total annual costs of the system. The LCOE 

for the integrated scenario in the MENA region is 37.5 €/MWh for Iran, which is highly 

beneficial in comparison to a fully independent energy system. 

 

4.5 Conclusion 

 

This paper mainly focused on the economic feasibility and potential of electricity generation 

from RE sources in Iran by the year 2030. However, government regulation and energy 

subsidies for fossil fuels as a main obstacles to achieve a fully sustainable energy system were 

not addressed. Iran relies mainly on fossil fuels-based energy production due to high reserves 

of oil and natural gas in the country. However, at COP21 in Paris it was clearly declared that 

net zero CO2 emissions will be required to urgently address climate change shortly after the 

middle of the 21st century. The advantage regarding the use of RE for electricity generation has 

been discussed through two scenarios; the country-wide scenario and the integrated scenario. 

Given a reliable fuel source, RE powered by wind energy and solar PV appear to be the 

favorable option due to their higher potential and lower LCOE. Hydropower is the main RE 

source for producing electricity at the moment, even though decreasing the capital cost of wind 

and PV in the coming years will increase their shares noticeably in the market. 

 

 It has been estimated that RE technologies can generate sufficient energy to fulfil all electricity 

demand in Iran by the year 2030 at a price level of 40.3 – 45.3 €/MWhel, depending on the 

sectoral integration. High dependency on natural gas for producing electricity, and water 

scarcity in the country were also considered in this study. It has been evaluated that the demand 

for industrial SNG and SWRO desalination can be covered by electricity generation from RE 

sources, providing the country 100% renewable synthetic natural gas and renewable water 
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supply. 

 

In the country-wide scenario, the energy system based on RE generation and energy storage 

technologies covers the country’s power sector electricity demand. The total annual cost and 

the total capex required to generate 377.7 TWh are 15 b€ and 167 b€, respectively. The 

integrated scenario involves not only electricity generation, but also SWRO desalination and 

industrial SNG. Due to the high level of renewable water and industrial SNG demand in Iran, 

total annual cost and total capex increased by 693% and 589% from the country-wide scenario 

to the integrated scenario, respectively. Furthermore, it has been observed that the demand for 

RE capacities and generated electricity increased dramatically to cover two additional sectoral 

demands. However, an integration benefit can be achieved since, in parallel with supplying 

demand, such an integration provides additional flexibility to the energy system, especially for 

seasonal fluctuation compensation. The LCOE of 40.3 €/MWh in the integrated scenario is 

quite economical and affordable in comparison to other low carbon alternatives such as CCS 

and nuclear energy, which cost substantially more. 

 

In order to achieve a 100% RE energy system for Iran by the year 2030, a fully integrated 

renewable energy system has to be simulated and deeply studied. Moreover, all dimensions of 

sustainability, including technical, economic, environmental, social and institutional, must be 

taken into account at the project planning and implementation stage. This study demonstrates 

that a 100% renewable resources-based energy system is not a wishful thinking anymore and it 

is a low cost and reliable option for Iran in the mid-term future. 
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ABSTRACT: In this work, a 100% renewable energy (RE)-based energy system for the year 2030 for Southeast 

Asia and the Pacific Rim22, and Eurasia was prepared and evaluated and various impacts of adiabatic compressed 

air energy storage (A-CAES) were researched on an hourly resolution for one year. To overcome the intermittency 

of RE sources and guarantee regular supply of electricity, energy sources are complemented by five energy storage 

options: batteries, pumped hydro storage (PHS), thermal energy storage (TES), (A-CAES) and power-to-gas (PtG). 

In a region-wide scenario the energy system integration is within a sub-region of the individual large areas of 

Southeast Asia and Eurasia. In this scenario simulation were performed with and without A-CAES integration. 

For Southeast Asia and Eurasia, the integration of A-CAES has an impact on the share of a particular storage used 

and this depends on the seasonal variation in RE generation, the supply share of wind energy and demand in the 

individual areas. For the region-wide scenario for Southeast Asia (region with low seasonal variation and lower 

supply share of wind energy) the share of A-CAES output was 1.9% in comparison to Eurasia (region with high 

seasonal variation and a high supply share of wind energy) which had 28.6%. The other impact which was observed 

was the distribution of the storage technologies after A-CAES integration, since battery output and PtG output 

were decreased by 72.9% and 21.6% (Eurasia) and 5.5% and 1.6% (Southeast Asia), respectively. However, a 

large scale grid integration reduces the demand for A-CAES storage drastically and partly even to zero due to 

substitution by grids, which has been only observed for A-CAES, but not for batteries and PtG. The most valuable 

application for A-CAES seems to be in rather decentralized or nation-wide energy system designs and as a well-

adapted storage for the typical generation profiles of wind energy. 

 

Keywords: A-CAES, 100% Renewable Energy, Eurasia, Southeast Asia, energy system optimization, storage, 

grid integration, wind energy. 

 

5.1 Introduction 

 

The need for energy has been increasing in the past decades and will continue to do so due to 

rapid industrialization and urbanization in many countries (IEA, 2015; Khare et al. 2013). 

However, volatility of oil and gas prices, depletion of fossil fuel resources, global warming, 

geopolitical tensions (Kousksou et al. 2014), and strict greenhouse gas emission protocols 

(UNFCCC, 2015) have put severe strain on governments around the world to cope with the 

increasing energy demands. To provide a balance between energy demands and to do so in a 

                                                 
21 Published at 10th International Renewable Energy Storage Conference (IRES), Düsseldorf, March 15-17. 

Available at: Click here 
22 from hereafter, Southeast Asia and the Pacific Rim will be called Southeast Asia 

https://www.researchgate.net/publication/298258250_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
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sustainable way has resulted in a remarkable increase in deployment of renewable energy 

sources (RES) (REN21, 2015). However, due to their intermittency RES present a challenge in 

energy generation and load balance maintenance to provide power network stability and 

reliability (Karellas and Tzouganatos, 2014). A variety of research has been done seeking viable 

solutions, including electrical energy storage, load shifting through demand side management 

and interconnections through regional grids (Luo et al. 2015). From the results of a study 

conducted on Northeast Asia, it was found that the least cost of electricity can be obtained by 

optimizing the use of storage and interregional electricity trade (Bogdanov and Breyer, 2016). 

  

Energy storage in a power system is defined as “Any installation or method, usually subject to 

independent control, with the help of which it is possible to store energy generated in the power 

system, keep it stored and use it in the power system when necessary” (Kousksou et al. 2014). 

The definition suggests that energy storage may be used in the power system in three different 

steps: charge, store and discharge. The different main types of energy storage technologies that 

exit in the market are batteries, flow cells, flywheels, pumped hydro storage (PHS), compressed 

air energy storage (CAES) and power-to-gas (Baker, 2008; Ibrahim et al. 2008; Breyer et al. 

2015). 

 

A-CAES is an integrated system for storing energy during off-peak times, which can then be 

used when the demand for energy increases. It is one of the rare energy storage technologies 

suitable for long durations (tens of hours) and utility scale (hundreds to thousands of megawatts) 

applications )Barnes and Levine, 2011(. CAES is the least cost utility scale bulk storage system 

that is currently available apart from PHS. However, when factors such as low environmental 

impact and high reliability are considered, CAES has an advantage over other bulk scale energy 

storages (Cavallo, 2007). The world’s first utility scale CAES plant, was installed in Huntorf, 

Germany in 1978 and another commercial scale CAES plant, McIntosh, was started in the 

United States in 1991 and one more plant is under construction in Norton, Ohio with several 

projects in the planning phase such as Markhamin Texas, Chubu in Japan and Eskom in South 

Africa (Kantharaj et al. 2015; Chen et al. 2013; Schaber et al. 2004). 

 

The suitable underground geologies for constructing caverns for CAES are salt, hard rock 

(particularly granite in this study (Couchoud and Blechinger, 2015)) and porous rock (including 

aquifers) (Cleary et al. 2013). The areas that have one or more of these geologies suitable 
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account for significant spots for storing energy in the form of compressed air energy storage. 

Several studies have been done in Europe, particularly Germany, and in the United States 

(Allen, 1985; Mehta, 1992; Kepplinger et al. 2011; Döring, 2012), which elaborate that there is 

a high potential for this technology across the world. 

 

In this paper, the authors present the suitable locations for A-CAES in Southeast Asia and 

Eurasia for the first time. However, this study is carried out only on a macroscale that does not 

evaluate areas according to the detailed characteristics required to fully estimate their suitability 

for A-CAES. The data presented in Figure 2 can mostly serve as a template for identifying 

potential areas for further research. Site-specific and detailed regional data will be needed to 

determine the exact geologic resource base for A-CAES installations. 

 

The two regions considered in this paper are Eurasia (Bogdanov and Breyer, 2015), which lies 

between the latitudes of 37° and 78°, and has a high seasonal variation with higher electricity 

demand in winter than in summer. The peak load in winter in the Eurasian region is higher than 

the peak load for the summer. Southeast Asia (Gulagi et al. 2016; Breyer et al. 2015) lies 

between the latitudes of 28° and -47°, and has a low seasonal variation with no distinct change 

in the load profiles over the year. For the simulations of a 100% RE system, it was observed 

that these two regions differ from each other considerably in regard to the renewable energy 

(RE) source which powers the electricity generation mix. In Eurasia, wind is the dominant 

source of power with less influence of photovoltaics (PV) (Bogdanov and Breyer, 2015). In 

Southeast Asia, PV is the dominant source in power supply with less influence of wind (Gulagi 

et al. 2016; Breyer et al. 2015). The differences in the generation technology profiles and in the 

electricity demand profiles also require a different mix of storage technologies for each region. 

  

The main objective of this paper is to compare the differences in the storage technologies in 

particular A-CAES. At the same time, there will also be a comparison of modelling results with 

the impact of A-CAES storage for the two regions, in addition to the effect of interregional grid 

connection on A-CAES storage in particular. 

 

5.2 Methodology 

 

The LUT energy system model is used in this study to define a cost optimal 100% RE system 
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which is based on linear optimization of energy system parameters under applied constraints 

and is based on a set of power generation and storage technologies in addition to seawater 

desalination and synthetic natural gas generation sectors, which operate as flexible demand. 

The details of the applied energy model and the technical and financial assumptions have 

already been described in Bogdanov and Breyer (2016) and the next sections do not include a 

detailed description of the model, its input data and the applied technologies. However, detailed 

description has been provided of all additional information that has been assumed for the model 

in the present study.  

 

5.2.1 LUT Model overview 

 

The energy system optimization model is based on a linear optimization of the system 

parameters under a set of applied constraints with the assumption of a perfect foresight of RE 

power generation and power demand. A multi-node approach enables detailed description of 

any chosen configuration of power transmission interconnections among the different sub-

regions of a larger region. The main constraint for the optimization of the energy system is to 

guarantee that for every hour of the year there is a matching of the total demand and total 

generation in every sub-region for every sector which enables a more precise system description 

of the effects of different system components for the power system balance. The optimization 

target for the system is the minimization of the total annual energy system cost (includes power, 

seawater desalination and gas synthesis sectors), which is the sum of the total annual costs of 

installed capacities of the different technologies, costs of energy generation and generation 

ramping.  

 

5.2.2 Input data 

 

The information about the input data and the calculation of the input data for solar, wind, hydro, 

geothermal data and water demand is given in (Bogdanov and Breyer, 2016; Barbosa et al. 

2016; Caldera et al. 2016). The data for industrial gas consumption for the two regions is based 

on natural gas demand data from the International Energy Agency statistics and natural gas 

consumption projections for the year 2030 were calculated considering industrial annual growth 

projections based on the World Energy Outlook (BP, 2014; IEA, 2014; IEA, 2013). 
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5.2.3 Applied technologies 

 

The technologies applied in the Southeast Asian and Eurasian energy system optimization can 

be grouped into four main categories: conversion of RE resources into electricity, energy 

storage, bridging technologies for the energy system and electricity transmission. The block 

diagram for the energy system model is given in Figure 1. Only technologies for converting RE 

resources into electricity and energy storage technologies are described here. The description 

of bridging technologies and electricity transmission can be found in Barbosa et al. (2016). 

 

The technologies for converting RE resources into electricity applied in the model are ground-

mounted (optimally tilted and single-axis north-south oriented horizontal continuous tracking) 

and rooftop solar PV systems, concentrating solar thermal power (CSP), onshore wind turbines, 

hydro power (run-of-river and dams), biomass plants (solid biomass and biogas), waste-to-

energy power plants and geothermal power plants. 

 

The energy storage technologies used in the model are battery storage, pumped hydro storage 

(PHS), adiabatic compressed air energy storage (A-CAES), thermal energy storage (TES) and 

power-to-gas (PtG) technology. PtG includes synthetic natural gas (SNG) synthesis 

technologies: water electrolysis, methanation, CO2 scrubbing from air, gas storage, and both 

combined and open cycle gas turbines (CCGT, OCGT). SNG synthesis process technologies 

have to be operated in synchronization because of hydrogen and CO2 storage absence. 

Additionally, there is a 48-hour biogas buffer storage and a part of the biogas can be upgraded 

to biomethane and injected to the gas storage. 

 

 

Figure 1: Block diagram of the energy system model for the two super regions (left) and model 

flowchart (right). 
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5.2.4 Adiabatic compressed air energy storage (A-CAES) 

 

In order to calculate the A-CAES potential, firstly, areas with geologies favorable to A-CAES 

have to be recognized. Suitable spots for A-CAES were mainly determined by overlapping two 

or more proper geological formations in this study. Furthermore, by using geological maps of 

countries (GNS Science, 2014; Phommakaysone, 2012; Geoscience Australia, 2011; 

MONREC, 2008; Onegeology Portal, 2007; Ministry of Natural Resources and the 

Environment of the Kingdom of Thailand, 1999; Steinshouer et al. 1999; Geological map of 

Cambodia scale 1:500,000, 1990; United States geological survey, 1965), those areas which 

have proper lithological formations )Hartmann and Moosdorf, 2012( have been marked as 

suitable areas for A-CAES. The final map of suitable places for A-CAES in Southeast Asia and 

Eurasia can be seen in Figure 2. 

 

Figure 2: Geological A-CAES potential for Southeast Asia (left) and Eurasia (right). 

 

The next step was to evaluate the total area of these available spots for storing energy. ArcGIS 

software (ESRI, 2011) is used for the preparation of the maps and calculating the area. Based 

on the two currently operating CAES plants, which drilled to 500 m depth (Foley and Lobera, 

2013), this amount of depth is assumed as a constant depth for all the areas. Therefore, the 

amount of calculated area is multiplied to 500 m depth to estimate the volume of each spot. 

  

The electricity efficiency of the CAES in Huntorf and McIntosh is documented to reach about 

42% and 54%, respectively (Table 1) (Lee et al. 2007; Crotogino, 2006; Crotogino et al. 2001). 

It is generally accepted that adiabatic CAES plants will reach an efficiency of about 70% (Table 
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2) (Succar and Williams, 2008; Calaminus, 2007; Zunft et al. 2005), which is used in this paper. 

Table 2 presents a comparison of technical and financial parameters of CAES in 2013 and 

estimates for A-CAES in 2030. 

 

Table 1: Comparison of Huntorf and McIntosh CAES facilities (Foley and Lobera, 2013; Succar and 

Williams, 2008; Calaminus, 2007; Lee et al. 2007; Crotogino, 2006;  Zunft et al. 2005; Crotogino et 

al. 2001). 

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 construction company KBB PB-KBB 

 

Finally, the maximum energy of these two mentioned plants, which equals to 480 MWh in 

Huntorf and 2000 MWh 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 newly determined area is 

calculated by multiplying their estimated volume and the weighted average of 0.0028 MWh/m3 

of the two currently operating plants’ potential (Table 3). Only 10% of the sum of average 

potential for each sub-region is used in the final simulations for the different scenarios as an 

upper limit. 

 

Table 2: Technical and financial parameters of CAES and A-CAES for larger scale energy storage 

(European Commission, 2014; Rogers et al. 2014; Ferreira et al. 2013). 

 Unit 2013 2030 

Technical 

Efficiency [%] 54 70 

Self-discharge [%/d] small 0.25 

E/P ratio [h] 26 100 

Financial 

Capex, energy (storage volume) [€/kWhel] 35 31 

Capex, power (power interface) [€/kWel] 600 530 

Opex fixed [% of capex] 1.3 1.3 

Opex variable [€/MWh] 1.2 1.2 
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Table 3: CAES potential in Southeast Asia and Eurasia. 

Southeast Asia Eurasia 

Country/Sub-region Potential, [TWhel] Country/Sub-region Potential, [TWhel] 

Myanmar 151,900 Russian Far East 632,322 

Laos   59,376 Russia-Siberia 863,361 

Thailand 122,716 Russia-Urals 291,523 

Cambodia   29,221 Northwest Russia 617,437 

Indonesia - Kalimantan 

Sulawesi 
249,680 Russia-Volga region 336,230 

Papua New Guinea 113,555 Central Russia 191,552 

New Zealand   13,590 South Russia   94,153 

Australia-East 481,378 Kazakhstan 315,144 

Australia-West 502,187 Belarus   32,426 

Vietnam   26,523 Pamir     7,461 

Malaysia   34,440 Uzbekistan   52,331 

  Turkmenistan 173,754 

  Caucasus regions      1,530 

 

5.3 Scenario assumptions 

 

The Eurasian region is divided into 13 sub-regions (Bogdanov and Breyer, 2015). These are 

seven Federal Districts of Russia, Belarus, Kazakhstan, Uzbekistan, Turkmenistan, Caucasus 

regions including Armenia, Azerbaijan and Georgia, and Pamir including republics of 

Kirgizstan and Tajikistan. The Southeast Asian region is divided into 15 sub-regions (Gulagi et 

al. 2016; Breyer et al. 2015). These are New Zealand, Australia East, Australia West, Papua 

New Guinea and Papua region of Indonesia are combined together, Indonesia Sumatra, 

Indonesia Java Bali (including Timor-Leste), Indonesia Kalimantan Sulawesi, East Malaysia, 

West Malaysia (with Singapore), the Philippines, Myanmar, Thailand, Laos, Vietnam and 

Cambodia. The four scenarios which were simulated for these two regions are: 

 

 Region-wide energy systems, in which all the regions are independent (no high voltage 

direct current (HVDC) grid interconnections) and the electricity demand has to be 

covered by the respective sub-region’s own generation;  

 country-wide energy system, in which the regional energy systems are interconnected 

by HVDC grids within the borders of nations;  

 area-wide energy system, in which the country-based energy systems are 

interconnected; 

 integrated scenario: area-wide energy system with seawater desalination and industrial 

gas demand, in which the PtG technology is used not only as a storage option within the 

system, but also as a bridging technology for covering the industrial gas demand. 
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The financial assumptions concerning capital expenditures (capex), operational expenditures 

(opex) and lifetimes of all components and technical assumptions concerning power to energy 

ratios for storage technologies, efficiency numbers for generation and storage technologies and 

power losses in HVDC power lines and converters for the model optimization are taken from 

Bogdanov and Breyer (2016).  

 

 

Figure 3: Area sub-division for Southeast Asia (top) and Eurasia (bottom). 

 

5.4 Results 

 

For the two regions and for four analyzed scenarios cost minimized electrical energy system 

configurations are derived for the given constraints and characterized by optimized installed 

capacities of RE electricity generation, storage and transmission for every modelled technology, 

leading to respective hourly electricity generation, storage charging and discharging, electricity 

export, import and curtailment. The results obtained from the comparison of the two regions in 

a region-wide scenario with and without A-CAES storage are given in Table 4. The main system 

parameters are compared to show the influence of the integration of A-CAES on the system 

parameters. 
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Table 4: Summary of the system parameters for the region-wide open trade scenario for 2030 for the 

two super regions. 

 Southeast Asia Eurasia 

    with  

A-CAES 

without  

A-CAES 

with  

A-CAES 

without  

A-CAES 

Total annualized levelized cost [bn €] 102.6 102.66 91.08 91.73 

Total LCOE  [€/MWhel] 62.54 62.58 62.61 63.06 

LCOS [€/MWhel] 18.01 18.09 16.77 17.53 

Electricity demand [TWhel] 1629.55 1629.55 1449.88 1449.88 

Curtailment losses [TWhel] 77.03 76.76 113.00 126.08 

Storages losses [TWhel] 82.90 86.03 191.08 235.30 

Curtailment losses (rel.)  [%] 4.7 4.7 7.8 8.7 

Storages losses (rel.)  [%] 5.1 5.3 13.2 16.2 

Excess energy [TWh] 77.03 76.76 113.00 126.01 

Generated electricity [TWh] 1791.04 1790.92 1770.96 1804.39 

PV total [GW] 562.03 565.33 206.94 209.93 

Wind onshore [GW] 92.75 88.92 327.16 339.32 

PV supply share in generation [%] 49.57 55.83 15.73 15.66 

Wind supply share in generation [%] 14.53 11.87 53.62 54.59 

Battery storage capacity [GWhel] 289.64 317.95 15.20 67.77 

PHS storage capacity [GWhel] 800.00 805.03 9.01 9.01 

A-CAES storage capacity  [GWhel] 302.77 0.00 1783.47 0.00 

Gas storage capacity [GWh] 38589 37323 87184 91069 

Electrolyser capacity [GWel] 7.77 8.74 32.52 43.45 

Total storage output [TWhel] 347.38 348.60 144.05 144.71 

Battery output [TWhel] 96.27 101.88 4.67 17.19 

PHS output [TWhel] 226.91 227.81 1.63 1.27 

A-CAES output  [TWhel] 6.62 0.00 41.20 0.00 

Gas output [TWhel] 53.25 54.13 83.55 106.61 

Battery storage share [%] 27.7 29.2 3.2 11.9 

PHS storage share [%] 65.3 65.4 1.1 0.9 

A-CAES storage share [%] 1.9 0.0 28.6 0.0 

Gas storage share [%] 15.3 15.5 58.0 73.7 
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It can be observed that the integration of A-CAES storage in Southeast Asia (region with low 

seasonal variation and a lower wind energy share) has an effect on the system parameters but 

not in a dramatic way in comparison to Eurasia (region with high seasonal variation and a high 

wind energy share), where it is observed that the integration of A-CAES has a significant effect 

on system parameters. 

  

As seen from the integration of A-CAES storage in a region-wide scenario (rather decentralized 

system), for the region with low seasonal variation and less wind share (Southeast Asia), the 

annualized levelized cost, least cost of electricity (LCOE) and least cost of storage (LCOS) 

decreased by 0.1%, 0.1% and 0.5% respectively when compared to the region with high 

seasonal variation and a high wind share (Eurasia), which had a decrease of 0.7%, 0.7% and 

4.4% respectively. The utilization of the low cost A-CAES storage decreases the overall cost 

of the system mostly by decreasing the storage share of batteries, followed by pumped hydro 

storage (PHS) and gas storage. Utilization of the A-CAES storage decreases the LCOS in the 

two regions by 0.5% (Southeast Asia) and 4.4% (Eurasia), and this cost benefit decreases the 

total annualized cost by 0.1% (Southeast Asia) and 0.7% (Eurasia), and the respective LCOE. 

The aggregated storage utilization profiles for A-CAES for the region-wide scenarios for the 

two regions are shown in Figure 4. As can be seen in Figure 4, A-CAES discharges on a 

seasonal basis for Southeast Asia and on a weekly to monthly basis for Eurasia, which reflects 

the wind generation profiles of the two regions, shown in Figure 5. 

 

 

Figure 4: Aggregated state-of-charge for the A-CAES storages in the region-wide scenario for 

Southeast Asia (left) and Eurasia (right). 
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Figure 5: Aggregated wind generation profile for Southeast Asia (left) and Eurasia (right). 

 

The decrease in storage losses when the system was integrated with A-CAES for Southeast 

Asia and Eurasia was found out to be 3.6% and 18.8%, respectively, compared to simulations 

without A-CAES. This is observed due to the fact that A-CAES takes a small share away from 

all the other storage options, in particular PtG technology operating on a higher relative storage 

loss level, as it is lower in cost and gives flexibility to the system as it can be used on daily, 

weekly and monthly basis. The integration of A-CAES storage has a mixed effect on the 

capacities of all other storage technologies for the two regions: battery storage capacities are 

reduced by 8.9% for Southeast Asia and 77.6% for Eurasia, PHS storage capacity was reduced 

by 0.6% for Southeast Asia and there was no change observed for Eurasia. For the region of 

Southeast Asia, gas storage capacity increased by 3.4% and for Eurasia it decreased by 4.3%. 

The two regions’ annual generation and storage capacities with A-CAES integration are shown 

in Figure 6 and Figure 7, respectively. 

 

The other interesting impact which was observed by the integration of A-CAES was the 

distribution of various storage technologies. The integration of A-CAES decreased the output 

share of all the storage technologies particularly in Eurasia, where the impact was significant. 

The total storage output for Southeast Asia and Eurasia decreased by 0.3% and 0.5% 

respectively with the integration of A-CAES. Going into details with each storage technology, 

battery output and gas output decreased by 5.5% and 1.6% for Southeast Asia and 72.9% and 

21.6% for Eurasia, respectively. For PHS the output decreased by 0.4% and increased by 28.7% 

for Southeast Asia and Eurasia, respectively. 
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Figure 6: Annual discharge generation of storages for Southeast Asia (left) (Gulagi et al. 2016; Breyer 

et al. 2015) and Eurasia (right) (Bogdanov and Breyer, 2015). 

 

 

Figure 7: Installed capacities for storages for Southeast Asia (left) (Gulagi et al. 2016; Breyer et al. 

2015) and Eurasia (right) (Bogdanov and Breyer, 2015). 

 

For the country-wide, area-wide and integrated scenarios the installation of the HVDC lines has 

a positive impact on the electricity cost and annual expenditures of the system (Bogdanov and 

Breyer, 2016; Gulagi et al. 2016; Breyer et al. 2015; Bogdanov and Breyer, 2015). The 

advantages of interconnection of the sub-regions and integration of desalination and gas sectors 

leads to a decrease in cost of electricity and other important system parameters. In particular 

grid utilization leads to a decrease in storages utilization as the cost of transmitting the 
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electricity is typically lower in comparison to storage costs. Therefore, transmission lines 

decrease the need for energy storage options; installed capacities of batteries, PHS, A-CAES, 

heat storage, PtG and gas turbines decrease with the grid expansion. PHS capacity stays the 

same for all scenarios and is equal to the lower limit of the current installed capacities. 

 

It can be seen from Table 5 for Southeast Asia that the decrease in the storage capacities and 

throughput of storage for A-CAES from region-wide to area-wide was 75% and 74%, 

respectively. The generation capacity of A-CAES decreases with integration of the HVDC grid. 

However, for the integrated scenario capacities of storage technologies increase in absolute 

numbers. 

 

Table 5: Overview on storage capacities, throughput, full cycles and utilization of A-CAES potential 

per year for the four scenarios for Southeast Asia (Gulagi et al. 2016; Breyer et al. 2015). 

  
Region- 

wide 

Country-

wide 

Area-

wide 
Integrated 

 Battery SC [TWhel] 0.2 0.2 0.2 0.2 

Storage 

capacities 

Battery system [TWhel] 0.6 0.6 0.5 0.6 

PHS [TWhel] 0.0 0.0 0.0 0.0 

A-CAES [TWhel] 0.8 0.8 0.2 0.3 

Gas [TWhth] 39.2 37.4 30.3 43.1 

 Battery SC [TWhel] 54.2 54.2 54.2 54.2 

Throughput of 

storages 

Battery system [TWhel] 190.6 189.5 166.8 190.9 

PHS [TWhel] 2.3 2.3 2.3 1.3 

A-CAES [TWhel] 19.2 17.7 5.0 7.2 

Gas [TWhth] 102.2 98.5 83.1 23.5 

 Battery SC [-] 316.1 316.1 316.1 316.1 

Full cycles per 

year 

Battery system [-] 322.4 322.5 329.3 328.9 

PHS [-] 266.4 266.4 271.9 212.1 

A-CAES [-] 22.7 22.7 24.5 26.7 

Gas [-] 2.6 2.6 2.7 0.5 

Utilization of  

A-CAES 

potential 

Storage used [TWh] 0.8 0.8 0.2 0.3 

Storage 

available 
[TWh] 605,800 605,800 605,800 605,800 

 

The decrease in capacities and output of all storage technologies from decentralized (region-

wide) to centralized (country-wide, area-wide and integrated) scenarios is due to the large scale 

balancing of the weather dynamics when the regions are connected via HVDC grid, which is 

typically not available in a region-wide scenario. When compared to all other storage capacities 

and output, the decrease in A-CAES is the largest for Southeast Asia due to a substitution 

function of large continental grids for weather phenomena on a daily to weekly scale, which 
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seems to be the case for wind energy and to which A-CAES matches best. There is high need 

for battery systems due to the high PV supply share in the generation and the need to shift the 

solar electricity from daytime to evening and night hours. So the decrease in battery capacities 

and output is not very high compared to A-CAES. The other storage technologies are still 

needed, such as PtG (with seasonal variation) and PHS (comparable function as batteries). It 

can be observed in Table 5 that the available potential for A-CAES storage in Southeast Asia 

is by orders of magnitude higher than the demand used for storage, and this small fraction still 

decreases the more the regions are geographically grid integrated.  

 

The same effect can be observed for Eurasia in Table 6 which shows high storage capacities 

and throughput of storage in the region-wide scenario (rather decentralized system) but with 

the installation of HVDC lines for a country-wide scenario, the decrease in storage capacities 

for A-CAES observed was 72% and the decrease in throughput of storage for A-CAES was 

71% in comparison to the region-wide scenario. For the area-wide and integrated scenario the 

impact of A-CAES on the storage system was negligible. As A-CAES is a mid-term storage 

and it can be substituted by continental grids in balancing short to mid-term weather 

phenomena, as opposed to batteries, which are required on daily basis, and PtG, which is a 

seasonal storage. The installation of HVDC lines and trading of electricity between the sub-

regions is lower in cost than utilization of storage on the level of the region-wide scenario. For 

energy storage options, transmission lines decrease the need for storage technologies, especially 

A-CAES, since energy shifted in time (storage) can be partly most cost effectively substituted 

by energy shift in the location. Also the influence of the A-CAES on the system in a 

decentralized system depends on the share of wind energy in the generation mix. It was 

observed that in a region with low wind penetration the influence of A-CAES on the system is 

low and a region with high wind penetration A-CAES has a significant influence on the system. 

 

The decrease in capacities and output of all storage technologies has been observed from region-

wide to integrated scenario for Eurasia but in particular the influence of A-CAES reduces 

drastically from a high influence in the region-wide scenario to negligible influence in the area-

wide and integrated scenarios. Other storage such as PtG is still required by the system as it 

provides the needed flexibility to the system and also works as a long term storage. Battery 

storage is also needed on a daily basis for balancing demand and supply throughout the year so 

it still plays a part in the storage systems. It can be observed in Table 6 that the available 
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potential for A-CAES storage in Eurasia is orders of magnitude larger than the demand, which 

still decreases to zero in scenarios in which the regions are geographically grid integrated. 

 

Table 6: Overview on storage capacities, throughput, full cycles and utilization of A-CAES potential 

per year for the four scenarios for Eurasia (Bogdanov and Breyer, 2015). 

  
Region-

wide 

Country-

wide 
Area-wide Integrated 

 Battery SC [TWhel] 0 0 0 0 

Storage 

capacities 

Battery system [TWhel] 0.015 0.015 0.009 0 

PHS [TWhel] 0.009 0.009 0.009 0.009 

A-CAES [TWhel] 1.8 0.5 0 0 

Gas [TWhth] 87.2 69.9 62.9 70.3 

 Battery SC [TWhel] 0 0 0 0 

Throughput of 

storages 

Battery system [TWhel] 4.7 4.7 3.1 0.1 

PHS [TWhel] 1.6 1.5 1.5 0.9 

A-CAES [TWhel] 41.2 11.6 0 0 

Gas [TWhth] 147.6 107.9 89.7 11.4 

 Battery SC [-] 0 0 0 0 

Full cycles per 

year 

Battery system [-] 307.0 307.0 354.5 260.0 

PHS [-] 181.0 163.3 161.5 100.1 

A-CAES [-] 23.1 23.3 0 0 

Gas [-] 1.7 1.5 1.4 0.2 

Utilization of  

A-CAES 

potential 

Storage used [TWh] 1.8 0.5 0 0 

Storage 

available 
[TWh] 369,000 369,000 369,000 369,000 

 

5.5 Discussion 

 

The integration of the A-CAES into the system for Southeast Asia and Eurasia has a positive 

impact on the region-wide (rather decentralized system) scenario. This impact is observed on 

the important system parameters such as levelized cost of storage, curtailment losses, storage 

losses and the distribution of various storage technologies. For the region-wide scenario for 

Southeast Asia (region with low seasonal variation and low share of wind energy), the share of 

A-CAES output was 1.9% and for Eurasia (region with strong seasonal variation and high share 

of wind energy) it was 28.6% of the total storage output. The total levelized cost of electricity 

in the region-wide scenario decreased from 62.58 €/MWh to 62.54 €/MWh and from 63.06 

€/MWh to 62.61 €/MWh for Southeast Asia and Eurasia, respectively. The levelized cost of 

storage decreased from 18.09 €/MWh to 18.01 €/MWh in Southeast Asia and from 17.53 

€/MWh to 16.77 €/MWh in Eurasia. Also, storage losses decreased from 86.03 TWhel to 82.9 

TWhel and 235 TWhel to 191.08 TWhel for Southeast Asia and Eurasia, respectively. The 

utilization of the low cost A-CAES storage reduces the share of batteries and the PtG output, 
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which was decreased by 72.9% and 21.6% for Eurasia and 5.5% and 1.6% for Southeast Asia. 

  

The use of batteries on a daily basis for both the regions is of high significance, especially in 

Southeast Asia, due to a high PV share in the generation mix. Batteries and PHS work on a 

daily basis with charging in the daytime and discharging in the night time. The other storage 

technologies, A-CAES and PtG, are required on weekly, monthly or seasonal basis. In the 

region-wide scenario, it was observed that seasonal variation plays a vital role in utilization of 

different storage options. The sub-regions have to satisfy their demands from their own 

generation and storage. In Eurasia, which has a high seasonal variation, all the storage 

technologies play a vital role in satisfying the demand on a daily, weekly and monthly basis. 

Batteries are used on a daily basis, A-CAES is used on a daily to weekly basis for charging at 

times of high wind availability especially in the winter months and discharging at times of low 

solar radiation. For Southeast Asia, due to availability of sunlight all year around, batteries and 

PHS play a vital role on a daily basis, then followed by A-CAES and PtG for seasonal variation. 

  

The installation of the HVDC lines for country-wide, area-wide and integrated scenarios for the 

two regions affects the distribution of the storage technologies, in particularly for A-CAES. For 

Southeast Asia the storage capacities for A-CAES decreases from 0.8 TWhel for region-wide to 

0.2 TWhel for the area-wide scenario, and storage output decreases from 19.2 TWhel for region-

wide to 5.0 TWhel area-wide scenarios. For Eurasia, storage capacities for A-CAES decrease 

from 1.8 TWhel for region-wide to 0 TWhel for area-wide scenarios and storage output decreases 

from 41.2 TWhel for region-wide to 0 TWhel area-wide scenarios. The installation of HVDC 

lines reduces the integration benefit of A-CAES, due to transferring of electricity via grids over 

a larger area being more economical than storage in time. The other storage capacities are also 

reduced, but not so drastically as A-CAES. 

 

The interconnection of the different sub-regions definitely has an effect on the distribution of 

storage technologies and especially drastically decreases the capacity and throughput of A-

CAES. In Eurasia wind plays a dominant part in the electricity generation mix. In the region-

wide scenario, this wind energy cannot be traded between the regions and A-CAES plays a big 

part in the storage and providing this energy at times of high demand and low wind resource 

availability. In the case of interconnection with an HVDC grid, this wind energy can be traded 

between the sub-regions and the need to have A-CAES decreases substantially as there are 
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always sub-regions operating at a deficit or surplus level. The proper distribution of wind 

energy across the different sub-regions provides finally a more even supply of wind-based 

electricity, which reduces the requirement for A-CAES storage capacity. In all scenarios, 

batteries are least cost for storage on a daily basis and PtG seems to be a least cost storage 

solution on a seasonal basis in cases where not enough hydro dams are available (Barbosa et al. 

2016). A-CAES is somewhat in between on a weekly to monthly basis, which seems to be 

substitutable by establishing a continental grid due to the availability of some wind in a large 

region in any given hour. 

 

Wind energy in Eurasia plays a dominant role in the electricity generation mix, particularly in 

the winter months, and this has an impact on the weekly to monthly charging and discharging 

profile for A-CAES for the region-wide scenario. In comparison to Eurasia, Southeast Asia 

reveals that although wind is available in this area, the A-CAES storage cannot play a big role 

for storing energy during off-peak times. As a result, in Eurasia due to higher influence of wind, 

A-CAES is used on a weekly to monthly basis. However, in Southeast Asia A-CAES is used 

only on a seasonal basis in a decentralized system. 

  

An interesting effect could be observed in Southeast Asia in comparing the cases with and 

without A-CAES in the mix of available technologies. It has been found in this work that A-

CAES supports wind energy effectively, which is emphasized by the fact that for the case of 

Southeast Asia the total cost of the system had been rather constant with and without A-CAES, 

but the share of wind energy grew by 22% as a consequence of availability of A-CAES and led 

in turn to a PV production reduction by 11%. 

 

5.6 Conclusion 

 

For the region-wide scenario, A-CAES plays more important role for Eurasia (high seasonal 

variation and high share of wind energy) than for Southeast Asia (low seasonal variation and 

low share of wind energy). The A-CAES storage output share in the total storage output for 

Southeast Asia is 2% in comparison to Eurasia, which has 29%. This implies that high seasonal 

variation with cold winters and warm summers and an overall high wind energy supply share 

seems to have an impact on A-CAES demand. With a constant temperature all year around for 

Southeast Asia, the relevance of A-CAES is lower in the system storage configuration. The 
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distribution of the other storage technologies such as batteries and PtG after A-CAES 

integration decreased considerably for Eurasia but not for Southeast Asia. The role of A-CAES 

in Southeast Asia is rather seasonal with stronger weekly variations, whereas it is used in 

Eurasia as storage in the order of weeks. The latter is mainly due to a balancing function for 

variations of wind generation in the same order. Further analysis applying an area-wide scenario 

clearly showed that a grid integration on a larger (rather continental) scale reduces the economic 

benefit of A-CAES drastically. However, other storage technologies, in particular batteries, 

PHS (without seasonal variation) and PtG (with seasonal variation), are still needed. There 

seems to be a correlation of higher shares of wind energy supply and demand for A-CAES 

storage, which is strongest, if large scale grid integration cannot balance wind-related weather 

variations on a time scale of weeks. In case further energy sectors are integrated into the 

electricity sector (desalination and industrial gas demand are modeled), the total storage 

demand is further reduced substantially due to the increased flexibility in the energy system. A-

CAES can be integrated into the energy system and it generates benefits for the system in 

particular with seasonal variations, for substantial shares of wind energy in the system and in a 

rather decentralized system design. 
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6 OVERALL DISCUSSION AND CONCLUSION 

 

According to the Paris Agreement (UNFCCC, 2015), fossil fuels are not allowed to be used 

right after mid-21st century due to not acceptable emissions. Meanwhile, much greater emission 

reduction efforts will be required in order to hold the rise in the global average temperature 

belowe 2˚C. RE resources are clean and reliable alternatives to conventional fuel for meeting 

the electricity demand of people across the world. However, it is preferable to use an approprite 

combination of different RE resources to increase system reliability and feasibility. Moreover, 

it is difficult to satisfy the total demand of all sectors through a single RE resources because 

each type of RE has drawbacks such as temporal variability. Solar energy is a good example in 

this kind where solar radiation is only available during daytime, while it can be either supported 

by wind energy during the nighttime and times of low solar irradiation during daytime or stored 

in batteries which then can be used when the demand of energy increases. Additionally, 

inadequate RE implemented in a region can have various impacts on both the natural 

environment and the lifestyle of local residents (Hori et al. 2016). Thus, a RE production system 

should be optimized by a mix of different RE resources while considering the environmental 

and societal impacts from multiple perspectives. 

 

As discussed in the previous sections, the combination of solar PV (single-axis tracking and 

self-consumption) and wind energy seems to be the best options in most of the regions globally. 

The reason is that these technologies have well distributed FLH all over the sub-regions and are 

the least cost RE technologies in most of the cases. For some regions, the share of wind energy 

is rather high compared to the solar PV. However, an increase in the share of wind could be 

inverted again after 2030, since the learning curve of PV continues (Fraunhofer ISE, 2015; 

Breyer, 2011), in particular in combination with batteries (Hoffmann, 2014; Nykvist and 

Nilsson, 2015). The learning curve of wind is not so sharp, i.e. the share of PV is expected to 

grow year by year. Such an effect had been found for instance for the case of Saudi Arabia 

(Caldera et al., 2016). 

 

Furthermore, the installation of a HVDC transmission grid leads to a remarkable reduction of 

electricity cost in the RE-based system. For instance, the total levelized cost of electricity 

(LCOE) in North America decreased from 63 €/MWh for the region-wide open trade scenario 
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to 53 €/MWh for the area-wide open trade scenario and to 42 €/MWh for the integrated scenario. 

Although in some regions the LCOE increases from the region-wide to area-wide scenario. This 

can be justified on the basis that in these regions the electricity cost is lower when they are 

independent, however the high cost of single regions leads to lower costs of all regions, i.e. the 

cost distribution within the model may be reworked for an updated version. Moreover, the total 

annualized cost and the total capex of the system decreased from the region-wide scenario to 

the area-wide scenario for all the regions. In contrast, the total annualized cost and the total 

capex increased drastically for the integrated scenario to cover the excess electricity needed for 

the desalination and industrial gas sectors. Additional costs of the HVDC transmission grid in 

the area-wide open trade scenario are compensated by a significant decline in installed 

capacities of electricity generation and storage capacities, which is enabled by lower efficiency 

losses, decrease in costs of energy transmission compared to energy storage and access to low 

cost electricity generation in other regions. 

 

The findings for A-CAES depicts that high seasonal variation with cold winters and hot 

summers, and an overall high wind energy supply share have an impact on the A-CAES 

demand. With a constant temperature all year around for Southeast Asia, the relevance of A-

CAES is lower in the system storage configuration. The distribution of the other storage 

technologies such as batteries and PtG after an A-CAES integration decreased considerably for 

Eurasia but not for Southeast Asia. The role of A-CAES in Southeast Asia is rather seasonal 

with stronger weekly variations, whereas it is used in Eurasia as storage in the order of weeks. 

In addition, a grid integration on a large-scale reduces the economic benefit of A-CAES 

drastically. However, other storage technologies, in particular batteries, PHS (without seasonal 

variation) and PtG (with seasonal variation), are still needed. A-CAES can be integrated into 

the energy system and it generates benefits for the system in particular with seasonal variations, 

for a substantial share of wind energy in the system and in a rather decentralized system design. 

 

The findings for all the regions on a 100% RE-based energy system clearly reveal that the 

potential of the regions for RE generation, in particular for solar and wind energy, is quite high. 

By applying this system to the regions, not only the regions can fulfill all the electricity demand 

in the region itself, but also can export the rest of the production to other countries (Breyer et 

al. 2016; Bogdanov et al. 2016). The results of a fairly low LCOE in all the considered scenarios 

for the year 2030 added to the already existing RE policies and low carbon development plans 
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can boost the development of a renewable power system in the studied regions in the coming 

years. 

 

In addition to the electricity demand, industrial gas demand and clean water demand can be 

covered by electricity generation based on RE sources as well using PtG and SWRO 

desalination technology, providing the region with 100% renewable synthetic natural gas and 

clean water supply. However, the synthetic natural gas price in 2030 is significantly higher than 

the price of natural gas today and government regulation and subsidies are still needed to ensure 

the financial viability of this synthetic fuel. More detailed analyses have to be carried out to 

balance this with today’s direct and indirect subsidies for fossil and nuclear energy to draw a 

more solid conclusion. 

 

In order to achieve a 100% RE system for the studied countries and regions by the year 2030 

and afterwards, an entirely integrated RE system has to be simulated and deeply studied. 

Moreover, all dimensions of sustainability, including technical, economic, environmental, 

social and institutional, must be taken into account at the project planning and implementation 

stage. This study demonstrates that a 100% renewable resources-based energy system is not a 

wishful thinking anymore and it is a low cost and reliable option for all the countries worldwide 

in the mid-term future. 
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APPENDICES 

 

1. Overview of solar and wind energy data used in this thesis 

 

Solar PV and wind power plants are supposed to provide the main part of power supply in the 

future. The more these two energy forms do complement each other, the less balancing power 

or storage capacities are needed (Gerlach et al., 2011). In case that solar PV and wind energy 

apprear simultaneously, a large amount of energy would be produced and a large amount of 

storage capacity would be required to answer the demand when noun of these energy resources 

are available. The assumption and methodology related to wind energy is discussed briefly in 

this section to elaborate how this technology is used in the energy system optimization. 

 

In this work, the global potentials of wind speed and global horizontal irradiation (GHI) are 

taken into consideration. Time resolved global geospatial data covering a period of 22 years 

(1984 to 2005) are provided by NASA (Stackhouse and Whitlock, 2008) composed of GHI data 

(Surface Meteorology and Solar Energy SSE Release 6.0 – underlying data obtained from the 

Surface Radiation Budget 3.0 portion of NASA’s Global Energy and Water Cycle Experiment 

GEWEX) and wind speed data (Modern Era Retrospective-analysis for Research and 

Applications MERRA). These data have been prepared for energy related analyses by the 

German Aerospace Center (Stetter, 2012). 

 

The initial assumption, data and methodology have been implemented by Gerlach (2011), 

which is presented in the next section. Then, some assumptions have been modified later in 

order to get the results in higher resolution. The modified data have been used in all the papers 

in presvious sections. 

  

2. The initial assumption and methodology for modeling feed-in power by wind energy 

 

The data series taken from German Aerospace Center (Stetter, 2012) contains mean values of 

wind speeds in a height of 50 m for a global 0.45°x0.45° grid of latitude and longitude (within 

65°S and 65°N) in hourly resolution. Gerlach (2011) converted the provided 0.45°x0.45° data 

to a 1°x1° global dataset in order to make the dataset suitable for her study. Nevertheless, the 

original data (0.45°x0.45°) is used in all the papers of this thesis to get the results in higher 
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resolution. A wind power plant of 1 GW has been simulated for every 1°x1° area. It is assumed 

that hub heights of wind power plants will typically reach about 150 m above the topographical 

surface in future. The available wind speed data provide wind speeds at a height of 50 m, which 

are converted into wind speeds at 150 m height. The common model to characterize this 

conversion is the logarithmic wind shear law (Montes et al., 2010) as shown in Equation 1. 

 

ν𝐻 = ν𝑟𝑒𝑓 ×
ln 

𝐻

𝑍0

ln 
𝐻𝑟𝑒𝑓

𝑍0

                                                                                                                   (1) 

Where ν𝐻 is wind speed at height H (m/s), ν𝑟𝑒𝑓 is wind speed at reference height H𝑟𝑒𝑓 (m/s), H 

is height (m), H𝑟𝑒𝑓 is the reference height (m), and 𝑍0 is roughness length. 

 

Roughness lengths have been provided by German Aerospace Center (Stetter, 2012). For the 

simulation of wind power plants it is assumed that the most efficient and powerful wind turbines 

that available on the market today will be used in power plants. The power curve of the largest 

wind turbine from ENERCON company (E-126) has been used as reference in Gerlach (2011) 

(Figure 1). This turbine offers a rated power of 7,500 kW, a typical height of 135 m and a storm 

control which would enable reduced turbine operation in the event of extremely high wind 

speeds, and prevents the otherwise frequent shutdowns and resulting yield losses (Enercon, 

2010). 

 

The described power curve is only valid for an air density of ρ0=1.225 kg/m³. Real air density 

is calculated based on the air pressure and temperature data as presented in Equation 2. 

  

ρ =  
𝑝

𝑅 ×𝑇
                                                                                                                                                 (2) 

Where ρ is the real air pressure (kg/m2), 𝑝 is the air pressure (Pa), R is the gas content (for dry 

air R ≈ 287 
𝐽

𝑘𝑔∙𝐾
), and T is the temperature (K). 

 

The essential impacts of the air density on the power curve can be described as a linear reduction 

of the power with the ratio of local air density to the air density at sea level and a shift of the 

power curve to higher wind speeds that is not included to this study due to lack of respective 

data (Gerlach, 2011). Consequently, the power change is considered symmetrical to the air 
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density. The power of a wind turbine is given in Equation 3 and the power change which is 

considered proportional to the air density is presented in Equation 4. 

 

P𝑡𝑢𝑟 =
𝑝𝑚𝑎𝑥

1+𝛽1∙𝑒(𝛾1
(𝑣−𝛿1))

−
𝑝𝑚𝑎𝑥

1+𝛽2∙𝑒
(𝛾2

(𝑣−𝛿2))
                                                                                      (3) 

Where P𝑡𝑢𝑟 is the power of wind turbine (kW), 𝑝𝑚𝑎𝑥 = 7,580 kW, 𝑣 is the wind speed (m/s), 𝛽1 

= 4.1683, 𝛾1 = -0.586 (s/m), 𝛿1 = 7.5292 (m/s), 𝛽2 = 2.4491, 𝛾2 = -1.4623 (s/m), and 𝛿2 = 

30.2012 (m/s). 

 

P𝑑𝑒𝑛(𝜌) = 𝑃𝑡𝑢𝑟 ×
𝜌

𝜌0
                                                                                                                    (4) 

Where 𝑃𝑑𝑒𝑛 is the power of the wind turbine dependent on air density (kW), 𝑃𝑡𝑢𝑟 is the power 

of the wind turbine (kW), 𝜌 is the real air density (kg/m2), and 𝜌0 is a density of air at sea level 

and at 15˚C = 1.255 (kg/m2). 

 

The basic formulas for describing wind power plants are summarized and given in Equations 5 

and 6 (Duffie and Beckmann, 2006). 

 

𝑃𝑤 = 𝜕𝑡𝐸𝑤 = 
1

2
ṁ𝑈2 = 

1

2
𝜌𝑉̇ 𝑈2 = 

1

2
𝜌𝐴𝑈3                                                                               (5) 

𝑃𝑊,𝑒𝑙 = 𝜂𝑇 ∙ 𝑃𝑇 = 𝜂𝑇 ∙ 𝑐𝑝 ∙ 𝑃𝑤                                                                                                              (6) 

Power output of wind power plants. Abbreviations stand for: power of wind (𝑃𝑤), mass flow 

(𝜕𝑡), energy of wind (𝐸𝑤), mass flow rate (ṁ), wind speed (𝑈), air density (𝜌), air volume flow 

(𝑉̇ ), swept area (𝐴), air pressure (p), electric power of wind power plant (𝑃𝑊,𝑒𝑙), turbine 

efficiency (𝜂𝑇), power of wind turbine (𝑃𝑇), and power coefficient (𝑐𝑝). 
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Figure 1: Interpolated wind power curve in a power rate of 7,500 kW. The given values for E-126 

turbine model are provided by ENERCON (2010).  

 

The power generation from the designed wind power plants is scaled to match with the assumed 

1 GW installed capacity per 1°x1° area of the simulation grid and therefore multiplied by a 

factor of about 133 (Gerlach, 2011). The availability of wind power plants is considered while 

a wind turbine is working (Faulstich et al., 2010). This time is influenced by failures or by very 

high wind speeds when the power plant is turned off (Gerlach, 2011). The assumption is based 

on an availability of 95% of onshore wind power plants, which this amount seems to be rather 

conservative compared to the current industry standard. To include the availability in feed-in 

power, a random function has been used to avoid influencing high peaks. 5% of the hours are 

chosen randomly and set to zero. Another way to include availability would be to reduce power 

consequently by 5%. The second approach might be more reasonable since more than 133 

power plants are considered in this study and the chance that only one or two are stopped is 

much higher than all at once. Nevertheless, the more conservative first approach has been taken 

into account for Gerlach (2011). Feed-in power potential of 1 GW installed wind energy 

capacity and full load hours (FLH) of 1 GW wind power plants worldwide are shown in Figures 

2 and 3, respectively. 
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Figure 2: Feed-in power potential of 1 GW installed wind energy capacity in a certain hour of the year 

2005, at 12:30 UTC based on the historic data for E-126 wind turbine model (Gerlach et al., 2011).  

 

 
Figure 3: Full load hours (FLH) of 1 GW wind power plants worldwide for E-126 wind turbine model  

for the year 2005 (Gerlach et al., 2011). 

 

3. The modified and updated data used in the energy system optimization model 

 

As mentioned earlier, power is produced from wind power plants based on the abovementioned 

data, averaged for a global 0.45°x0.45° grid of latitude and longitude. Despite Gerlach (2011) 

used E-126 wind turbine model from ENERCON company, the E-101 wind turbine 

(ENERCON, 2014) for 3,050 kW is used for energy model simulation in this thesis due to 
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higher FLH for most locations and hence lower LCOE. Feed-in FLH for the entire world is 

computed on the basis of the 0.45°x0.45° spatially resolved data and it is presented in Figure 4. 

 

The E-126 wind turbine is better suited for areas of very high wind speeds and the E-101 wind 

turbine is better for moderate once. However, the exact capex data were required for energy 

system modeling in this thesis in order to fully understand where the turbines for higher wind 

speeds is lower in LCOE and where the one for higher wind speeds is higher in LCOE. 

Therefore, the power curve for the more moderate turbine, E-101, for an assumed hub height 

of 150 m was used due to the availability of data. It is also noticeable to mention that this turbine 

class is used most around the world. An outstanding example of this type of wind turbines is in 

the Scharrel Wind Farm in the county of Cloppenburg, Germany. A total of 24x E-101/3 MW 

wind turbines towering at 150 meters hub height are installed by ENERCON (2013). 

 

Figure 4: FLH world map of wind energy based on the E-101 wind turbine model at 150 m hub 

height.  

 

In the energy system optimization model, 90% of onshore wind power plants’ theoretically 

electricity generation is taken into account. A 10% reduction is considered due to the 

availability and the effect of wind turbines on each other in wind farms. One turbine can affect 

the other turbines within a wind farm, since the power density of the air flow is reduced due to 

already harvested energy. The scientists and experts who focus on the wake effect losses issue 

reveal that real-world restrcitions will hinder turbines from spreading far and wide. As a 
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consequence, a 90% case was assumed in this study to address an influence of turbines on each 

other that lead to the reduction of the wind speed. 

 

 

 

 

 

 

 

 

 


