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Abstract 

Francisco Javier Farfan Orozco 
In-depth analysis of the global power infrastructure—Opportunities for sustainable 
evolution of the power sector  
Lappeenranta 2020 
89 pages 
Acta Universitatis Lappeenrantaensis 927 
Diss. Lappeenranta–Lahti University of Technology LUT 
ISBN 978-952-335-572-9, ISBN 978-952-335-573-6 (PDF), ISSN-L 1456-4491, ISSN 
1456-4491 
 
Over the decades, the power sector has continuously evolved, and the strategy used to 
provide its service has changed dramatically over time and continues to do so. Therefore, 
it is of paramount importance to analyse in detail the evolutionary trends of the power 
sector in the interest of creating more reliable projection models into the future. 

In order to carry out this analysis, an exhaustive exercise of data collection, data curation 
and data conditioning was required. Data analysis methods were developed and 
implemented for the sake of discovering and revealing the geographical and temporal 
trends of the global power sector. The methods were then adapted to study also the 
particular cases of the most energy and carbon-intensive activities globally. 

The results produced several relevant findings. First, over the past couple of decades, 
there is a clear tendency of exponential expansion of installations of wind and solar 
photovoltaic capacities, in contrast to a relative decrease in installations of coal-fired and 
oil-fired capacities. Nuclear capacities, although still relevant from the perspective of 
generation, have a declining trend in terms of commissioning of capacities. Gas capacities 
play a major role in the global energy sector and can allow deeper penetration of 
renewables owing to their flexibility of operation but also flexibility of fuels, potentially 
shifting to synthetic fuels. However, the road to a global energy system based on 
renewables continues to face obstacles, particularly in the developing world. The inertia 
of fossil fuel usage globally requires stricter policies and a higher level of commitment 
for carbon emissions-reduction than the currently enforced. 

The cement industry can be turned into a potential large source of synthetic fuels, and a 
shift to renewables can be impacted, but also benefited, by the electrification of the 
transport sector, the steel industry and significant shares of the agricultural sector. Among 
other benefits, a transition towards renewables dominated by solar photovoltaics and wind 
can potentially liberate a significant volume of water, tackling in parallel the current food, 
energy and water shortages globally.  

 
Keywords: Power sector evolution, sustainability, carbon-intensive industry, data 
analysis  
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1 Introduction 

1.1 Brief history of the power sector 

Electricity is a commodity that most people reading this work have been familiar with as 
long as they can remember. Nowadays, we use electricity in our everyday activities, such 
as lighting, heating, cooking, refrigerating, entertainment and communication. Moreover, 
electricity is also vital to complex operations, such as industry, which is globally the 
largest electricity consumer (IEA, 2019a), but electricity is also used for instance for 
running of hospitals, schools, public transport and governments to the point it has become 
indispensable for a functioning society.  

We get dire reminders of this fact every once in a while when disasters, mismanagements 
or other unexpected reasons cause breaks in the electric supply, such as the 2017 hurricane 
Maria in Puerto Rico or the Northeast blackout of 2003 in Canada and the United States. 
Such incidents result in terrible economic losses at best, and fatalities at worst. However, 
this strong dependency on electricity is relatively new in human history. For thousands 
of years, humanity managed without electricity, and some small populations in the world 
still do. Power stations started operation in the second half of the 1800s. The first 
hydropower station, though rather small, started operation in 1881 in Niagara Falls (IEEE, 
2012). In the following year, 1882, the first thermal power station, the coal-fired Pearl 
Street Station started operating in New York, as a venture carried out by T.A. Edison 
himself (ETHW, 2017).  

Nevertheless, these and other pioneer power stations faced a very inhospitable 
environment. Electric metering was only being developed as the Pearl Street power 
station was being built (ETHW, 2017). Moreover, there was no electric cabling for 
transmission and distribution. The cabling incurred a cost that turned the first power 
station unprofitable for the first few years of operation (ETHW, 2017). Furthermore, there 
was no established demand for electricity, and thus, the services of these stations powered 
only a few incandescent bulbs back in that time.  

The first power stations were rather limited in the transmission range as they operated at 
low voltage direct current (DC), reaching not much further than a few kilometres. With 
the introduction of alternate current (AC) generation and transmission in 1896 (Tuttle et 
al., 2016), transmission was greatly extended, allowing the centralised model of 
electricity generation to be established. 

However, this was only the beginning. For example, the Pearl Street station grew from 
serving less than 90 clients and about 400 lamps to 513 clients and around 10,000 lamps 
within a year (ETHW, 2017). The growth in electricity demand continued to expand 
exponentially to other geographic locations, further uses, different generation, 
distribution and storage technologies and higher capacities, and the rest is history. A more 
detailed history of each generating technology will be presented in Chapter 3.  
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1.2 Current state of the global energy system 

The power sector has gone a long way from its early days and continues to evolve rapidly. 
According to recent reports of BP (2018, 2019) (formerly known as British Petroleum), 
a total of 26614.8 TWh of electricity was produced in 2018 globally. This represented a 
3.7% increase of 25676.6 TWh in electricity production from the previous year, shown 
in Figure 1. According to BP (2018, 2019), in 2018, the shares of the total electricity 
produced were 3% from oil-fired, 23.2% gas-fired, 38% coal-fired, 10.1% nuclear and 
25.7% renewables (including hydro).  

 
Figure 1: Electricity generation by source (TWh) in 2016, 2017 and 2018. 

However, the increase in electricity production was not uniform across the generation 
technologies. Oil-based electricity production decreased by 16.2% from 2016 to 2018. 
Other electricity generation sources, such as gas, coal, nuclear and hydro, experienced an 
increase in generation of 5.7%, 6.9%, 3.4% and 3.9% respectively, in comparison with 
the global increase of 3.7% in total generation. The clear outlier in this trend is the 
category of “Other Renewables”, which includes for instance solar photovoltaic (PV), 
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wind power, geothermal generation, biomass, waste to energy, and pumped hydro plants 
with an increase of 30.3% from 2016 to 2018. This trend is unique to this category, 
growing by a factor of eight of the global average, and around five times the growth 
experienced by coal, as seen in Figure 2.  

 

 
Figure 2: Share of global electricity production by source and percentage of relative change from 
2016 to 2018. 

In Figures 1 and 2 can be seen that only two of the shown categories, coal and other 
renewables, increased their share of the total energy generation from 2016 to 2018. 
Nevertheless, coal increased its relative share by 0.1%, while renewables increased the 
share by 1.8%. As presented in the latest reports of the global energy system, electricity 
generation is not static, but instead rather dynamic, and shows trends and tendencies. The 
trends and behaviour of each of the generation technologies are discussed further in 
Chapter 3.  

1.3 Need for change in global energy systems 

The power sector has evolution in its nature. Whether through the development of new 
technologies, improvement of currently available technologies, or simply due to changes 
in demand, population or efficiency, the power sector is constantly adapting. According 
to an assessment by Deloitte (2015), the success of companies in the power sector, and 
the direction of the change, depend on dynamic demands. As assessed by Deloitte (2015), 
after the disclaimer that these demands will also continue to evolve, currently, some of 
the most important factors that will shape the future energy systems are:  
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 The constant increase in electricity demand 

 Depletion, mining and discovery of fossil fuel reserves, particularly shale gas 

 High penetration of renewable energy sources 

 The global and local commitments for CO2 mitigation 

 The cost of fuels and generation infrastructure 

 The dilemma to either decommission or upgrade old nuclear power stations 

 The true cost of coal; environmental, social and economic 

 The pressure to lower the electricity cost 

 The aging electricity transmission and distribution grid 

From the focus points highlighted by Deloitte (2015), it can be noticed that some of these 
factors are mutually exclusive, for example, a high level of commitment to CO2 mitigation 
would render irrelevant the discovery, or further mining, of fossil fuel reserves. Likewise, 
prioritising low cost of electricity would rule out rather expensive nuclear reactors.  

However, the aforementioned is a business-focused assessment. With another 
perspective, the latest report by the Intergovernmental Panel on Climate Change (IPCC, 
2018) urges the transformation of the carbon-intensive human activities. According to the 
International Energy Agency (IEA, 2018a), as the most carbon-intensive industry, the 
power sector is responsible for 13.4 Gt of CO2 yearly, or around 42% of the global CO2 
emissions from human activities. Taking into account seriously the dire warning from the 
IPCC, it is clear now that the power sector needs to change towards carbon neutrality for 
the sake of sustainability.  

Several organisations and research groups have generated projections of the potential 
evolution of the energy sector. Some of these projections, for example the United States 
Energy Information Administration (EIA, 2018), forecast a sustained use of fossil fuels, 
with increased penetration of renewables, gas and oil, and sustained use of nuclear power 
and coal throughout 2050. Such a projection is of course entirely against the Paris 
Agreement (UNFCCC, 2015) and against what is needed to maintain the planet within 
the 1.5°C global temperature increase proposed by the IPCC (2018). Similarly, 
Exxonmobil (2018) considers an increase in the energy share of wind and PV energy 
production by around 400%, and a reduction in CO2 emissions per unit of energy of 45% 
of the 2016 level by 2040; however, still insufficient. Furthermore, Exxonmobil (2018) 
reports on simulation models of other organisations, several of which report negative 
emissions by the end of the century. 

A more progressive example, Bloomberg’s New Energy Finance (BNEF, 2018) New 
Energy Outlook (NEO) 2018 estimates that by 2050, 71% of the global electricity will 
come from carbon neutral sources. In this scenario, though fossil-fuelled generation 
continues to exist, it is dramatically reduced and coal is the “biggest loser” among the 
currently used technologies. Although not perfect, the BNEF NEO 2019 report, the latest 
update of the report, highlights the likelihood of a power sector evolution heavily 
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dominated by renewables. BNEF NEO (2019) estimates that renewable wind and solar 
will generate more electricity than coal-fired generation by 2032. By 2050, coal-fired 
generation is expected to provide 12% of the global power generation, remaining mainly 
in Asia. 

These are only a few examples of possible paths for the evolution of the power sector. 
However, there is one thing in common among the energy system evolution projections: 
a significant reduction in CO2 emissions must be achieved. The global weather and 
atmospheric CO2 have a direct correlation that can be traced back for hundreds of 
thousands of years (Jouzel et al., 2007). This need for carbon emissions reduction will 
continue to shape the future of the power sector, and it is the role of the scientific 
community to continue to show the optimal path of evolution towards sustainability. 

1.4 Sustainability in energy systems 

A commonly used definition of sustainability is the one given by the United Nations 
World Commission on Environment and Development as “development that meets the 
needs of the present without compromising the ability of future generations to meet their 
own needs”. However, the definition of sustainability is very broad, and naturally has 
different implications when applied to different subjects. With the purpose of assessing 
the sustainability of energy systems, Abu-Rayash and Dincer (2019) conducted a 
literature review and generated a model to study the factors that define sustainability for 
energy systems. According to Abu-Rayash and Dincer (2019), the main factors for the 
sustainability of energy systems are energy, exergy, environment, economic, technology, 
social, education and scale factors. These terms as a metric for sustainability of energy 
systems within the present study are defined as follows:  

 Energy: Indicates the ability of an energy system to deliver electricity, heat or 
other end-use energy. 

 Exergy: Refers to the quality of energy and the work it can produce. 

 Environment: Considers the impact of an energy system into the air, water and 
land. 

 Economic: Considers the financial aspects of the energy system, such as 
operating costs, capital cost, payback time and levelised cost of electricity 
(LCOE). 

 Technology: Evaluates the state of the technology in readiness, 
commercialisability and innovation level. 

 Social: Refers to the impact of the energy system in society in terms of jobs, 
social acceptance, health impact and social awareness. 

 Education: Considers the impact of the system in terms of training, experience 
and innovation. 
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 Scale factor: Considers the amount of volume, land usage and size of the energy 
infrastructure. 

From the aforementioned factors, it becomes clear that the terms “renewable” and 
“sustainable”, though overlapping to some extent, are not mutually inclusive. While 
renewable energy sources would mostly meet the air pollution requirements during 
operation, other issues that have to be taken into account may arise. In other words, a 
power infrastructure of any type is likely to be not very well received by society if it 
threatens valuable ecosystems or archaeological sites or causes mass population 
displacement, to mention but a few potential conflicts. For example, there are well-
documented cases of population displacements by dammed hydropower in India (Dukpa 
et al., 2018), Myanmar (Foran et al., 2017) and China (Tilt and Gerkey, 2016), 
exemplifying situations where the energy source is renewable but cannot be considered 
sustainable.  

Therefore, for the energy infrastructure to be sustainable, it should meet the 
environmental, social and economic constraints. Technologies cannot be declared 
sustainable in a broad definition, although some renewable technologies possess some 
environmental advantages, such as a lower CO2 emissions factor, but sustainability must 
still be evaluated on a case by case basis.  

1.5 Motivation and objectives 

The main motivation of the research presented here is to contribute to science and 
knowledge, particularly regarding the historical and geographical distribution of the 
global power capacities. Before Publication I, there has not been an in-depth analysis of 
the power sector at a global level on a per power plant basis. Every year, several 
organisations, institutions and companies, such as the IEA, the International Renewable 
Energy Agency (IRENA), Shell, Deloitte, Bloomberg, BP and Greenpeace, issue reports 
on the global energy status. These reports are periodic, mostly released yearly, and offer 
aggregated numbers on either capacity or generation on a per country basis, or larger 
groupings, such as the OECD/Non-OECD, the European Union, or continent-based 
aggregations. These reports are also often complemented with projections of future 
developments, with several proposed scenarios, that tend to discern greatly from one 
another. However, these reports and studies typically present only aggregated numbers 
and are limited in resolution. 

Simultaneously, there are datasets offering detailed data both in commercial (e.g. 
GlobalData, IRENA) and open access (e.g. Enipedia, energydata) about power plants. 
However, the data available at the time of Publication I was rather incomplete. This 
presented an opportunity to gain a unique insight into the detailed structure of the power 
sector, and the identified need provided both an objective and a motivation for the 
research. That motivation was the driver that guided the research into other aspects of the 
global power sector and further expanded to other carbon-intensive activities.  
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Ultimately, the objective of the present research of the power sector and other carbon-
intensive industries is to provide information on possible scenarios to governments and 
decision-makers, in order to facilitate a smoother transition to a more sustainable society. 
A more sustainable society encompasses a variety of practices beyond the reduction of 
carbon emissions, but combatting climate change should be a priority, and it is the 
ultimate motivation behind the research presented in this doctoral dissertation. 

1.6  Scope and limitations of the current research 

The scope of the research is global in coverage but with the focus on specific activities 
and processes. The research questions behind Publication I are: What can the 
geographical distribution of power plants tell about the global power sector? Further, 
what can the temporal distribution of power plant commissioning tell about the global 
power sector? Publication II takes a more detailed approach of the same research 
questions to the European power sector. 

The scope of Publication III is specifically the controlled water reservoirs globally. The 
research question behind this article is: What is the potential of controlled water reservoirs 
globally to act as batteries when in combination with floating photovoltaics? This 
research looked into the reported available water surfaces globally, their capacity and 
potential individually, and aggregated them according to their geographical location into 
regions on a global level. 

Publication IV aimed to answer the research questions: How beneficial or detrimental 
would it be to further develop hydropower on the Congo River basin? Are there 
alternatives to hydropower available for the region? How do these alternatives compare 
in benefits with a hydropower focus scenario? This research focused on providing 
scenarios for the expansion and evolution of the power sector in Sub-Saharan Africa. 

Publication V, while again taking a global scope, focused on the cement sector instead of 
the power sector. The research questions addressed are: Are there potential evolutionary 
paths for the cement industry to significantly curve its emissions? And, what would be 
the implications and impacts of such scenarios?  

Publication VI addresses a different issue, though also on a global scale. The research 
question addressed by this research is: Can the evolution of the power sector towards 
renewables bridge the global alimentary gap through alternative agriculture?  

Finally, Publication VII, at a global level, looks specifically into the water consumption 
from the thermal power plants. The research questions addressed are: What is the global 
water consumption from thermal power plants? How is it distributed geographically? 
What regions and rivers are more affected by the freshwater consumption for cooling 
purposes of the power sector globally?  
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1.7 Contribution of the research 

The research carried out during the doctoral work has produced several contributions to 
science. From Publication I, there are three main contributions: first, the global power 
sector was presented in a high temporal and geographical accuracy and analysed as such. 
The data themselves have provided a basis for several publications thereafter. The second 
major contribution is the lifetime analysis of fossil capacities. The previous literature had 
a large gap regarding the operational lifetime of fossil capacities. In order to bridge this 
gap, the per power plant data provided a statistical basis for the lifetime operation of coal-
fired, gas-fired and oil-fired capacities. The third main contribution of the publication is, 
based on the operational lifetime estimations, determining the coal-fired capacities 
operating in 2014 that may not reach the limit of their operational lifetime if carbon 
emissions are strongly restricted by 2050.  

On that note, Publication II looked into the age of the power plant fleet of Europe. The 
main contribution of that research is a detailed timeline of how the fossil and nuclear 
power plants in Europe can be decommissioned. This presents an opportunity to plan a 
transition of the energy system in Europe. Another contribution of this work was the 
insight of the geographic age distribution, presenting which countries have to be prepared 
first and last for commissioning of new capacities. 

The main contribution of Publication III was presenting a new combination of power 
generating technologies to act as batteries, and its global potential to allow higher 
penetration of renewables. The virtual battery proposed is distributed in detail both 
geographically and in capacity, and scenarios of only hydropower reservoirs as well as 
all available reservoirs are analysed. Moreover, an estimation of further additional 
benefits, such as water conservation and enhanced solar energy generation, are presented.  

Publication IV contributed to presenting the benefits of using renewable alternatives for 
the electrification of Africa without damming the Congo River, which is a core 
component of the valuable ecosystem of the African rainforest. The main contribution of 
the publication is presenting the benefits of distributed renewable energy generation over 
large centralised hydropower stations along the Congo River. According to the modelled 
scenarios, the cost of electricity could be significantly reduced by expanding the African 
power sector with solar photovoltaics and wind power plants. Adoption of non-hydro 
renewables for the African power sector also facilitates the coverage of the African 
electricity demand. Finally, the publication presents an assessment of the damage to the 
African ecosystem, which can be avoided by stopping any further development of the 
Grand Inga hydropower plant along the Congo river basin. 

One of the main contributions of Publication V is the compilation of alternatives for a 
significant reduction in the emissions from the cement sector. Another contribution is the 
projection of the cement demand, and the potential to utilise the cement-making process 
emissions to produce synthetic fuels. The study provides a detailed geographical 
distribution of the global cement production and the associated emissions, energy demand 
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and potential synthetic fuel production according to multiple scenarios of carbon 
mitigation for the cement sector. 

Publication VI explored a scenario in which a new technique of energy-intensive 
agriculture may influence the power sector, by determining the current and projected 
global demand for vegetables and matching those projections to their respective energy 
demand. The energy investment required per capita for vegetable production was then 
matched with energy from renewable sources, presenting a potential scenario of 
symbiotic collaboration of the power sector and the agricultural sector. The study presents 
the potential for vegetable production, but also for reduction of land and water use by the 
agricultural sector in a detailed geographical distribution. 

Finally, Publication VII generated a highly detailed estimation of the water use and 
consumption by thermal power plants globally for cooling purposes. The results provide 
a high-accuracy temporal and geographical distribution of thermal power plants, their 
cooling system type and water source, estimated water use and consumption. In addition, 
scenarios for evolution towards renewables provide an estimation of the water that could 
be saved globally or repurposed to other uses, such as human consumption or agriculture.  

All of the publications are linked to the power sector, either by analysing its status, 
distribution, evolution and projections directly, or by analysing some energy- and carbon-
intensive industries that have the potential to significantly influence the development of 
the power sector in a future striving for lower carbon emissions from human activity.  

1.8 Structure of the dissertation summary 

The first chapter of this doctoral dissertation provides a context and a brief introduction 
to the work and a base over which the rest of the work will be expanded. It is given on a 
global scale similar to the rest of the work presented in this dissertation. The second 
chapter introduces the challenges faced and the methods used to address those challenges. 
A description of how the temporal and geographical distributions are carried out is 
provided. The third chapter presents some of the most recognisable trends and findings 
in the global power sector divided according to generation technologies. The fourth 
chapter introduces other energy- and carbon-intensive activities along with their potential 
influence on the future power sector and carbon neutral paths for their evolution. The fifth 
chapter presents a summary of the results presented in the publications, followed by a 
chapter of discussion and finalising with a chapter of conclusions.  
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2 Methods 

This chapter aims to describe the methodology developed and used for generating the 
data that were further analysed and used for writing the publications attached to this 
dissertation, and several more.  

2.1 Data gathering 

Data gathering started in February 2015 with the acquisition of the commercial dataset 
from GlobalData (GlobalData, 2015). GlobalData provided two main services: first, a 
comprehensive list of power plants (CLPP), around 120,000 power plants registered in 
total, and with capacity numbers reported in MW and second, a report of cumulative 
capacities per year from 2000 and onwards. 

The data entries from the CLPP were downloaded and compiled in groups of 1000, which 
was the largest data-pull available from the provider at the time. The download was 
filtered for instance based on fuel source and countries. The aggregation from different 
technologies (e.g. coal, wind, gas and hydro) was carried out manually, as the information 
fields differed from one another in sequence, quantity and type. For countries with more 
than 1000 entries of a technology, filtering based on capacity or region was required. In 
addition, the entries were assigned major region classifications, such as “EU28” or 
“Middle East and North Africa”, for example. The latest entries were obtained in the end 
of February 2016, which was the end date of the active subscription to the data provider’s 
service.  

The second step was to add or adjust the cumulative capacities. In addition to the power 
plant list, GlobalData provided country-specific reports of installed capacities by type of 
generation technology. However, it was noticed that the reported capacities per 
technology and the added capacities of the power plants per technology did not match, 
and thus, aggregation was required in order to match the total capacities reported by the 
country. Therefore, aggregation was carried out based on the following equation: 

𝐴𝐶𝑎𝑌𝑥 = 𝑅𝑇𝐶𝑎𝑌𝑥 − ∑ 𝑃𝑃𝐶𝑎𝑌𝑥    (1) 

In Equation (1), ACaYx represents the aggregated active capacity of technology a (e.g. 
coal, wind, gas or geothermal) on year x (e.g. from 2000 to 2014). RTCaYx stands for the 
reported total cumulated capacity of technology a by the year x, while PPCaYx represents 
the active capacity of a power plant of technology a commissioned during or before year 
x and also includes the aggregated capacities of the years <x. Finally, n is the total number 
of power plants of technology a in a given country commissioned during or before year 
x. Specifically for the year 2000, the aggregation is made for all active capacities with the 
commissioning reported before and including that year, as per-year aggregated 
installations are not reported before that. In simple terms, aggregated capacity is what 
bridges the gap between the reported capacities and the capacities present in the power 
plant list. Figure 3 further clarifies the aggregation process. 
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Figure 3: Graphic representation of the aggregated capacities and their function.  
 

The aggregated capacities, therefore, represent in an aggregated manner the power plants 
that are not listed in the database, but whose capacities are reported at a country level, 
and thus have to be considered. These capacities are added only for the countries, 
technologies and years where discrepancies exist and are allocated geographically to the 
capital area of the country. Once the aggregated capacities were factored in, the power 
plant list contained all the information offered by the GlobalData services and was ready 
for the next steps.  

2.2 Data curation and conditioning 

After the extensive data collection exercise, the first plots and reads of the resulting data 
highlighted a multitude of issues and the relatively poor quality of the source data. 
Therefore, further data curation and conditioning was required. 

The first step of data curation was the standardisation of entries. This step consisted of 
the elimination of useless characters, such as space characters randomly appearing at the 
end of data fields, such as “Mexico” and “Mexico ”. The next step was the standardisation 
of the date format for years of commissioning, which was present in multiple different 
formats. Despite the field having the name “Year online”, the content of this field 
sometimes included month or day, randomly added in numbers or text, which required 
unification across the data entries.  

The next issue that required tackling was incomplete fields in the data provided. With one 
of the main objectives of the analysis being the historical development of the power 
sector, the year of commissioning was one of the most important information fields to 
have to be completed. The existence of this issue demanded the introduction of a new 
timestamp category for all the power plants that did not have year of commissioning 
reported. These capacities were thus aggregated into a “Yearless” category. After the first 
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six months of work to fill the gaps of the missing data, the “Yearless” category was still 
around 9% of the data entries and 2.7% of the global capacity, with the initial state being 
significantly worse. An example of the effect of this issue is shown in Figure 4.  

 

 

Figure 4: Brazil as an example of the wide issue of the incomplete source data for the 
commissioning year. 
 

Figure 4 shows an example of the issue of incomplete data particularly in the field of 
commissioning year, and an excerpt of the earliest set of country-wise plots. As shown in 
Figure 4 for the case of Brazil, if the “Yearless” category was a year, it would greatly 
surpass the level of installations of any other given year. There were several other 
countries, such as Iran, Guatemala and Kenya, in which the data condition was similar. 
The last version of the database reduced the “Yearless” entries down to less than 6% of 
the total entries, and around 2.2% of the global capacity. 

The “Yearless” issue also generated a conflict with the aggregated capacities. The amount 
of “Yearless” capacities is double accounted under the previous definition of aggregated 
capacities, and thus, these capacities have to be factored in. Therefore, the following 
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equation is used instead to balance the aggregated capacities with the “Yearless” 
capacities. 

𝑍 = 𝐴𝐶𝑎𝑌𝑛 − 𝑌?𝑎  

𝑁𝐴𝐶𝑎𝑌𝑥 =

𝑖𝑓 𝑍 ≤ 0 → 0
𝑖𝑓 𝑍 > 0 → 𝑍

    𝑖𝑓 𝑍 > 𝐴𝐶𝑎𝑌𝑥 →  𝐴𝐶𝑎𝑌𝑥 
 (2) 

In Equation (2), NACaYx represents the new aggregated capacity of technology a for year 
x, and Y?a is the “Yearless” capacity for technology a. The equation balances “Yearless” 
capacities with the aggregated capacities, by compensating first for the earlier years of 
reported capacities, from 2000 and onwards. With the new balancing, Figure 3 is modified 
into Figure 5.  

 

Figure 5: Example of adjusted aggregated capacities. 
 

In the example of Figure 5, the “Yearless” capacities for technology a account for 500 
MW, while the cumulative discrepancy between the power plant list and the reported 
capacities is 600 MW. Thus, 100 MW is added to the power plant list as aggregated 
capacities (purple bar in Figure 5). In that example, all discrepancies from 2006 onwards 
for that technology would be added fully as aggregated capacities, as calculated in 
Equation (1).  

In some cases, the power plant list was so incomplete that the amount of aggregated 
capacities generated unnatural spikes in the profiles of some countries. Figure 6 shows a 
clear example of this issue. The example shown is Japan, but the issue was clear in many 
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other countries including Croatia, Pakistan, Netherlands, Germany, Ukraine, the United 
Kingdom, and many others. The spike in the year 2000 is the result of a significant lack 
of entries in the power plant list, particularly for the power plants commissioned before 
the year 2000. Beyond the missing information regarding the year of commissioning, the 
gap between the countries’ reported total capacity, added as NACaYx, generates spikes 
that in the worst cases the year 2000 spike artificially surpass the installations of other 
years by a factor of four. 

  

 

Figure 6: Japan’s power capacities by year until 2014 as an example of insufficient data entries 
in the power plant list, generating an issue of aggregated capacities for the year 2000. 
 

At this point, it does not suffice to use aggregated capacities to balance the discrepancies 
with the country-reported capacities. In order to solve this issue, it was necessary to 
extend the list of power plants, which could only be done by importing the missing 
information from alternative data sources, such as IRENA (2015), Platts (2009), GRanD 
(Liermann et al., 2011), Werner et al. (2015) and BMWi (2014).  

From these sources, only Platts (2009) provided an alternative list of power plants, while 
the rest were used as a reference for the total capacity reported by countries for different 
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technologies. Including around 145,000 entries, Platts (2009), at first glance, appears to 
be a more comprehensive list than GlobalData (2015). However, the list contains far less 
detailed information per entry and includes power stations of less than 1 MW of capacity 
while missing installations from 2009 onwards.  

The list comparison between Platts (2009) and GlobalData (2015) was performed 
manually. All entries of the Platts (2009) database with a registered capacity of less than 
5 MW were filtered out because of time constrains, while all entries of more than 5 MW 
of capacity were compared manually. The manual comparison was necessary in order to 
avoid double accounting caused by transliteration. For example, a power plant in Japan 
by the name “Miyako 1” by GlobalData is spelled as “MIYAKO1” or “Miyako Daini”, 
which a script comparing strings would find different despite it being the same power 
station. Thus, automatic comparison of partial matches was also not possible, as many 
different power stations have similar names; for example “Miyazu 1” would be a partial 
match of a different power station. 

Figure 7 shows a simplified view of the data curation process described above. While 
searching on google for missing data, a commonly used reliable source were files from 
the Clean Development Mechanism (CDM) project files, particularly for renewable 
energy (RE) based power plants, and in some cases of gas turbines (UNFCCC-CDM, 
2005). However, in the absence of official documents available online, news articles 
mentioning the opening of the plant, for example, were taken into account. 

 

Figure 7: Data curation process in a nutshell. 
 

Finally, the last data treatment applied was the distribution of hydropower over reservoir 
and run-of-river (RoR) categories. GlobalData classifies hydropower into four categories: 
“Hydro”, “Hydro/Reservoir-Based”, “Hydro/Run of River” and “Pumped Hydro 
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Stations”. However, the category “Hydro” exists only because of the lack of information, 
as hydropower stations, in general, can either be reservoir based or RoR, while pumped-
hydro storage is, as the name suggests, storage capacity rather than generation. In order 
to distribute the hydro capacities of unspecified type, the ratio of the specified capacities 
was applied. Globally, the specified capacities of hydropower are 68.3% reservoir based 
and 31.7% RoR. Thus, all the capacities of each power plant with an unspecified 
hydropower type are distributed according to this ratio.  

After all the above-described patching and curation the data were finally at a quality level 
at which the issues with the data were reduced significantly. Figure 8 shows the examples 
presented above of Brazil (top) and Japan (bottom) after the data curation process. When 
compared with Figure 4 for Brazil and Figure 6 for Japan, the improvement in the data 
quality is evident.  
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Figure 8: Effects of data curation on two countries strongly affected by the general low-quality 
data from the original source. 
 

As shown in Figure 8, in the case of Brazil, the “Yearless” capacities are reduced from 
around 13 GW down to less than 2 GW. Similarly, the spike of the year 2000 for Japan 
is redistributed and reduced from around 47 GW down to around 15 GW. In both cases, 
the improvement resulting from the data curation process shows clear benefits.  
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2.3 Geographical distribution 

2.3.1 Distribution by country 

The source power plant list data from GlobalData were originally distributed by 
technology. However, among the fields of information per power plant, the country of 
location was a field that was present in 100% of the entries in the list. After the data 
curation process and the removal of all typos and unwanted characters, the resulting 
power plant list was distributed over 212 countries and territories.  

Nevertheless, from the 212 countries and territories, one of them, British Gibraltar Island, 
presented no active capacities, and 21 small nations and territories did not have a detailed 
list of power plants, but instead only a few aggregated capacities. Therefore, these nations 
were excluded from the analysis of countries and groups. This exclusion represents only 
0.16% of the global population in 2014, and thus, can be considered negligible.  

2.3.2 Distribution by major region 

In order to understand the behaviour of regions, such as continents or other political, 
economic or geographic regions, the capacities were aggregated into different groups for 
analysis. The continents were divided into four: Europe, America, Africa and Asia-
Pacific. The division by major regions created nine groups: Europe, Eurasia (which 
includes central Asia and Russia), Middle East and North Africa (MENA), Sub-Saharan 
Africa, North America and the Caribbean, Central and South America, Northeast Asia, 
Southeast Asia (including Oceania), and South Asian Association for Regional 
Cooperation (SAARC). The two additional political groupings were the European Union 
(EU28), and the Nordic countries. 

In addition, to provide a basis for the global energy system analysis presented by Breyer 
et al. (2017), a new distribution was generated. This distribution into 145 regions 
presented additional challenges, as it is not based on any formerly defined geographical 
or political distribution. Furthermore, this distribution created subdivisions of larger 
countries, merging of some small countries, and in some cases, merging of subdivisions 
with other countries. Therefore, further details were needed in the power plant list. An 
additional data completion exercise was carried out in order to locate within a province 
each power plant entry of a subdivided country (e.g. Brazil, Russia, Mexico, Nigeria, 
China, India and Japan). 

2.4 Data analysis 

In a list, capacities of power plants, as such, do not reveal much information. However, 
once the list has been further completed and distributed over time and space, it will be 
possible to find and see patterns and tendencies. Through data analysis, it is possible to 
gain deeper insights into the global power sector. When analysing the data, the focus is 
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on identifying trends of three main types: technological trends, temporal trends and 
regional trends.  

Technological trends focus on the development of a given technology from a global 
perspective over time. The identification and interpretation of technological trends 
provides insights regarding the maturity and competitiveness of energy technologies and 
energy sources within the global power sector. In the case of relatively new technologies, 
such as solar PV and wind, it is possible to witness the beginning of their commercial 
deployments. For the well-established technologies, the trends in installation can reveal, 
for example, how their presence changes over time. Specific details about these trends 
are presented in Chapter 3. 

Temporal trends focus on the local development of the mix of technologies over time. It 
takes into account all the technologies in use within a country. The identification of local 
temporal trends provides information on the transition state and how the technologies 
interact with each other within the same geographic region. For example, Figure 8 clearly 
illustrates a shift in the power generation technologies of Japan over time. In the 1960s 
and early 1970s, oil-fired capacities were dominant. During the 1970s, 1980s and early 
1990s, nuclear-based capacities were the majority, while from the 1990s and the 2000s 
gas-fired capacities were dominant. From 2008 onwards, solar PV and wind capacities 
have the largest share of the installations. From before the 1940s and during this transition 
process, hydropower capacities maintained a quasi-stable share of installations.  

Regional trends provide a wider regional perspective of the temporal evolution. Larger 
regions or clusters of adjacent countries also provide unique information. Adjacent 
territories considered as a group tend to have access to similar resources, renewable and 
non-renewable. However, across borders, the structure of the power sectors can be very 
different. Larger regions can also generate and trade electricity across borders, making a 
broader view more representative of the wider power sector infrastructure in play. As an 
example, Figure 9 shows the profile of installations of the European continent. The 
European continent is highly grid interconnected. Therefore, neighbouring countries, 
which have quite different profiles of their power capacities, can still import, export and 
use energy generated in other country. In this way, for instance the energy generated by 
hydropower in Norway, the wind farms of Denmark, or the solar PV plants of Germany 
can ultimately be used for example in France or Belgium, two countries that currently 
greatly rely on nuclear capacities. 
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Figure 9: Yearly power plant installation profile of the European continent as an example for 
regional analysis. 
 

From Figure 9, a regional analysis reveals the rise and fall of installations of coal (from 
the late 1950s to the early 1990s) and nuclear power (from the early 1970s until the early 
1990s), while depicting an ongoing dramatic growth of wind (from the mid-1990s), solar 
PV (from the mid-2000s) and bioenergy (from the late 1990s). Gas-fired installations 
seem to be on the rise, particularly noticeably from the 1990s onwards, while hydropower 
installations maintain a significant level of commissioning over the years.  

Detailed data analysis facilitates not only the understanding of historical developments, 
but also provides a solid foundation for modelling projections of how it may evolve, as 
presented for instance in Bogdanov et al., (2019) and Publications V, VI and VI. 
Moreover, data analysis can be performed in a multitude of ways, defining different 
distribution groups. For example, Publication VII explored the influence of thermal 
power plants on water bodies through cooling and linked thermal power plants to major 
rivers. Therefore, the data available can and have been used in the past for new analytic 
and modelling methods, facilitating power-sector-related research.   
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3 Trends of the power generation technologies 

In this chapter, a short analysis of each generation technology present by 2014 is 
conducted to reveal the development and historical deployment of these technologies. A 
short summary of their history and background is also presented. Moreover, some 
technologies are grouped based on their historical trends, particularly those that seem to 
be on the rise and those that present no clear trends.  

3.1 Hydropower: Old, yet forever young 

Hydropower presents a unique feature. Hydropower stations tend to be endlessly 
refurbished, as dams and power stations of over 100 years old still operate nowadays. In 
fact, 4.2% of the currently operating hydropower capacities were initially commissioned 
in and before 1940, as shown in Figure 10. It may seem low, but the share of capacity 
operating before 1940 for hydropower is higher than any other technology by a factor of 
over 400. Although all the capacities commissioned before 1940, hydropower or other, 
have naturally gone through several rounds of refurbishment and updates, it is not a 
coincidence that hydropower capacities are kept in operation for longer than others. 
According to IRENA (2012), the costs of electrical and mechanical components need the 
most maintenance and renovation, which constitute only around 30% of the total capital 
investment. In this study, hydropower capacities are divided into three categories: 
reservoir-based, RoR and pumped-storage. The latter is not a generation technology per 
se; however, this information was provided by the original source, and therefore, an 
analysis was possible and thus carried out. In addition, pumped-storage hydropower is 
structurally very similar to reservoir-based hydropower. Together, all hydropower 
capacities represent roughly 20% of the global installed power capacities by 2014.  

 

Figure 10: Development of hydropower installations over time from 1940 to 2014. 
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Reservoir-based hydropower has several advantages: it is extremely flexible in its 
operation and highly scalable, it can be continuously renovated to work for over 100 
years, which drives the energy production cost down, and it requires low maintenance 
and operates on a carbon neutral basis (even though there are carbon emissions associated 
with the construction and commissioning). The world’s largest power stations are 
hydropower plants, with the Three Gorges Hydropower Station in China being the largest 
of them all with 22.5 GW of installed capacity. This is 3.2% of the global installed 
reservoir-based hydropower capacities by 2014 in a single power station, which speaks 
for the scalability of the technology. China has 25% of the total capacity installed by 
2014, and the top eight countries have 63.5% of the total. As almost 40% of the capacity 
is distributed over the rest of the world, it can be seen that the use of the resource is quite 
widespread. 

However, with the advantages come several disadvantages. These disadvantages can be 
of financial, social, environmental or logistic nature. For example, it is widely shown that 
hydro reservoirs affect the hydrological systems of the river, adding barriers to the 
nutrients and migratory fish species. From the financial perspective, Sovacool et al. 
(2014) found, after a survey of over 400 hydroelectric projects, that reservoir-based dams 
surpass by an average of 60% of the original estimated time for construction and generate 
around 40% excess cost. Additionally, as it is a geographically localised resource, it often 
requires hundreds or even thousands of kilometres of transmission lines, generating extra 
expenses and losses.  

Naturally, the social challenges of hydropower are not minor. For example, Tilt and 
Gerkey (2016) highlight the extent of the issue for China. China hosts about half of the 
world’s large dams, and as a consequence, has been forced to deal with around 15 million 
involuntary displacements of people. Worldwide, this number is estimated historically to 
be as high as 80 million involuntary displacements by the end of the year 2000 (WCD, 
2000). 

However, the impact of hydropower depends on the mode of operation of the power plant. 
Basically, there are two main modes of operation for hydropower production: reservoir-
based and RoR. Pumped-hydro stations are, in a way, reservoir-based hydro stations with 
the capability of reverse operation and are an energy storage infrastructure rather than 
power generation power plants.  

3.1.1 Reservoir-based hydropower 

Reservoir-based hydropower plants, as the name implies, consist of a large physical 
barrier or dam, creating large artificial water reservoirs in order to gain head height (and 
thus power) and to regulate the operation of the power station. Reservoir-based 
hydropower has several advantages. Water reservoirs, in general, have played an 
important role long before hydropower was an option. In fact, hydropower reservoirs 
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often serve additional (and sometimes several other) purposes, such as agricultural 
irrigation, recreation, municipal water source or fishing. From the power production 
perspective, reservoirs allow a quite high degree of flexibility. Despite this, the 
historically perceived low cost of operation of a hydropower station often meant 
“baseload” operation in the past. Nowadays, with the increase in fluctuating renewable 
power sources, reservoir-based hydropower starts to shift to a balancing role.  

These advantages, among others, explain the high prevalence of reservoir-based 
hydropower among the hydropower technologies, accounting for almost 70% of the 
capacities by 2014 (shown including the pumped-hydro in Figure 10). However, the most 
severe cases of environmental and social impacts are associated with reservoirs. Artificial 
water reservoirs, by default, are meant to cover land areas, whether those areas previously 
served some human-related purposes (e.g. habitation, agriculture or industry) or as natural 
reserves. These land losses are sources of social issues in the case of land in human-
related use, and environmental impacts in the case of loss of natural reserves. In addition, 
as mentioned previously, the physical barrier that the dam creates has a negative impact 
both on the hydrological system and the paths for migratory fish species. Because of these 
and other negative impacts, new large hydropower reservoirs can be quite controversial, 
as further detailed in Publication IV.  

In Publication IV, modelling of the energy sector of Sub-Saharan Africa showed that 
distributed renewable energy sources would produce a noticeable reduction to the cost of 
electricity while allowing more efficient electrification of the continent. Moreover, 
significant environmental drawbacks can be avoided by choosing not to tamper with the 
Congo river basin. 

3.1.2 Run-of-River hydropower 

RoR hydropower uses a different strategy for power production. RoR implies taking 
advantage of the water flow in the rivers, by diverting a fraction of the flow of a river 
through a weir into the turbine. Often, there is a middle step of a small reservoir in order 
to stabilise the flow into the turbine and reduce the amount of sediments going into the 
turbine. Thus, RoR, by not directly interrupting the water flow of a river and not flooding 
large areas, causes relatively low environmental and social impacts when compared with 
reservoir-based hydropower. 

As shown in Figure 10, RoR hydro accounts for approximately 30% of the global 
hydropower capacities, highlighting the importance of RoR in the global power system. 
However, it also has some disadvantages. Because it depends on the concurrent flow of 
the river, it is susceptible to seasonal changes and thus operates for lower full load hours 
than reservoir-based hydropower. In addition, the small reservoir of water is normally 
capable of storing between two hours and two days of water for turbine operation at best, 
and thus, its operation is of uncontrollable fluctuating nature in contrast to the flexibility 
of reservoir-based hydropower. 
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3.2 Coal-fired power plants: surge and decline 

The historical importance of coal as a resource cannot be ignored. For centuries before 
coal, mechanical energy from renewable sources was commonly used, mainly for 
transport (sailing), water pumping and flour mills (propelled by wind or hydro-
mechanical energy). However, it was the coal-powered steam machines that were the 
origin of the first industrial revolution. The development of the steam machines gave a 
great degree of independence to the machinery, because coal as an energy source could 
be used at anytime and anywhere where it could be transported to. Because of this, in 
Britain in the year 1800 there was an estimated 10,000 horsepower (hp) of steam 
machines, which ramped up to a staggering 210,000 hp by 1815 (Landes, 1969).  

Steam machines also revolutionised the transport sector, for instance by steam-powered 
locomotives and ships. This new ability to travel faster over long distances on land and 
sea facilitated commerce and boosted trade of goods, and thus, dramatically changed the 
global model of economic development. Therefore, the widespread presence of coal-fired 
steam machines by the end of the 1800s made it natural to transition coal into the 
electricity sector as it was being established. However, generating electricity out of coal 
presented a completely new set of challenges, and coal-fired power plants experienced 
significant developments in efficiency (McNerney et al., 2011). The efficiency of the first 
coal-fired power plants barely reached 3% in the 1880s, but by the late 1950s, the 
efficiency had improved to an average of 33% in the USA (McNerney et al., 2011).  

Nevertheless, the development of the coal-fired technology seems to have reached its 
limit since the early 1960s. Moreover, the energy density (or quality) of coal as a fuel has 
been decreasing since the mid-1960s, and the capital investment of coal-fired units has 
been constantly increasing during the last 60 years of technological stagnation 
(McNerney et al., 2011). Moreover, this is independent of the concept of carbon capture, 
which naturally would further increase the capital and operational costs of the plant. 
Surprisingly, even to this day, humanity still relies on coal-fired capacities to produce 
around 40% of the global electrical energy.  

As shown in Figure 11, the global rate of installations of coal-fired power plants has 
remained relatively stable from the late 1960s until the early 2000s, at an average of 24 
GW per year. Afterwards, a huge rate of installations was experienced in the following 
years, peaking in 2006, with almost 120 GW of installed capacity in that year only. After 
2007, the global installation rate dropped by around 40% to an average rate of roughly 74 
GW per year from 2008 to 2014. Some of the new capacities are new power plants, while 
in other cases new capacities represent adding units to existing power plants or replacing 
old units with higher capacity ones.  
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Figure 11: Historical installations of coal-fired power plants from 1940 to 2014.  
 

From a country perspective, China alone hosted slightly over 44% of the coal-fired 
installed capacities by 2014, and the top three countries (China, USA and India) hosted 
70% of the global capacities by 2014. It is a relevant finding to understand that even 
though the resource is widely available, the use of the resource is quite localised. 
Naturally, this increases pressure on these countries to act upon their emissions, because 
coal-fired power is by far the most carbon-intensive strategy for electricity production 
(mean 820 gCO2e per kWh) (IPCC, 2014), almost doubling the emissions of gas-fired 
capacities (mean 490 gCO2e per kWh), the second in the emissions level.  

Therefore, and considering the warning of the 1.5℃ IPCC report (IPCC, 2018), the 
decline in installations of coal-fired capacities since 2006 and 2007 manifests the 
increasing global acceptance of the fact that maintaining the current use of coal is 
unsustainable. Moreover, China as the world’s top consumer of coal has apparently 
experienced peak coal consumption in 2014 (Wang et al., 2018), further supporting a shift 
towards sustainability in the energy sector. 

3.3 Nuclear power: raise and fall 

Unlike coal-fired power or hydropower, nuclear power entered in the energy system 
roughly 70 years after the first power stations were commissioned. Uranium as an element 
was discovered in 1789, but radiation was discovered only over one hundred years later 
in 1895 (WNO, 2019). Unfortunately, the first large applications of nuclear power were 
military, and it was only after World War II that governmental programs started targeting 
the use of nuclear energy for non-military purposes. The first nuclear reactor built to 
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generate electricity and heat started operation in Russia in 1954 (WNO, 2019), with the 
small capacity of 5 MWe or 30 MWth. However, the main purpose of the reactor was 
research, and such small reactors were still mostly used to power naval applications. The 
first fully commercial nuclear reactors started operations almost simultaneously in the 
late 1950s and the early 1960s in France, USA, Canada, the UK, Russia and Kazakhstan 
with capacities ranging between 135 and 250 MWe. By the end of the 1960s, the standard 
capacity for commercial reactors reached 1000 MWe.  

Some of these reactors are still in operation, and Figure 12 shows the capacities operating 
by the end of 2014. In the years between the late 1960s until the mid-1980s there was a 
dramatic increase in nuclear power plant commissioning at a global level, and for good 
reasons. Nuclear power has several advantages; it is the highest power density 
technology, it can operate at baseload for very high full load hours and at nearly zero 
GHG emissions. However, nuclear power comes with several issues, such as its extreme 
capital intensity, very long construction times, fuel-cycle environmental constraints, 
political constrains, grave costs overruns, need for subsidies, and of course the risk 
(Sovacool, 2011).  

It is perhaps the risk factor that has had the strongest impact on the development of the 
nuclear energy sector. The first incident at a nuclear power plant that registered fatalities 
happened in the UK in 1957 (Sovacool, 2008). However, as shown in Figure 12, the 
incident that shifted the tendency for the commissioning of nuclear reactors was the one 
in Chernobyl. There is a clear upwards tendency from 1968 to 1985, followed by an even 
sharper fall starting in 1986 (the year of the Chernobyl disaster) until 1999. The full extent 
of the consequences of the explosion of the reactor IV at the Chernobyl power plant may 
never be fully accounted for, though Sovacool (2008) estimates over four thousand deaths 
and 6.7 billion dollars in damage.  

Moreover, to imagine that it could have been significantly worse, it certainly explains the 
dramatic drop in the number of nuclear reactor installations worldwide. Despite not being 
the technology with the most fatalities, nuclear disasters are associated with the highest 
cost caused by incidents in the energy sector, accumulating up to 16.6 billion dollars 
between 1907 and 2007, and 41% of the total cost caused by incidents in the energy sector 
globally (Sovacool, 2008). Furthermore, the aforementioned costs could be supplemented 
with those of the Fukushima Daiichi nuclear disaster in 2011; around 187 billion dollars 
estimated as the cost of compensations (The Guardian, 2017), which is more than 11 times 
the cumulative costs incurred by accidents previously by the nuclear sector globally.  
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Figure 12: Historical installations of globally operating nuclear capacities by the end of 2014. 

Figure 12 shows that there was a small resurgence of nuclear energy commissioning 
between 2000 and 2006, and between the years 2000 and 2014, the average yearly 
installation was about 3.7 GW, which is smaller by a factor of 10 than the peak in 1985. 
Nevertheless, the technology continues to evolve, and reactors that have been operating 
already for 30 years are often quite different to those being commissioned nowadays. 
Nuclear fusion is another promise that has been under development with continued 
promises of commercial breakthroughs; however, by the time it becomes available, the 
question will be whether it is economically competitive. 

Geographically, the distribution of nuclear capacities is significantly more focalised than 
hydropower, but not as focalised as coal-fired power. The United States hosts almost 24% 
of the global nuclear capacities. The top 3 countries, the United States, France and Japan 
host together 48.5% of the global capacities, and the top 10 countries host 85.6% of the 
global capacities.  

3.4 Rising stars 

The previously mentioned power generation technologies have historically played a 
major role in the global energy sector. In contrast, the technologies presented in this 
section, although existing for decades, have experienced a dramatic upward trend over 
the past 20 years.  
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3.4.1 Gas-fired power plants 

Natural gas has played a very important role as an energy carrier for over a century. In 
fact, before there was electric municipal street lighting, the next best option was gas and 
oil lamps. One of the many occupations lost to development is thus lamplighter. Gas is 
widely used globally today, in various different applications. Besides electricity 
production, gas is used for cooking, for a wide array of chemical processes and production 
of steel and cement. In the power sector, gas-fired capacities provided almost a quarter of 
the world’s electricity production in 2017 (BP, 2018).  

Natural gas, as an energy carrier for electricity production, has been used almost as long 
as electricity production itself. Initially, gas was used as fuel to fire boilers as an 
alternative to coal (Breeze, 2016). Afterwards, the first industrial heavy-duty gas turbine 
was commissioned in the 1930s (Eckardt & Rufli, 2002). However, it was only until the 
1990s, with the development of the combined-cycle gas turbine (CCGT), that the number 
of global installations of gas-fired power plants increased dramatically (Breeze, 2016). 
Figure 13 shows the global development of the installation of gas-fired capacities. 

 

 
Figure 13: Global installations of gas-fired capacities for the period 1940–2014. 
 

Gas-fired capacities are part of the “Rising stars” because as seen in Figure 13 and as 
indicated by Breeze (2016), there has been a dramatic increase in global installations over 
the past three decades. Although the tendency seems to be stabilising around 50 GW to 
60 GW per year, the level of yearly installations up to 2014 is still quite significant.  
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From a geographical distribution standpoint, the country hosting the highest share of the 
gas capacities is the United States with 31.2% of the global active installed capacities by 
2014. The United States is followed by Russia and Japan, together hosting 42.9% of the 
global capacities. However, compared with the previously presented technologies, gas-
fired capacities are the most widely distributed technology geographically, as the top 10 
countries host 61.3% of the global gas-fired capacities.  

The widespread usage of gas-fired capacities is probably due to their several advantages. 
They represent a well-established technology, significantly more efficient than other 
fossil-fuelled technologies, particularly when configured as combined cycle gas turbines. 
Furthermore, gas-fired capacities are highly flexible in their operation and have 
significantly less emissions per unit of electricity than for example coal-fired capacities 
(IPCC, 2014). In addition, gas as a fuel is relatively easy to store and transport and thereby 
to trade. Last but not least, gas-fired capacities have the capacity to adapt to synthetic fuel 
sources of less or neutral carbon footprint, such as biomethane, syngas and biogas. 

3.4.2 Solar photovoltaic power plants  

Solar energy is the “mother” of energy sources. Solar energy feeds the crops that feed us, 
helps us absorb vitamins and gives us warmth. From the energy system’s perspective, 
solar energy is the most abundant and widespread of energy sources, and is directly or 
indirectly responsible for other energy sources, such as hydropower (water evaporated by 
the sun condensing in the sky), wind (differences in the atmospheric air temperature 
generating drafts) and biofuel (allowing plants to absorb carbon through photosynthesis 
and grow). Currently, the most common way to directly transform solar irradiation into 
electricity is the use of solar photovoltaics. 

Solar photovoltaics (PV) as a concept is not particularly new. The device to measure 
direct normal irradiance was already in use in the 1920s (Yang et al., 2018), and already 
back then there was significant discussion among academics about the potential of solar 
PV (Verhees et al., 2013). Further attention to the field was given in the 1950s when the 
first solar cells were being developed for the space industry simultaneously in different 
places (Verhees et al., 2013; Zhang and He, 2013).  

Furthermore, the oil crisis in the 1970s reignited the conversation on the need to reduce 
the dependence on fossil fuels and further look into renewables, such as solar PV (Verhees 
et al., 2013). Consequently, governments started pushing for investment programs into 
the development of production of solar cells. Today’s largest solar cell producing country, 
China, started industrialising the production of solar cells in the mid-1980s (Zhang and 
He, 2013), opening two production lines. Thereafter, since 1993, the production of solar 
cells in China has experienced a dramatic increase between 20% and 30% annually 
(Zhang and He, 2013). 

Solar PV is one of the rising stars for two main reasons. First, utility-scale installations 
are relatively recent compared with other well-established technologies. Second, 
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installations of solar PV capacities have experienced a significant increase over the last 
two decades. Figure 14 shows the global cumulative solar PV installations between 2000 
and 2014, reaching around 180 GW. Between 2014 and 2019, the cumulative capacity of 
PV has more than tripled to around 580 GW of installed capacities (EC, 2018; IRENA 
2020), with over 100 GW installed in 2018 only (PV-Tech, 2019). However, the 2014 
point is used as a reference as it is the last year used for the analysis for the other 
technologies, with single power plant data used for Publications I, II and VII.  

Unlike previously mentioned technologies, solar PV has not yet peaked in installations, 
and the exponential growth of installations globally is undeniable and continuous, as 
shown in Figure 14. This constant and dramatic increase in installations often surpasses 
the “optimistic” forecasts of models from research groups and even well-established 
institutions (Creutzig et al., 2017). 

 
Figure 14: Global cumulative installations of solar PV capacities for the years 2000 to 2014. 

This dramatic constant increase in yearly installations is the result of many factors; for 
one, the zero emissions operation of solar PV electricity production in a society of 
increasing awareness of climate change, but there are also many others. For example, 
solar PV is correlated with the highest job generation among electricity generation 
technologies (Cartelle Barros et al., 2017; Ram et al., 2019), the modularity and 
scalability of the technology, but probably most importantly, the dramatic drop in the 
capital cost of PV modules as well as the cost of balancing systems and installation 
(Comello et al., 2018; Crago and Koegler 2018). 

Despite solar irradiation being widely available globally to a certain capacity, as some 
sites are obviously better than others, at least by 2014, the majority of solar PV installed 
capacities are still concentrated in a few countries. Germany is the country with the 
highest share of installed capacities in 2014, with 21.4% of the global solar PV installed 
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capacity. Together with the next two countries, China and Japan, the top 3 countries with 
solar PV installations in 2014 hosted 50.7% of the global capacity. The top 10 countries 
with solar PV installations hosted 84.4% of the global capacity in 2014.  

3.4.3 Wind power 

Much like hydropower, the mechanical power of wind has been harvested by humans for 
centuries. Wind power propelled the sail boats that allowed intercontinental exploration 
since the times before ancient Egyptians, and in more recent centuries it powered grain 
mills and water pumps. Moreover, the harvesting of wind for electricity generation is also 
not a particularly new concept. Electricity generation by wind turbines can be first traced 
back to the late 1880s in the UK and the USA, and horizontal axis wind turbines (like the 
ones most commonly used today) started development and operation in Denmark in the 
1890s (IRENA 2018).  

However, modern wind farms have been put into operation in relatively more recent 
times, since the 1970s. Therefore, wind power is one of the world’s rising stars, not only 
because of its rather recent resurgence, but because of the magnitude of that resurgence. 
The rapid increase in wind turbine commissioning can be explained by the constant 
evolution of the technology, as in the mid-1980s the standard wind turbine had some 50 
kW of capacity and rotor diameters of around 15 m. In contrast, nowadays, standard wind 
turbines have capacities of 3–5 MW and rotor diameters of around 164 m. Together with 
the impressive capacity evolution, there has also been a significant reduction in 
investment cost per unit of capacity, dropping by around 27% only between 2010 and 
2016, and with further cost reductions expected (Partridge, 2018). 

A good example of the potential of wind power has recently been given by Denmark. In 
the past few years, Denmark has occasionally covered its electricity demand entirely with 
the output of its windfarms, and at least in one occasion up to 140% of the demand (The 
Guardian, 2015; The Independent, 2017). In Denmark, during 2016, wind power 
accounted for 45% of the country’s electricity generation (The Independent, 2017). 

Figure 15 shows the global cumulative installations of wind capacities between 1985 and 
2014. As seen in Figure 15, the growth in global installed capacities has soared by a factor 
of over 175 in only two decades between 1994 and 2014, from around 2 GW of installed 
capacity in 1994 to over 370 GW in 2014. Furthermore, only between 2014 and 2019, an 
additional 273 GW (a 78.3% growth) has been commissioned globally (IRENA, 2020).  

From a geographic distribution perspective, the champion of wind power commissioning 
is China, with 30.9% of the global installations by 2014. Similar to the case of solar PV, 
despite the wide availability of the resource globally, the top 3 countries alone host 58.7% 
of the global installed wind capacity. Close to the values of solar PV, the top 10 countries 
also hosted 83.9% of the wind global installed capacities globally by 2014.  
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Figure 15: Global cumulative installations of wind capacities for the years 1985 to 2014. 

3.5 Other power generation technologies 

In the previous sections, the generation technologies that play a major role in the global 
energy system and have outstanding tendencies have been addressed. In this section, the 
rest of the technologies will be addressed. These technologies are still relevant in the 
global energy system.  

3.5.1 Geothermal 

Geothermal energy is the result of radioactive decay at the earth’s core transported to the 
surface by conduction or ruptures in the earth’s crust (DiPippo, 2015). However, the 
availability of geothermal resources is rather localised, restricted to the edges of tectonic 
plates and areas of volcanic activity. The geothermal energy resources have been 
historically used (or rather enjoyed) by humans for millennia in the way of hot springs. 
Geothermal electricity production, on the other hand, was first developed in the early 
1900s (DiPippo, 2015).  

Geothermal power plants account for a relatively small share of the global installed 
capacity in 2014 of less than 1%. Nevertheless, it is still a rather relevant source in 
countries like Iceland, where geothermal energy produces 26.9% of the country’s 
electricity and covers 60.7% of the primary energy demand (Xia and Zhang, 2019). 

Figure 16 shows the geothermal active capacity commissioning between 1975 and 2014. 
Installations have been fluctuating historically with no discernible pattern at an average 
of around 300 MW per year in the 1975–2014 period. The country with the highest global 
share of operating geothermal capacities is the United States with 29.3%, followed by the 
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Philippines and Indonesia, together hosting 55% of the global geothermal capacities by 
2014. Likely because of the localised nature of the resource, the top 10 countries host 
92.9% of the global capacity. 

  
Figure 16: Global yearly installations of active geothermal capacities for the period 1975–2014. 

The global geothermal installed capacities have expanded around 24% from 2014 to 2019, 
currently reaching close to 14 GW installed worldwide (IRENA, 2020).  

3.5.2 Biomass & Biogas 

Biomass was the primary energy source of humanity for thousands of years. Ever since 
mankind became able to make and control fire, biomass was the source of heat used for 
instance for cooking, space heating, weapon-making and crafting, and food processing. 
In fact, up to 2.5 billion people still depend on traditional biomass to carry on with their 
daily activities, mostly in remote and rural areas around the globe (Ekouevi and Tuntivate, 
2012), commonly in the form of agricultural waste or animal dung.  

For the purposes of this study, biomass refers to agricultural waste, wood processing 
waste, municipal solid waste, slush, energy crops, food waste and animal waste. Biogas 
adds an additional processing stage to convert biomass for example into syngas, and 
biomethane by means of anaerobic digestion, pyrolysis or gasification (Mayer et al., 
2019). 

Despite the long-term use of woody biomass for power production, waste-to-energy 
facilities trace back only to the 1950s (Makarichi et al., 2018). Biomass for power 
production has several advantages; it is relatively easy to use and store, as long as it is 
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available, it can be controllably used directly (unlike solar and wind), and it provides a 
far better alternative to waste than landfilling (Stich et al., 2017), particularly when 
considering the 2.01 billion tons of waste produced yearly around the globe (Kaza et al., 
2018). 

Figure 17 shows the global yearly installations of biomass and biogas capacities between 
the years 1975 and 2014. The figure shows a clear upward trend from 2000 to 2011, 
peaking at around 6.8 GW of installed capacity in 2011, followed by a small decline. The 
host of the largest biomass capacities is the United States with 15.6% of the global 
capacity, followed by Brazil and China, together hosting 40% of the global capacities in 
2014. The use of biomass is quite widespread, as the top 10 countries with biomass 
capacities hosted 71.8% of the global installed active capacity in 2014, significantly less 
than other renewables excluding hydropower.  

Biogas follows a slightly different distribution, with Germany as the country with the 
most biogas capacities installed, hosting 27% of the global capacities in 2014, followed 
by the United States and Italy, together hosting 57% of the global capacities in 2014. The 
biogas capacities are relatively more concentrated in the top 10 countries in comparison 
with biomass, as only 18% of the global capacity is commissioned outside the top 10 
countries in 2014.  

 
Figure 17: Global yearly installations of active biomass and biogas capacities for the period 1975–
2014. 

According to IRENA (2020), bioenergy capacity installations have grown around 37.7% 
from 2014 to 2019, reaching up to around 124 GW of installed capacities globally. 



 53

3.5.3 Oil-fired 

Oil from animal and vegetable origin has been used for thousands of years for all kinds 
of purposes through history and around the world. From cooking to heating, lighting and 
material processing, oil extracted from animals and plants has played and continues to 
play an important role in our everyday life. Furthermore, fossil oil has long been present 
in the human history. The first fossil oil well started selling oil in the early 1850s (Parker 
and Whaples, 2013). Owing to the higher energy content and rapid price decrease, fossil 
oil production reached 2 million barrels already in 1861 (Parker and Whaples, 2013).  

When it comes to electricity production, oil started being used as a fuel source for heating 
boilers along with coal, and later to fuel slightly more efficient internal combustion 
engines, growing in use until more than 25% of the world’s electricity was produced from 
oil in the early 1970s (IAEA, 1990). However, since the mid-1970s, the share of 
electricity generation by oil has dropped dramatically down to around 3.3% by 2015 (The 
World Bank, 2019). Interestingly, Figure 18 shows a fluctuating tendency of yearly 
installations peaking in 1974 (as the peak in the year 2000 is most likely caused by 
unaccounted plants globally). The drop in the electricity generation is greater than the 
drop in the global capacity, as most oil capacities are nowadays used for backup or peak 
generation. 

 
Figure 18: Global yearly installations of active oil-fired capacities for the period 1940–2014. 

From a geographical distribution perspective, oil-fired capacities are the most widely 
distributed in comparison with other technologies. The country hosting the highest share 
of the oil-fired capacities is Japan, with 18.8%, followed by the USA and Saudi Arabia, 
together hosting 40.7% in 2014. The top 10 countries hosting oil-fired capacities account 
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for 58.6%, the lowest share concentrated in the top 10 countries compared with any other 
technology in 2014. 

3.5.4 Ocean Energy 

A significant share of the global population, around 40%, lives within 100 km from the 
shoreline (NASA, 2019). Of course, it is not by coincidence, as seas and oceans have 
provided humans a channel for trade and transportation, an important source of food and 
nutrients, a natural line of defence and a source of recreation, among other benefits. 
However, looking into the ocean as a source of electrical power is a relatively recent 
endeavour. In fact, estimations of the theoretical annual potential vary considerably from 
one another, as estimations range between 885 TWh and up to 170400 TWh (Andres et 
al., 2017; Melikoglu, 2018). This huge discrepancy may be due to the fact that ocean 
energy is a collection of multiple potential energy mechanisms in the ocean, such as 
salinity gradient, ocean thermal energy, tidal energy, wave energy and underwater 
currents.  

Regarding commercial electricity production installations, Figure 19 shows the global 
active capacities commissioned between 1960 and 2014. As shown in the figure, the scale 
and amount of ocean energy installations dwarfs compared with any other technology or 
source currently in use, accumulating only slightly over 500 MW globally. Ocean energy 
has expanded somewhat since then, reaching around 530 MW globally in 2019, an 
increase of just around 6% (IRENA, 2020). 

 
Figure 19: Global yearly installations of active ocean capacities for the period 1960–2014. 
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As a result of the very limited installations, ocean energy concentrates in only a few 
countries more than any other electricity production technology, with 92.5% of all the 
global capacity hosted by only two active projects in 2014. The Korean Republic hosts 
the largest of those projects and is thus the country having the largest share of the ocean 
energy capacities with 47.8% of the global capacity in 2014. France hosts the second 
largest active ocean energy project, and 44.9% of the global capacity in 2014. The top 10 
countries having ocean energy active capacities host 99.9% of the global capacities, the 
highest share of capacity hosted by the top 10 countries of any technology globally in 
2014. Considering that many of the technologies for ocean energy conversion are in some 
phase of development, it could explain the currently negligible level of installations 
globally. Moreover, future ocean energy technologies will have to compete with well-
established renewables technically and economically.  

3.5.5 Concentrated solar power 

Concentrated solar power (CSP), uses the direct sunrays to produce power, but through a 
different strategy than solar PV. Much like many of the other technologies, humanity has 
been using the thermal energy of the sunrays for various purposes. As a matter of fact, 
life forms of all kinds have used the thermal energy of the sun in a wide variety of ways, 
long before humans even existed. In more recent times, humans have used the heat from 
sunrays for instance to dry food in order to conserve it, warm spaces and dry clothing. 

From the power production perspective, CSP has been present commercially in the global 
energy system for a relatively short time, and it consists of an umbrella of technologies, 
such as parabolic through collectors, linear Fresnel reflectors, solar power towers and 
parabolic disc collectors (Pelay et al., 2017). The first commercial-scale CSP was 
commissioned in California, the USA in the mid-1980s (Geroe, 2019).  
 

 
Figure 20: Global yearly installations of active CSP capacities for the period 1980–2014. 
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However, the incentives for CSP projects in the USA stopped in the late-1980s, and no 
further commissioning of CSP plants occurred for over a decade, as shown in Figure 20. 
Figure 20 shows the resurgence of CSP from 2006, but this time it is the feed-in tariff 
schemes that facilitated a second wave of CSP plant commissioning, mostly in Spain and 
in the USA (Geroe, 2019). Afterwards, from the mid-2010s, the focus, developments and 
commissioning of CSP plants have shifted towards the Middle East and North Africa 
(Geroe, 2019; Bouhal et al., 2018).  

Additionally, Figure 20 depicts the scale of installations for CSP to close to 5 GW of 
installed capacities by the end of 2014. Whilst significantly outnumbering the global 
installations of ocean energy power plants, CSP installations dwarf in comparison with 
every other technology; however, CSP capacities are still rather relevant in some 
countries, such as Morocco (Bouhal et al., 2018). In terms of distribution, Spain alone 
held virtually half of the global installations by 2014, and together with the USA and 
India, which are the top countries holding installations, the top 3 countries held 93.3% of 
the global installations in 2014. Altogether, the top 10 countries hold 99.4% of the global 
capacities in 2014, the second highest concentration of technologies after ocean power. 

3.6 Challenges 

Multiple energy models showing the technological and economic capability to turn the 
power sector towards renewables, but these models often overlook societal and political 
factors currently hindering the transition toward a carbon emissions-free energy sector. 
Although there is a rapid expansion of renewables over the past two decades in terms of 
installed capacities, the share of fossil fuel use from the global energy demand has 
maintained a level of around 80% (Johnsson et al., 2019). In fact, the deployment of non-
hydro renewables is not being highly prioritized in countries with large reserves of fossil 
resources (Johnsson et al., 2019). Fossil resources continue to drag social and financial 
inertia. Governments and society are not quick to adapt and trade the fossil-related jobs 
for renewable-based jobs. According to the Joint Research Centre of the European 
Commission, renewable sources provide significantly more jobs per energy generated or 
installed capacity than fossil-related jobs (JRC 2020). Nevertheless, the prevalent 
presence of fossil fuels requires much stricter environmental policy agreements globally 
in order to further incentivise the reduction of fossil fuel usage (Davis and Socolow, 2014; 
Johnsson et al, 2019).  

3.7 Summary 

Over the years, energy conversion technologies have played different roles in the 
development of the global power sector. Coal-fired and hydropower generation could be 
considered the “parents” of electrification, as the first few power stations commissioned 
worldwide belonged to either of these technologies. However, they are very different 
from each other in nature. Hydropower dams, as found in Publication I, can be 
continuously maintained and operated for over a century, unlike coal-fired boilers or any 
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other technology. Coal-fired generation technologies have evolved significantly from 
their early versions to their current state, greatly increasing in capacity and significantly 
improving in efficiency. While both technologies have been often sought after because of 
their historical low cost, their environmental impacts and the introduction of new 
technologies have resulted in a reduction in their influence in the energy sector over the 
years.  

Nuclear energy, introduced first in the late 1950s, still plays a major role in the global 
energy sector. However, the share of nuclear power plants of the global capacities has 
been in decline since the late 1980s after a few well-known nuclear disasters. Currently, 
competing with low-cost renewables and unsolved environmental challenges have kept 
the share of the nuclear capacities in decline over the past 30 years, with many reactors 
reaching quite soon the end of their operational lifetimes, as found in Publications I and 
II.  

Gas-fired capacities have, in contrast to nuclear, experienced a noticeable growth over 
the past 30 years. The low CO2 emissions in comparison with coal-fired generation, 
together with the low cost of fuel and versatility have facilitated the increase in 
commissioning. Similarly, solar PV and wind have been on an exponential growth curve 
since their introduction in the 2000s and late 1980s respectively. Renewables, in general, 
have been strongly on the rise over the past couple of decades, in accordance with the 
increased awareness of climate change and its link to carbon emissions. This includes 
bio-energy generation, which has also increased substantially over the past couple 
decades.  

Oil-fired generation has experienced a continuous decline in generation for some years, 
and its share in the global capacities is decreasing faster than any of the other fossil-
fuelled technologies. This may be the result of the high volatility of the market price of 
oil, the increasing cost of extraction from deeper or overall less accessible resources, and 
years of spills and environmental disasters, such as Deepwater Horizon in the Gulf of 
Mexico in 2010.  

Nevertheless, the road to a carbon neutral global energy system continues to be uphill. 
The continuous use of fossil fuels beyond the Paris Agreements points out at the need of 
developing new policies to accelerate the transition to renewables.  

Publications I and II present a detailed analysis of the global power generation and the 
technological deployment at high resolution. The geographical and technological trends 
are presented in detail and datasets are generated for use in the subsequent publications. 
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4 Energy-intensive industries 

In the previous chapter, the trends of installation and operation of different technologies 
were discussed, along with some of the factors that influenced those trends. Another 
factor that is likely to affect the shape of the global energy sector and that has not been 
discussed before is the way and purpose for which the energy is consumed. After all, in 
order to reduce emissions enough to meet the targets of the IPCC 1.5°C (2018) report, not 
only the power sector has to change, but also many other human activities.  

According to the IPCC (2014) report, the energy sector is responsible for the largest share, 
roughly 35%, of the global CO2eq emissions. Agriculture, forestry and other land use 
(AFOLU) are responsible for further 24% (of which agriculture alone is responsible for 
12.2%), the industrial sector 21% and transport 14% of the emissions. Together, these 
four sectors account for 94% of the global emissions (IPCC, 2014). This speaks to the 
point that changes elsewhere than in the energy sector are absolutely needed in order to 
adequately reduce the global level of emissions.  

Therefore, this chapter aims to briefly expand on the role of other main contributors to 
CO2eq emissions, which may also influence the energy sector globally.  

4.1 Transport  

As presented by the IPCC (2014), the transport sector is responsible for the fourth largest 
share of the global emissions, roughly 14% of the total in 2014. Within the transport 
sector, the largest emitters are road transport (72%), international shipping (9.3%) and 
aviation (6.5%), adding up to 87.8% of the total emissions from the transport sector. Road 
transport, the largest share within the transport sector, owes its large emissions to the tight 
relationship between road transport and fossil oil.  

However, the transport–fossil oil link is starting to weaken. The “Tesla” phenomenon has 
brought electric vehicles to the trend, and governments around the world have been 
implementing a range of incentives and subsidies to promote the penetration of hybrid 
and electric vehicles worldwide over the current decade, with different degrees of success 
(Münzen et al., 2019, Wang et al., 2019).  

One of the reasons why governments around the globe are trying to facilitate a rapid 
increase in the share of electric vehicles is the impact of fossil-fuelled cars on the local 
environment of local densely populated areas, beyond the impact of those emissions at a 
global level (Siskova and van den Bergh, 2019).  

Although the electrification of the transport sector is a trend under analysis at a global 
level, some major global cities are already achieving quite low-carbon urban transport (Li 
et al., 2019). Furthermore, and particularly on a global scale, it is relevant to mention that 
a significant reduction in the emissions from the transport sector require both the 
electrification of transport and a renewable-based energy sector to power the transport 
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sector (Woo et al., 2017). In other words, electrification of transport does not greatly 
reduce the transport sector emissions if the power sector behind them depends heavily on 
fossil fuels, such as coal (Woo et al., 2017). 

The electric car stock has expanded by a factor of around 12 from 2013 to 2018, and 
several countries have committed to reach 30% of their transport fleet to be electric by 
2030 (IEA, 2019b). Moreover, the IEA (2019b) predicts that electrification of the 
transport sector will further benefit a transition towards renewables. 

4.2 Industry 

Industry covers a wide variety of human activities, from the production of goods to the 
provision of services and the infrastructure required for these activities to run smoothly, 
and it is responsible for roughly 21% of the global CO2eq emissions. However, according 
to the IPCC (2014), the two most carbon-intensive industries are the cement and iron & 
steel industries, accounting for 44% of the global emissions associated with industrial 
activities. Together, the production of cement and steel were responsible for 15% of the 
total global anthropogenic CO2 emissions and 8% of the global energy use in 2012 (van 
Ruijven et al., 2016). Therefore, this section will focus on these two most impactful 
industrial activities. 

4.2.1 Cement 

Consumption of cement is directly linked to the development of infrastructure, public or 
private. Roads, houses, hospitals, bridges, tunnels, sewage systems, schools, airports and 
dams are some examples of the various uses of cement, which also highlights the 
importance of cement in our lives (Singh and Subramaniam, 2019). However, and as 
hinted before, the production of cement is very carbon-intensive.  

As accounted by the IPCC (2014), 13% of the industrial-related direct emissions came 
from cement production in 2010. For every ton of clinker, an average of 866 kg of CO2 
is released to the atmosphere (Summerbell et al., 2016). However, unlike the operation of 
transport, a large share of those emissions is a result of the thermal processing of 
limestone, the base raw material for cement production. Limestone thermal processing is 
responsible for 50% of the emissions, while fuel (nowadays mostly coal) derived 
emissions account for 40%, and electricity and transport both adding a 5% each of the 
cement emissions globally (Summerbell et al., 2016). 

There are several strategies available and under consideration for the reduction of the 
emissions from cement production (TRIoIA, 2018). In fact, the carbon intensity of cement 
production has been steadily declining over time, mostly as a result of an increase in the 
energy efficiency of fuel use (Zhou et al., 2016). However, owing to the nature of the raw 
material processing required to make Portland cement, the most common cement being 
produced today, there are only two strategies that could realistically neutralise the 
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emissions from cement processing: carbon capture and replacing cement with 
alkali/magnesium-based binders (TRIoA, 2018).  

Replacing cement with alkali/magnesium composites provides a potentially carbon-
negative binder option (TRIoA, 2018). However, despite already being present in the 
commercial market, these binders have struggled to obtain any penetration into the market 
(TRIoA, 2018). In fact, standards and labelling are still based on a Portland cement 
reference, which hinders the penetration of non-limestone binders (TRIoA, 2018).  

Alternatively, capturing carbon from cement production is the only other option to 
significantly reduce the CO2 emissions derived from the process. Publication V expands 
on this option, along with other potential technology developments capable of 
significantly reducing CO2 emissions. Moreover, the addition of CCS and the substitution 
of fuels to electricity described in Publication V, requires a respective adaptation from 
the energy system.  

In Publication V, a projection of cement demand until 2050 with the detailed geographical 
distribution is presented. Moreover, different scenarios for technological evolution and 
the energy demand and their associated emissions are estimated, and synthetic fuel 
production is proposed as a solution to significantly mitigate the direct emissions, with 
carbon capture as an intermediate step.  

4.2.2 Steel 

Ferrous and non-ferrous metals were responsible for 22% of the CO2 emissions from the 
industrial sector in 2010 (IPCC, 2014). Steel dominates this category, with 1689 Mt of 
steel produced in 2017 (WSA, 2018a). This is in part due to the wide usage of steel by 
modern society. More widely used than cement, steel takes part not only of structures, but 
is also present in the cars we drive, home appliances, tools, machinery, down to caps and 
cans for food and paint. 

The most common use of steel is in construction (51%), followed by transport (17%), and 
machinery (15%), with the remaining 17% spreading over other smaller categories 
(WSA, 2018b). In 2011, around three quarters of all steel produced came from reduction 
from ores, while the rest came from recycling in electric arc furnaces (IPCC, 2014). While 
steel recycling in electric arc furnaces is done by electricity, and thus could potentially 
have negligible emissions, iron reduction from ores still uses mainly coal. Therefore, one 
ton of steel produces in average 1.9 tons of CO2, which aggregated to 3.2 Gt of CO2 
emissions in 2017 (Olivier et al., 2017).  

However, and unlike in the case of cement production, the emissions associated with iron 
reduction for steel production are entirely derived from fuel usage. Thus, it is feasible to 
mitigate the CO2 emissions from steel production by shifting to carbon-neutral iron 
reduction technologies, reducing iron through electrometallurgy or direct hydrogen 
reduction (EUROFER, 2013).  
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Hydrometallurgical iron reduction by electrowinning is being investigated as an 
alternative to carbon-neutral steel production (Yuan et al., 2009; Fischedick et al., 2014). 
As described by Yuan (2009), electrowinning is based on suspending iron ores in an 
electrolyte, while circulating electric current through electrodes immersed in the solution. 
Yuan (2009) estimates an energy consumption of 3 MWh of electricity to produce one 
ton of reduced iron. An additional step of electric arc furnace, with 2.53 MWh per ton 
(WSA, 2008), would still be needed. However, this technology may be available on a 
commercial scale only from 2040 onwards, as it is still in the early stages of development 
(EUROFER, 2013). 

Alternatively, direct hydrogen reduction uses pure hydrogen as fuel in the furnace instead 
of coal, thus replacing the CO2 emissions with H2O from the iron reduction process (Vogl 
et al., 2018; Otto et al., 2017). In order to produce hydrogen by water electrolysis, between 
4.96 MWhel and 5.54 MWhel is needed to produce a ton of steel, which given a renewable 
energy source, the steelmaking process would become carbon-neutral (Otto et al., 2017).  

The adoption of either (or both) of these methods to produce steel would have a significant 
impact on the global energy system. For example, if today’s steel processing was instantly 
shifted to direct hydrogen reduction with hydrogen from water electrolysis, it would add 
up to around 7350 TWhel (based on 2017 steel production and 25% steel recycling). For 
comparison, this demand represents 27.5% of the global electricity production (IEA, 
2018b). Therefore, the global energy sector should evolve to accommodate new and 
intense demand.  

4.3 Agriculture 

Agriculture generates around half of the emissions from the AFOLU (IPCC, 2014), and 
is the most land- and water-intensive human activity. Agriculture uses 40% of the land 
not covered by ice (Ramankutty, 2008), and consumes 70% of the water of anthropogenic 
use (WWF, 2003). Simultaneously, agriculture is responsible for roughly 6 Gt CO2eq 
emissions globally (12.2% of the total global), although only around 0.5 Gt of those 
emissions are CO2 and the rest are other greenhouse gases (IPCC, 2014). 

Unlike other sectors, strategies for reduction of emissions from the agricultural sector are 
often complex (IPCC, 2014). These strategies can be divided into demand-side and 
supply-side strategies. Demand-side strategies are for example campaigns to reduce food 
waste or red meat and dairy consumption (Roy et al., 2012), as well as promotion of 
alternative food (Yada, 2018).  

On the other hand, enhancement of resource-use efficiency, replacement of the use of 
fossil fuels with renewables and changing patterns in livestock and land use management 
are some of the available supply-side strategies (IPCC, 2014). A technological upgrade 
or fossil fuel replacement with electricity would therefore have an impact on the global 
power sector. Instances of the technological shift from open-field agriculture, which are 
more energy-intensive, are hydroponic agriculture (Barbosa et al., 2015), urban 
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agriculture (Khan et al., 2018; Montero et al., 2017) and vertical agriculture (Goodman 
and Minner, 2019).  

The aforementioned technological developments have several things in common. On one 
hand, they require significantly less land, water, fertilisers and pesticides. In contrast, 
these technologies also require a significant increase in energy investment. Therefore, 
these developments have to be considered as they integrate into the evolution of the 
energy sector.  

In Publication VI, a potential evolutionary path for agriculture is presented, in which 
energy investment can make a significant contribution to the vegetable supply worldwide. 
Enclosed agriculture has the potential to save significant amounts of water and land, while 
greatly shortening transportation distances, as several vegetables can be produced close 
to the points of retail or consumption.  

4.4 Summary  

Energy-intensive industries may develop tighter links to the power sector in the future. 
Batteries in hybrid and electric vehicles will directly depend on the power sector, but they 
may also contribute back. Particularly in urban settings, the batteries of electric cars may 
be managed as stationary batteries, borrowing part of their charge to the grid, thereby 
allowing higher penetration of fluctuating renewables. Furthermore, the transport sector 
through electrification has the potential to almost entirely neutralise its operational 
emissions. Consequently, cities and countries are setting targets of electrification of the 
transport sector as part of their climate change action plans. 

The steel and cement industries are essential in today’s economy. Infrastructure and 
housing have a tight connection to steel and cement production, while steel also plays an 
essential role in several manufacturing activities, such as automotive, home appliances, 
food, and other canned goods. Currently, both steel and cement production are quite 
carbon-intensive, as they rely on coal as part of their raw material thermal processing 
steps. Particularly in the case of cement, the raw material itself releases the largest share 
of the carbon emissions for the thermal processing, followed by fuel use. There are 
evolutionary pathways to significantly reduce the emissions from both cement and steel 
processing, by effectively electrifying the thermal processing steps. The potential 
electrification of the thermal processing step would exert an additional demand and 
pressure to the power sector, and the power sector should evolve considering this potential 
new demand. 

The agricultural sector also presents a challenge. Currently, agriculture occupies the 
largest share of land and water use for all human activities in the world. However, hunger 
and malnourishment are still a problem that affects a large share of the global population. 
Moreover, agriculture produces a significant amount of greenhouse gases, which cannot 
be easily mitigated. Nevertheless, the amount of water and land that is currently dedicated 
to vegetable agriculture could be significantly reduced by enclosed agriculture, which 
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would require a higher energy investment. This shift may help alleviate water stress in 
dry regions or land shortage in populated areas, while simultaneously addressing global 
food shortages. The required energy investment for enclosed agriculture may influence 
the future development of the global energy sector, and simultaneously, a power sector 
providing a low-carbon energy-rich environment may have a significant influence on the 
agricultural sector. 
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5 Results 

This chapter aims to provide a brief account of the methods, aims and results of each of 
the publications presented as subsections.  

5.1 Publication I: Structural changes of the global power generation  

Aims 

The purpose of this research was to investigate the structural evolution of the global 
power sector. Although reports on the global capacity and generation are released by 
several institutions yearly, a study at a global level on a per power plant basis had not 
been carried out before. The purpose of carrying out a per power plant basis analysis was 
to provide details in the temporal and geographical distribution of the global power plant 
fleet.  

Methods 

In order to carry the analysis, several steps were required. First, data gathering and 
database merging were carried out as described in Chapter 2. Second, an extensive 
exercise of data curation was executed. As a result of these two steps, the most complete 
database to this date containing power plants by the end of 2014 was compiled, with over 
136 thousand entries of power plants and capacities under different statuses of operation. 
A data analysis followed to reveal the insights enclosed in the database. Finally, a 
simplified sustainability indicator was added to reflect the evolutionary tendencies of the 
capacities within countries or regions and globally. 

Results  

The study revealed several insightful results. Some of the main insights of the study are: 
the global declining trend of installation of nuclear and gas capacities. Coal, in a similar 
manner, continues to decline globally with a few exceptions, such as China and India. 
There is also a global trend of exponentially increasing installations of renewables, 
mainly solar PV and wind. Hydropower continues to play a major role in the global 
energy system, while geothermal, biomass, biomass and oil-fired capacities have a high 
relevance only in some specific regions and countries. The study also revealed the lifetime 
behaviour of nuclear and fossil-fuelled capacities globally.  

5.2 Publication II: Aging of the European power infrastructure 

Aims 

This study focused on Europe as a region. Europe contains several of the most developed 
economies of the world, presenting a potential look forward of how the global energy 
sector can develop. Specifically, an analysis of the age of the fossil and nuclear 
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infrastructure in Europe was carried out in order to provide a path towards sustainability 
by showing when the opportunities for a shift to renewables will be present within the 
region.  

Methods 

This research was based on the database originally compiled for Publication I but with 
the focus on European countries. First, an analysis of the composition of the European 
power plant fleet was given, and the shifts in tendencies over the decades were 
highlighted. Second, emphasis was placed on the fossil and nuclear capacities in order to 
track their projected decommissioning according to global operational lifetime averages. 
Finally, the “fossil and nuclear decommissioning slope” as a metric was created to group 
countries according to the degree of action required to replace the ageing currently 
operating capacities. Finally, the countries of the European Union, including the United 
Kingdom, were clustered and classified also by their absolute fossil and nuclear capacities 
and their share of renewable energy capacities commissioned until 2014.  

Results 

The results of the analysis provide a detailed account of the projected power plant 
decommissioning, highlighting the soon-to-come need for repowering in Europe. The 
natural phase-out of fossil and nuclear capacities in Europe presents a unique opportunity 
for a swift switch to renewable energy. Roughly 80% of the coal-fired, oil-fired and 
nuclear capacities active in 2014 in Europe will exceed the global average operational 
lifetime by 2030. Likewise, roughly 50% of the gas-fired capacities active by 2014 in 
Europe would have exceeded their projected operational lifetime by 2030. From all the 
fossil and nuclear capacities operating in Europe, less than 7% of the coal-fired capacities 
and less than 2% of nuclear capacities would still be under the global average operational 
lifetime by 2050. 

5.3 Publication III: Combining photovoltaics and hydropower 

Aims 

The target of this publication was to propose a novel approach to energy storage. In order 
to support the increasing share of intermittent renewable energy sources, energy storage 
will play a major role in the global energy sector. Therefore, energy storage requires both 
expansion and diversification. With that in mind, this publication aimed to investigate the 
feasibility and potential of combining floating PV with reservoir-based hydropower. The 
proposed hybrid generation system accumulates water during periods of solar radiation 
and operates the hydropower part of the system during the rest of the time. The present 
infrastructure and the high flexibility of hydropower generation combined with the 
enhanced performance of PV over floating platforms present a promising solution that 
needed to be investigated. 
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Methods 

For this research, the GRanD database was used as a base for the research. The database 
provided a detailed account of the surface of controlled waterbodies globally, together 
with their location, annual discharge, application, volume, and time when hydropower 
capacity was present, and head of the reservoir. First, reservoirs without hydropower 
capacity were filtered out. Second, in order to complete the data gaps, a global average 
ratio for surface/volume was estimated. Then, the annual discharge and head of the 
reservoirs were used to calculate the potential energy to be produced by hydropower. 
Finally, efficiency and ratios of the density of installation for floating PV were 
investigated and applied to 25% of each reservoir surface, and solar energy generation 
was calculated at each specific location. Hydropower generation at each location was 
subsequently partially replaced with solar PV generation, thus providing a “virtual 
battery” that requires no additional storage to be deployed. 

Results 

The proposed scheme has the potential to significantly reshape the global energy system. 
Covering only 25% of the hydropower reservoirs globally with floating PV would 
produce 2.5 times the energy being currently produced by reservoir-based hydropower 
alone. Simultaneously, depending on the projection, the scheme could cover between 
60% and 100% of the stationary battery demand globally; however, the geographic 
distribution should still be taken into account. In addition, the side benefit of preventing 
the evaporation of approximately 74 km3 of water from the global reservoirs was 
estimated. The conserved water, around 6% of the water contained in global reservoirs, 
would produce additional hydropower energy and be available for secondary uses, such 
as irrigation.  

5.4 Publication IV: Repercussion of large-scale hydro 

Aims 

With the world’s insatiable hunger for energy being tackled, hydropower is often sought 
out as the first option for electricity production. Hydropower is perceived as a cheap and 
reliable type of electricity production. Therefore, every significant water stream nearby a 
populated area has been historically tapped for its energy, leaving very few large streams 
untouched in remote areas of the world. However, reservoir-based hydropower has a 
multitude of disadvantages and negative environmental impacts, some of which are not 
necessarily immediately evident. With this in mind, the target of this research was to 
analyse the case of the Congo River and to investigate if reservoir-based hydropower 
could, in reality, be the most economical option for the electrification of Sub-Saharan 
Africa. 
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Methods 

An extensive literature review was conducted in order to analyse the state of affairs of the 
historical development of the African energy system, as well as the global tendencies of 
large reservoir-based hydropower. Second, based on the local resources, scenarios were 
built according to current and projected plans for hydropower development in the Congo 
River basin, as well as alternative scenarios with no further hydropower development. 
The scenarios were then simulated with a linear optimisation model targeting for a lower 
cost of energy with the given resources. Analysis and interpretation of the results were 
the final steps of the work. 

Results 

The results show that, regardless of the perception of large reservoir-based hydropower 
as the cheapest source of energy, the African continent would benefit more from 
distributed renewable energy sources, such as solar PV, wind and micro-hydro, rather 
than from damming the Congo River basin. Currently operating RoR plants at the Congo 
River basin further reinforce the findings, as the hydropower stations at the Congo basin 
struggle to remain in operation, suffer from significant losses at the energy transmission 
step and do not provide electrification to the African population, powering mining 
operations instead. In contrast, using solar PV and wind to power the region would result 
in the cheapest and most effective path towards African electrification according to the 
model.  

5.5 Publication V: Power-to-X in the global cement industry 

Aims 

This publication provides a new twist to the global production of cement. The cement 
industry faces a difficult issue to tackle, as producing cement is one of the most carbon-
intensive activities currently being practiced. Furthermore, most of the emissions of the 
process come from the raw material itself, making fuel changes alone insufficient for 
drastically eliminating the emissions of the cement-making process. Therefore, and as 
long as cement is made from limestone, in order to meet the sustainability criteria, cement 
requires carbon capture. This study aims to provide a comprehensive view and projection 
of some scenarios of possible development for the cement industry, while proposing a 
use for the carbon captured from the process.  

Methods 

First, extensive data collection was required to get a detailed picture of the geographical 
distribution of the cement industry. Second, a curve ratio of the cement demand per capita 
over gross domestic product (GDP) per capita was modelled. Next, a projection of the 
population and GDP per capita globally was paired with the modelled curve in order to 
make a projection of the cement demand globally. Then, models for different scenarios 
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of alternatives for cement production paired with carbon capture and power-to-X (PtX) 
were built to produce possible scenarios for a strong decarbonisation of the cement 
industry at 10-year intervals. Data interpretation was the last step of this work.  

Results 

The projections estimate a peak of around 5100 Mt of cement demand in 2030; however, 
the efficiency of carbon capture continues to increase until 2050. Therefore, the peak for 
PtX potential occurs in 2040 and varies depending on the scenario chosen and the type of 
fuel produced (liquid or gas). In 2040, the potential for synthetic liquid fuels will be 
around 3600 TWhth for a fully electrified process and 7300 TWhth for a business as usual 
scenario. In the same year, the potential for synthetic gaseous fuels will be around 6300 
TWhth for the fully electrified process and 12700 TWhth for the business as usual scenario. 
Geographically, the production of synthetic fuels peaks in 2020 for Europe, South 
America and Eurasia, in 2030 for Asia and the Middle East, and 2040 for Sub-Saharan 
Africa and North America. 

5.6 Publication VI: Integration of power infrastructure to greenhouse 
agriculture 

Aims 

Work is constantly being conducted to cover the current and increasing energy demand 
globally. Simultaneously, research into food production and agriculture is also constantly 
carried out. The target of this publication was to answer the question: What role can the 
power sector play in the food production with dedicated energy investments in enclosed 
agriculture? The prospect of delivering access to electricity to remote and disconnected 
populations of the world gains another layer of meaning when the infrastructure can also 
provide the means for more efficient food production and thus better food access. 
Specifically, the work aimed to estimate the energy commitment required to supply the 
suggested intake of vegetables to the world through enclosed agriculture. 

Methods 

A literature review was conducted to understand the interactions between agriculture and 
technology, as well as the recommended consumption of vegetables. Then, based on 
commercially available products, an enclosed agricultural model called the “container-
sized agricultural unit” (CSAU) was created and its vegetable production ratio was 
designed to produce an array of vegetables that covered the recommended vegetable 
intake per year and per capita, in a new unit called the VEGY. Finally, projections of 
energy system evolution to renewable energy was matched with the population growth 
and the CSAU model. A data analysis and interpretation completed the work. 
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Results  

According to the projections, enclosed agriculture provides several advantages. By 
utilising only 5% of the energy generated by waste-to-energy, biomass (both could then 
treat the waste from the system as fuel), solar PV and wind from the energy system model 
used as a reference, around 24% of the global population would get their vegetable intake 
covered. The system also reduces water consumption by over 90% compared with open-
field agriculture, thus saving over 14.5 billion m3 of water from open-field agriculture. 
At the same time, the higher efficiency over area results in potential savings of over 9600 
km2 of land use, which could thus return to the natural ecosystem as carbon sinks. The 
system has the potential to significantly reduce the need for transport, fertilisers and 
pesticides and facilitate agriculture in locations and seasons that are sometimes 
unavailable for food production. 

5.7 Publication VII: Estimation of cooling water use for the global 
thermal power generation 

Aims 

Water use and consumption for thermal power generation has had several estimation 
attempts regionally, by country and globally. However, all the previous estimations had 
fallen short of reality, as sources for data and ratios in each previously reported case have 
shown instances of unfeasibly low water consumption. This is because water use and 
consumption are often not reported, and agencies in charge of monitoring water use are 
scarce, independent of each other and do not use standardised methods for measurement 
of water use. Therefore, the main target of this work was to develop a new method to 
estimate on a per power plant basis the global water use and water consumption by 
thermal power stations. Furthermore, the per power plant basis of the study allowed to 
make projections of water released from cooling systems at the decommissioning point 
at a global level.  

Methods 

With the database of Publication I used as a base for the work, a satellite survey of the 
registered thermal power plant units of 50 MW and higher was carried out in order to 
identify their exact location and their cooling system type. Then, according to their 
identified location and distance to the nearest water body, water source was assigned as 
fresh water or saline water. Then, an extensive review was conducted to find the specific 
ratios of water use and consumption assigned to different combinations of generation 
technology and cooling system type. For the next step, the water use and consumption 
were distributed and geographically allocated to countries, regions and rivers of the 
world. Finally, two scenarios for power plant decommissioning were created to present 
the potential reduction in water, as thermal power plants are phased out and replaced with 
renewable energy power generation. 
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Results 

Globally, water use for cooling by the power sector adds up to 500 km3 of water, 290 km3 

of which are freshwater for the thermal power plant fleet active in 2014. For the same 
year, water consumption for cooling was estimated to be 25 km3 globally, 18 km3 of which 
was freshwater. The countries with the highest water losses were China, the United States, 
India and Russia, with China experiencing the highest water consumption and the United 
States showing the highest water use. Worldwide, the rivers most affected by water 
consumption are the Ohio River, the Yellow River and the Mississippi River, while water 
withdrawals experience their highest numbers in the Yangtze River, the Mississippi River 
and the Tennessee River. Depending on the decommissioning strategy, by 2030, an 85% 
reduction in water consumption can be achieved globally, and by 2050 it can by further 
reduced to up to 97% if energy generation transitions to renewables, such as solar PV and 
wind. 
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6 Discussion 

6.1 General discussion of the presented results 

The global energy system has been changing and evolving from its inception and will 
continue to do so in order to adapt to the growing demand and shifting needs of society. 
Over the decades, power generation technologies have shifted roles from non-existent, 
sometimes to a top player, and in some cases back down to a diminished presence in the 
global energy system.  

Noticeably, over the past two decades, the global power generation capacities have been 
experiencing a clear tendency favouring solar PV and wind over other generation 
technologies. This evolutionary tendency is likely the result of three main factors: the 
unanimous message from the scientific community showing the correlation between 
carbon emissions and climate change, the increased societal awareness of that message 
and the exponential increase in the cost-competitiveness of wind and solar PV in 
comparison with other technologies.  

Ultimately, and by definition, non-renewable power generation technologies are destined 
to eventually collapse, as their fuel source under constant use will eventually be depleted. 
Therefore, a global energy system evolving towards renewables not only makes sense but 
is indeed inevitable.  

However, the “when” and “how” this transition is completed is still under discussion and 
development, and the short- and medium-term future of the energy system depends on 
the decisions being taken today. These decisions, whether to go to renewables or fossil or 
nuclear, will inevitably shape the local, and in an aggregated manner also the global 
energy system, for the next three to four decades.  

Furthermore, despite climate change being a global issue, different regions, sometimes 
within countries, are evolving at different paces towards renewables. Moreover, this 
phenomenon seems not to always follow technical developments, scientific guidelines or 
availability of resources. Instead, there is still a strong influence of politics. A good 
example case of this phenomenon is nowadays the United States, where the federal 
government is rolling back environmental regulations, but states and cities within the 
country have become more invested in reaching carbon neutrality.  

On the other hand, society is a factor that can significantly accelerate the transition 
towards renewables. An informed society is able to pressure governments to move faster 
towards sustainability. Over time and through democracy, an informed society is able to 
shape governments and promote environmental targets.  

Ultimately, just as currently the factors affecting the decision-making on capacity 
installations vary widely across countries and regions, these factors and their priorities 
are likely to also change over time. For example, non-hydro renewables started 
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development after the oil crisis of the 1970s, over the realisation that fuel dependency is 
a threat to energy security. Similarly, in the mid-1980s, it was the concern of safety that 
drove the global energy sector away from the then dominating nuclear energy after the 
Chernobyl nuclear disaster. Likewise, new factors may arise, or current factors may shift 
relevance in their shaping of the global energy sector.  

6.2 Implications 

The presented research has multiple implications in different aspects, the first of which is 
the implications for the environment. Each of the presented publications attached to this 
dissertation, as well as the dissertation manuscript, have the overall goal to educate people 
into alternatives and paths to meet the IPCC15 constraints and the Paris Agreement goals. 
There is a significant amount of research showing that there is no need to depend on fossil 
carbon emissions to carry out the currently most carbon-intensive processes and activities. 
However, it is of further importance to showcase evolutionary alternatives on the path 
toward a better future in achievable and realistic steps.  

Naturally, there are also policy implications to this work. Governments and policy makers 
are presented with information on possible technological developments. Knowledge of 
tendencies can assist decision-makers to invest in the path forward and avoid stranded 
investments. A clear example of this, depicted in Publication I, is coal-fired power plants. 
Coal power plants have an operational lifetime of 40 years; however, the IPCC15 
constraints limit any operation of carbon-intensive power plants before they reach the end 
of their operational lifetime, particularly affecting coal-fired power plants under 
installation today.  

Moreover, there is the implication for science. The findings and results of the work 
gathered behind this dissertation provide a more detailed image of the global power sector 
and other energy-intensive activities. This has allowed, and hopefully will continue to do 
so, higher accuracy of modelling of the global energy sector, with purposes of historical 
representation, as well as projections of future transitions.  

6.3 Limitations  

As to every research, there are some limitations to this research. The first limitation is the 
temporal limitation. The main database from which the base analysis and methods were 
developed was collected during 2014 and compiled during early 2015. Data curation and 
data conditioning followed. Therefore, data entries from 2015 and onwards are missing. 
Hence, the data will become outdated with the pass of time.  

There are also limitations to the accuracy and precision. Despite the monumental effort 
to get the data to the highest quality level at the collection and curation stage, it was still 
required to make amendments and approximations with aggregated capacities. The 
aggregated capacities remain up to 11.7% of the global reported capacities of the 
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database, despite being only 1.6% of the entries. However, this limitation is inherited 
from the source, and overcoming such a limitation would require better data reporting at 
the national level globally. With the constant digitalisation of services and stronger 
penetration of internet and computers, this limitation is likely to be reduced over time for 
future iterations of the kind, while it is still unclear if it will ever be fully eliminated. 

To this day, there is still no commercial database offering the detail, quality, quantity and 
adequate detail. After several years of updates, commercial databases still offer datasets 
with fewer entries and details, despite having a better temporal coverage. As to other 
quality factors, studies of the kind have not been conducted after, thus making it unclear 
if the quality offered today is good enough to perform analysis directly, or if it still 
requires a large exercise of curation and conditioning. 

For projections, ratios were developed based on projections of factors such as GDP, 
population, and consumption per capita, particularly for Publication V and VI. While 
mathematical approximations are commonly used in science, they are not necessarily 
prophetic. Reality is likely to develop in different ways than those projected; however, a 
good approximation may come close to what the real world may reflect.  
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7 Conclusions 

Several clear tendencies can be recognised when analysing the historical capacity 
installations of the power sector. Nuclear and coal capacities have experienced a 
significant decrease in installations after peaking in the 1980s and the 2000s for nuclear 
and coal respectively. However, despite the global campaign to decrease coal usage, 
commissioning of coal-fired continues to have significant presence, around 60 GW by 
the end of 2014, mainly driven by India and China.  

Gas-fired capacities have maintained a leading role in the global power plant installations 
since the early 2000s, with a peak in 2002 of around 100 GW and steadily commissioning 
around 60 GW of new capacities annually. The rise in popularity of gas-fired capacities 
represents the multiple advantages of the generation technology. Gas-fired capacities 
operate with a higher flexibility compared with coal-fired and nuclear capacities, while 
having a higher efficiency and significantly less emissions compared with coal. Gas-fired 
capacities can also shift from fossil natural gas to synthetic fuels, potentially bridging the 
transition from the current generation system towards renewables. 

Similarly, hydropower will continue to play an essential role in the global energy system. 
Hydropower has been part of the origin of the global electricity sector, and because of its 
longevity, will continue to do so, even if no new hydropower plants are commissioned 
but the operating capacities are maintained. In fact, hydropower, though continuously 
being deployed, is not expected to grow significantly. However, the high flexibility of the 
technology, particularly in the reservoir-based configuration, has significant potential to 
allow higher penetration of fluctuating renewables, such as PV and wind. Nevertheless, 
the environmental impacts of hydropower reservoirs on hydrologic systems are hard to 
measure, and thus, environmental impact assessment methods should be further 
developed to accurately characterise the impact of hydropower. Until then, development 
of new hydropower reservoirs may not be a wise strategy.  

Oil-fired capacities show an interesting behaviour also. Historically, oil-fired capacities 
have been of great importance to the global energy sector. However, the presence and 
relevance of oil-fired capacities has been reduced to only 6.3% of the global installed 
capacities, and they produce only 3.3% of the electricity. In a similar manner to gas-fired 
capacities, oil could eventually be turned renewable if the fuel consumed is shifted to 
synthetic fuels, such as biodiesel, and thus, it could potentially support further penetration 
of fluctuating renewables. 

Wind and solar PV are setting themselves to dominate the global energy system by the 
middle of the century. The exponential increase in solar and wind commissioning globally 
paired with a constant decrease in cost is turning these two technologies into the top 
competitors globally. While insufficient by themselves to provide reliable energy, they 
can be matched with other renewables, energy storage, PtX and flexible generation 
technologies to dramatically reduce the emissions from the power sector. 
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Other generation technologies, such as biomass, biogas and geothermal remain relevant. 
As localised resources, these generation technologies play a relatively minor role 
globally, but a major role locally in some cases. Good examples of this are Iceland and 
Finland. The presence of these technologies in the future energy system will depend on 
how the cost of storage, resource availability, price of fuels and the decrease in capital 
investment required for wind and PV will develop.  

Furthermore, other than in the power sector, alternatives can also be recognised from 
other industries striving to lower their emissions, which may influence the evolution of 
the power sector. One example of this is the transport sector, which has an increasing 
interest in electric vehicles. Although electric vehicles are more efficient, a large shift 
from conventional internal combustion vehicles towards electric ones will have an impact 
on the global power sector. However, this impact will be both positive and negative. The 
downside is of course the sudden increase in demand for electricity at a local level. On 
the upside, the batteries of the vehicles can be used as storage while the vehicles are not 
in use (parked at work, overnight) potentially reducing the need for large-scale storage 
otherwise. 

Cement production can also shift from fossil fuels to electricity in order to reduce its 
carbon emissions. However, limestone-based cement cannot be decarbonised because the 
processing of limestone itself is responsible for the majority of the emissions from cement 
production. Nevertheless, this disadvantage can be turned into positive in the future 
energy system by providing a single point source for carbon capture in order to be used 
for PtX processes. In this manner, carbon from limestone can potentially become a source 
for synthetic fuels, replacing the fossil fuels in the future. The potential for fuel production 
from the global cement sector range, depending on the evolutionary path followed, from 
3600 TWhth to 7350 TWhth of liquid fuels by 2040. Over the same period, the potential 
for gaseous fuels ranges from 6300 TWhth to 12700 TWhth as shown in Publication V. 

Contrary to cement production, steel production can be fully decarbonised. Steel can be 
reduced by replacing the coal used nowadays with hydrogen, which could be obtained 
from carbon neutral electricity used to power water electrolyses. There are already steel 
plants using hydrogen for steelmaking, and a pilot plant producing its hydrogen from 
electrolysis for steelmaking, proving the concept. However, and just as in the case of 
transport and cement production, this new strategy for steel production would add a 
significant load to the global power sector, which has to be considered. 

In addition, agriculture can also benefit from a larger investment in electricity. For the 
world’s population to get reliable access to food without cutting the remaining rainforests 
to be converted into agricultural land, new strategies for agriculture need to be adopted. 
Enclosed agriculture is an example of vegetable food production that can be carried out 
in urban settings, it is significantly more land, water and fertiliser efficient and may even 
eliminate the need for pesticides and herbicides. Along with these benefits, this strategy 
for agriculture is resilient to all kinds of weather and also reduces the need for transport, 
as enclosed agriculture can potentially produce some vegetables at the point of 
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consumption. Nevertheless, this strategy for agricultural production would add another 
load to the power sector and may have to be considered within the future power sector. 
Globally, if the evolutionary path of transition towards renewables is followed, by 
dedicating only 5% of the global electricity produced by renewables, up to 24% of the 
global population can have covered their vegetable intake by 2050, as shown in 
Publication VI. 

Finally, there is a second great benefit from a transition towards renewables. One of the 
many ways in which the climate change impacts the global ecosystem is by affecting rain 
precipitation patterns. This, in addition to the currently growing water crisis, calls for 
solutions to the global potable water access problem. One of the several ways in which 
this issue can be addressed is by replacing thermal generation with renewables, such as 
wind and solar PV, which use significantly less water. Globally, once the currently 
serving coal and nuclear capacities are retired according to their operational lifetime, they 
can potentially be replaced with renewables and gas turbines. This evolutionary path can 
potentially save around 18 km3 of fresh water from power sector consumption, as seen in 
Publication VII. 
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a b s t r a c t

Global power plant capacity has experienced a historical evolution, showing noticeable patterns over the
years: continuous growth to meet increasing demand, and renewable energy sources have played a vital
role in global electrification from the beginning, first in the form of hydropower but also wind energy and
solar photovoltaics. With increasing awareness of global environmental and societal problems such as
climate change, heavy metal induced health issues and the growth related cost reduction of renewable
electricity technologies, the past two decades have witnessed an accelerated increase in the use of
renewable sources. A database was compiled using major accessible datasets with the purpose of
analyzing the composition and evolution of the global power sector from a novel sustainability
perspective. Also a new sustainability indicator has been introduced for a better monitoring of progress
in the power sector. The key objective is to provide a simple tool for monitoring the past, present and
future development of national power systems towards sustainability based on a detailed global power
capacity database. The main findings are the trend of the sustainability indicator projecting very high
levels of sustainability before the middle of the century on a global level, decommissioned power plants
indicating an average power plant technical lifetime of about 40 years for coal, 34 years for gas and 34
years for oil-fired power plants, whereas the lifetime of hydropower plants seems to be rather unlimited
due to repeated refurbishments, and the overall trend of increasing sustainability in the power sector
being of utmost relevance for managing the environmental and societal challenges ahead. To achieve the
2 �C climate change target, zero greenhouse gas emissions by 2050 may be required. This would lead to
stranded assets of about 300 GW of coal power plants already commissioned by 2014. Gas and oil-fired
power plants may be shifted to renewable-based fuels. Present power capacity investments have already
to anticipate these environmental and societal sustainability boundaries or accept the risk of becoming
stranded assets.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Energy systems experience constant evolution. Studies to ac-
count for the available renewable, nuclear and fossil resources for
future energy mixes have been conducted previously (Perez and
Perez, 2009; [IPCC]-Intergovernmental Panel on Climate Change,
2011; [IIASA]-International Institute for Applied Systems Analysis,
2012), showing that there is more than enough renewable re-
sources to cover the current and possible future needs of energy,
even after considering that not all that energy is technically or
economically accessible. In that regard different organizations have
conducted studies to profile the future of the energy sector as it
could (or should) be developed, some of which are the Bloomberg's
New Energy Outlook ([BNEF]-Bloomberg New Energy Finance,
2015), Greenpeace's Energy [r]evolution e A Sustainable World
Energy Outlook (Greenpeace International, 2015), World Wildlife
Fund (WWF) The World Energy Report e 100% Renewable Energy
by 2050 ([WWF]-World Wildlife Foundation, 2011) and Interna-
tional Energy Agency's (IEA) World Energy Outlook (International
Energy Agency, 2015). However, predictions diverge from each
other often and in more than one way. Whether the topic is energy
demand or its composition, it is difficult to tell which prediction has
the edge. For example, one of the most respected and constantly
considered reports is the World Energy Outlook from the IEA has
been proven to continuously underestimate the penetration of
solar photovoltaics (PV) and wind energy in their yearly reports
(Metayer et al., 2015). At the same time, research has been con-
ducted suggesting that renewable energy sources have the poten-
tial to constitute a major share of future installed capacity at an
economically competitive level (Bogdanov and Breyer, 2016;
Barbosa et al., 2016).

In this article the evolution of the actual capacity installations
will be analyzed to provide an additional context for evaluating

future energy system scenarios. It is of high relevance for energy
scenarios to know in detail which type of power plants have been
installed, when and where. Based on that substitution re-
quirements can be better addressed. Furthermore, it may be helpful
to find an easy to apply indicator of the sustainability level of the
existing power plant mix, but also of the recently installed capacity.

Previous publications have been made on the sustainability
performance of different power generating technologies. An
assessment of sustainability for different technologies was done in
2010 by Onat and Bayar, 2010 and in 2014 by Maxim, 2014. Onat
and Bayar, 2010 evaluate coal, gas, nuclear, hydrogen fuel cells,
solar PV, wind, geothermal and hydropower and eight different
metrics have been taken into account for evaluating the sustain-
ability performance of each technology: unit energy cost, CO2

emissions, availability, efficiency, fresh water consumption, land
use, social external cost and social external benefits. At the same
time, it must be taken into account that the values used for this
assessment are partly outdated, such as the cost allocated to solar
PV. Maxim (Onat and Bayar, 2010) takes into account 10 different
metrics for evaluation: Levelized cost of electricity (LCOE), ability to
respond to demand (flexibility), efficiency, capacity factor, land use,
external environmental costs, external health costs, job generation,
social acceptability and external supply risk. These metrics were
used to evaluate 13 different technologies: wind (onshore and
offshore), solar PV, solar thermal, nuclear, hydro (large and small
scale), gas, biomass, piston engine (oil), combined heat and power
(CHP), coal and geothermal. However, none of the mentioned
studies considers all technologies and, despite the relatively recent
publication of (Onat and Bayar, 2010) in 2014, it still uses outdated
LCOE cost assumptions from 2010, creating the need of new and
updated research.

The outline of the article is at follows. First, there is the meth-
odology of the data compilation and aggregation, plus the

Nomenclature

BMWi Bundesministerium für Wirtschaft und Energie of
Germany

CHP combined heat and power
CO2 Carbon Dioxide
COP21 Conference of Parties 21st edition, UN Climate Change

Conference
CSP Concentrating Solar Thermal Power
EU28 European Union 28 members
FT Fischer-Tropsch
gCO2eq Grams of Carbon Dioxide equivalent
GHG Greenhouse Gases
GRanD Global Reservoir and Dam Database
GW Gigawatt
IEA International Energy Agency
IPCC Intergovernmental Panel on Climate Change

IRENA International Renewable Energy Agency
kWh Kilowatt hour
LCOE Levelized Cost of Electricity
MENA Middle East and North Africa
MW Megawatt
NGOs Non-Governmental Organizations
Nordic Denmark, Finland, Iceland, Norway and Sweden
PV Photovoltaics
PtG Power-to-Gas
PtL Power-to-Liquids
RE Renewable Energy
RoR Run-of-River
SAARC South Asian Association for Regional Cooperation
SI Sustainability Indicator
USD United States Dollar
WWF World Wildlife Fund
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development of a newly introduced sustainability indicator. This is
followed by data analysis and a presentation of results. Finally,
discussion of the key results and conclusions are addressed.

2. Material and methods

In order to analyze the structural composition of the global
power generation capacity, the task has been divided into two
steps: input data compilation and development of a new sustain-
ability indicator.

2.1. Dataset

With the aim of obtaining a dataset as reliable and accurate as
possible, several sources were utilized. As a starting point, the
complete dataset (as of February 2015) of GlobalData, 2015 was
used as a base format and first reference database. The choice to use
GlobalData information as a base was made because of the poten-
tially high amount of detail provided by the database. With over
170 fields of information (although not all fields are present for
every technology), important parameters such as power plant
name, year of start of operation, total and active capacity, operator,
location, country, region, etc. are included and very relevant for the
analysis carried out in this article for over 132,000 power plants
registered.

To complement the given list of power plants, a comparison to
other databases has been performed, then followed by the inte-
gration and correction when power plants' data had been not
present or inaccurate in the GlobalData power plant list. The added
power plants possess less detailed information but still some of the
most valuable fields (power plant name, country, technology, fuel,
year of start of operation, latitude and longitude) are still present
and useful for the analysis performed in this research. Table 1
summarizes the implemented databases used to compile the
dataset used for analyses in this article and provides further details.

Every power plant has been classified into one of the following
categories:

� Geothermal
� Hydropower Run-of-River (RoR)
� Hydropower Dams (reservoir based)
� Hydropower Pumped Storage
� Hydro (type not specified)
� Biomass
� Biogas
� Solar Photovoltaic (Solar PV)

� Concentrated Solar Thermal Power (Solar CSP)
� Ocean Energy (including Ocean Thermal, Ocean Tidal and Ocean
Waves)

� Wind (onshore and offshore)
� Oil
� Gas
� Coal
� Nuclear

Also, the listed power plants in the database are assigned to a
project status, which can be: active, partially active, under con-
struction, announced, financed, planning, permitting, cancelled,
suspended, dormant, shut down, temporarily shut down, under
modernization or maintenance, and decommissioned. Special
attention was given to the power plants under the ‘active’ and
‘partially active’ categories since these power plants define the
current status of the world's power plant capacity in operation.
Another very important factor for the analysis of this research is the
year the power plant or power plant unit went online. For this
reason, and due to the fact that the full information is not present
for all listed power plants, a ‘Yearless’ category was created.
Therefore every power plant listed as active but lacking the infor-
mation about online year has its capacity under the ‘Yearless’
category.

2.2. Aggregation

In addition to the power plant detailed information, GlobalData
provides total generation and capacity numbers per country per
technology, which are more realistic data of each country's status of
the energy sector, an aggregation of the discrepancy in capacity is
performed, which exists due to the existence and operation of
power plants fromwhich detailed information is not available. In a
similar situation, when a more detailed and accurate dataset on
installed capacity was presented, specifically in the case of solar PV
(Werner et al., 2015) and wind power ([BMWi]-Bundesministerium
für Wirtschaft und Energie, 2014) in the case of Germany, aggre-
gation has been done accordingly when needed to fit the respective
detailed profiles of the sources. For aggregation purposes, the
added listed capacity (including ‘Yearless’ power plants) is
compared with the total active capacity declared in the ‘Capacity
and Generation’ statistics. This difference is then allocated as
aggregated capacity. The aggregated capacity is distributed
accordingly over the years and geographically to the capital city of
the respective country. Every aggregation made has been linked
with the source of information in the database.

Table 1
Compiled databases, characteristics and usage for aggregation.

Database Characteristics and advantages Usage

GlobalData, (2015) Detailed dataset for all available technologies, has the potential
to provide the maximum amount of information about each
included power plant.

Power plant aggregation; used as base for the final dataset

GlobalData e Generation capacity
(GlobalData, 2015)

Accurate total yearly cumulated capacity deployed by
technology by country for the period 2000e2014.

Capacity aggregation

[IRENA]-International Renewable
Energy Agency, 2015

Cumulated yearly capacity information by country and by
technology in the period of 2000e2014.

Capacity aggregation

Platts, 2009 Power plant information limited to name, capacity, year, fuel,
technology and location.

Power plant aggregation and complementing information

GRanD (Liermann et al., 2011) Detailed dataset on hydro reservoirs, accurate information on
reservoir location and dimensions. Useful only for
complementing hydropower plants' information.

Complementing information

Werner et al. (2015) Accurate cumulated solar PV capacities by country, for the
period 2009e2014.

Capacity aggregation

[BMWi]-Bundesministerium für
Wirtschaft und Energie, (2014)

Accurate yearly cumulated wind capacity deployed in Germany
in the period 1990e2013.

Capacity aggregation
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3. Calculation

The Sustainability Indicator (SI) is developed and calculated to
provide a comparable reference of the electricity sector status of
every country and region analyzed. The way of calculating the SI is
described by Equation (1), in which sRE represents the share of
renewable energy (RE) power plants, sgas the share of natural gas
plants, soil the share of oil plants, scoal the share of coal plants and
snuclear the share of nuclear power plants, all rated in percentage
shares of the total installed capacity (e.g. a country with two power
plants of the same capacity, one gas-fired and one hdro RoR, would
result on sRE ¼ 0.5 and sgas ¼ 0.5). The weighting factors have been
assigned, rather than calculated, based on the sustainability criteria
considered and described in this chapter. Further comparison with
alternative sustainability indicators from literature takes place in
chapter 5.

SI ¼ sRE þ 0:25$sgas � 0:25$soil � ðscoal þ snuclearÞ (1)

Renewables are comprised of hydro run-of-river, hydro dams,
hydro pumped storage, wind energy, solar PV, solar CSP, biomass,
biogas, geothermal energy and ocean energy from the total
installed active capacity of a country or region. This is based on the
assumption that the development of the renewable resource is
done after proper study and considerations for it to be sustainable.
Therefore, a country or regionwhich known active capacity is based
on renewable sources will score 100% on the Sustainability
Indicator.

For the case of gas-fired power generation a factor of þ0.25 has
been assigned, reflecting the high degree of flexibility and the long-
term option of evolutionary substituting fossil gas by renewable-
based gas while using the same infrastructure (Sterner, 2009),
meaning it can perform as a bridging technology between the fossil
age and renewable age. In addition, gas-fired power plants are
given a slightly positive factor also because they offer a higher ef-
ficiency (significantly higher when in combined cycle setup) and
the least amount of CO2 emissions and heavy metals from the

fossil-fueled technologies. The factor for oil-fired power plants re-
flects still the high flexibility in operation and fuel intake, as it can
use biofuels or synthetic fuels such as FT-diesel (Fasihi et al., 2015a),
but also the rather high level of heavy metal and CO2 emissions
(Fthenakis and Kim, 2011).

Coal and nuclear power plants are weighted by a factor of �1,
taking into account their limited degree in flexibility, since they
cannot adapt swiftly to the demand in contrast to oil and gas-fired
power plants, nor can they flexibly run on renewable-based fuels
(coal power plant units can be converted to use biomass, but it
requires strong modifications at least in the feed-in part of the
system) and strong violation of sustainability criteria. These factors
have been assigned for a number of reasons. Firstly, greenhouse gas
(GHG) emissions have to be considered. The Intergovernmental
Panel on Climate Change [IPCC]-Intergovernmental Panel on
Climate Change, 2011, states that these technologies operate in
emission ranges of 300e900 (gas), 500e1150 (oil) and 700e1700
(coal) gCO2eq/kWh of produced electricity.

Coal is rated unsustainable (�100%) not only because of the high
amount of greenhouse gas emissions (Staudt, 2011) but also further
pollutants, such as toxic heavy metals and related negative health
impacts and high related costs ([IMF]-International Monetary Fund,
2015; Epstein et al., 2011; Buonocore et al., 2016; Greenpeace,
2015a, b), hydro-chlorides, Sulphur oxides and particle matter,
etc. (Staudt, 2011). Coal-fired power plants can (and often do) co-
fire biomass or solid waste. Similarly, biomass-fired power plants
also often co-fire fossil fuels. To balance both technological de-
viations, the SI score for both technologies was defined as sus-
tainable and unsustainable for biomass and coal, respectively. In
the case of gas and oil-fired power plants, there is a higher sus-
tainability factor (�25% for oil and 25% for gas) because of lower
emission levels compared to coal ([IPCC]-Intergovernmental Panel
on Climate Change, 2011; Kannan et al., 2004), but also due to
providing a higher flexibility level to the energy system than
traditional coal power plants (Lunn, 2014; EURELECTRIC, 2011).
Also, gas and oil-fired power plants are often considered ‘bridging’

Fig. 1. Global yearly active capacity installations to the end of 2014.
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technologies between fossil and renewable power generation
because of the increasingly popular power-to-fuel technologies.
Within the energy storage options, there are two options that could
reduce the impact of gas and oil-fired power plants. These tech-
nologies, which can turn oil and gas-fired power plants to carbon-
neutral generation, are power-to-gas (PtG) (Varone and Ferrari,
2015; Tremel et al., 2015; G€otz et al., 2015; Breyer et al., 2015;
Fasihi et al., 2015b) and power-to-liquids (PtL) (Varone and
Ferrari, 2015; Tremel et al., 2015; Becker et al., 2012; Duthie and
Whittington, 2002; Ebbesen and Mogensen, 2009; Cifre and Badr,
2006; Fasihi et al., 2016).

The natural oscillating cycle of some RE sources, such as solar
irradiation, wind energy or ocean energy, generate energy in pro-
files that may or may not follow the demand profile characteristic,
which causes periods of excess or insufficient generation compared
with the demand. These differences are amortized either by energy
storage technologies, backup generating sources and/or
curtailment.

Finally, nuclear power is assigned a non-sustainable factor
of �100%. Though nuclear energy is considered in some cases to be
clean because of its comparably low carbon emissions ([IPCC]-
Intergovernmental Panel on Climate Change, 2011; Sovacool,
2008), it shows still higher specific GHG emissions than solar PV,
wind energy or hydro. Nuclear power also presents some other
issues, such as risk of nuclear melt-down (Wheatley et al., 2015),
lack of substantial liability insurance in case of major accidents
(Gunter et al., 2011), comparably high cost (Energiewende, 2014), a
tradition of cost overruns (Sovacool et al., 2014), long construction
periods and substantial delays (Schneider and Froggatt, 2015),
negative learning rate (Grubler, 2010), limited uranium resource
base ([EWG]-Energy Watch Group, 2013), proliferation risk, risk of

terrorism attacks and unsolved radioactive waste storage issues.

4. Results

Once the setup has been established regarding the information
to be analyzed and the criteria to be used, the findings are pre-
sented in the following sections, including an overall view of the
world's generation capacity status, country and regional develop-
ment, the current evolution towards sustainability and the deacti-
vation tendencies for different technologies.

4.1. Current global status

Registered in the database are 134,581 power plants and power
plant units. The share of power plants and units in operation has a
combined power capacity of 5400 GW plus 2209 aggregations for
different technologies adding up to 724 GW, stacking up for a total
of 6124 GWof power installed capacity as visualized in Figs.1 and 2.
Fig. 1 shows capacity installations by year of installation since 1940
which was still active at the end of 2014. Despite not containing all
the power plants decommissioned by 2014, the graph shows the
compositional evolution of the power sector. Besides growth, there
are other interesting tendencies. Fig. 1 shows the summit of the
nuclear era in themiddle of the 1980s and the decline since then, as
pointed out also by Schneider and Froggatt, 2015 ever since the first
commercial nuclear reactor was commissioned. The year 2008 was
the first year with no reactor commissioned. Also, the incursion is
followed by an exponential growth of the non-conventional (hydro
and geothermal) renewable electricity capacities. RE capacities by
the end of 2014 stand for 30% of the global capacity, of which 11% of
the installed capacity is non-conventional as shown in Fig. 2.

Fig. 2. Total cumulated installed capacity by technology active at the end of 2014.
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Also shown in Fig. 1 is the noticeable breakthrough of the new
RE sources, wind and solar PV, into the power sector in the past
couple of decades. The exponential growth of both technologies is
evident, also described by others (Metayer et al., 2015). This phe-
nomena is the consequence of many factors, some of them are the
increasing power to area density of wind turbine generators
([IPCC]-Intergovernmental Panel on Climate Change, 2011), price
evolution of solar PVmodules (Fraunhofer Institute for Solar Energy
Systems (ISE), 2015) and the environmental policies adopted by
countries and regions to combat global warming and global,
regional or local pollution related issues. The most important factor
among all is the relatively low cost of wind and solar PV (Lazard
Asset Management, 2015). As in 2014, the annual global new in-
stallations of solar PV and wind capacities together already surpass
coal and nuclear capacities, as seen in Fig. 3. Still, nuclear and coal
represent 37% of the total installed active capacity (6% and 31%,
respectively), having a strong impact on the overall Sustainability
Indicator to a still negative value of �2%. Regardless of the still
negative Sustainability Indicator value, the increasingly important
role of renewables in the power sector brings a glimmer of hope to
the goal of a highly sustainable power sector by 2050.

Fig. 3 shows the breakdown of global power installations that
went active during the year 2014. In comparison to the current
status of active installed capacity, 2014 presents a 50% installation
rate of RE capacities and a 36% of non-hydro RE sources including
16% of solar PV and 17% of wind energy.

The year 2014 achieved an overall sustainability factor of 23%. In
this year nuclear and coal account for 31% (3% and 28%, respec-
tively), already less than wind and solar PV together, plus 19% of
gas-fired capacity, resulting in a considerable performance

improvement experienced by the SI in 2014 compared to the pre-
vious few decades.

4.2. Country and regional development

It is expected that different development rates will be experi-
enced in different parts of theworld, just as economic development
has followed different pathways for different geographical regions
over the course of history. Just as with the global status, historical
and compositional charts were generated for every country and
region to evaluate the evolution of the local and regional power
sector. For practical reasons not all the diagrams can be embedded
in the article, but are provided in the SupplementaryMaterial in the
Appendixes CeK.

Different groupings have been made to be analyzed. There are
212 countries and territories, 211 of which had registered capacities
active by 2014, and 191 show a detailed energy mix. The remaining
21 excluded countries contain around 11.8 million people (0.16% of
the world population). By continents the countries were divided
into four groups: Americas, Asia-Pacific, Africa and Europe.
Furthermore eleven smaller regions were created: Europe, Eurasia
(Russia and Central Asia), Middle East and North Africa (MENA),
Northeast Asia, Southeast Asia (including Oceania), India and South
Asian Association for Regional Cooperation (SAARC), Africa
(without North African countries), North America (and Caribbean),
South America (including Central America), European Union
(EU28) and Nordic countries (Denmark, Finland, Iceland, Norway
and Sweden). For the individual countries and territories a colour
code is implemented to better understand the distribution of the
Sustainability Indicator.

Fig. 3. Total global installed capacity by technology during the year 2014.
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� SI < 0: red.
� 0 � SI < 0.25: yellow.
� 0.25 � SI < 0.50: blue.
� SI � 0.50: green.

These colour codes have been created based on the premise that
any number for the Sustainability Indicator below 0% is not
acceptable, from 0% to 25% is not good enough, 25%e50% is an
acceptable transitional state but only over 50% goes into a desirable
state. The total active capacity installations distribute as presented
in Table 2.

Though the countries and territories analyzed are too many to
describe individually, this way of grouping provides an overall view
of the current status of the energy sector. The distribution shows
there is still a long way to go to achieve a desirable profile of the
global energy system, as 28.9% of the countries are under a green
label, representing 8.0% of total global power plant capacity. At the
same time, the share of countries with the red label is about the
same, with 33.2%, representing 62.8% of total global power plant
capacity. Despite this big disproportion in capacity, countries with

an unsustainable score still may have a significant share of re-
newables, resulting in the close to zero SI instead tilting towards a
heavily negative value. A detailed list for all countries can be found
in the Supplementary Material in the Appendix B based on data in
Appendix A.

Table 3 presents the capacity and distribution of the Sustain-
ability Indicator per region. From the four continents Asia-Pacific
stands further away from sustainability, obtaining a Sustainability
Indicator of �18%. This is mainly because of the high share of coal
power plants, at 44% of the 2782 GW against the 27% of RE, of the
total capacity, mostly concentrated in China and India. Close to
going positive in the Sustainability Indicator is Africa, with �2%.
Africa as a continent has developed a high capacity share of gas-
fired power (41%) mostly in North Africa, about 20% of RE and
28% of coal and nuclear, from the total 168 GW of capacity, a small
amount when compared to Asia-Pacific.

Reaching into the positive values of the Sustainability Indicator
are the Americas and Europe with 8% and 14%, respectively. For the
Americas, 29% of RE balances the 28% of coal and nuclear. The
biggest share in the region is gas-fired power plants with 37% of the

Table 2
Sustainability Indicator distribution for total active capacity by the year 2014.

Table 3
Capacities and Sustainability Indicator distribution by region.
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total 1687 GW of installed capacity in the region. Europe has the
highest grade in the Sustainability Indicator with 14%, enabled by
the 39% presence of RE against the 30% of coal and nuclear. Finally,
the gas power share is 27% of the 1486 GW of installed capacity.

Analyzing the defined regions, the most relevant ones from the
installed capacity point of view are Europe, North America and
Northeast Asia with 1150 GW,1411 GWand 1853 GW, and 19%,�2%
and �26% Sustainability Indicator ratings, respectively. The good
performance of Europe is enabled by a share of RE of 43%, while
Northeast Asia is strongly affected in a negative way by the 57%
presence of coal and nuclear energy.

The best performing regions are South America and the Nordic
countries, with Sustainability Indicators of 62% and 51%, respec-
tively. In both cases there is a high share of RE (64% and 70%,
respectively) and moreover a higher share of non-hydro RE in
comparison to the share of coal and nuclear power plants of 5% and
19%, respectively. On the other hand, the regions with the lowest SI
are Northeast Asia (previously discussed for its capacity), India/
SAARC and Africa, with �26%, �22% and �17%, respectively. The
53% and 45% shares of coal and nuclear power plants for India/
SAARC and Africa, respectively, are the causes for the weak per-
formance of the regions, especially when compared with the 29%
and 26% of RE, respectively.

4.3. Evolution towards sustainability

In the previous sections an overview of the energy sector has
been presented as the overall state of development, but in this
section special attention is given to the evolution of the energy
system and its tendencies as shown in Fig. 4.

From the currently active capacities, plants active since the year
1940 and before show the highest level of sustainability, 55 out of
the 60 countries which have active capacities from those years are
in the green zone of sustainability, with a SI of more than 50%
against 3 countries in the red category, the best distribution from
the SI point of view. This is entirely due the longevity of

hydropower plants, 93% of the active capacities from the year 1940
and before are hydro-based.

The global SI then decreases dramatically and steadily all the
way to the 1980s, reaching a record low rate and reducing by
decade, from the 91% it had from before the 1940s to 57%, 27%,
4%, �17%, to �30% at the end of the 1940s, 1950s, 1960s, 1970s and
1980s, respectively. The SI gets the lowest rating due to 23% of
nuclear plants and 31% of coal power plants against 23% of total
active capacity of RE in the 1980s. This is the only decade from
which the still active capacity has an equal share of nuclear power
in comparison to RE.

Past the 1980s, the SI increases at an almost linear rate. From
the �30% of the active capacities from the 1980s, it increases
to �13% and �4%, during the 1990s and the 2000s, respectively.
During the years 2010e2014, the installations have a SI of 21%, as
45% of the capacities installed during those years are RE capacities,
compared to the 28% of coal and 2% of nuclear capacities
commissioned.

The latest global capacity installations for the year 2014 have
been already presented in section 3.1, but more interesting insights
can be found on a country level, as shown in the Supplementary
Material in Appendix F. From the 191 considered countries, 180
installed some capacity during the year 2014, from which 143
countries (79.0% of all countries) installed capacities are in the
green category representing 27.2% of global added capacity, as
shown in Table 4. For a more regional and global scope, Fig. 5 shows
a more detailed view in the yearly evolution of the Sustainability
Indicator. From the 9 regions plotted, only one, India/SAARC, pre-
sents a lower score of SI in 2014 compared to 1980, and simulta-
neously has a much lower score compared to the highest ever
achieved for that particular region. However, India/SAARC already
shows a turn around, since a close to 20% increase in the SI in the
last 3 years has been demonstrated.

The only region which stayed on the positive side of the Sus-
tainability Indicator for the entire period was South America, and it
is also the only other region, together with India/SAARC, to score a

Fig. 4. Development of the Sustainability Indicator from the 1940s to the present of the total power plant capacity active by 2014.
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value in 2014 within a 5% difference of the initial value in the year
1980. However, unlike India/SAARC, South America is on the posi-
tive side of the graph. The region with the strongest shift of value
from 1980 compared to 2014 is Africa, going from �77% to 45%,
though following a fluctuating pattern. Only two regions, Northeast
Asia and India/SAARC, presented negative values in the last five
years (2009e2014), as depicted in Fig. 5. Moreover, 8 out of the 10
regions experienced maximum values during those five years
compared to the time period analyzed in the graph, with the Nordic
region reaching a SI close to 100% in the last five years.

4.4. Operational lifetime tendencies and power plant deactivation

It is to be expected that different technologies present different
operational lifetimes. With nuclear power, life extensions are
authorized and applied differently. For example, in the United
States 75% of the nuclear reactors have received permission to
operate up to 60 years, but in France only 10-year extensions are
granted at a time, and passing the requirements beyond the 40 year
mark is questionable (Schneider and Froggatt, 2015), whereas
Germany decided to phase-out all nuclear plants by the year 2022
due to the inherent security risk of nuclear plants, ending a long-
lasting societal dispute on that technology started in the late

1970s. However (with the exception of nuclear) continuous refur-
bishment and renovation is a possibility and, as shown by the
graphs, in some cases practiced. Life extension is commonly
executed. There are active hydropower plants working for over 100
years, for example.

To provide an overview of the current state of power plant aging,
two different approaches were made. First, when available, a def-
inite operational lifetime is observed, since the amount of decom-
missioned power plants with registration in the database is not so
high (only about 900 power plants with information about
commissioning and decommissioning dates). As another reference,
when known, the years of operation of active power plants are
presented. For the decommissioned power plants, Fig. 6 shows the
power plant capacity by years of operation at the time of decom-
missioning. The graph shows some interesting tendencies. The age
of decommissioning of coal power plants peaks at 41 years, very
close to the weighted average age of decommissioning, which is 40
years. This is consistent with what is mentioned in (Ambrosini,
2005). Moreover, 89.9% of the capacity is deactivated within 45
years. Fig. 7 shows the years of operation of active and deactivated
power plants. For coal, the capacity weighted average lifetime of
the currently active power plant fleet is 20.7 years. Only 10.1% of the
installed coal plant capacity is operated for more than 45 years and

Table 4
Sustainability Indicator distribution for the installations during the year 2014.

Fig. 5. Yearly development of the Sustainability Indicator of the annual capacity installations in the period 1980e2014 (the values plotted are averaged for the year yi-1, yi and yiþ1

for the entire period for smoothening extreme years).
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76.1% of the coal-fired capacity is operated or decommissioned in
under 35 years, as seen in Fig. 7.

On the other hand, gas-fired power plants show decom-
missioning peaks earlier, at 4, 11 and 13 years, and the distribution
is not as well defined as for coal. Gas deactivated capacities peak at
the age of 37 years, even though the capacity weighted average age
of decommissioning is 34 years, slightly higher than the 30 years
assumed by (Fleten and N€as€akk€al€a, 2010). Only 7.6% of the

deactivated power plants surpass the age of 47, as shown in Fig. 6.
From Fig. 7 the capacity weighted average lifetime of active and
deactivated gas-fired power plants is 18 years. Only 7.4% of the
installed gas-fired power plant capacity is operated more than 45
years and 17.9% of the capacity is active with more than 35 years of
operation as shown in Fig. 7.

The oil-fired capacities follow a similar tendency as gas power
plants, peaking at 33 years as shown in Fig. 6 and the capacity

Fig. 6. Decommissioned capacity in gigawatts by years of operation of fossil and nuclear power plants.

Fig. 7. Active and deactivated power plant capacity by years of operation.
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weighted average age of decommissioning reaches 34 years of
operational lifetime. Only 13.5% of the power plants reach the age
of 45 years or more. Considering active and deactivated power
plants (Fig. 7), the capacity weighted average lifetime is 28.3 years.
A noticeable pattern showed by oil-fired decommissioning is that
spikes almost regularly occur at periods of 7e10 years of age, which
may indicate periods of refurbishment. In a similar pattern as in the
case of coal-fired and gas-fired power plants, only 10.4% of the oil-
fired power plants operate after 45 years, but 40.3% of the capacity
is still in operation after 35 years.

Nuclear power plants present a very different distribution; the
peak of decommissioning happens at 17 years of operation, but
similar magnitude spikes are present at 8, 14, 24, 28 and 31 years of
operation, presenting the most inconsistency of all distributions.
The capacity weighted average lifetime of the deactivated nuclear
reactors by 2014 is 19 years, but the capacity weighted average
lifetime of the active fleet of nuclear reactors is 29 years. Table 5
presents a distribution of the deactivations over age ranges for all
fossil and nuclear categories.

Renewables are not shown in Fig. 6, due to too limited data on
new RE technologies and almost no decommissioned hydro power
capacity. Detailed information on deactivated power plants is
rather limited, the sample size of power plants with both
commissioning date and deactivation date is comprised of around
900 data entries, however, there are 4400 data entries under
deactivated status (decommissioned and shut down) with available
information about commissioning date.

There are interesting patterns regarding the deactivated and
active power plant capacity. It is noticeable that most of the nuclear
reactors activated before the year 1969 have been deactivated or
are operated at low capacity, resulting in nuclear capacities of over
45 years being still active by 2014 represent less than 1% of the total
active nuclear capacity.

Coal and gas-fired power plants show a stiff increase in
decommissioning from the point of 40 years of operation, where
the decommissioning rate is at over 20%, defining an exponential
pattern towards 70 years back. In other words, in the late 1940s
about 75% of the commissioned capacity for coal and gas has been
retired, while the rest still operates after some refurbishments. Oil-
fired power plants present more of a linear pattern rather than
exponential, with some early spikes of deactivation. Continuously
increasing after a 25% spike in 1988, oil plants ramp up to about 90%
during the 1940s. Nevertheless, lifetime extensions, refurbishments
and renovation or replacements allow oil, as with coal and gas-fired
power plants, to maintain a small but significant share of active
power plants after 60 years and more of service.

Pilot wind and solar PV plants have been deactivated, in some
cases replaced by new, bigger and more efficient power plants. For
solar PV the only spike is from a power plant commissioned 30

years ago, with 80% of the capacity installed that year deactivated.
In the case of wind farms the wind projects commissioned 35 years
and earlier have already been deactivated.

Geothermal energy on the other hand, another mature and well
known RE technology, presents a very particular pattern, mostly in
the way of spikes. In 1973 the total of the geothermal power ca-
pacity installed had been deactivated, but more than 90% of the
capacity installed by 1962 is still active. However, this particular
pattern at least shows that almost all capacity commissioned with
less than 40 years of operation is still active.

Ocean energy based power plants present some spikes of under
10 years of operation, most likely related to research, demonstra-
tion and pilot power generation facilities rather than commercial
deployments, as many of the technologies which harvest energy
from the ocean are still not in a mature state.

Hydropower plants are not shown in the picture, as repowering
of turbines and modernization of facilities is a common practice
over newly built facilities, regardless of their age. As mentioned
before and shown in Fig. 1, hydropower plants constitute over 90%
of the active power generation capacity commissioned before the
1940s, which is a confirmation of the technology's longevity.

4.5. Risk of stranded assets for fossil fired power plants

Taking into account a scenario which would require zero GHG
emissions from the power sector in the year 2050, as already stated
by the [IPCC] Intergovernal Panel on Climate Change, 2014 and
indicated by the COP21 findings in Paris ([UNFCCC]-United Nations
Framework Convention on Climate Change, 2015), investments in
fossil fueled power plants are reaching a point of discontinuation.
According to the data on decommissioned power plants (Fig. 6),
fossil fuel power plants commissioned currently start to face a
shorter lifespan or face a shift to renewable based fuels within their
expected operational lifetime.

Firstly, considering coal-fired power plants, the average opera-
tional lifetime is about 40 years. This means that if the goal of zero
GHG emissions from the power sector is to be accomplished, coal-
fired power plants commissioned already in the year 2011 and
beyond are condemned to a shorter than average operational life-
time. Only 39 of the analyzed countries (18% of all) have commis-
sioned coal-fired capacities after the year 2010, totaling 297.3 GW,
of which 81% of the capacity has been commissioned in two
countries, China and India, with 177 GW (59%) and 65.8 GW (22%),
respectively. It is worth mentioning that from the top 15 countries
with the highest coal-fired capacity installations during this period,
only two countries, Indonesia and the Philippines, installed a
higher share of coal capacity than the RE capacities installed in the
same period. Vietnam, which is placed sixth with 6.6 GW, stopped
permissions for new coal capacities in January 2016 (The Socialist
Republic of Viet Nam Online Newspaper of the Government,
2016) and Germany, which is placed fifth with 6.9 GW, started
the societal discussion on how to phase-out coal capacities best
(Energiewende, 2016). Fig. 8 shows the country distribution of the
coal-fired capacities installed after 2010; all these capacities are in
danger of becoming stranded assets.

A similar case is found for oil and gas-fired power plants. In both
cases the average operational lifetime is 34 years, whichmeans that
all oil and gas-fired power plants commissioned in 2016 and
beyond will also face a transformation. Gas-fired power plants are
able to be shifted to biomethane or can be coupled to power-to-gas
facilities to achieve a carbon-neutral operation. Oil power plants
can also be shifted to biofuels or fuels derived from power-to-liquid
facilities. Both technologies are able to operatewithin the limits of a
zero GHG emissions scenario by 2050, but shifting to carbon-
neutral fuels is a requirement to achieve sustainability.

Table 5
Percentage share of decommissioned capacities separated into age groups.

Years Percentage of decommissioned capacities by age group.

0e19 20e29 30e34 35e39 40e44 45e49 >50

Coal 1% 10% 18% 20% 29% 10% 12%
Gas 16% 13% 18% 18% 18% 11% 6%
Oil 13% 13% 27% 14% 15% 12% 6%
Nuclear 56% 29% 15% 0% 0% 0% 0%

Years Cumulated
0e19 0e29 0e34 0e39 0e44 0e49 All

Coal 1% 12% 29% 49% 78% 88% 100%
Gas 16% 29% 48% 66% 83% 94% 100%
Oil 13% 27% 54% 68% 82% 94% 100%
Nuclear 56% 85% 100% 100% 100% 100% 100%
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Fig. 8. Global commissioned coal-fired capacities in the years 2011e2014 by country.

Fig. 9. Phase out of the currently active fossil and nuclear capacities according to the projected lifetime. The existing capacities being of a higher age than the average decom-
issioning age are assumed to be phased out throughout the years 2015e2024 in a linear distribution.
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The phase-out lines of fossil power plants according to their
average lifetime of 40 (coal), 34 (gas), 34 (oil) years, respectively,
are depicted in Fig. 9. From the total installed active capacities, coal
by 2014 shows 297 GWof capacities still in potential operation after
the year 2050 according to the average lifetime, as well as all gas
and oil power plants commissioned in 2016 and forwards. Taking
into account a very active and powerful climate change policy,
these 297 GW of capacities have a high risk of becoming stranded
assets as well as any future installed capacity.

5. Discussion

This article shows tendencies for the past and present status of
technologies, though the relevance for future technology devel-
opment remains to be seen. The continuous improvement of
existing technologies plus the development of new alternatives to a
commercial level may influence the distribution and tendencies,
current and past, of the power capacities deployment.

The Sustainability Indicator shows a quite interesting trend,
which may be roughly extrapolated to estimate future develop-
ment. The SI had been �34% in the year 1990 and reached þ11% in
the year 2002, which represents þ3.75%/a. The tremendous coal
installations of the early 2000s represent a major drawback in the
SI, reaching a lower turning point in the year 2006 at �22% and a
current level for new installations of þ25% in the year 2014, which
represents þ5.9%/a for that period. The overall increase of the SI
from �34% in 1990 to þ25% in 2014 represents an averaged in-
crease of 2.5%/a. The lower and the upper limit for a SI change may
be 2.5%/a and 5.9%/a, respectively. Assuming the lower limit then
the SI may reach 62% by 2030, 87% by 2040 and would be on 100%
by the year 2046. The upper limit would result in a steep increase in
the annual SI, with 100% already reached in the year 2028.

A SI of 100% can only be achieved by capacity additions based
entirely on renewables. Historically only Northern Europe and
South America have been at levels above 80%. An energy sector
based entirely on renewables is often seen as wishful thinking, but
the tendencies show that, even against the inaccurate historical
projections of low penetration of solar PV and wind capacities by
the IEA as shown by Metayer et al., 2015 new renewables have an
increasingly important role in the energy sector and keep devel-
oping exponentially rather than the forecasted linear development.
The fast growing number of companies, cities, regions and coun-
tries which have committed themselves to 100% renewable energy
(World Future Council Foundation; Renewables 100 Policy
Institute; Center for Alternative Technology and Track0, 2015)
clearly indicate that pathways exists to fulfil that target.

Furthermore, as shown in (Bogdanov and Breyer, 2016) and
(Barbosa et al., 2016), a transition of the energy sector towards 100%
renewable energy presents the potential of more benefits than just
only reducing greenhouse gas emissions and combating climate
change, but also may prove more profitable as the LCOE of re-
newables is already at very competitive levels (Lazard Asset
Management, 2015) and it is expected to continue decreasing.
The perception of eccentricity of the idea of a 100% renewables
based energy system is partly because organizations such as IEA
constantly underestimate the penetration of renewables in their
future projections despite the clear exponential growth of renew-
ables (Metayer et al., 2015). The trend towards 100% renewables
(Center for Alternative Technology and Track0, 2015) is gaining
attention all around the world and large NGOs, such as WWF and
Greenpeace support it by respective reports (Greenpeace
International, 2015; [WWF]-World Wildlife Foundation, 2011).
Clear indication is given that a fast growing number of countries
focus on a fast growing share of renewable energy capacities in
their national power plant portfolio, in particular since the year

2000.
Nevertheless, the Sustainability Indicator has assigned repre-

sentative values to different technologies which are here open for
discussion. Further assumptions made by the authors of previous
studies (Onat and Bayar, 2010; Maxim, 2014) are different to this
article, such as allocating to nuclear the lowest cost, which is in
contradiction to the current status of the technology (Wheatley
et al., 2015; Gunter et al., 2011; Energiewende, 2014; Sovacool
et al., 2014; Schneider and Froggatt, 2015; Grubler, 2010; Lazard
Asset Management, 2015). Land use issues have been also evalu-
ated by Onat and Bayar, 2010, but zero impact areas, which can be
very significant for solar PV as pointed out by Denholm and
Margolis (Denholm and Margolis, 2008) and Szab�o et al., 2015,
seem not to be taken into account. It can be broadly discussed to
what extent the different forms of external costs are factored in.
Current cost assumptions as presented by Lazard Asset
Management, 2015 would further tilt the balance in favor of
renewables.

Both (Onat and Bayar, 2010; Maxim, 2014) find solar PV, wind
and hydropower on the most sustainable side of the spectrum,
together with nuclear, the last one contrary to the results of this
article, since none of the studies evaluates the potential risk of a
nuclear melt-down, similar to the onemost recently experienced in
Fukushima. Also, both studies find coal as the technology with the
lowest sustainability score. Maxim, 2014 in addition pointed out
the considerably higher amount of jobs generated by renewable
based technologies over fossil and nuclear.

Taking into account that the results presented in (Onat and
Bayar, 2010; Maxim, 2014) the sustainability assumptions of the
article are mostly consistent, though the mentioned related studies
analyze only the technologies without the energy sector, and the
projections of sustainability by 2050 are feasible. For future work, a
sustainability quantitative assessment per technology based on
multiple metrics and most recent values of LCOE, efficiency, etc. for
all technologies could result in a more accurate Sustainability In-
dicator. For now, this research can provide an overview of the global
energy sector and how new renewable technologies may play their
role into the future, steadily replacing fossil fuel and nuclear plants,
leading to a sustainable energy sector. Furthermore, the main dif-
ference between this article and previous research, besides taking
into account more technologies, is that the authors of (Onat and
Bayar, 2010) and (Maxim, 2014) take a quantitative approach and
evaluate different factors for each technology. The Sustainability
Indicator proposed in this article takes a comparative approach
between the technologies, while taking into account the factors
mentioned by (Onat and Bayar, 2010) and (Maxim, 2014) and some
other metrics. However the main constraint had been to keep the SI
as simple as possible to address the key aim of the article, the
comparison and monitoring of all countries and regions in the
world on their pathway towards a sustainable power system.

In addition, research conducted by the Carbon Tracker Initiative,
2015 shows that further investments in fossil fuels present a high
financial risk. The study sets a target limit for the fossil carbon
emissions to stay within the boundaries of the 2 �C temperature
scenario for climate change. Within this limit over 2 trillion USD of
possible investments in the fossil industry would eventually be
stranded, if ever approved, in order to keep emissions within the
limit of 2 �C global warming. About two thirds of the potential in-
vestments at financial risk are in oil, while coal stands for about 50%
of the carbon emission risk (Carbon Tracker Initiative, 2015). Gas
holds about 25% of the financial risk, which could tilt natural gas
further towards the unsustainable side of the Sustainability Indi-
cator scale. Carbon Tracker estimated in another study (Tracker,
2014) that about 130 GW of the Chinese coal power plant capac-
ity built by the year 2012 is at risk of getting stranded and if the IEA
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scenario of coal power plant capacity increase in China would be
realized, 310 GW would follow by the year 2020. These findings
support both the SI calibration in the definition on coal and the
findings on the coal stranded assets, in particular for China.

Finally regarding the lifetime of power plants, hydropower
presents an interesting case. With hydropower stations operating
for over 100 years it presents the longest operational life through
repowering of turbines and maintenance. On the other hand, nu-
clear power plants present a contrasting pattern. The capacity
weighted average lifetime of the decommissioned nuclear stations
is slightly below 20 years, but the capacity weighted average of the
operating fleet of nuclear stations is slightly over 29 years already,
due to the fact that few nuclear stations have been commissioned
in the past 10e15 years, resulting in the constant aging of the
overall fleet, probably as a result of the increasing lack of economic
competitiveness and overall profitability and viability of the tech-
nology in its current state (Schneider and Froggatt, 2015; Grubler,
2010). Coal-fired power stations commissioned from 2011 on-
wards and gas/oil power stations commissioned from 2016 on-
wards start facing external limitations to the operational lifetime
should the emissions be zero by 2050.

6. Conclusions

The current installed power plant capacity has grown substan-
tially in the last two decades. Threemajor trends can be observed in
that period:

� strong increased RE capacity installations
� increased coal and gas-fired power plant capacities, but the peak
of commissioning of both has passed

� decline in new commissioned nuclear power plants

There is a clear tendency towards sustainability of the global
electricity sector. Even the countries with the most unsustainable
total installed capacity base have already installed more RE ca-
pacities in the year 2014 than ever before, good examples of this are
India and China. On the other hand, the development of new RE
technologies for power production has provided more sustainable
low carbon emission alternatives to nuclear, giving regions like
South America the possibility to transition from traditional fossil
fuel based complements to traditional hydropower and new re-
newables, avoiding substantial investments in nuclear, which some
developed countries went through in the 1970s and 1980s, hence
achieving a higher SI score.

Furthermore, the tendency shown in the past 30 years presents
a rapid overall growth of the Sustainability Indicator. Following the
lower limit of SI increase of 2.5%/a for the past 30 years, it projects
to very high levels, close to 100%, by 2050. Reaching close to 100% SI
levels would mean an energy sector based entirely on renewable
sources by 2050. If the increase rate of SI is assumed at the higher
limit of 5.9%/a, observed for the years 2006e2014, a SI of 100%
could be reached by 2030.

The operational lifetimes of fossil fuel based power plants and
nuclear power plants have their limits, but in the case of hydro-
power a defined limit has not yet been observed, since re-
furbishments of the hydropower plants can extend their technical
lifetime seamlessly. If this principle is to be applied to wind and
solar based power plants, which it is still too early to ensure as not
many solar or wind power plants have reached decommissioning
age, but sites of good wind or solar resource availability could be
harvested with the latest generation of solar panels in the case of
solar irradiation or new wind turbines in the case of wind, poten-
tially expanding the lifetime and improving the power density of
the location.

Based on the data presented for the already decommissioned
power plants, we conclude the average lifetimes for coal (40 years),
gas (34 years), oil (34 years) and nuclear (28 years) power plants.
Hydropower plants seem to have achieved lifetimes of 100 years
andmore. Other RE plants have a too short track record for deriving
lifetimes, however the lifetime of wind energy seems to be limited
to less than 35 years.

Keeping the world within the global warming limits of 2 �C may
require zero GHG emissions by the year 2050. This limit would
imply that already about 300 GWof the installed coal power plants
of the year 2014 may end as stranded assets, most of it in China
(59%) and India (22%). Any further investment in coal capacities
show an even higher risk of becoming stranded. The risk for gas
capacities is lower, since the average lifetime is only 34 years and
the fossil natural gas can be technically shifted to biomethane and
renewable electricity based power-to-gas fuels. Oil power plants
show rather low full load hours and are not so affected due to that,
but can be also shifted from fossil oil to bio-based liquid fuels or
renewable electricity based power-to-fuels.

There is a long road towards a fully sustainable energy system,
however the steadily increasing share of RE capacity installations
change the system to the better e hopefully fast enough to tackle
climate change.
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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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1. Introduction 

Hydropower is a well established technology that has played an important role in the global power system since 
the beginning of centralized power distribution systems. The oldest (but still operating) hydropower plants have been 
active since the end of the 19th century [1]. Hydropower plants are operating throughout the planet, with presence in 
almost every country in the world. There is 701.1 GW of active hydropower plant, reservoir-based capacity installed 
worldwide (see Figure 1) and 138.7 GW of hydro pumped storage capacity [1].  

Shown in Figure 1 is the distribution of reservoir-based hydropower plants globally. It can be noticed that in large, 
commonly dry areas (Sahara, Northern Mexico, Central USA, Persian Gulf, Australia, etc.) the level of hydropower 
installations are noticeable lower, nevertheless present. This is due to the fact that hydropower is a major, localized 
resource.  

 

 
Fig 1. Active global installed capacity of reservoir-based hydropower plants in 2014. Data is taken from [1]. 

 
In contrast, solar photovoltaic (PV) generation started having a limited presence in the 1980s, but since then 

installations have increased in an exponential manner, matching the exponential fall of the price of solar PV panels, 
occupying a significant share of the new power installations since the year 2010 [1,2]. By end of 2016 the global 
cumulative installed PV capacity was 306 GW [2], and in 2017 new PV capacity of about 100 GW was added [3]. A 
very strong growth of PV capacity in the multi TW scale is expected till the mid of the 21st century [1, 2, 4]. However, 
despite both technologies having shares of the global electricity system for a few decades already, PV and hydropower 
have only recently started to meet [5-10]. A wide array of designs is currently being either designed, tested or deployed 
[11], including concepts such as floating platforms, floating thin films, submerged PV panels, etc. Though the 
characteristics differ from one design to another, the advantages of floating PV (FPV) systems are very clear: 

 
 Using water surfaces for FPV deployment provides areas of potential zero impact and hardly any alternative use 
 The cooling provided by the water increases the PV panels’ efficiency 
 The shading provided by the FPV panels prevents a significant amount of water evaporation 
 The shading provided by the PV panels significantly reduces algae growth, thus improving water quality 
 Water surfaces provide areas free of shading objects (trees, buildings, etc.) and a higher sunlight reflection 

coefficient, optimal for PV deployment 
 
Due to the aforementioned reasons, FPV plants hold a huge potential globally. Moreover, further advantages occur 

when both FPV and hydropower reservoirs meet, such as grid connectivity (with transmission lines, transformers, 
etc.) already present, every litre of water prevented from evaporation will produce additional hydropower energy, etc. 
An additional feature that has not yet been analysed is the ability of the hydropower plant to act as a virtual battery of 
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the FPV plant.   
One of the disadvantages of solar energy is that it depends on weather conditions and patterns, location-specific 

radiation levels, and daily natural cycles. Because of this, solar energy production is not controllable. On the other 
hand, reservoir-based hydropower (when sufficient water is present) is highly controllable, though due to its historic 
low cost is normally used as baseline capacity production. However, the current and projected fall in cost of PV 
systems [12, 13] can shift this tendency. The now potentially cheaper solar energy can be used directly while using 
the water reservoir and hydropower plant as virtual batteries to balance intermittent electricity generation.  

Under a “virtual battery” configuration, during high irradiation time, the power generated by the FPV panels would 
be transmitted to the grid and used directly, while either the reservoir accumulates (when there is an inflow stream) 
or just holds water that can be then later used during times of low or absent solar irradiation. In this manner, the 
reservoir itself becomes a battery, where the “charge” is the water spared from being used or accumulated while the 
direct solar energy is being used. This is of course feasible due to the high flexibility of hydropower plant operation. 

2. Methodology 

The base data used to perform this research is the global reservoir and dam (GRanD) database [14]. The database 
compiles all known water reservoirs for which the water level can be purposely controlled. A total of 6863 reservoirs 
are listed, of which 2134 are listed with hydropower capabilities, either as main or secondary use. Among the data 
fields, specified information includes location coordinates, name of the reservoir/dam, province, country, closest 
population centre, average water discharge, reported reservoir surface area, volume capacity, maximum and minimum 
reported surface areas, main and secondary use of the reservoir, head of the dam, etc. In total, the water reservoirs that 
fuel hydropower plants provide a reported surface area [14] of approximately 263 thousand km2 of water, which 
represents an area of potential zero impact. The 263 thousand km2 of total surface is obtained by adding up the 
minimum reported surface area of each reservoir, when indicated, or the reported surface area (when minimum area 
is not indicated).  

For the 2134 reservoirs marked with hydropower function, reservoir capacity (in million cubic meters) and annual 
average discharge (in litres per second) information is always listed, but only 1768 list a number for reported area 
(square kilometres). The rest of the unspecified area was estimated according to a global average volume-to-surface 
ratio, as area is a vital factor for FPV potential calculation.  

The electricity storage capacity of the dam is calculated according to Equations 1 and 2; 
 

𝐸𝐸 = 𝜂𝜂 ∗ 𝜌𝜌 ∗ 𝑔𝑔 ∗ ℎ ∗ Ȯ ∗ 𝛵𝛵   (1) 

                 Τ =  𝜙𝜙/𝜃𝜃                                                                                                                           (2) 
 

Table 1: Definition of terms for Equations 1 and 2 
Symbols Description 
E 
η 
ρ 
Ȯ 
g 
h 
Τ 
φ 
θ 

Maximum electricity storage capacity of the reservoir (Wh) 
Efficiency of turbine + generator (assumed 90% for hydropower) 
Density of water (kg/m3) 
Water flow (m3/s) 
Gravity constant (rounded to 9.81 m/s2) 
Head of the dam (m) 
Time (hours) 
Volume capacity of the reservoir (m3) 
Yearly average discharge ratio of the reservoir (m3/s) 

 
For the FPV plant assumptions, the power density and water evaporation prevention ratios are obtained from [5], 

at 66.82 Wp/m2 and 1.1 m3
H2O/m2

FPV, respectively. As for FPV energy production, a simulation of the irradiation maps 
for optimally fixed-tilted PV systems was calculated per location according to the global annual irradiation profiles 
used by [15]. Influencing effects of the surrounding waters are neglected, such as cooling or albedo effects. Every 
reservoir surface area was assumed to be covered by only 25%, to protect the FPV from being affected by fluctuating 
water levels, (though as tested by [5] it seems not to be a constraint). The results are simulated according to the 145 
geographic regions defined by [15]. 
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3. Results and Discussion 

Under the assumptions and methods previously presented, the following findings have been obtained. Figure 2 
presents the potential installation capacity (bottom) and the potential electricity generation (top) by FPV for the 
reservoirs with hydropower capabilities (regardless of whether it is the main or secondary purpose of the reservoir). 
The focus on hydropower capable reservoirs is due to the fact that they have lower potential cost integration, as grid 
connectivity is already available. A total of 4400 GWp of FPV capacity could be installed and 6270 TWh could be 
generated globally by covering only 25% of the estimated surface area of the reservoirs, which can then be used 
virtually as a battery. The regions of the world with the highest potential for virtual battery operation are mostly in 
Siberia, Eastern Europe, the Nordic countries, some parts of North and South America, and Central Africa. As 
expected, areas predominantly dry, such as the Persian Gulf and North Africa, have significantly less potential (as 
they have less available water). The largest controllable water reservoir is located in Africa, within the borders of the 
integrated region of the territories of Kenya and Uganda, which, combined with pristine solar irradiation conditions, 
creates the spot with the most potential of hydropower combined with FPV. 
 

 
Fig. 2. Potential electricity generated per year from (top) and potential capacity of (bottom) FPV covering 25% of the water surface of 

hydropower reservoirs. 
 

To put things into perspective, Bloomberg’s New Energy Finance [16] estimates that the global demand for 
electricity storage by 2030 is going to be around 300 GWh, that is, doubling six times from 2016 levels. Whereas, 
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other research [4] indicates a total global storage demand (throughput) of about 15,100 TWhel by 2050 for a global 
100% renewable electricity system, and thereof 10,100 TWhel of utility-scale batteries. For reference, it is estimated 
that hydropower from reservoirs contributes 2510 TWhel to global electricity generation [17], and further growth may 
be rather limited. This is already less than what can be potentially produced by covering only 25% of the surface of 
reservoirs by FPV. Extending further the coverage ratio of the reservoir to 50% would then double the potential energy 
generated by FPV to 12,540 TWh. However, environmental and social constraints should be further investigated.  

Furthermore, if the FPV installations were to be extended to reservoirs of all purposes, the installed capacity and 
generation would extend to 5700 GW (bottom) of FPV capacity and 8039 TWh (top), respectively, as shown in Figure 
3. An approximated 74 billion m3

H2O would be prevented from evaporation, thus increasing roughly 6.3% the available 
water of the reservoirs per year for further energy production (approximately 142.5 TWh assuming 90% hydropower 
efficiency) or any alternative intended purpose of the reservoir. As reported by [18], just the water conservation 
advantage is already enough reason for PV systems to be installed over water bodies in high water stress areas, for 
which, depending on the coverage ratio, evaporation can be reduced by 50% to 80%. Also, up to an additional 7% of 
efficiency was reported on the solar panels compared to ground mounted systems [18]. 
 

 
 

 
Fig 3. Potential electricity generated per year from (top) and potential capacity of (bottom) FPV plants over water reservoirs of all purposes at a 

reservoir coverage ratio of 25%. 
 

 Figure 3 shows a significantly “brighter” picture than what can be seen in Figure 2, which is caused by an additional 
28% of electricity which can be generated when reservoirs of all purposes (hydropower, agriculture, recreation, etc.) 
have their surface covered at a 25% ratio. This scenario presents some additional advantages. Visible in Figure 3, it 
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can be noticed that water reservoirs for any purpose are more widely distributed globally, and thus are more likely to 
be able to provide electricity to grids closer to population centers. Despite missing the hydropower virtual battery 
functionality, such locations would still benefit from decreased water evaporation and increased PV panel efficiency. 
Furthermore, the technology of FPV’s increasing popularity has led to worldwide installations reported by [7, 19] as 
presented in Table 2. 

 
Table 2. Reported FPV installations worldwide as reported by [7, 19]. 
Country Total added capacity  
China 
Japan 
United Kingdom 
South Korea 
Australia 
Italy 
United States 
Spain 
France 
India 
Singapore 
Canada 

376.50 MW 
  22.66 MW 
    9.33 MW 
    6.00 MW 
    4.00 MW 
    0.77 MW 
    0.67 MW 
    0.32 MW 
    0.12 MW 
    0.06 MW 
  0.005 MW 
0.0005 MW 

 
Several further FPV projects have been announced, as for Indonesia [20] (200 MW) and China (additional 1.1 

GW) [19]. A first combined FPV hydropower project was realized recently in Portugal [21].  
An equivalent behavior (balancing hydropower and PV instead of hydropower with FPV) has already been found 

by various research [22-28]. In areas of the globe where both hydropower (dark blue in Figure 4) and a good solar 
resource (light yellow and dark yellow from Figure 4) are available, hydropower is expected to shift from the 
traditional “base generation” operation towards intermittent operation, covering the demand during the low solar 
irradiation periods, as can be seen in Figure 4 [22]. The depicted example is for Mexico South, and further examples 
can be found for Turkey [23], Argentina [24], Central America [24], US Mid Atlantics [22], Malaysia West [26], 
Indonesia Sumatra [26] and Pakistan North [25]. Research results clearly indicate a substantial demand for short and 
long-term storage and renewable energy easy to dispatch, such as bioenergy and hydro reservoirs, for an electricity 
system based on variable renewable electricity, mainly solar PV and wind energy. Hydropower from reservoirs can 
function as short-term and long-term balancing components due to their dispatchability and thus support an energy 
system integration of high shares of solar PV, which is found as a major source of electricity all around the world [4, 
17]. The “virtual battery” dispatch of hydro reservoirs can be studied in detail for all 145 regions for all hours of a 
year for the simulated case of a 100% renewable electricity system in [23] and respective data can be downloaded. 

Alternative hybrid systems of FPV plus energy storage options have been proposed, such as [29, 30]. However, 
FPV combined with hydro reservoirs present the additional advantage of having the storage part of the system already 
built, which, with in-depth techno-economic analysis, should prove to be the least cost option. 
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Fig 4. Hourly generation profile for Southern Mexico, an example of a balancing region, obtained from the supplementary material from [22]. 

 
4. Conclusions 
 
The benefits of a FPV and hydropower system are significant. FPV, beyond being able to cover manifold the global 

demand for energy storage, has advantages that extend further. The profiles of operation of hydropower plants and 
PV plans have also previously been found to work in a good degree of complementarity. FPV is capable of providing 
significantly more electricity (6270 TWh in total) than hydropower from reservoirs (2510 TWh in total) at a coverage 
rate of 25%, while providing balance to the FPV intermittent operation. The estimated 6.3% additional water available 
through prevention of water evaporation can potentially increase hydropower electricity generation by the same ratio 
under the presented conditions (about 142.5 TWh assuming 90% hydropower efficiency). Depending on the location 
and additional purposes of the reservoir, higher coverage ratios could be considered, thus providing even more 
capacity (and electricity), and increasing the rate of water conservation. A surface coverage of 50% (of hydropower-
based reservoirs) could increase the contribution of FPV to electricity supply to about 12,540 TWh, which would 
outstrip that of hydro reservoirs by factors. However, social and environmental constraints may escalate in parallel 
with increasing reservoir coverage rates.  

At the same time, batteries and other alternative energy storage technologies have still a strong role to be played. 
The main disadvantage of hybrid FPV-hydropower configurations is that they are geographically restricted to specific 
areas and strongly affected by seasons and weather patterns, and the “virtual battery” functionality is limited to the 
reservoir’s capacity. Furthermore, the availability does not necessarily match population centre (demand) locations. 
However, even more renewable electricity could be provided by such regions if hybrid FPV-hydropower plants were 
applied. Figures 1 and 2 show, for example, high capacities in Siberia and the Amazon jungle, two mostly unpopulated 
places. On the other hand, due to the immobile nature of the concept, alternative electricity storage technologies would 
still cover the demand of sectors such as mobility, portable devices, transportation, etc., playing a vital role in global 
energy systems. 
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Abstract: The idea of damming the Congo River has persisted for decades. The Grand Inga project,
of up to 42 GW power generation capacity, can only be justified as part of a regional energy master
plan for Africa, to bridge the energy gap on the continent. Proponents of very large dams have often
exaggerated potential multiple benefits of a mega dam, marginalise environmental concerns and
neglect the true risk of such projects, in particular for the fragile economies of developing countries.
Studies have reported the financial risks, cost overruns and schedule spills associated with very large
dams. In addition, most of the dams in the region are poorly managed. Therefore, the type and scale
of Grand Inga is not the solution for millions of not yet electrified people in Sub-Saharan Africa.
In this research, scenarios are defined based on announced costs and expected costs. Cost escalations
in the range from 5% to 100% for the Inga project in 2030 and 2040 are considered, as average cost
overruns are typically at about 70% or higher for similar mega-dams. It was found that when the cost
overrun for the Grand Inga project exceeds 35% and−5% for 2030 and 2040 assumptions, respectively,
the project becomes economically non-beneficial. In all scenarios, Sub-Saharan Africa can mainly be
powered by solar photovoltaics to cover the electricity demand and complemented by wind energy,
supported by batteries. Hydropower and biomass-based electricity can serve as complementary
resources. The grid frequency stability of the power system is analysed and discussed in the paper.
Benefits of the Inga hydropower project have to be increasingly questioned, in particular due to the
fast cost decline of solar photovoltaics and batteries.

Keywords: renewable energy; Congo River; Democratic Republic of the Congo; Grand Inga;
hydropower; Sub-Saharan Africa

1. Introduction

Energy is vital to Africa’s development [1]. Africa needs clean, consistent, and cost-effective
energy supply to meet the current energy deficit and future demand. The currently insufficient
generation capacity and growing demand require rapid response, and they should be managed in
a sustainable way [2]. Therefore, investment in a sustainable energy infrastructure is a crucial link
between economic growth, development and climate action. Renewable energy optimization will
reduce the reliance on fossil fuel as the predominant energy source in the power system, and address
socio-economic development needs and vulnerability to environmental alterations [3,4].

One proposed response to address the energy challenges and persistent infrastructural gaps
in Africa is to significantly increase investment in large hydropower dams [5,6]. The scramble for
hydropower development in the region can be best understood as electricity fits into the larger
dynamics of capitalist accumulation and crisis in Africa [7]. So the question arises, are large dams
the solution to energy insufficiency and should more dams be built in Africa? This is especially
relevant when considering that most dams in Africa underperform due to poor maintenance [5].
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Additionally, hydro-dependent power systems are susceptible to power cuts due to the exacerbating
effect of droughts and water shortages [8]. These precarious situations have resulted in dwindling
power availability in African countries with high dependence on hydropower, such as Zambia,
Zimbabwe and Ethiopia [9]. Nevertheless, advocates of large dams are predictably over-optimistic
about schedule, cost and benefits of hydropower project development; they often envisage and
exaggerate on multiple public benefits [10,11], disregarding the true risks of the project to host
communities and the consequence to fragile economies especially in Sub-Saharan Africa (SSA) [7,12],
and often downplay environmental and social cost [9,13]. This occurs while facing the requirement of
100 bUSD, almost three times the Democratic Republic of Congo’s (DRC) estimated GDP for the year
2011 [14].

About 95% of those living without electricity reside predominantly in rural areas of SSA and
developing Asia [1], in countries often hosting of large hydropower dams, showing how ineffective
the “hydro dam strategy” is as an option for electrification of rural areas [7]. For instance, the power
harnessed from Grand Inga is not envisioned for supplying electricity to domestic users or increase
electricity access to rural areas [15]. Instead it is intended to cover points of high demand such as
cities and industrial centres, or to be exported through electricity highways [14,15]. Similarly, large
hydro dams such as Kariba and Cahora Bassa on the Zambezi River, have supplied electricity to
urban and industrial zones, but have mostly bypassed rural needs [16]. Thus, off-grid renewable
energy (RE) technologies, particularly photovoltaic (PV) based technologies (solar home systems and
mini-grids) could provide a sustainable solution to energy challenges where the cost of grid extension
is not economical [17–19]. Hence, there is an imminent need to address the delusion or false prevailing
perception of large hydro dams as a solution to big energy problems [8]. In addition, decision and
planning for energy development in SSA should strike a balance between energy needs for industrial
purpose and human development [7].

Large scale hydroelectric developments are, largely, contentious and controversial due to their
social, environmental and financial impacts [10,11]. Social impact of dams have been studied
since the 1960s [20], and roughly 200 million people have been displaced due to infrastructure
development. Displacement due to dam development accounts for 40% (80 million) of the total
displaced population [20,21]. Additionally, profound environmental impacts are associated with
development of large dams [5,10,22,23]. Adverse environmental debasement such as climate change,
drought, hydrological interference and associated downstream impact have been a major problems
in a number of African hydropower projects [15]. Beyond environmental and social impacts, large
hydropower projects are often susceptible to substantial financial risk due to cost overruns and
schedule spills [10,23–28]. Hydro dams cost a great deal of capital upfront, and funding agreements
are extremely leveraged with debt, usually accounting for 70 to 80% of the overall funding [11].
Previous studies on large projects reveal that the cost escalation is traceable to various reasons;
political-economic influence and optimistic bias perception are major causes of overruns [10,25,26,29].
In [26], 58 dams financed by the World Bank from 1976 to 2005 were analysed. The study reports that
about 78% of dams exceeded their initial estimated cost. The authors concluded that the traditional
cost-benefit approach for appraising dams might not be sufficient to evaluate the level of uncertainty
associated with their construction costs, which raises question on improving assessment methodology.
Recent studies have recommended using reference class forecasting to improve performance of cost
escalation analysis [10,25,26]. Another study analysed 61 hydropower plants and reported that these
plants exhibit an average cost escalation of 71%, while 35 wind farm projects and 39 solar plants
experienced 7.7% and 1.3% average cost escalation [30]. The authors reported the impact of skewed
distribution of hydropower cost on their statistical analysis. According to their analysis, dams with
large reservoirs incurred the most significant cost overrun, and some individual projects such as the
La Grande 2 Dam in Canada, Three Gorges Dam in China, and Sayano–Shushenskaya Dam in Russia,
had between 17 and 48 billion USD in cost overruns.



Energies 2018, 11, 972 3 of 30

Nonetheless, there is a prevalent need for expansion of power generation in SSA, due to chronic
power shortage and increasing demand [11,31]. Furthermore, SSA electricity demand is expected to
grow over 3 times by 2040. In this time, demand from industry will double while residential demand
will grow more than five times the current level [32]. Figure 1 shows the total active installed power
generation capacities at the end of 2014 in SSA, and illustrates the almost complete reliance on fossil
fuels and hydropower in the region [33]. The region has a huge untapped RE resource potential,
sufficient to close the energy access gap, and could be achieved by stimulating new investments in RE
technologies [1].
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Globally, RE technology installation capacities are growing fast due to their constantly declining
costs [34]. Particularly, the price of solar PV modules has fallen by 80% since the end of 2009 [35] and
continues to decline [36,37]. PV offers economic solutions in regions with already high but also low
electrification rates for new capacity additions and for meeting demands on-grid and off-grid [17,35].
Recent studies have explored the possibility of 100% RE based power systems in different countries
and regions [38–41]. Barasa et al. [40] described a 100% RE energy system for SSA, covering the
electricity demand of the sectors power, water desalination and industrial gas. The result of the
modelling of Barasa et al. determined a cost optimal mix of the various technologies for the year 2030.
According to the results, the least cost energy solution for SSA will be powered mainly by solar PV
and complemented by wind energy [40]. The results of Barasa et al. [40] are integrated in a global
context in Breyer et al. [41]. Blechinger et al. [19] modelled two scenarios to understand the impact of
future grid extension in SSA, and in both scenarios grid extension led to the highest share of electrified
people followed by solar home systems and lastly mini-grids. In Africa, solar PV has transcended
from the government-donor niche to a commercial based market [42].

Furthermore, in fully RE based power systems, the frequency stability (to be precise, system
inertia) is regarded as one of the greatest concerns of Transmission System Operators (TSOs) around
the world. The term ‘inertia’ is referred to the total amount of kinetic energy stored in the rotating mass
of synchronous generators [43]. The system inertia is low with high penetration of variable RE since
the rotating mass of the connected synchronous machines is reduced. The lower inertia means that
connected frequency regulation reserves must be able to respond faster than currently [44,45]. In this
study, rate of change of frequency (ROCOF) when only synchronous generation (hydropower, biomass
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power plants, and geothermal units) contributes to the frequency balancing was first calculated.
Then synthetic inertia of wind turbines is included, then the synthetic inertia from solar PV plants.
Finally, the synthetic inertia contribution from the battery units is included.

In this article, a 100% RE system in SSA will be analysed, based on the utilization of different RE
resources, as well as storage and grid technologies. The primary focus of this study is to present an
overview analysis of the impact of developing the Grand Inga project in the Democratic Republic of
Congo (DRC) and SSA. Section 2 provides an overview of the Inga project’s historical development
and Section 3 discusses the sustainability concerns of hydropower development on Congo River.
The methodology and model used, including assumptions, construction and formulation of scenarios,
are presented in Sections 4 and 5. In Section 6, results are reported for the years 2030 and 2040.
Frequency stability of the power system is analysed in Section 7. The discussion and conclusions are
presented in Sections 8 and 9, respectively.

2. Grand Inga Project: The History and Development

The Inga Rapids have been long targeted for hydropower development [46]. The idea of using the
Congo River for electricity production dates back to 1885, and the site was noted in a world survey in
1921 and endorsed by the Belgian colonial authorities in the 1950s [11,46,47]. The features of the Congo
River make it of special interest to hydropower development; it is the second largest river in the world
in terms of water flow rate (42,000 m3/s) after the Amazon, and the second longest river in Africa
after the Nile, starting from the plateaus and mounts of the Rift Valley, meandering its way around
the equator, and discharging finally into the Atlantic Ocean [48]. The Inga Rapids and waterfalls give
the Congo River an enormous hydropower potential, with an estimated power generating capacity of
42 GW [11]. With such a generation capacity, and if the project is ever completed, Grand Inga would
emerge as the single largest source of hydropower in the world, and is intended to bridge the energy
gap in Africa [11,12,49].

The details of the Grand Inga project have changed significantly over the years [50]. The project is
divided into eight dams and seven phases [49]. The first two phases of the Inga electricity scheme were
commissioned in 1972 and 1982, Inga 1 (351 MW) and Inga 2 (1424 MW), respectively [11,12,51]. Inga 1
and Inga 2, were built disregarding the feasibility study that found both projects to be uneconomical
and far exceeded the DRC’s electricity needs at that time. Power from both dams has mainly served
the Katanga valley mines and the export market. It is estimated that the cost of the Inga 1 and Inga 2
dams constitutes over half of the DRC’s current external debt [7]. The construction of the Inga-Kolwezi
transmission line, a 1725 km long transmission line to the Katanga copper belt, accounted for the
biggest share of the DRC’s debt problem during the 1990s. The construction cost of the transmission
line quadrupled from the initial estimated cost to reach 1 bUSD [52]. In addition the Inga 1 and Inga 2
dams have operated at continuously decaying capacity during their lifetimes, as their state of operation
and maintenance have deteriorated the over time since their commissioning [49,53]. As of 2002, these
dams were operating at only 40% capacity due to lack of maintenance, financial mismanagement,
corruption and poor governance [51,52].

The subsequent phases of the Inga scheme is the construction of Inga 3 (low-head) with an
estimated capacity of 4755 MW, which is planned to be completed in 2020 [11] but not yet started.
Figure 2 shows the Congo River and Inga phases. Following phases of the Inga project, maximum
installed capacities and assumed years are as follow: Inga 3 high-head (2025) 3037 MW, Inga 4 (2030)
7182 MW, Inga 5 (2035) 6970 MW, Inga 6 (2040) 6684 MW, Inga 7 (2045) 6706 MW and Inga 8 (2050)
6747 MW [11]. Three consortia have expressed interest in the development of Inga 3: China Three
Gorges Corporation and Sinohydro; a consortium of South Korean (Posco and Daewoo) and Canadian
(SNC Lavalin) companies; and third one is composed of Spanish companies [32].
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The Grand Inga project may be too costly, and it was estimated 10 years ago at over 80 bUSD,
of which 12 bUSD would be for the initial Inga 3 base chute phase [53]. Projects of this scale require
substantial capital, expertise and strong governance, all of which have suffered huge setbacks in SSA to
varying degrees [11]. Moreover, continuing with the development of the Inga dams would be trusting
capital to a government that has continuously failed to maintain and operate the already operating
dams properly [7,55].

3. Energy and Environment: Hydropower Development and Congo River
Sustainability Concerns

The Congo River basin is home to the second largest tropical forest and world’s largest tropical
swamp, altogether about 2 million km2 [56] of area distributed over the countries of Cameroon, Congo
Republic, DRC, Equatorial Guinea, Gabon and Central African Republic. This rainforest area is often
referred to as “the lungs of the Earth” together with the Amazon, the only other river and tropical
forest bigger than the Congo itself. The Congo River basin is the habitat of vast wildlife including
5862 species of birds, 460 species of reptiles, 552 species of mammals, including 2 species of gorillas
and 2 species of chimpanzees [56], all unique to the multiple ecosystems of the Congo river basin.

Regarding vegetation, this is suspected to be the richest region of the world regarding of density
of plant species per unit of area [56]. Different estimates account for as much as over 35,000 species
of plants in the Congo River basin [56], of which 2427 are endemic and some of them endangered.
Analysis by satellite imagery from the years 1986 to 2003 carried out by [57] shows that the deforestation
rates of the Congo basin are rather small in the central region of the forest, likely due to the difficult
access to the areas and low population densities. In contrast, coastal areas experience already a much
higher rate of deforestation, as the jungle is vulnerable due closeness to more dense population centres
and to trade routes.

Hydroelectric guiding construction protocols are lacking in some tropical developing countries,
and small dams (<10 MW) are exempted in many countries from any formal decision making
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process [13]. In order to carry out a feasibility study and environmental and societal impact analysis
of Inga 3, the World Bank approved a fund of 73 mUSD in March 2014 [58,59]. Even though the
project has been in consideration for decades, this is the first time environment and societal costs
were taken into consideration, and funding was dedicated to sustainability. Until now sustainability
issues was disregarded by the stakeholders of the project even after the deployment of Inga 1 and
Inga 2, the first two phases of the project. Already 30% of the water of the Congo River is being
diverted for hydropower production at the hydropower stations Inga 1 and Inga 2 [60]. Development
is greatly required in the region and development benefits are analysed and clear [61], but a more
serious consideration of the ecosystem needs to be taken into account, since the organization that
developed and conducts the most universally used hydropower sustainability assessment is under
constant criticism for lack of transparency and deepness of the sustainability research [62].

Methane (CH4) is the second most impactful greenhouse gas (GHG) after carbon dioxide,
it accounts for over 20% of alteration in the radiative forcing due to anthropogenic GHG emission to
the atmosphere [63]. Hydroelectric reservoirs, particularly in tropic regions, constitute an appreciable
source of CH4 to the atmosphere [64]. In some cases CH4 can reach up to 70% of the total reservoir
emissions [65]. Large and deep tropical reservoirs are frequently thermally stratified, which inhibits
water mixing and diffusion. This situation enhances CH4 emissions [64,65]. Global large dams have
been found to release 104 ± 7.2 Tg CH4 yearly to the atmosphere via reservoir surface, turbine and
spillways [63], equivalent to 1.3–1.5% of global GHG emissions from methane sources of 2010 levels,
and representing 0.2% of all global GHG emissions.

While there are techniques to diminish the impact of a hydropower plants on hydrological systems
and ecosystems (such as run-of-river set ups, sludge gates, fish ladders, etc.), it is not possible to
entirely eliminate all effects on hydrological systems.

4. Methodology and Model Description

4.1. Model Overview

The power system used in this study was developed to match generation and power demand
for every hour of the simulated year. In addition, a model was designed based on linear optimization
of energy system parameters, characterised by having an objective function for cost optimization
under certain constraints [66]. The model is compiled in using MATLAB (R2016a, The MathWorks,
Inc., Natick, MA, USA) [67], while the optimization is carried out in MOSEK (version 8, Mosek ApS.,
Copenhagen, Denmark) [68]. It is composed of electricity generation technologies, storage technologies,
electricity transmission technologies and finally the bridging technologies, which provide flexibility to
the energy system. The hourly modelling results in a more accurate system description, highlights
flexibility, and presents a synergy effect of various power generation and storage technologies
required to be installed to attain a fully RE-based power system. The model has been used before to
conduct studies for several different regions so far, and a detailed description can be found in [38–41].
For this analysis, the integration of desalination and non-energetic industrial gas demand was not
included. Detailed model description, equations and applied constraints can be found in Bogdanov
and Breyer [39]. Additional technical and financial assumptions are provided in the Supplementary
Material to this paper.

The target function of the model is to optimize the system so that the total annual energy system
cost is minimized. This cost is calculated as the addition of the annual costs of the installed capacities of
each technology, electricity generation costs, and costs of generation ramping. In addition, the energy
system takes account of the PV prosumers for residential, commercial and industrial sectors and their
respective capacities of rooftop PV systems and batteries. The target function for prosumers is the
minimization of the cost of consumed electricity. This cost is calculated as the sum of self-generation
cost, annual cost, and cost of electricity consumed from the grid. A multi-node approach is utilised
in the model, which allows for the definition of any preferred configuration. The main optimization
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constraint is to guarantee electricity coverage of local demand is considered on an hourly basis for the
applied year, as shown in Equation (1). The model overview is shown in Figure 3.
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The key constraint of the system optimization is given in Equation (1). It is well-defined as for
every hour of a year in each region, electricity generation from all the technologies (Egen,t), imported
electricity from the regions (Eimp,r) and electricity from storage discharge (Estor,disch) should be equal
to the total demand for an hour (Edemand), electricity exported to other regions (Eexp,r), electricity for
charging storage technologies (Estor,ch) and curtailed electricity (Ecurt). Other abbreviations used in this
equation are: hours (h), technology (t), all technologies used in modelling (tech), sub-region (r), all
sub-regions (reg). Equation (2) provides the target function for system optimization. The abbreviations
used here include (CAPEXt)—capital cos of each technology, (crft)—capital recovery factor for each
technology, (OPEXfixt)—fixed operational cost for each technology, (OPEXvart)—variable operational
cost each technology, installed capacity in a region (instCapt,r), electricity generation by each technology
(Egen,t,r), ramping cost of each technology (rampCostt) and annual total power ramping values for each
technology (totRampt,r).
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The technologies introduced in the LUT Energy System model used to analyse the SSA region
can be categorized into four main groups: technologies for electricity generation, storage technologies,
bridging technologies and electricity transmission technologies.

The electricity generation technologies introduced in the model include various PV technologies
(ground-mounted fixed tilted, single-axis, and rooftop solar PV systems), hydropower (run-of-river
and reservoir based), biomass plants (solid biomass and biogas), wind onshore turbines, geothermal
power plants, concentrating solar thermal power (CSP) and waste-to-energy power plants. Due to the
intermittency of RE and to ensure steady supply of electricity, the RE technologies are complemented
by various storage technologies. These technologies are pumped hydro storage (PHS), batteries,
adiabatic compressed air energy storage (A-CAES), thermal energy storage (TES) and power-to-gas
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(PtG). Regarding transmission of electricity, inter-regional transmission grids are modelled by applying
high voltage direct current (HVDC) technology, while 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. All technologies are shown in the Figure 4.
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4.2. Subdivision of the Region and Grid Structure

The subdivision and grid configurations of SSA are shown in Figure 5. Existing HVDC
interconnections of SSA are shown by dashed lines. The structure of the assumed HVDC grid for the
scenarios (solid lines) is based on the existing configuration of SSA power pools and the respective
load centres. The overview of transmission line parameters is presented in the Supplementary Material
(Table S1). The study considered 51 countries that are merged or subdivided into 16 sub-regions
(Figure 5) and Supplementary Material (Table S2). The SSA regional network is based on area,
population, and national grid connections.
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4.3. Technical and Cost Assumptions

The financial assumptions are made for all energy system components for the years 2030 and
2040, and include operational expenditures (OPEX), capital expenditure (CAPEX), and lifetimes as
tabled in the Supplementary Material (Table S3). For all scenarios, weighted average cost of capital
(WACC) is set to 7%. However, WACC is set to 4% for residential PV prosumers due to lower
expectations of financial return. The technical assumptions regarding energy-to-power ratios for
storage technologies, efficiency numbers for generation, and power losses in HDVC power lines and
converters are presented for the years 2030 and 2040 in the Supplementary Material (Tables S4–S6).
Electricity prices for commercial, residential and industrial consumers for all countries in the region
for the years 2030 and 2040 are derived according to Gerlach et al. [69]. Prices are presented in the
Supplementary Material (Table S7). Excess electricity generated by PV prosumers is fed into the grid
and is assumed to be sold for a transfer price of 0.02 €/kWh. The overview of prosumer electricity
cost, installed capacity and energy utilisation for SSA in the years 2030 and 2040 is presented in the
Supplementary Material (Tables S8 and S9).

The upper limits for all RE capacities were estimated according to Barasa et al. [40] and lower
limits are obtained from Farfan and Breyer [33]. Upper and lower limits of installed capacities are
presented in the Supplementary Material (Tables S10 and S11). It is assumed that solid biomass, waste
and biogas fuels are available throughout the year evenly. A synthetic electricity demand profile is
estimated using IEA data [1], based on an electricity demand increase for the years 2030 and 2040.

4.4. Potential for Renewable Energy Resources

The generation profiles for wind energy, optimally tilted PV, single-axis tracking PV and solar CSP
were calculated according to Bogdanov and Breyer [39]. The hydropower feed-in profile was based on
precipitation data for the year 2005 as a normalized sum of precipitation in each of the regions [70].

The biomass and waste resource potentials are obtained from the German Biomass Research
Centre [71] and classified according to Bogdanov and Breyer [35]. The cost of biomass was based on
data provided by International Energy Agency (IEA) [72] and Intergovernmental Panel on Climate
Change (IPCC) [73]. For solid waste a 50 €/ton gate fee was assumed. Additional information on
biomass and solid waste costs is provided in the Supplementary Material (Table S12).

The geothermal potentials are calculated for the sub-regions based on the available information
related to heat flow rates and ambient temperature of the surface for the year 2005 [74,75]. For the
sub-regions where the heat flow data was not available, extrapolation was performed to get the required
data. The geothermal heat is estimated based on the available data in [76–78]. Regional biomass and
geothermal energy potentials are presented in the Supplementary Material (Table S13).

The generation, load and grid profiles can be visualised in Supplementary Material (Figures S1
and S2). In addition, the state-of-charge of storage technologies is given in Supplementary Material
(Figures S3 and S4).

5. Scenario Formulation

A range of scenarios has been formulated, in order to analyse the impact of the Grand Inga project
on the SSA power system. To achieve the aim of this paper, categories of scenarios were formulated
based on announced and overnight cost assumptions. The overnight cost assumption was based on
the findings of Ansar et al. [10] with respect to cost overruns. The study reports that the actual cost
of large hydro dam developments worldwide were on average 96% higher than the estimated cost.
The authors report that the overrun cost figures exclude inflation, debt, environmental cost and social
cost. The defined scenarios were based on an area-wide interconnected energy system, which assumes
that all sub-regions are interconnected via HVDC lines. All scenarios will be analysed from a scope
of assumptions for the years 2030 and 2040 for an evolutionary perspective. Since every subsequent
stage of the Grand Inga would take years (up to over a decade) to be commissioned, a long term
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scope is used to compare it with more realistic market conditions of the project at the point of the start
of operations.

5.1. Detailed Description of Scenarios

This section presents a conceptual description of the scenarios generated. All the generated
scenarios will be compared to a reference generated and presented by Barasa et al. [40], simulated
as an optimal future energy mix for the region. The difference between the reference scenario and
the proposed scenarios will remain in the CAPEX assumptions for individual hydro dam and hydro
run-of-river plants according to the announced numbers for the specific Grand Inga stages. The cost
assumptions for all other technologies remain the same as in the reference scenario, and the capacities
are then optimized by the model.

5.1.1. No Inga Scenario

The base scenario proposed in this paper does not consider any of the stages of Grand Inga
deployed. This scenario assumption may appear unrealistic when considering that the first two stages
of the project, Inga 1 and Inga 2, have been commissioned in the year 1972 and 1982, respectively.
However, it is due to continuous mismanagement and lack of maintenance [7] that the hydropower
stations have been underperforming and experienced continuous shut downs. Therefore, the scenario
considers no further development of the Grand Inga and possibly, if the simulation proves it optimal,
the rehabilitation of the Inga 1 and Inga 2 hydropower stations. As in every other scenario, a number
of renewable and sustainable alternatives, including other smaller hydropower stations, will be
considered in order to achieve an optimal mix for the energy system

5.1.2. Optional Inga 3 Scenario

Despite Grand Inga (GI) being under consideration for over 60 years, after the completion of
Inga 1 and Inga 2 in 1972 and 1982, respectively, the Grand Inga project has been stuck for decades.
Only in recent years the concept of the Inga 3 (I3) has been revised again, and according to the World
Bank [79], from the amount granted to the DRC for feasibility studies since 2014, every quarterly
report has returned with “high risk” and “highly unsatisfactory” tags. So far it seems to be socially,
environmentally and economically pointless to further develop the GI project. Consequently, the
second scenario proposed considers the rehabilitation of Inga 1 and Inga 2, and leaves the development
of I3 open for realization. The deployment of I3 is analysed from the last CAPEX announced for the
hydropower plant of 14 bUSD (10.8 b€) [80], up to the estimated cost overrun of +100% (rounded
from 96% as already experienced) as it is the average cost overrun of large hydropower plants found
by [8,26]. Since further stages of Grand Inga depend on the installation of Inga 3, for this particular
scenario any GI deployment after Inga 3 is not considered. However, other minor hydropower plants,
with an added potential of 283.2 MW estimated in [40], could still be deployed.

5.1.3. Forced Inga 3 and Grand Inga Scenario

In this scenario Inga 3 is forced into operation. Subsequent phases of the Grand Inga project
with a number of steps between the last announced CAPEX for further developments of Grand
Inga of 100 bUSD (76.9 b€) [81], to a maximum of up to +100% CAPEX cost overruns following the
same assumption as for Inga 3 according to [10,28]. Just like in previous scenarios, all other RE and
sustainable RE sources are considered, including other minor hydropower projects.

6. Results

In this section an overview of the findings of the study is presented. The least cost energy
configurations were derived based on certain constraints and characterised by optimized installed
capacities of RE electricity generation, storage and transmission for every technology used in the
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model. Consequently, respective hourly generation of electricity, charging and discharging of storage
technologies, sub-regional electricity trade, and curtailment were obtained. The main financial results
for all the scenarios in the years 2030 and 2040 are presented in Tables 1 and 2, respectively, which
include the following:

• Levelised cost of electricity for primary generation (LCOE primary),
• Levelised cost of storage (LCOS),
• Levelised cost of curtailment (LCOC),
• Levelised cost of transmission (LCOT),
• Levelised cost of electricity in total (total LCOE),
• Total CAPEX,
• Total annualized cost (ann. cost),
• Total RE capacity,
• Total primary generation.

The installed capacities of main storage and generation technologies are presented in Table 3.
In comparison to other RE technologies the share of PV dominates in all the scenarios. The share
of solar PV installed capacity is approximately 170 GW and 600 GW for the years 2030 and 2040,
respectively, for all the scenarios. PV single-axis tracking dominates the share of total installed PV
capacity in all scenarios for the years 2030 and 2040. PV single-axis tracking constitutes about 110 GW
in 2030 and 400 GW in 2040. This leads to a capacity share of all PV capacity of 47% in 2030 and 84% in
2040, which translates into an electricity generation share of 38% in 2030 and 77% in 2040. The share of
wind installed capacity decreases from about 130 GW in 2030 to 60 GW in 2040, in all the scenarios,
which is a consequence of the increasing PV competitiveness. The installed capacities of RoR hydro
remained constant at 6.3 GW for Inga 3 announced and expected scenarios, and reached 11.1 GW
for the Grand Inga scenarios in the year 2030 and 2040. And the installed capacity of hydro dams
was about 20 GW in all the scenarios. For the year 2030, the share of geothermal installed capacity
dropped from 4.6 GW for Inga 3 announced and expected scenarios to about 3.3 GW in the Grand Inga
scenarios. However, for the year 2040 the share of geothermal capacity remained constant at 3.0 GW
for all the scenarios. The installed capacity of municipal solid waste incineration plants remained
constant at 1.7 GW and 1.9 GW in the years 2030 and 2040, respectively, for all the scenarios, since it
is driven by the waste resource. In 2030, the share of biogas decreased from about 16 GW for Inga
3 announced and expected scenarios to about 13 GW for the Grand Inga scenarios. Meanwhile, the
share of biogas remained constant at 4.8 GW for all the scenarios in the year 2040. In 2030, the solid
biomass contribution remained constant at 2.6 GW for Inga 3 scenarios, and stayed in the range of
1.0 GW to 1.8 GW for the Grand Inga scenarios. By 2040, there was no solid biomass contribution in
any of the scenarios.

Regarding storage capacities, the gas storage share dominates in all the scenarios. Battery storage
capacity increased from approximately 230 GWh in 2030 to 1500 GWh in 2040. PHS storage capacity
remained constant at 3.2 GWhel and 1.6 GWhel for the years 2030 and 2040, respectively, in all the
scenarios. The installed capacity of A-CAES declined significantly in the year 2040, when compared
to the year 2030. PtG capacity is approximately 6.0 GWel in the years 2030 and 2040, for all the
scenarios. However, when storage throughput is considered, battery storage has a 58% and 91%
share of throughput in 2030 and 2040, respectively. The highest share of battery throughput in all
scenarios considered for the years 2030 and 2040 is 77 TWh and 498 TWh, respectively. The dominance
of battery storage is due to its compatibility with solar PV and fast cost decline. The overview of
storage capacities, output and full cycles per year for all scenarios in 2030 and 2040 are presented in
the Supplementary Material (Tables S14 and S15).
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Figures 6 and 7 show the total annual cost trend for the GI scenarios in 2030 and 2040, respectively.
From Figure 6 it can be seen that if the cost overrun exceeds 35% (as such projects usually do at
least), the cost to the system is too high compared to the reference without GI. Furthermore, Figure 7
shows that even if the cost remains as announced, the cost to the system is too high compared to the
alternative without GI for 2040 assumptions. This clearly shows that with cost overrun up to around
+40% and 0% for 2030 and 2040 scenarios, respectively, the project is economically beneficial (not taking
into account the environmental impact). Above that limit the economic benefit disappears and turns
into a burden.Energies 2018, 11, x  14 of 30 
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Figures 8 and 9 and Figures S5–S8 in the Supplementary Material, show the LCOE of all the
scenarios in the years 2030 and 2040; the figures show on the left and right the absolute and relative
values of the LCOE, respectively. The relative value represents the percentage difference of absolute
value of the respective scenario compared to the reference scenario.

The percentage difference in the levelised cost of electricity for Inga 3 announced cost scenario
is presented in Figure 8 (top right) and (bottom right), for the years 2030 and 2040, respectively.
Regarding regional average LCOE, it can be deduced that the impact of Inga 3 is negligible in both 2030
and 2040 cases, and the relative percentage differences in LCOE range from −3.2% to 0.8% in 2030 and
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from −2.0% to 0.3% in 2040, across the regions, while the overall regional relative averages are −0.4%
and −0.1%, for 2030 and 2040, respectively. The overall average LCOE is 54.1 €/MWh in 2030 and
41.7 €/MWh in 2040 as shown in Figure 8 (top left) and (bottom left), respectively. According to the
2040 scenario, DRC experienced an almost negligible decrease in LCOE of 1.3%, while neighbouring
regions faced mixed effects. In the adjacent regions the highest LCOE decrease was by −1.4%, while
the West North region experienced an increase of 0.8%. Somalia experiences the steepest decrease in
LCOE of −3.2%, which is still almost negligible. Furthermore, for the same scenario but with 2040
assumptions, the effects on the LCOE are further reduced closer to negligible levels, being less than
±0.5% difference in the whole region with the exception of Somalia (−2%) and the Kenya-Uganda
region (−0.7%).Energies 2018, 11, x  15 of 30 
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Similarly, Figure 9 (top right) and (bottom right) shows the percentage difference in LCOE for
the Inga 3 expected scenario for the years 2030 and 2040, respectively. Regarding LCOE, the regional
impact of Inga 3 in these two scenarios is as well negligible, the relative percentage difference in
LCOE was in the range of −3.5% to 18.4% in 2030 and from −0.7% to 11.5% in 2040. However, most
of the cost burden is allocated to the DRC as LCOE increases by 18.4% and 11.5% in 2030 and 2040,
respectively. The overall regional average increased by 0.2% and 0.3% in 2030 and 2040, respectively,
in comparison to the Inga 3 announced cost scenario. The overall average LCOE is 54.5 €/MWh in
2030 and 41.9 €/MWh in 2040 as shown in Figure 9 (top left) and (bottom left). In this scenario, DRC
experience tremendous increase in LCOE, yet the benefit impact is negligible in the whole region,
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again with Somalia being the country with the largest benefit, though almost negligible, of −3.5% and
−2% LCOE in 2030 and 2040 scenarios, respectively.Energies 2018, 11, x  16 of 30 
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scenario (right) for the years 2030 (top) and 2040 (bottom).

Furthermore, the percentage difference in LCOE for Grand Inga 0% scenario (cost as announced)
for the years 2030 and 2040 is shown in Supplementary Material Figure S5 (top right) and (bottom
right), respectively. The relative difference in the LCOE ranges from −11% to 12.9% in 2030 and from
−7.5% to 16.1% in 2040, across the regions. With respect to LCOE, the regional impact of Grand Inga
remains negligible in both years. For the year 2030, in this scenario the LCOE increases by 10.9%, 10.7%
and 12.9% in Central, Congo and South West regions, respectively. By 2040, the LCOE increases by
16.1% in the host country. Meanwhile, Somalia and Djibouti experience −11.7% in 2030 and −7.9%
in 2040 LCOE reductions. The overall regional relative average is −0.7% and 0.1% by 2030 and 2040,
respectively. Supplementary Material Figure S5 (top left) and (bottom left) presents the LCOE numbers
across SSA, where the overall average LCOE decreased from 54.0 €/MWh in 2030 to 41.7 €/MWh to
2040. Supplementary Material Figure S5 shows that in this scenario the effect of installing GI is no
longer negligible. The DRC and its southern and northern neighbouring regions face a steep increase
of LCOE of over 10% to a maximum of +12.9%, while the only regions receiving a non-negligible
benefit are Somalia (with −11.7%) and Tanzania (−6.1%) in 2030. Furthermore, for 2040 the situation
becomes more dire for DRC, as developing GI would result in a very significant increase of LCOE of
+16.1%, while the neighbouring regions receive only a negligible benefit of −2% at most, even for just
the announced cost of GI.
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Similarly, Supplementary Material Figure S6 (top right and bottom right) shows the percentage
difference in LCOE for the Grand Inga +50% scenario (cost 50% higher than announced) in the years
2030 and 2040, respectively. The relative percentage of the LCOE difference to the reference ranges
from −11.7% to 29.0% in 2030 and from −7.8% to 31.1% in 2040, across SSA. The overall regional
relative average increased to 0.3% and 0.7%, by 2030 and 2040, respectively. Similar to the previous
scenario, LCOE declined by −11.7% in 2030 and −7.7% in 2040 in Somalia and Djibouti, while in the
DRC the LCOE increased by 29% and 31% in 2030 and 2040, respectively. In this scenario the LCOE is
62.0 €/MWh in 2030 and 53.7 €/MWh in 2040 in the DRC, as shown in Supplementary Material Figure
S6 (top left) and (bottom left), respectively. In this scenario, DRC bears a tremendous cost burden,
while the LCOE decrease in most region was minimal, except for Somalia, in both years.

The percentage difference in LCOE for the Grand Inga +100% cost scenario (cost 100% higher
than announced) is shown in Supplementary Material Figure S7 (top right) and (bottom right) for
the years 2030 and 2040, respectively. The relative percentage difference in LCOE ranges from 0.0%
to 42.2% in 2030 and from −7.7% to 46.9% in 2040. In this scenario, the DRC will experience 42.2%
and 46.9% increase in LCOE, by 2030 and 2040, respectively. While the overall regional relative LCOE
average increased by 2.0% in 2030 and 1.4% in 2040. The overall average LCOE is 55.5 €/MWh in
2030 and 42.3 €/MWh in 2040, as shown in Supplementary Material Figure S7 (top left) and (bottom
left). The LCOE in DRC increased to 68.4 €/MWh in 2030 and 60.2 €/MWh in 2040, as shown in
Supplementary Material Figure S7 (top left) and (bottom left). Similar to the previous scenario, the
benefit impact on surrounding countries is still negligible without exception, while LCOE skyrocketed
in DRC to +42.2% and +16.5% in the South-West region in 2030, resulting in an overall region increase
of LCOE by +2%. For 2040 the situation for DRC only gets worse, as the increase of LCOE escalates
further to +46.9%.

The percentage difference in the LCOE for the Grand Inga +35% and −5% scenarios is shown in
Supplementary Material Figure S8 (top right) and (bottom right), respectively. In both scenarios the
overall relative LCOE average was 0.0% for the entire region. Yet, DRC LCOE increased by 24.0% and
14.7%, in Grand Inga 35% and −5%, respectively. This implies that when cost overruns of Grand Inga
increases the CAPEX by 35% in 2030 and −5% by 2040, the project brings no economic benefit to the
electricity cost of SSA. The overall average LCOE is 54.4 €/MWh in 2030 and 41.7 in 2040 €/MWh,
as shown in Supplementary Material Figure S8 (top left and bottom left), respectively. According to
this scenario, DRC still experience an increase in LCOE; however, the impact is still negligible. In the
adjacent regions the highest decrease was by 4% in 2030 and 1.4% in 2040, and a similar occurrence
was noticed in regions in the West and East. Conversely, for Somalia LCOE decreased by 11.5% in 2030
and 7.8% in 2040.

Further graphical results are presented in the Supplementary Material (Figures S9–S13).

7. Frequency Stability

The conventional regulation concept is based on controlling the frequency with conventional
prime movers such as thermal and hydropower generation. This conventional grid is known to
possess large rotating mass due to the large synchronous machines that are directly connected to
the grid. These large synchronous machines react naturally to the frequency deviations and large
inertia guarantees that the ROCOF will be slow enough so that power generation plants are able to
react to the change in frequency, either by increasing or decreasing their powers depending whether
change in frequency is negative or positive, respectively. In fully renewable energy based power
systems the inertia will become low, since the rotating mass of the connected synchronous machine is
reduced [44,45]. The lower inertia means that connected frequency regulation reserves must be able to
respond faster than currently. Frequency control reserves include power plants that react to frequency
changes in the grid. Typically the reserves are divided into three parts: primary, secondary, and tertiary
reserve. In principle, primary reserve is used to make sure that the peak change in frequency (i.e.,
frequency nadir) remains as small as possible and that frequency is balanced. The secondary reserves
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correct the frequency to its nominal value, and release the primary reserves for next possible event.
Tertiary control optimises the use of reserves so that it is as economical as possible [82,83].

Here, the primary reserves are the main focus. Frequency limits how primary control reserves
are activated varies from area to area. Since wind energy and solar PV plants are intermittent by
nature their power production is limited by the available wind and solar irradiation. However, it has
been shown that wind and solar PV can also participate into frequency regulation when so called
synthetic inertia functionality is applied [84,85]. Also HVDC power lines can be utilized for balancing
by applying the inertia emulation feature as shown in [86]. It is claimed that a wind turbine is capable
of producing additional power up to 6% of the nominal apparent power for about 10 s [85]. In [82] it
is also shown that solar PV plants could participate in frequency balancing by emulating the inertial
property. It is concluded in [87] that in fully renewable power grids all the power generation sources
that are capable of generating synthetic inertia must be utilized in order to maintain frequency stability.

Based on hourly connected generation capacities the ROCOF for the grid can be evaluated [88].
According to European Network of Transmission System Operators for Electricity (ENTSO-E) in
Europe, 2 Hz/s is the reference value that generation units must withstand in the future [89]. This value
is considered also here as a limit value that should not be exceeded. It is assumed that Sub-Saharan
Africa’s network is interconnected via transmission lines as shown in Figure 5. First, the ROCOF is
calculated when only synchronous generation (hydropower, bioenergy plants, and geothermal units)
contributes to the frequency balancing. Then synthetic inertia of the wind turbines is included, and
after the synthetic inertia from solar PV plants. Finally, the synthetic inertia contribution from the
battery units is included. It is assumed that in 2030, 0.1% of the connected battery capacity is available
for frequency balancing services, and in 2040 the corresponding number is 0.05%. The ROCOF values
are considered with 4% change in generation or load that corresponds loss of 8 GW change in 2030 and
19 GW change in 2040. For the ‘I3 Announced cost’ scenario in 2040 the hourly ROCOF values when
different generation provided inertia is applied are shown in Figure 10. The corresponding minimum
and maximum ROCOF values are given for different scenarios in Table 4. It can be noticed that
relying only on synchronous generation’s inertia will most likely result in unstable power networks.
Therefore, utilization of synthetic inertia sources becomes mandatory in fully renewable power systems.
Furthermore, it can be concluded that the role of battery energy storage systems is crucial when stability
of the network is considered.
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Figure 10. Hourly ROCOF values for ‘I3 Announced cost’ scenario 2040 for different generation
technologies inertia contribution is considered. Highest ROCOF values are obtained when only
synchronous inertia is utilised. Then by adding first synthetic inertia from wind then from solar PV
and finally from battery the ROCOF value can be reduced to suitable levels.



Energies 2018, 11, 972 19 of 30

Table 4. Synthetic inertia analysis and Rate-of-Change-of-Frequency (Hz/s) in Sub-Saharan Africa
power system with different scenarios. Possible inertia of HVDC power lines, PtG units and demand
response is not calculated, but would further improve the energy system stability in reality.

2030 2040

Contributing
Generation

Reference
Scenario

I3 Announced
Cost

GI
0%

GI
100%

Reference
Scenario

I3 Announced
Cost

GI
0%

GI
100%

Only synchronous units Max 4.71 4.50 3.69 3.77 12.97 12.34 10.41 10.35
Min 0.69 0.67 0.58 0.59 0.45 0.44 0.42 0.42

+Wind inertia
Max 3.10 3.00 2.62 2.65 10.97 10.52 9.04 9.00
Min 0.55 0.54 0.49 0.49 0.40 0.40 0.38 0.38

+PV inertia
Max 2.76 2.68 2.37 2.40 7.19 7.00 6.32 6.30
Min 0.55 0.54 0.49 0.49 0.40 0.40 0.38 0.38

+Battery inertia Max 0.20 0.20 0.21 0.21 0.16 0.16 0.17 0.17
Min 0.03 0.04 0.04 0.04 0.01 0.01 0.01 0.01

+HVDC inertia
Max
Min

+PtG inertia
Max
Min

+Demand response Max
Min

8. Discussion

In the light of improving the energy outlook of SSA, several institutions have proposed a
cross-border energy integration scheme as a top priority for tackling the pertinent energy situation [7].
Hydropower projects, in particular large hydro dams and long distance power grid systems, are
envisioned as the cornerstone of the African power grid, and as solution to the region’s energy
woes [5,7]. Advocates of large hydro dams have often exaggerated the benefits of developing the Inga
project, while the true risks of the project are neglected. However, it needs to be highlighted that a
project of this scale may be overwhelming for the continent, due to several requirements that need
to be fulfilled in order to realise its full completion [7,14]. To achieve a regional electricity project of
this dimension, it calls for a further development of the cross-border transmission network from DRC
to other regions of SSA [7]. By 2040, according to the New Policies Scenario of the IEA, the annual
investment in the transmission and distribution grid should increase to about nine fold the current
level [1]. Recent actions on grid expansions in SSA are undermined by increasing population growth
in remote areas and by poor central grid and power generation [19]. The recipients of hydropower
transmitted over long distance are not the un-electrified majority, but industries and urban centres, as
happened in the case of Kariba and Cahora Bassa dams on the Zambezi River [7,16]. Yet, electricity
from large hydropower will likely elude the majority of Africans who live far from the power grid,
due to prohibitive cost of grid expansion [7]. In addition, power from large hydro dams such as the
Inga are not intended to improve rural areas in need of electricity or supply domestic users [7,13,79].
This defers from Sustainable Development Goal 7 (SDG7) and the UN’s Sustainable Energy4All
initiative; to achieve universal access by 2030 [90,91]. Hence, PV-based mini-grids and stand-alone
solar home system solutions are less capital intensive and can ensure electricity access to millions in
SSA. More so, identifying alternative electrification options (off-grid electrification) in places of grid
extension for the un-electrified people, particularly in rural areas, is pertinent [92–94]. However, there
is need to consider economic viability, geographical potential, compatibility of (renewable) technology
options, spatial factors, and techno-economic analysis in identifying least cost electrification options to
end energy poverty in remote areas of SSA [94–96].

Furthermore, electricity expansion via grid extension has not eradicated the energy poverty in SSA.
The New Policies Scenario of the IEA suggests mini-grid and stand-alone technology to account for
26 TWh and 12 TWh of energy generation, respectively, in SSA by 2040, of which solar PV contributes
37% and 47% of the technology mix, respectively [1]. According to Blechinger et al., two scenarios were
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modelled to understand the effects on future grid extension plans in SSA. In the first scenario based on
the existing grid, 76.6 million people (12%), 290.3 million people (47%) and 252 million people (41%)
can be electrified by mini-grids, grid extensions and solar home systems, respectively. The second
scenario, in which modelling was based on the planned grid, 50.5 million people (8%), 381.5 million
people (62%) and 187.6 million people (30%) can be electrified by mini-grids, grid extensions and solar
home systems, respectively [19]. Solar PV technologies dominate the off-grid market [97]. The market
for solar-powered lights, solar home systems and basic appliances has grown rapidly over the past
five years, with over 24 million units sold [98]. In the past five years, Pay-as-you-go (PAYG) solar
companies have raised over 360 mUSD in capital and served about 700,000 customers in East and West
Africa [98]. In addition, the prominent role of PV and battery technologies, according to this current
study for a RE-based power system, needs to be highlighted. Solar PV emerges as the dominating
technology in all the scenarios for the years 2030 and 2040 in SSA. The highest installed capacity in all
scenarios examined is 176 GW and 630.6 GW in 2030 and 2040, respectively. The increase in installed
capacity of PV by 2040 can be explained by an expected ongoing steady decline in PV cost beyond
the year 2030 [99]. In addition, the generation of PV for all scenarios is 364 TWh (38% of total) and
1305 TWh (78%) by 2030 and 2040, respectively. The high share of PV can be explained by the fact
that PV will be the least cost RE technology in most parts of the SSA by 2030 and 2040. Also, the
decreasing cost of battery storage pushes this trend. By 2040, the development becomes evident in
terms of installed power capacity and electricity generation. For all scenarios considered, battery
storage output reached 77 TWh and 499 TWh by 2030 and 2040, respectively. Reliance on battery
storage, especially during evening and night hours, results from the use of PV. This trend is intensified
from 2030 to 2040.

The total installed wind capacity has the second highest share of all power technologies in all
scenarios considered. The highest capacity of wind for all the scenarios examined is 133 GW and
60 GW in 2030 and 2040, respectively. The role of wind energy is limited in SSA due to declining PV
CAPEX. PV prosumers contribute with 11% in 2030 and 20% in 2040 of the total electricity generation
in SSA. PV prosumers constitute 61.1 GW and 198.3 GW in 2030 and 2040, respectively, for all
scenarios. In all scenarios the prosumer battery storage capacity is 72.2 GWh and 432.3 GWh by 2030
and 2040, respectively. A recent global report revealed an increase in new capacity installation of
RE, from 127.5 GW in 2015 to 138.5 GW in 2016, excluding large hydro dams, which represents a
15 GW increase [98]. In the same report, solar PV and wind installations increased by 75 GW and
56 GW, respectively, more than any other technology in the same period of time [98]. Regarding land
requirement, the specific capacity density derived in the LUT model is 75 MW/km2 for optimally
tilted PV and 8.4 MW/km2 for onshore wind [39]. Hence, an area of 1501 and 5787 km2 is needed for
solar PV in 2030 and 2040 respectively, representing 0.006% and 0.02% of SSA land area. Similarly, the
wind capacities require an area of 15,905 and 7202 km2 in 2030 and 2040 respectively, representing
0.06% and 0.03% of total area of SSA. The area requirement is very small and wind energy can be even
integrated in arable land.

On the other hand, the inaccurate prevalent perception is that mega dams can provide the least cost
electricity to meet the energy deficits in developing countries [5,12]. Moreover, hydropower projects
often do not account for social and environmental costs. Large hydropower projects are expensive: the
Grand Inga project is costly, and the cost analysis of the project, carried out 10 years ago, led to estimated
cost of 80 bUSD [51].Very large-scale hydropower projects are becoming more risky due to substantial
cost overruns, length of construction and uncertain climate change impacts [5]. Recent studies have
analysed investment risks and cost overruns among electricity generation technologies and revealed
the high risks for large hydro dams, at the level of nuclear power stations. This is in contrast to a
very low risk for solar and wind energy projects [10,27,28]. Hydroelectric projects exhibit an average
overrun cost of 70%, and one plausible explanation for the huge costs overruns of hydro projects
is the high material intensity compared to other energy sources [27]. A more recent study reported
overwhelming evidence that the actual costs of large hydropower dams were on average 96% higher
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than initially estimated [10]. Likewise, the World Bank has noted significant cost overrun tendencies
in some of their assessments of large hydropower projects [24]. In this work, categories of scenarios
based on announced and expected costs were defined. Simulations have been carried out for cost
escalations from 0% to 100% in 5% steps for the Grand Inga project in 2030 and 2040. An inflection
point slightly over 35% was found for 2030 assumptions, i.e., the relative percent increase in LCOE was
zero for the entire SSA region, meaning that a cost escalation beyond 35% for the Grand Inga project
makes it economically non-beneficial. Moreover, by 2040, the inflection point dropped to below zero,
with reference at −5%, i.e., by 2040, which means that even at the announced cost the Grand Inga
project has a negative economic effect for the SSA region. In 2040, the result of this research reveals that
solar PV dominates in terms of installed capacities, due to its fast development and continuous cost
decline. The predominant role of solar PV and battery storage, due to highly favourable economics,
was observed in this work. SSA can mainly be powered by solar PV and complemented by wind energy.
In addition, a recent study on multi-criteria assessment for Africa demonstrates a large potential for
utility-scale solar and wind energy developments [100]. Furthermore, in fully RE based power systems
the inertia will become low, since the rotating mass of the connected synchronous machine is reduced.
In this study, the minimum and maximum ROCOF values for all the scenarios was estimated. It was
observed that relying on synchronous generation’s inertia will most likely result in unstable power
network. Thus, utilization of synthetic inertia source from PV systems, wind turbines and in particular
battery storage becomes essential in this analysis.

Regarding LCOE, a decline occurred in LCOE in 2040 when compared to 2030 in all the scenarios
examined; for instance, the overall average LCOE decreased from 54.5 €/MWh in 2030 to 42.0 €/MWh
in 2040, in the case of Grand Inga +50% cost scenario as shown in Supplementary Material Figure S6
(top left and bottom left), respectively. The plausible reason for the reduction in LCOE can be attributed
to the reduction in cost of RE technology, in particular solar PV and batteries, which dominate the
power system.

In addition, very large-scale hydropower projects fail to realise social benefits of meeting current
unserved energy needs due to their long times of construction [5,7]. Hence, solar and wind generation
are capable of addressing severe energy shortage in SSA due their fast deployment and short project
periods, both on-grid and off-grid [5]. Moreover, studies modelling an optimal mix of RE revealed the
possibility of meeting future energy demand through operating the existing hydropower plants, and
new added wind and solar capacities [40,101]. Furthermore, from an energy security point of view, it
is risky for SSA to depend on a single project or technology, as power disruption is rather likely for the
countries importing electricity from such a source.

The development of the Grand Inga project has only been justified as part of a regional energy
master plan, for which a single country such as DRC cannot justify the need [7]. The Inga 1 and Inga 2
hydropower plants, which have caused half of the current external debt of DRC, have not functioned
in their full capacity since their commissioning due to lack of maintenance [53]. Why should a project
of this dimensions be built in a nearly failed state? However, external forces from developers and
South Africa are the major drivers for the development of the Grand Inga hydropower project [7].
In 2008, South Africa experienced a severe energy shortage, which led to a call for major infrastructure
development. Consequently, the South African government were prompted to consider new energy
projects and partners. By 2011, a partnership agreement was established between South Africa and
the DRC concerning the development of Inga 3 [50]. The capacity of Inga 3 is estimated to be 4.8 GW
when (and if) completed, of which 2.5 GW would be dedicated to South Africa, 1.3 GW to the mining
industries in the Katanga valley and the remaining 1 GW to the Congolese state utility [5]. Between 2011
and 2014, a cooperative framework for the entire project was established. Also, a memorandum of
understanding and bilateral treaty was signed by both governments and approved by their respective
legislatures. The document specifies that the national utilities of both countries would primarily
facilitate the funding, construction and management of Grand Inga [50]. The Republic of South Africa
has shown strong interest for energy that could be produced at the Inga site [59]. In order to meet its
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growing electricity demand and in particular for the mining industry, one of the major contributors to
the South African economy, Eskom (the South Africa national utility), sees hydropower from Inga as a
means to secure uninterrupted power supply for South Africa [7,59].

Beyond the substantial financial risk associated with large dams, the environmental consequences
of hydroelectric dam development, which include long-term ripple effects on biodiversity
and ecosystems, are rarely considered, often underestimated or largely ignored during dam
planning [13,102]. Further damming of the Congo River would affect the local environment, regional
ecosystem and the global climate [46–48]. The ‘Congo Plume’, which represents the largest carbon
sink in the world, can be disrupted by additional dams, hence contributing to climate change [48].
The Congo River has vast biodiversity, and has the second highest diversity of fish species [103,104],
over 450 being endemic species. The rare species of fish, plants and animals mentioned in Section 3 are
at risk of being affected, or in an extreme case might be in danger of extinction [56,98]. The overall effect
of GI would be severe, changing the downstream river ecology. Furthermore, flooding of the Bundi
Valley to create a reservoir can lead to huge methane emissions and disease outbreaks. The unique
ecological features of the Congo River basin, would be unavoidably affected, by building more dams
on the river [105,106].

Regarding GHG emissions, recent investigations reveal that large dams emit GHGs, particularly in
the tropic regions [63,64,107–113]. Reservoirs in tropic regions can produce up to 20 times the amount
of GHGs in comparison to reservoirs in boreal regions, because of the high rate of biodegradation [111].
Lifecycle GHG emissions from reservoirs are estimated to be in the range of 0.5–152 g CO2eq/kWh in
boreal regions, while tropical reservoirs can produce up to 1300–3000 g CO2eq/kWh [111]. Degassing
CO2 emissions from turbines and spillways account for 0–16%, and downstream emissions account
for 1.6–32% of total CO2 emissions. There are four types of GHG emissions from water reservoirs,
which are degassing emissions at turbines and spillways, diffuse emissions, ebullitive emissions and
downstream emissions. Ebullitive emissions represent the dominant source of methane emissions from
the surface of tropical reservoirs [112]. The first global assessment on GHG emissions from reservoirs
emphasised the possible significance of reservoir surfaces as a GHG source, and proposed that factors
such as age, water temperature and organic input could regulate fluxes. A recent study highlights
the dominant role of methane in total reservoir carbon emissions, and highlights the importance of
including ebullitive methane emission in modelling efforts [113]. Therefore, the reservoir required for
GI would further generate CH4 emissions, resulting in substantial GHG emissions.

Further research will have to be conducted on the GI project with an energy transition model
from 2015 to 2050. In this research the development phases of the GI project from Inga 3 to 8 will have
to be considered in the transition model, with respect to proposed years of completion of each phase of
the project. The development phases of the GI, maximum installed capacities and assumed years of
commissioning are as follows: Inga 3 high-head (2025) 3037 MW, Inga 4 (2030) 7182 MW, Inga 5 (2035)
6970 MW, Inga 6 (2040) 6684 MW, Inga 7 (2045) 6706 MW and Inga 8 (2050) 6747 MW. In addition,
it would be of high interest to analyse the benefits for South Africa, if any, in particular since South
Africa has access to excellent domestic solar and wind resources, which can also represent respective
low cost.

9. Conclusions

RE technologies, like solar PV and wind energy, have the potential to meet the energy demand
sustainably and are also becoming increasingly cost-effective in SSA. In addition, this study confirms
that hydropower as well as power generated from waste and biomass should serve only as gap-filling
resources for an effective and stable power system in SSA. Hence, new investments in low cost solar
PV and wind energy should be considered in SSA. The intermittency of RE can be circumvented
with the integration of storage technologies, in particular battery storage, to store electricity during
daytime that can be used at periods of highest demands and night hours. The integration of solar PV
and battery storage was found to be cost effective. The LCOE obtained at the inflection point (near
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+35% of the announced cost for 2030 and −5% of the announced cost for 2040), the point at which
the relative difference LCOE is zero for the entire region, is 54.4 €/MWh in 2030 and 41.7 €/MWh in
2040, while the LCOE obtained for 100% GI cost overrun in the DRC region is 68.4 €/MWh in 2030
and 60.4 €/MWh in 2040. These are 79.5% and 69%% higher than the reference averages, respectively.
The presented detailed cost analysis for SSA clearly reveals that it is highly unlikely that future
Inga hydropower capacity expansions can compete with solar PV and wind energy, in particular
taking into account not just the planned, but the expected investment cost. The Grand Inga project
and several other hydropower projects have been proposed with little or no regard to whether they
are the best option to meet the not yet electrified population of SSA. Large scale projects, like GI,
are not the kind of investment required (nor intended) to electrify the unserved 600 million SSA
inhabitants. This is in contrast to small scale and distributed solar PV solutions and continuous grid
extensions. Energy planners for SSA should clearly strike a balance between energy needs for industrial
purpose and human development. Cross-border energy supply in SSA should incorporate diverse
energy resources across the region, and not on a single point project (like GI), to ensure secure energy
supply. Beyond the financial risk that can be incurred from building the GI dam, severe environment
disruptions would be caused from diverting river flow to create the required reservoir. This would
cause further GHG emissions (particularly methane). Furthermore, river ecosystem alteration and loss
of endemic species are inevitable by further damming of the Congo River.

The results demonstrate the potential for large scale deployment of RE technologies in the SSA
region. Which expresses the need for cross-border cooperation and transmission infrastructure to
enhance shifting of energy from one point in time to another, enabling large scale of generation and
demand balancing between the different sub-regions. A 100% RE-based system is reachable and a
real policy option in SSA. Policy action that will restrict new investments in fossil power plants and
facilitate RE development in long-term perspective is exigent. This study shows the important role
of solar PV and wind energy in a least-cost electricity supply for SSA. Thus, energy policies in the
region should place solar PV and wind energy more at its core. In addition, the current emphasis
on large-scale hydropower projects in some regions of SSA should be revised, whether the same
electrification targets could be achieved faster, for a substantial lower risk of time and budget overruns,
less environmental impact and finally even lower total cost, if more solar PV and wind energy would
be part of the energy planning.

The limitations of the research are, first, the constraints of the model. The model excludes other
energy sectors than the investigated power sector, such as transportation, heating, non-energetic
industrial demand and water desalination. These additional sectors would affect the distribution of
installations, however it is unlikely to significantly change the outcome. Also, the model operates
within the constraints of the assumptions and estimations used for the calculations, while the
projections of the future may develop both in different ways and even in different directions.

Supplementary Materials: The following are available online at: http://www.mdpi.com/1996-1073/11/4/972/
s1. (References [114–121] are cited in the Supplementary Materials.)
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a b s t r a c t

In order to achieve targets set by the Paris Agreement and limit global average temperature increase to
well below 2 �C above pre-industrial levels, an assessment and a low carbon transformation is needed for
all types of human activities. Cement production is associated with high levels of CO2 emissions, with an
average of 866 kg of CO2 emitted per ton of cement produced. This positions the cement industry as one
of the main sources of anthropogenic greenhouse gas emissions accounting for about 5% of the total,
right after the chemical industry and more relevant than the iron and steel industry. About 50% of the
emissions are caused by burnt fuel, related transport and other inputs, which can be currently
substituted by other measures. However, the CO2 emissions which originate from input limestone cannot
be avoided. These process CO2 emissions present a potential for carbon capture and utilisation. This
research proposes a global potential analysis of CCU as a possible solution for the CO2 emissions of
cement production. Cement CCU may establish a substantial route to use CO2 for synthetic hydrocarbons
production and thus contribute towards mitigating the non-substitutable CO2 content of the limestone-
based raw material. The production of renewable electricity based synthetic hydrocarbon fuels by CO2

captured from cement plants, counts for a potential to produce between 3639 TWhth and 7355 TWhth of
liquid hydrocarbons, or 6298 TWhth and 12723 TWhth of synthetic natural gas, or a mix of both at the
expected global cement peak production in 2040.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The cement industry produces the second most consumed
product by weight in the world after steel, utilising roughly 1.9% of
the global electricity generation ([IEA] e International Energy
Agency, 2018; [IEA] e International Energy Agency, 2017).
Thereby releasing globally from 5% to 8% of anthropogenic CO2
emissions (Richards and Agranovski, 2017; Summerbell et al., 2016;
Kajaste and Hurme, 2016; Miller et al., 2017). The industry uses an
average global energy demand of 1.025 MWhth and releases
greenhouse gas (GHG) emissions of 866 kg of CO2eq per metric ton
(referred just as ton in the rest of the paper) of clinker, respectively
(Summerbell et al., 2016). Furthermore, the global cement industry
has grown by a factor of 25 compared to 1950's level, increasing
capacity by 73% from just 2005 to 2013 (Kajaste and Hurme, 2016).
Moreover, China produced and consumed more cement between
2011 and 2013 than the United States of America in the previous
100 years (Kajaste and Hurme, 2016), adding up to around 3.8 Gt of

cement production and 3.2 Gt of CO2eq emissions and 3.895 TWhth
of energy consumed in 2012 (Miller et al., 2017).

However, reducing emissions from the process of cement
making is not so straight forward, since it depends on different
factors. According to (Summerbell et al., 2016) and (Maddalena
et al., 2018), roughly 50% of the GHG emissions from the cement
manufacturing process are material-derived, 40% are fuel-derived,
electricity accounts for 5% of the emissions and transport gener-
ates the residual 5%. The GHG emissions can depend on factors such
as technology used, fuel type, emission control system, geographic
location, and the source of electrical power (Summerbell et al.,
2016). Emissions from the raw material are due to the chemical
composition of limestone (CaCO3), which through thermal pro-
cessing releases CO2 to reduce the compound to lime (CaO), the
core component of cement.

Fig. 1 shows a simplified flow diagram of the cement
manufacturing process from mining to final product. Details of the
manufacturing process are provided by (Gao et al., 2016; Song et al.,
2016). Several stages of the cement production process can be fully
decarbonised. Electricity can be produced from renewable sources
(Breyer et al., 2018) and carbon-neutral fuels can be generated
(Fasihi et al., 2017) to use for the transportation of cement and
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provide the required heating for thermal processing. The thermal
processing can also be done by electricity (Makul et al., 2014) or
direct solar energy (Licht et al., 2012) instead of fuels, but the
material-derived emissions cannot be easily avoided.

Nevertheless, in order to achieve the targets of the Paris
Agreement ([UNFCCC] e United Nations Framework Convention on
Climate Change, 2015) and prevent global average temperature to
raise above 1.5 �C pre-industrial levels, it is necessary to get as close
to zero GHG emissions by 2050 as possible. The power sector can be
transformed to zero GHG emissions in a relatively easier manner, if
strong commitments are made, as the resources and conditions are
proven to exist already, and expected to further develop in the next
few years (Breyer et al., 2018; Ram et al., 2017). Whereas, cement
manufacturing as it is, is incompatible with the zero emissions
requirement of the near future. Limestone is considered equivalent
to coal by (Zero Carbon Industry Plan, 2017), as the thermal pro-
cessing of limestone releases a similar amount of CO2 as the com-
bustion of coal for its thermal energy. Also, both limestone and coal
are carbon sources of fossil origin. Also in (Zero Carbon Industry
Plan, 2017) cement is proposed, just as coal, an important candi-
date for carbon capture, though it is pointed out in the same study
that carbon capture and storage (CCS) is not a viable strategy for
cement emissions, just as it has proven to be in the case of coal-
fired power plants. CCS is highly dependent of geographical and
geological conditions and it would double the capital and opera-
tional costs of a cement plant (Zero Carbon Industry Plan, 2017).

Alternatives to limestone for cement production are also pro-
posed in (Zero Carbon Industry Plan, 2017), some even with po-
tential of negative carbon emissions. However, switching to such

alternatives are still farfetched, as the properties and durability of
alternative compounds are still to be tested, both in laboratories
and in real life applications. Therefore, in this research yet another
alternative is proposed, carbon capture and utilisation (CCU). CCU
has the potential of compensating for the offset in capital and
operational expenditures added by adapting carbon capture to the
cement process. By utilising the captured carbon to produce syn-
thetic (and valuable) hydrocarbon fuels or chemicals (Fasihi et al.,
2017; Marzi et al., 2017), it is possible to compensate to some
extent, both the cost of carbon capture, and also carbon emissions
of the otherwise utilised fossil derived hydrocarbon fuels, at least
during the transition period. One type of CCU in the case of cement
and concrete that has considerable research behind is the carbon-
ation curing of concretemasonry blocks (El-Hassan and Shao, 2015;
Ghouleh et al., 2017; Zhang and Shao, 2016; El-Hassan et al., 2013).
These precast blocks can absorb between 17% (Ghouleh et al., 2017)
and 25% (Zhang and Shao, 2016) of their mass in CO2 while
perceiving an increase in their compressive strength. However,
precast concrete represents only 20%e30% of the global market of
concrete (Zhang and Shao, 2016).

After the phase out of fossil fuels in the cement production
process, the net GHG emissions of the cement process cannot be
avoided anymore. However, it may still lower the costs of synthetic
hydrocarbon production for a lower CCU cost compared to the CO2
direct air capture alternative. Multiple technologies have been
proposed for carbon capture from the cement process. Amine
scrubbing, already available for other processes shows high po-
tential, but also new concepts such as calcium looping (CaL) could
eventually prove to be advantageous alternatives. Carbon capture

Nomenclature

BAU Business as usual
BCSa Best case scenario - alternative fuels
BCSe Best case scenario - electric
CaCO3 Limestone
CaL Calcium looping
CaO Lime
CC Carbon capture
CCS Carbon capture and storage
CCU Carbon capture and utilisation
CO2 Carbon dioxide
CO2eq Carbon dioxide equivalent
CSIt Cement sustainability initiative target
DAC Direct air capture
FLh Full load hours
GDP Gross domestic product

GHG Greenhouse gases
HHV High heating value
LCOE Levelised cost of electricity
MENA Middle East and North Africa
Mt Megaton
MWhth Megawatt hour, thermal
PtG Power-to-gas
PtL Power-to-liquids
PtX Power-to-X
RE Renewable Energy
R2 Coefficient of determination
SAARC South Asian Association for Regional Cooperation
SNG Synthetic natural gas
TWhth Terawatt hour, thermal
TWhel Terawatt hour, electric
WBCSD World Business Council for Sustainable Development

Fig. 1. Simplified flow diagram of the cement manufacturing process. The percentages of process emissions are estimated and exclude the steps before preheating (mining,
grinding, preheating, etc.), and after the cement production (packaging, transportation).
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techniques can be further improved by oxy-combustion. A techno-
economic analysis of the different technologies and their forecasted
efficiencies are presented by Leeson et al. (2017). Reported effi-
ciencies vary widely in forecasts (from 52% to 94%) even for the
same analysed process (CaL), and further scepticism should be
given to overly high efficiencies, taking into account that none of
these technologies are yet commercially available for the cement
industry. The assumed incremental efficiencies for carbon capture
(expecting the process to improve over time) are 60%, 70% and 80%
for 2030, 2040 and 2050 respectively, as the technology evolves
(Gibbins and Chalmers, 2008).

2. Methodology and data

A comprehensive list of all cement production sites, as well as
their operators, capacities, and host countries were obtained from
the Global Cement Directory (Global Cement Directory, 2016),
which were compared and complemented with (World Business
Council for Sustainable Development, 2014), and further
compiled into a database. The database on a country basis is pro-
vided in the supplementary material to this research. Furthermore,
each cement manufacturing location obtained from the afore-
mentioned sources was then localised through satellite aerial view.
All of the active and registered cement factories across the world
are plotted and shown in Fig. 2.

In Fig. 2 are plotted the over 2300 operating cement production
sites from a total of over 2500 currently registered (the difference
being deactivated, under construction or in planning plants). A few
of them (1.3%) are capable of producing several tens of megatons
(Mt) per year, some others producing just kilotons of special con-
cretes per year, but the majority of the production sites (63% of the
active cement plants) produce between 0.4Mt to 2Mt per year.
Active cement plants by the end of 2016 registered in the database
sum up to a production capacity of 3746Mt of cement per year. It is
clear from Fig. 2 that the cement is produced globally, but mostly
consumed locally, as limestone is a rather commonly available raw
material and the production process and machinery are simple

enough to be deployed close to demand sites. Fig. 3 shows how the
cement plants are distributed by capacity. As it can be seen, globally
83% of the cement is produced in plants with capacities of over 1Mt
per year, and 28% is produced in plants with capacities of over 4Mt
per year.

Cement production, as shown in Fig. 2, tends to be close to
population centres, as those places represent the target consumers
of the product. As it is used for housing and infrastructure such as
roads, hospitals, schools, sewage, etc., which is further driven by the
cost structure and the high density of cement leading to fast rising
cost fractions of transportation as a function of distance. Much like
population, China holds the highest capacity in a single country
with 36.8% of the global cement production. Other countries with
high production capacity shares of cement are India (8.7%), United
States of America (3.3%), Russia (3.0%), Vietnam (2.8%), Turkey
(2.6%), Brazil (2.3%) and Iran (2.3%). Together the top 10 cement
producing countries hold 65.7% of the total global production.

An extract of the database and the main countries across the
world in cement production capacity are presented in Table 1. The
CO2eq emissions are estimated based on (World Business Council
for Sustainable Development, 2014) records by taking an average
of the emissions per ton of cement in the past 10 years in each
region, as the emissions depend to some degree on the location and
quality of the raw material.

Fig. 4 shows the total active production capacity installed in
regions. The scale was set as logarithmic since the difference in
active installed capacities has large variations from region to re-
gion, especially when compared with China.

So far, proposed roadmaps for carbon reduction as mentioned in
(Summerbell et al., 2016; Kajaste and Hurme, 2016; Miller et al.,
2017; Marzi et al., 2017; Liu et al., 2017; Jibran et al., 2017; Gao
et al., 2017) present de-carbonisation strategies for replacing fos-
sil fuels with synthetic or carbon neutral ones and using RE sources,
which still leaves a potential of around 1.56 Gt of GHG emissions to
be tackled by 2050, while double of that is already being emitted
today. Some of these strategies can (and are expected to) be
implemented to reduce GHG emissions immediately, but the

Fig. 2. Global cement production sites. Larger circles represent production sites of significantly higher capacity than the others. Data are obtained from (Global Cement Directory,
2016; World Business Council for Sustainable Development, 2014).
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insufficiency of the approach to fully eliminate CO2eq emissions is
what sets the stage for carbon capture strategies.

Currently, the situation is as plotted in Fig. 5, showing the
consumption of cement per capita compared to the gross domestic
product (GDP) per capita globally. The red line (generated by the
function of Equation (1)) represents the projected demand of
cement per capita as a function of development of GDP per capita,
as van Ruijven et al. (van Ruijven et al., 2016) found a strong cor-
relation between GDP and cement and steel usage. Intuitively,
cement requirements are higher during the development phase of
each country, during which roads, harbours, airports, urban areas,
hospitals, schools, and many other infrastructures are built. Once
developed, the demand of cement per capita drops significantly, as
the requirement for new infrastructure is reduced to a minimum
and cement is then utilised mostly for maintenance and
replacement.

The coefficients have been optimised through an iterative pro-
cess, and the values are listed in Table 2. On the other hand, the
coefficient of determination (R2) is calculated, not only taking into
account the GDP per capita and the cement production per capita,
but also considering the capacity of each country as shown in
Equation (2). This is done with the intention to represent beyond

just the per capita values, also to take into account the very
important factor that is total production, as CO2 emissions are
directly proportional to this number. The variables of Equation (2)
are also introduced and defined in Table 2.

PK ¼
Pn

i¼1ðPi,KiÞ
n

q ¼
Xn
i¼1

�ðPi,KiÞ � PK
�2

b ¼
Xn
i¼1

ððPi � QiÞ,KiÞ2

R2 ¼ 1�
�
b

q

�
(2)

Each country analysed has GDP and population projections, as
well as cement production (and therefore cement production per
capita).

Fig. 3. Distribution of installed capacities by capacity range.

Table 1
Main countries in the cement industry globally, region distributions, and their respective estimated emissions. The capacity numbers are
for end of 2016 and equivalent to a full year of production. Data are taken from Global Cement Directory (Global Cement Directory, 2016).
The CO2eq emissions estimate is based on (World Business Council for Sustainable Development, 2014).

Country Cement Capacity [Mt/a] CO2eq emissions estimated [MtCO2eq/a]

China 1367.0 1170.1
India 324.6 276.3
United States 120.8 112.4
Russia 110.8 95.2
Vietnam 105.6 89.8
Turkey 96.4 82.1
Brazil 85.5 73.4
Iran 84.7 72.1
Saudi Arabia 73.5 62.5
Indonesia 71.7 61.0

Region Cement Capacity [Mt/a] CO2eq emissions estimated [MtCO2eq/a]

Global 3713.4 3206.9
Top10 2440.6 2094.9
EU-28 275.4 236.6
Share Top 10 65.1% 65.3%
Share EU-28 7.3% 7.4%
China only 36.5% 36.5%
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Fig. 4. Global cement production capacity installations structured in regions shown in logarithmic scale.

Fig. 5. Distribution of cement production capacity per capita over GDP per capita globally for the year 2014. The countries are indicated by their internet country code top-level
domains.

f ðxÞ ¼ A,eB,x þ C,eD,x þ E,eF,x þ G (1)
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Carbon and hydrogen are the main building blocks for hydro-
carbons and many other chemicals. In the power-to-gas (PtG)
approach, RE is used to generate hydrogen by water electrolysis. In
the next step, methane is produced synthetically from hydrogen
and CO2 by using the Sabatier reaction in a methanation unit. With
CO2 already available, the overall process can reach an efficiency of
65% based on high heating value (HHV) in 2030 (Fasihi et al., 2017).

In the power-to-liquids (PtL) approach, to generate longer-
chained hydrocarbons, H2 and CO2 are first converted to a
mixture of H2 and CO (known as syngas) in a reversewater-gas shift
unit. In the next step, the syngas is converted to syncrude (a
mixture of different hydrocarbons such as light fuel gases, naphtha,
kerosene, diesel and waxes) in a Fischer-Tropsch reactor. The heavy
liquids and waxes could be broken down to lighter hydrocarbons
with a shorter carbon chain in a hydrocracker unit. The system
could run on diesel or kerosene mode, aiming for the highest share
of each (60% diesel or 50% kerosene) in the output, according to the

demand. The PtL overall efficiency could reach 54% by 2030. In
addition, there would be excess heat available from both PtG and
PtL processes (Fasihi et al., 2017). The bulk chemicals such as
methanol can be produced in different reactors under different
chemical reactions (Marzi et al., 2017; Fasihi and Breyer, 2017).

2.1. Power-to-X assumptions

The idea or concept of applying carbon capture to the cement
manufacturing process has been analysed before. Different studies
compiled by Leeson et al. (2017) show a range of efficiencies and
techniques for carbon capture. The two main trends are amine
scrubbing and calcium looping, both supported by oxy-combustion.
The level of assumptions and considerations used by each of the
analysed cases is different, and so are the results, reporting for
processes of oxy-combustion þ CaL with efficiencies from 52% to
94%. This significant level of uncertainty and the fact that tech-
nologies proposed for carbon capture are at best in pilot stage for
the cement industry complicates the selection of a specific effi-
ciency. Instead, incremental efficiencies for carbon capture will be
assumed, using 60% efficiency until 2030 and increasing to 70% and
80% for 2040 and 2050, respectively. Furthermore, taking into ac-
count that only 50% of the emissions are associated with the
limestone thermal processing, rest of the emissions could be neu-
tralised by replacing the fuel from coal and natural gas with RE-
based carbon-neutral synthetic fuels, biofuels, waste, biomass or
avoided by direct use of renewable electricity. The transportation
share of the emissions can be avoided by usage of electric vehicles
or running combustion vehicles with synthetic fuels or biofuels.

In order to analyse the CO2 potential for synthetic hydrocarbons
four different case scenarios are defined, with the range of energy
consumption presented in Table 3 and level of emissions presented
in Table 4. The emission levels per ton of cement according to the
different scenarios are represented in Fig. 6 and the evolution of
CO2 emitted and captured as well as estimated cement production

Table 2
Value of constants and variable definitions for Equations (1) and (2).

Constant Value (Equation (1))

A 4.2$10�3

B e 9$10�5

C e 4.74$10�3

D e 1.6$10�4

E 1$10�6

F 9$10�6

G 2.5$10�4

Variable Definition (Equation (2))

f(x) Tailored fitting function for cement/GDP per capita projection
Pi Cement production per capita of country i
Ki Active cement production capacity of country i
Qi f(x) value for the GDP per capita of country i
PK Average value of the sum from i¼ 1 to n of Pi$Ki

R2 Coefficient of determination
n Total number of countries

Table 3
Estimated range of energy demand for different scenarios. Mean electricity demand for BAU is taken from (Gartner, 2004) and range of electricity demand is taken from
(Patricio et al., 2017). Range of heat energy for BAU is taken from (Summerbell et al., 2016). The following ranges are assumedwith themean values between the average in BAU
and the minimum for BAU, with BCSe having the most uncertainty.

Scenario Min Heat Energy Mean Heat Energy Max Heat Energy Min Electric Energy Mean Electric Energy Max Electric Energy

BAU 707 kWh 919 kWh 1616 kWh 70 kWh 106 kWh 140 kWh
CSIt 707 kWh 813 kWh 919 kWh 70 kWh 88 kWh 106 kWh
BCSa 707 kWh 813 kWh 919 kWh 70 kWh 88 kWh 106 kWh
BCSe 707 kWh 813 kWh 919 kWh 70 kWh 88 kWh 106 kWh

Table 4
Estimated cement production, CO2 emissions and captured CO2 potential for the different defined scenarios. The assumptions for the potential for the captured CO2 are 60% for
the years before 2030, and 70% and 80% for 2040 and 2050 respectively in all scenarios, and �6% clinker to cement ratio for CSIt and both BCS scenarios.

Total estimated emissions before carbon capture [MtCO2]

Cement production estimated [Mt] BAU CSIt BCSa BCSe

2015 3896 2934 2252 n/a n/a
2020 4569 3441 2640 n/a n/a
2030 5124 3859 2961 2098 1814
2040 4517 3401 2610 1849 1599
2050 3387 2551 1957 1387 1199

Total estimated captured CO2 potential for Power-to-X usage [MtCO2]
Cement production estimated [Mt] BAU CSIt BCSa BCSe Assumed CO2 capture efficiency

2015 3896 1672 1263 n/a n/a 60%
2020 4569 1961 1481 n/a n/a 60%
2030 5124 2199 1661 1259 1088 60%
2040 4517 2262 1708 1294 1119 70%
2050 3387 1938 1464 1109 959 80%
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is shown in Fig. 7. The efficiencies of carbon capture (excluding
transportation emissions) are 60% for the calculations before 2030,
and 70% and 80% for the years 2040 and 2050, respectively. The four
scenarios represent very distinct pathways, so that individual
pathways can be created as a mix of the presented scenarios to also
reflect different diffusion dynamics of new technologies and mea-
sures, which can be varied on a per country basis with the data
provided in the Supplementary Material. The scenarios are as
follows:

� Business as usual (BAU): Continuation with the current trends of
coal and natural gas for fuel with a 10% share of alternative fuels
(waste and biomass) at a global average, with considering the
specific average CO2 emissions of every region per ton of clinker
before carbon capture, according to the World Business Council
for Sustainable Development (WBCSD) database (World
Business Council for Sustainable Development, 2014).

� Cement sustainability initiative target (CSIt): WBCSD (World
Business Council for Sustainable Development, 2014) target for

Fig. 6. Emission levels by source for different scenarios.

Fig. 7. Timeline estimation of total global cement production (red), as well as CO2 released (R) in solid lines and captured (C) in dashed lines respectively for every scenario. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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CO2 emissions reduction, at �18.7% of BAU CO2 emissions per
ton of clinker (�24% net CO2 emissions) before carbon capture.
This is achieved through higher shares (up to 37%) of alternative
fuels utilised (assuming the CO2 fuel emissions presented by
(Schwartzb€oco et al., 2016) and the waste emissions measured
by (Ozcan, 2016)), and improving technology efficiency.

� Best case scenario - alternative fuels (BCSa): CO2 emissions
reduction of �42.9% of BAU per ton of clinker due to use of oxy-
fuel combustion with 50% hydrogen (rounded as the share of
hydrogen used in (Weil et al., 2006) and 50% waste as fuel for
thermal processing of limestone. Emissions from electricity and
transportation are excluded, as they cannot be captured, but in
principle could already be neutralised (e.g. through renewable
energy and use of electric vehicles). It is assumed that this
scenario can be achieved from 2030 onwards. The technology
improvements of the CSIt scenario are also assumed.

� Best case scenario - electric (BCSe): Emissions reduction of �50%
of BAU per ton of clinker by using electricity from RE sources,
and transportation emissions are neglected as in the previous
scenario. Use of electricity derived from renewable sources is
assumed to be used for the thermal processing of limestone
(Makul et al., 2014) (with only the emissions of the rawmaterial
remaining). It is assumed that this scenario can be achieved
from 2030 onwards and technology improvements of the CSIt
scenario are applied. This scenario may exhibit the highest en-
gineering challenges among the four scenarios as the process
itself would change substantially, and there is not yet technol-
ogy available at the commercial stage. Therefore, the assump-
tion on energy consumption is estimated as in BCSa and CSIt,
though when developed and implemented for industrial scale
the technology may show different consumption.

Considering the previously mentioned available CO2, two op-
tions are proposed for Power-to-X (PtX): synthetic natural gas
(SNG) production through Power-to-Gas (PtG) and synthetic liquid
hydrocarbons through Power-to-Liquids (PtL). The CO2 would be
provided by carbon capture technologies. The two leading tech-
nologies for carbon capture are calcium looping (CaL) and amine
scrubbing (Cormos et al., 2018), both fairly well developed for
application in energy conversion systems.

CaL consists of two interconnected fluidised bed reactors, of
which in the first (carbonation reactor) flue gas is treated with a
calcium-based sorbent (which can be lime itself from the cement
processing cycle) at temperatures in the range of 650e850 �C and
atmospheric pressure (Bosoaga et al., 2009). The formed particles of
CaCO3 are then separated and sent to the second reactor (calcina-
tion reactor), an oxy-fired fluidised bed at over 900 �C that pro-
duces a close-to-pure CO2 suitable for storage and lime (CaO) for
recycling into the carbonator (Cormos et al., 2018; Bosoaga et al.,
2009). Over several cycles, the lime loses reactivity and it be-
comes part of the clinker output, while new limestone for pro-
cessing can refresh the reactive lime into the reaction. The main
advantage of this technology is that flue gases can be treated at a
high temperature and low pressure that is already produced from
the cement processing process. However, there is still no research
on how the unreactive lime affects the characteristics of the clinker
or cement, and how it limits the capacity of concrete to later absorb
CO2.

Amine scrubbing, which is widely used in the chemical sector
(Cormos et al., 2018; Bosoaga et al., 2009), consists of chemical gas-
liquid absorption using alkanolamines. The flue gas is cooled down
and then treated by exposing it to contact with an amine liquid
solution in the absorption stack. Afterwards, the CO2-rich solvent is
transferred to another stack where it is treated with heat for
desorption, separating the CO2 for condensing and storage, and the

solvent for recycling back to the absorption column (Cormos et al.,
2018). One of the main disadvantages of amine scrubbing is the
need for cooling of the flue gasses before the treating and the
additional heating required for the desorption process. It should be
noted that, though both carbon capture techniques are fairly
developed, they are not efficiently coupled to the cement pro-
cessing system because of the differences of the cement processing
in comparison with other point source carbon emitters, such as
power plants.

3. Results

3.1. Current state

As shown in Fig. 5, China is positioned at the peak of the pro-
jection function. Even though the Chinese production and demand
from 2010 to 2013 was still increasing dramatically, in the past few
years it has halted and even decreased, due to basic infrastructure
being mostly deployed, resulting in under-utilisation and over-
capacities (Pro Global Media Ltd, 2014). Though the world's main
producing and consuming country seems to have already peaked,
still a large number of countries remain in the underdeveloped
zone of less than 10,000 V per capita, which means that the global
cement production is expected to grow. At the same time some
Middle Eastern countries such as Saudi Arabia, Qatar, Kuwait,
Oman, etc. show an “inflated” consumption of cement, mostly
because of the instantly generated wealth from the oil and gas in-
dustry boom in a previously heavily underdeveloped area.

Due to the high global cement demand, a CO2 emissions miti-
gation strategy should be implemented in order to achieve greater
sustainability, much more than what is already planned to be
implemented (World Business Council for Sustainable
Development, 2014). Several strategies are available for cement
GHG emissions reduction. From relatively simple ones like using
renewable electricity and waste as alternative fuel (Richards and
Agranovski, 2017; Kajaste and Hurme, 2016; Asamany et al., 2017;
Us�on et al., 2013), CCS (Zhou et al., 2016), and even CCU for pro-
ducing carbon nanotubes (Licht, 2017). Us�on et al. (2013) provided
an overview on alternative fuels usage and mentioned Norway,
Germany and Austria reaching an alternative fuel ratio in cement
production of 60.0%, 62.0% and 63.1%, whereas the Netherlands
achieved 83% replacement of fossil fuels with wastematerials. Us�on
et al. also report on the relative H2 share of syngas from various
wastes, such as 42.7% (municipal solid waste), 45.5% (biomass) and
51.5% (tyres).

Cao et al. (2016) further reinforced the finding of GDP and
infrastructure development dependency of cement per capita de-
mand. For this reason developing countries (India, Philippines,
China, Mexico, Vietnam, etc.) experience higher per capita demand
of cement than developed countries (Norway, United States,
Netherlands, Denmark, Japan, etc.) as shown in Fig. 5.

3.2. Future projections

Based on the GDP and infrastructure dependency premise, Fig. 8
shows a projection of the global cement production capacity de-
mand by country for 2020, 2030, 2040, 2050. The GDP projection is
taken from Toktarova et al. (2018). The cement production capacity
per capita and total capacities are adjusted to the growing GDP, as
the circles of each country approach the steady state of the pro-
jection line.

As shown in Fig. 8, due to the expected development of Asian,
African and Latin American countries (and despite China reducing
steadily its production) the global cement production capacity
demand is expected to increase from 3885Mt in 2014e4541Mt in
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2020, and further to 4909Mt in 2030. The global production is then
expected to decrease to 4165Mt in 2040 and 3198Mt in 2050,
reaching finally below current levels of demand.

3.3. Power-to-X potential

By 2050, and according to the calculations, the potential of
captured CO2 for PtX use would be distributed globally as shown in
Fig. 9. Using the aforementioned methods for CO2 utilisation, the
potential for fuel production based on HHV and the additional
demand of electricity and hydrogen to generate the desired fuels
are displayed in Table 5. Most of the additional electricity demand is
for hydrogen production through electrolysis. It can be noticed that

(due to projected global cement demand) the peak potential for PtX
production is reached in 2040 for all scenarios, (at a maximum of
about 7355 TWhth or 12723 TWhth of liquid hydrocarbons and SNG
respectively for BAU, 5555 TWhth or 9599 TWhth for CSIt, 4209
TWhth or 7288 TWhth for BCSa, and 3639 TWhth or 6298 TWhth for
BCSe).

The distribution of the synthetic fuels production potential
across the global regions is presented in Table 6. Though the global
synthetic fuels production potential (shown in Table 5) peaks in
2040, the tendencies for every individual region differs broadly. A
steep constant decrease is projected for Northeast Asia and a slight
decrease for Europe, regions which already have deployed most of
the required infrastructure. SAARC (South Asian Association for

Fig. 8. Distribution of cement per capita over GDP per capita globally for 2020 (A), 2030 (B), 2040 (C) and 2050 (D).
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Regional Cooperation) and Sub-Saharan Africa experience a well-
defined ‘rise-and-fall’ tendency, peaking in 2030 and 2040
respectively. The rest of the regions go through a rather flat
development over the years, with small variations in potential from
decade to decade, increasing or decreasing by small amounts.

Six out of the nine regions (excluding Europe, Eurasia and
Northeast Asia) are projected to have a higher CCU-PtX potential
(due to cement demand) than in 2015. From these regions, only
SAARC and Sub-Saharan Africa have a significant increase in po-
tential to 2015 levels for a factor of two and eight respectively. On
the contrary, Northeast Asian potential drops by around 50%, while
Europe and Eurasia drop by roughly 30% and 40% respectively. The
rest of the world regions experience almost insignificant increase
or decrease in potential from an absolute value point of view, but
not more than± 20% in relative values. Overall, the global potential
of PtX increases by 16% by 2050 compared to 2015 values, mostly

due to the assumed increase in carbon capture efficiency as the
global cement production is expected to decrease.

4. Discussion

Replacing cement and concrete by alternative substances or
materials, like magnesium based concretes (Zero Carbon Industry
Plan, 2017), has not yet been commercially developed or thor-
oughly tested and cannot realistically be considered to eliminate
the emissions from cement production. Therefore, because half of
the cement related GHG emissions originate directly from the
limestone, CCU appears to be so far the only viable option to at least
mitigate the GHG emissions in cement production. It would only
reduce final GHG emissions if fossil fuels were substituted, which
will be not anymore possible after the full ban of fossil fuels, which
is a clear consequence of the Paris Agreement. Zhou et al. (2016)

Fig. 8. (continued).
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pointed out, though in concept carbon capture is applicable to
cement processing facilities, it is not yet widely used or even
commercially available. Further development and demonstration
on this topic is still required, but should be eventually accom-
plished. Also, for the BCSa and BCSe scenarios electricity from a
fully renewable energy based system is assumed. While this is in
principle possible (Breyer et al., 2018; Fasihi et al., 2017; Ram et al.,
2017) the evolution of the global energy system is still not certain.

A new strategy for cement CCU has been presented, and the
regional and global potential from PtX has been shown. Different
demands for the captured CO2 may balance the supply: rather
passive applications such as enchantment of greenhouse horticul-
ture (Jordbruksverket, 2007) or concrete curation (El-Hassan and
Shao, 2014), to rather complex techniques like carbon nanotubes
synthesis (Zhou et al., 2016), liquid and gaseous hydrocarbon
generation (Fasihi et al., 2017; Barbarossa et al., 2014), plastics

(Van-Heek et al., 2017) and awide range of usable chemicals (Marzi
et al., 2017; Alper and Orhan, 2017; Fasihi and Breyer, 2017) and
other applications such as mineral carbonation (Patricio et al.,
2017), etc. Furthermore, it could also be expected that new tech-
nologies and uses for captured CO2 will be developed over time.
Nevertheless, the main demand sectors by volume are most likely
to be synthetic fuels (liquid and gaseous) and chemicals.

In addition, the actual impact of synthetic fuels on the overall
emissions of the cement industry could be discussed. Are CO2
emissions avoided or just postponed? Converting the captured CO2
into an energy carrier for later use eventually releases the captured
carbon. However, synthetic fuels from captured carbon not only
replace directly the emissions from the utilisation of fossil derived
fuels that would have been used otherwise, but also completely
avoid the emissions associated with the extraction and refining of
fossil fuels. In literature, there are discussed three main techniques

Fig. 9. Estimated captured CO2 by region by 2050 according to BCSa (top) and BCSe (bottom).

J. Farfan et al. / Journal of Cleaner Production 217 (2019) 821e835 831



for carbon capture from cement and respective mitigation, which
are post-combustion scrubbing CCS, oxy-combustion CCS and cal-
cium looping plus oxy-combustion (Leeson et al., 2017; Rodriguez
et al., 2012; Vatopoulos and Tzimas, 2012). The carbon capture ef-
ficiencies assumed in the presentedwork arewithin the boundaries
of 60% efficiency set by (Hills et al., 2016) and the 70% assumption
made by (Hills et al., 2017), and the maximum efficiency of 94%
reported by (Leeson et al., 2017). Efficiency for carbon capture from
cement can be rather controversial, since as pointed out by (Bains
et al., 2017), carbon capture has so far been applied only in one
case (and reference is not available for the case). Efficiencies up to
94% have been estimated (Goeppert et al., 2012), but in research
with such high reported efficiencies the assumptions are often
questionable or important factors, such as fuel derived emissions,
additional materials derived emissions, etc. are left out. The carbon
capture efficiencies are assumed as 60%/70%/80% for before 2030/
2040/2050 respectively, as carbon capture becomes an integral part
of the cement making process, the whole process could be better
adapted to CCU.

Therefore, still after carbon capture, 40%, 30% and 20% of the raw
material derived emissions would be directly released before 2030,
2040 and 2050 respectively. However, up to 43% of the rawmaterial
derived emissions (or around 21% of the current total emissions
over an 83 years period (Zero Carbon Industry Plan, 2017; Xi et al.,
2016)) is eventually absorbed by the concrete over its operational
lifetime. The remaining 60% of the limestone-derived CO2, after
being captured and utilised in hydrocarbons production (poten-
tially displacing fossil-originated CO2 emissions), would be even-
tually emitted to the atmosphere, but still the total emissions from
the cement process would be reduced by 70% compared to the BAU
scenario. Over time, as carbon capture becomes an integral part of
the cement production process, it is expected that adaptations can
be made to significantly increase the efficiency of carbon capture,
or even new better technologies could be developed.

Carbon capture (CC) from cement mills is in competition with
CO2 direct air capture (DAC) (Fasihi et al., 2018; Socolow et al.,
2011). A cheaper source of CO2 would result in lower synthetic
fuels production costs. The projected final costs for both technol-
ogies shows a great variance in literature. However, due to higher

concentration of CO2 in flue gases, the carbon capture process at
cement mills is most likely lower in cost than the major alternative
CO2 direct air capture, which in turn can reduce the synthetic fuel
production cost.

Carbon capture from cement mills, depending on the technol-
ogy, increases the energy consumption by 0.3e1.4MWh per ton of
captured CO2, and a cost of 13e124 V per ton of captured CO2
(Vatopoulos and Tzimas, 2012). Oxy-combustion with calcium
looping is considered as one of the cheapest options. In a cement
mill with carbon capture coupled to PtX, oxy-combustion tech-
nologies would benefit from the excess oxygen produced in the
electrolyser unit required for the PtX processes. The oxy-fuel
combustion needs less fuel, as the heat loss related to nitrogen
heating would be avoided. Avoiding nitrogen would decrease the
volume of flue gases, which would also lower cost of the plant due
to smaller flue gas facilities. In addition, CC cost would also
decrease because of a smaller volume of flue gases with a higher
density of CO2.

On the other hand, the reported costs for DAC are relatively
higher, in the range of 150e300V per ton (Keith et al., 2006; Simon
et al., 2011; Holmes and Keith, 2012; Mazzotti et al., 2013;
Climeworks, 2017; Nemet and Brandt, 2012) (the amounts reported
originally in USD are converted toV at a 1V to 1.33 USD conversion
rate, for the purpose of this work). Climeworks, as a forerunner in
this field, expects to reduce the costs to 75 V per ton for large-scale
DAC farms (Climeworks, 2017). Moreover, some literature suggests
costs below that, down to 45 V per ton (House et al., 2011; Breyer
et al., 2019) or even lower to 40e60 V/tCO2 by 2050 (Socolow et al.,
2011), which could be confirmed for the Maghreb region in the first
hourly modelling of CO2 capture (Fasihi et al., 2017). The current
consensus on the price of cement is 26 V per ton of cement for dry
kiln process with precalciner (Rodriguez et al., 2012). In addition,
the impact of energy cost would be minimised for a DAC unit with
low temperature energy demand coupled by PtX plants, as it could
receive about 87% of its energy demand from excess heat of syn-
thesis units. Thus, higher electricity prices would not have a major
impact on DAC.

Although cement CC could be lower in cost than CO2 DAC, other
factors for cheaper synthetic fuel production should be also taken

Table 5
Estimated synthetic fuel production potential based on CO2 emissions for the different defined scenarios for a carbon capture ratio of 60% for the years before 2030, and 70%
and 80% for 2040 and 2050 respectively in all cases. The input electricity is mainly used for the hydrogen production.

Input PtL PtG Difference to 2015 in %

Output year MtCO2 H2 TWh TWhe TWhth MtCO2 H2 TWh TWhe TWhth

BAU 2015 1672 8524 10515 5438 1672 11929 14366 9397 0%
2020 1961 9997 12332 6377 1961 13989 16847 11020 15%
2030 2199 11211 13830 7152 2199 15689 18893 12358 24%
2040 2262 11530 14223 7355 2262 16151 19451 12723 26%
2050 1938 9881 12189 6303 1938 13827 16652 10892 14%

CSIt 2015 1263 6437 7941 4107 1263 9009 10850 7097 0%
2020 1481 7549 9313 4816 1481 10565 12724 8323 15%
2030 1661 8466 10444 5401 1661 11849 14269 9334 24%
2040 1708 8707 10741 5555 1708 12186 14675 9599 26%
2050 1464 7462 9205 4760 1464 10441 12574 8225 14%

BCSa 2015 n/a n/a n/a n/a n/a n/a n/a n/a Difference to 2030 in %
2020 n/a n/a n/a n/a n/a n/a n/a n/a
2030 1259 6416 7914 4093 1259 8996 10834 7087 0%
2040 1294 6598 8140 4209 1294 9252 11142 7288 3%
2050 1109 5654 6975 3607 1109 7929 9548 6246 �13%

BCSe 2015 n/a n/a n/a n/a n/a n/a n/a n/a Difference to 2030 in %
2020 n/a n/a n/a n/a n/a n/a n/a n/a
2030 1088 5546 6842 3538 1088 7753 9337 6107 0%
2040 1119 5704 7037 3639 1119 7995 9628 6298 3%
2050 959 4888 6030 3118 959 6841 8238 5389 �13%
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into account. Access to relatively low-cost electricity with high full
load hours (FLh) at the location of cement mills is crucial for low-
cost hydrogen generation, as the other feedstock for fuel produc-
tion happens to have a bigger impact on the final costs of synthetic
fuels. As an example, for an electricity cost of 24 V/MWh and 6480
FLh and a CO2 cost of 20 or 42 V/ton in 2030, SNG could be
generated for a final cost of 53 or 57 V/MWh, respectively. How-
ever, such a good levelised cost of electricity (LCOE) and FLh may
not be achievable in most parts of theworld. An LCOE of 40V/MWh
with the same FLh, may have a relatively small impact on CO2
capture cost, but would increase the SNG generation cost to 78 and
82 V/MWh, respectively. Meanwhile DAC units could be located at
the best electricity generation sites in the world. With the elec-
tricity generation equal to the first case and a CO2 cost of 100V/tCO2,
SNG could be produced for a cost of 67 V/MWh, which is relatively
cheaper. In addition, it needs to be further investigatedwhether it is
appropriate to allocate the PtX plants close to the cement mills,

since logistical infrastructure is needed to transport the synthetic
fuels to the consumption sites. Some of the cement CCU potential
may be lost due to such locational mismatches.

5. Conclusions

Carbon capture and utilisation represents an important poten-
tial approach via synthetic fuel generation from cement
manufacturing process. Depending on scenarios, the fossil fuel
consumption can be fully eliminated by the usage of waste and
hydrogen, or a fully electric cement process. Emissions of the
limestone cannot be fully compensated. Reaching a maximum po-
tential peak in 2040, the production potential of synthetic hydro-
carbon fuels from carbon captured in cement plants and electricity
generated by renewables is between 3639 TWhth and 7355 TWhth
of liquid hydrocarbons, or 6298 TWhth and 12,723 TWhth of SNG
with the peak in 2040, globally. A considerable additional energy

Table 6
Estimated synthetic fuel production potential in regional distribution for all scenarios.

Region PtL [TWhth] PtG [TWhth]

BAU 2015 2020 2030 2040 2050 2015 2020 2030 2040 2050

Europe 583 550 464 435 414 1009 951 802 751 715
Eurasia 225 231 213 165 142 390 399 368 285 245
MENA 590 636 647 635 596 1020 1100 1119 1097 1030
Sub-Saharan Africa 209 505 1336 2014 1688 362 873 2311 3482 2918
SAARC 658 1237 1845 1776 1218 1138 2139 3191 3070 2106
Northeast Asia 2122 2021 1443 1158 1049 3668 3493 2495 2002 1814
Southeast Asia 462 583 630 555 542 799 1008 1090 960 938
North America 273 261 242 289 327 472 451 418 499 566
South America 296 331 312 323 316 511 572 540 559 546
Total Global 5438 6377 7152 7355 6303 9397 11020 12358 12723 10892

CSIt PtL [TWhth] PtG [TWhth]
2015 2020 2030 2040 2050 2015 2020 2030 2040 2050

Europe 441 415 350 328 312 762 718 606 567 540
Eurasia 170 174 161 124 107 294 302 278 215 185
MENA 445 480 489 479 450 770 831 845 828 778
Sub-Saharan Africa 158 381 1009 1519 1275 273 659 1745 2627 2204
SAARC 497 934 1394 1340 920 859 1615 2410 2316 1590
Northeast Asia 1602 1526 1090 874 792 2771 2638 1884 1510 1370
Southeast Asia 349 440 476 419 410 604 762 823 724 708
North America 206 197 183 218 247 357 341 316 377 427
South America 223 250 236 244 238 386 432 408 422 412
Total Global 4107 4816 5401 5555 4760 7097 8323 9334 9599 8225

BCSa PtL [TWhth] PtG [TWhth]
2015 2020 2030 2040 2050 2015 2020 2030 2040 2050

Europe n/a n/a 266 249 237 n/a n/a 460 430 410
Eurasia n/a n/a 122 94 81 n/a n/a 211 163 141
MENA n/a n/a 371 364 342 n/a n/a 642 629 591
Sub-Saharan Africa n/a n/a 766 1154 968 n/a n/a 1325 1995 1673
SAARC n/a n/a 1058 1017 698 n/a n/a 1830 1759 1208
Northeast Asia n/a n/a 827 663 602 n/a n/a 1431 1147 1040
Southeast Asia n/a n/a 361 318 311 n/a n/a 625 550 538
North America n/a n/a 139 165 188 n/a n/a 240 286 324
South America n/a n/a 179 185 181 n/a n/a 309 320 313
Total Global n/a n/a 4093 4209 3607 n/a n/a 7087 7288 6246

BCSe PtL [TWhth] PtG [TWhth]
2015 2020 2030 2040 2050 2015 2020 2030 2040 2050

Europe n/a n/a 229 215 205 n/a n/a 396 372 354
Eurasia n/a n/a 105 82 70 n/a n/a 182 141 121
MENA n/a n/a 320 314 295 n/a n/a 553 543 510
Sub-Saharan Africa n/a n/a 660 997 835 n/a n/a 1142 1724 1444
SAARC n/a n/a 912 879 603 n/a n/a 1577 1520 1042
Northeast Asia n/a n/a 713 573 519 n/a n/a 1233 991 897
Southeast Asia n/a n/a 312 275 268 n/a n/a 539 475 464
North America n/a n/a 119 143 162 n/a n/a 207 247 280
South America n/a n/a 154 160 156 n/a n/a 267 277 270
Total Global n/a n/a 3538 3639 3118 n/a n/a 6107 6298 5389
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demand is appended in order to produce the mentioned amounts
of synthetic fuels, 6030 TWhel to 12,189 TWhel for liquids and 8238
TWhel to 16,652 TWhel for SNG, respectively in 2050. However, in a
future energy system dominated by variable RE sources (Breyer
et al., 2018; Ram et al., 2017), the costs of electricity would be
significantly reduced. Production of synthetic fuels from captured
CO2 can be done in accordance to the variable renewable resource
availability, and further complement the energy system by func-
tioning as a “virtual” chemical energy storage, in particular due to
the synthetic fuel trading potential, as already discussed for the
case of the Maghreb region (Fasihi et al., 2017) and in East Asia ().

According to BP Energy Outlook 2017 (Gulagi et al., 2017), the
global oil and gas demand in 2015 were about 52,500 TWhth and
38,600 TWhth, respectively. These would increase to 60,300 TWhth
and 53,200 TWhth in 2035, respectively, according to the same
source. In BP's best case scenario, 2035 could be the peak year of oil
demand, with an almost even demand from 2030 to 2040. The
highest synfuel generation potential from cement mill's CO2
emissions in 2040 is about 15% of oil demand or 28% of gas demand
in 2035. Nevertheless, it is expected that in a world with high
shares of synthetic fuels, the light to medium transportation sector
would be electrified and the oil demand for power generation is
already substituted by renewable electricity. The electrification of
marine, aviation and some parts of the industry would be still
complicated or impossible, therefore a substantial hydrocarbon
demand will remain even in a net zero GHG emissions scenario
matching the Paris Agreement. However, only the non-energetic
demand for oil and gas in 2035 is expected to be around
10,600 TWh and 3600 TWh, respectively. This non-energetic oil
demand solely exceeds the synfuel generation potential from
cement CO2 emissions. Moreover, since the use of CCU for PtX does
not entirely eliminate the CO2 emissions from the cement pro-
duction, alternative uses for the CO2, or even alternatives to tradi-
tional cement and concrete, should be considered. In the discussion
section, an array of options for CO2 utilisation is presented, as well
as some of the alternatives to limestone for cement production.
Moreover, the constant ongoing research on construction materials
may provide more sustainable alternatives in the future.

The majority of PtX production potential (67%) at the 2040
projected peak is concentrated in the SAARC region, Sub-Saharan
Africa (ramping up) and Northeast Asia (despite the continuous
decrease). Northeast Asia, dominated by China, experiences a
reduction in synthetic fuel production potential from almost 39% of
the global potential in 2015, down to less than 17% in 2050. North
and South America show a rather stable potential throughout the
projected years, while Eurasia, Europe and Northeast Asia experi-
ence a significant reduction in their synthetic fuel production po-
tentials by 2050. The largest overall growth in synthetic fuel
production potential by 2050 compared to 2015 can be expected for
Sub-Saharan Africa, in the order of 800%.
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Water and energy are closely related. Thermal electric-
ity generation constituted of coal, gas, oil, biomass and 
nuclear power plants requires water for cooling pur-

poses. Water is also used in numerous technological processes to 
harness, extract and produce energy. Meanwhile, water extraction, 
treatment and distribution consume energy. This dependency is 
often called the water-energy nexus and is increasingly highlighted 
by many scholars and policymakers as a sustainability concern for 
future planning and for water security1–3.

The currently used technologies of thermal power generation 
heavily depend on water availability. Water scarcity, often perceived 
as a side issue of climate change, directly affects the capacity and 
reliability of thermal power. Moreover, increased water tempera-
tures and reduced river flow have led to forced reductions or even 
interruptions in power generation4,5 worldwide. This limitation to 
electricity supply, coupled with rising production costs, may lead to 
a sharp rise in electricity prices6,7.

Thus, it is crucial to understand the contributors to global water 
stress, one of which is the cooling water demand of thermal power 
plants, and implement strategies to overcome water resource deple-
tion. The water footprint of cooling the global power plant fleet 
is typically analysed from the perspective of water withdrawal 
and water consumption8. Water withdrawal is defined as the total 
amount of water taken from the water source for cooling purposes. 
Water consumption represents the difference between water with-
drawal and the amount of water returned to the source, and water is 
often ‘lost’ by means of evaporation9.

Currently, research on the water demand of power plants is con-
ducted using different estimation techniques (satellite images10,11, 
historical data12 and statistical data8,13), which is not commonly 
reported. Macknick et  al.14 reported water withdrawal and con-
sumption factors for different thermal power plants in the United 
States. Owing to the lack of country-specific water demand data for 
thermal power plants, the factors provided by Macknick et al. were 
used in recent global studies on water withdrawal and consumption. 
Studies so far have focused on either the global8,12,13,15,16 or regional 
and country1,10,11,17 level. The research conducted by Flörke et al.12 

and Vassolo and Döll16 is the base on which the commonly used 
Global Water System Project (GWSP) Digital Water Atlas18 was pro-
duced. Subsequent studies on the water demand for the cooling of 
thermal power plants expand on the results of Flörke et al.12, with 
the aim to generate comprehensive insights into a sector that plays a 
crucial role in the global water stress.

The main concern with estimating the water demand of the 
global thermal power plant fleet is the limited availability of data 
on the cooling technologies and the water source (seawater or fresh-
water) used for cooling8,12,16. In this research, we strive to overcome 
these limitations.

It is crucial to determine how the world’s hunger for electric-
ity can be met and also reduce the power sector’s thirst for water. 
Behrens at al.1 discussed the vulnerability of power generation to 
water scarcity and water temperature on the basin level and sug-
gested adaptation strategies for the European Union. However, the 
authors did not include the ongoing development to replace once-
through cooling systems by cooling towers. In contrast to once-
through cooling systems, cooling towers, even though consuming 
large amounts of water, do not cause a temperature increase in 
downstream basins. In addition, unscheduled outages related to 
cooling water supply shortages at thermal power plants with cool-
ing towers are minor and uncommon4. Maulbetsch and Stallings19 
discuss dry cooling, which results in an estimated cost reduction 
related to water conservation of $0.81–1.62 m–3 of saved water, 
which is, in magnitude, comparable to tap water usage. However, 
along with high costs and material requirements for the cooling sys-
tem set-up, dry cooling decreases the power plant efficiency. This 
leads to an increase in greenhouse gas emissions, which counteracts 
the targets imposed by the IPCC Special Report Global Warming 
of 1.5° (SR1.5)20. Therefore, dry cooling has a limited application 
and can be sustainably implemented only in cases of high thermal 
efficiency and low cooling needs, for instance, in combined cycle 
gas turbines. When discussing various approaches to mitigate the 
water demand of thermal power plants, it is crucial to consider  
the development of renewable energy as a solution to the problem 
of water scarcity.
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Connecting research on the water demand of power plants with mitigation strategies for energy-based water use is an impor-
tant step to ensure global water and energy security, and thus provide more sustainable use of both. Here, we assess the water 
footprint of 13,863 thermal power plants units with a total active capacity of 4,182 GW worldwide and give an estimate of the 
current water demand for power production at four different levels—global, regional, country and river. Furthermore, we pro-
vide a projection for the energy transition period towards a net zero greenhouse gas emissions economy by 2050. In particular, 
we show that by following a ‘Best Policies Scenario’ the water consumption of global power plants can be decreased by about 
98%, and water withdrawal by 95% by 2050. Therefore, the suggested pathway provides one potential solution to the problem 
of water depletion that results from the water-energy nexus.
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According to Roehrkasten et al.5, over their entire lifecycle both 
solar photovoltaic systems and wind turbines withdraw and con-
sume 2–15% and 0.1–14%, respectively, of the water that coal or 
nuclear power plants use to generate 1 MWh of electricity. In this 
regard, renewable energy represents a viable solution as it couples 
almost zero greenhouse gas emissions with very low to negligible 
water demand for power generation. Recent research highlighted 
that a high share of renewable energy is technically feasible and 
economically viable and, with the support of policy changes, can  
be implemented globally in the future21–25. However, this reality is 
not certain to happen. Following these insights, it is relevant and 
necessary to estimate the development of water demand in a world 
with increasing shares of renewable energy.

We determined the cooling technology of individual power 
plants and performed an analysis for the seawater and freshwater 
demand of the global thermal power plant fleet. Our research is 
based on the GlobalData dataset26, of which we processed and ana-
lysed 13,863 thermal power plants and units that exceeded 50 MW 
with a total active capacity of 4,182 GW (95.8% of global thermal 
power plant capacity) worldwide. We then built a ‘Best Policies 
Scenario’ (BPS) on the LUT Energy System Transition modelling 
tool21 to estimate the development of water demand for each level 
from the base year of 2015 to 2050 in five-year intervals21. The tool 
enables us to determine a least-cost scenario of the global energy 
transition towards a system based on 100% renewable energy and is 
fully compatible with the sustainability target of IPCC SR1.5. So far, 
a number of publications have indicated that there is no certainty 
that the above-mentioned sustainability target will be met in the 
future27–29. By the end of 2018, more than 180 peer-reviewed articles 
described 100% renewables for 2050 or earlier, as summarized by 
Hansen et al.30. The intention of this research is to educate on the 
potential water savings if the large majority of thermal power plants 
are replaced by renewable energy technologies. To address this con-
cern, in addition to the scenarios incorporated in this study, the 
IRENA’s Remap203029 scenario was considered. The scenario was 
applied for 24 countries presented in our database and the values 
of water withdrawal and water consumption were compared with 
the estimates based on the BPS for the year 2030 (Supplementary 
Tables 1 and 2 and Supplementary Fig. 1). We present the results for 
freshwater only and for aggregated water use to indicate the total 
amount of seawater and freshwater use at the global, regional and 
country levels. We present an impact analysis on the global–local 
level for all major rivers in the world carried out in a high temporal 
and spatial resolution.

Analytical approach
To evaluate the actual water abstractions of thermal power plants 
for cooling purposes and to address the above-mentioned issues 
and objectives, we developed a four-step method that follows a  
bottom-up approach.

As the first step, we identified the location and cooling system 
type for each power plant using free and easily accessible satel-
lite images (for example, from Google Earth, Bing, Yandex.Maps 
or other high-resolution products). The methodology of this step 
is already described and applied10,11. Supplementary Fig. 2 gives 
visual examples. However, not for all power plants can the cooling 
technology be determined based on satellite images. To fill these 
gaps, we developed a statistical method premised on historical 
data and technological trends (Dataset on thermal power plants 
section, Methods). Next, we deployed the method of Geographic 
Information System (GIS) analysis to identify whether sea or fresh-
water is used for the cooling of each power plant.

For the second step, we calculated the footprint for cooling 
(focusing on both freshwater withdrawal and consumption) of each 
power plant taking into account its actual net generation, fuel type, 
technology and cooling system in 2015.

The third step was to compute the total water footprint on  
different levels—global, regional, country and river. We compare our 
results to the values reported by Flörke et al.12 and the GWSP Digital 
Water Atlas18 (Comparison with GWSP sheet in Supplementary 
Data 3 and Supplementary Fig. 3). In addition, we compared our 
estimations of water consumption with the data reported in 2015 
by the Energy Information Administration (EIA) for 865 unique 
power plants located in the United States31, as well as with previous 
studies conducted by Diehl and Harris32 (Supplementary Table 3). 
The identification of the cooling system and water used for cool-
ing was compared against individual plant data provided by the EIA 
for the United States and against individual power plants located in 
other countries, for which information from the GlobalData data-
base was available. Our method was demonstrated to deliver the 
correct results in 81% of the cases for the cooling system identifi-
cation (Supplementary Tables 4 and 5 and Supplementary Note 1)  
and in 93% of cases for the determination of the water type 
(Supplementary Tables 6 and 7 and Supplementary Note 2).

Lastly, with a specific identity number assigned to each of the 
power plants, the model allowed us to trace their specific decom-
mission when reaching the end of their technical life as scheduled 
by the LUT model21,33. It also accounts for the changes in the opera-
tions of the power plants, which originate from the implementation 
of new renewable energy capacity and the adaptation of the energy 
system in each of the 145 modelled regions. We evaluated our 
model by comparing the results of the BPS with the outcomes of the 
scenario based on the lifetime of power plants1,33. In this research,  
the latter scenario is referred to as the Lifetime Scenario (LTS). 
More details on the above-mentioned scenarios and the model  
construction are provided in Methods.

Current and projected global water abstractions
The current status and the development of water demand on the 
global and regional levels is shown in Fig. 1. In the base year 2015, the 
total global water withdrawal (combined freshwater and seawater)  
for thermal electricity generation was 500 km3 (Fig. 1a), of which 
freshwater withdrawal constituted 290 km3, or 57.3%. Global water 
consumption was estimated at 25 km3 (Fig. 1b), of which freshwa-
ter consumption accounted for 18 km3 or 72%. Median, minimum  
and maximum values of the current global water abstractions are 
presented in Table 1.

The water consumption for power generation is not evenly dis-
tributed globally. In 2015, the top countries in both freshwater-only 
and total water consumption were China, the United States, India 
and Russia (Water demand per country sheet in Supplementary 
Data 3 and Supplementary Figs. 4 and 5). In the same year, China 
accounted for 31.5% of the global freshwater consumption, con-
suming almost 6 km3 annually. The United States, with the larg-
est freshwater withdrawals for thermal power generation in the 
world, extracted 102 km3, which represents 35.7% of all freshwater  
withdrawals by the power sector globally.

In the case that the BPS is implemented, a rapid decline in both 
global water withdrawal and consumption can be of benefit during 
the period from 2015 to 2030, as a consequence of the projected 
decommissioning of old power plants (Fig. 1a,b,d,e) and replace-
ment by renewable energy technologies that are less water demand-
ing. In 2030, water withdrawal is projected to be reduced by 75.1% 
compared to 2015 levels. Global water consumption is further miti-
gated by 85.1% compared to 2015 levels. This tendency continues 
beyond 2030 to further reduce water withdrawal and consumption.

During the analysed period, 1,797 GW of new gas power plant 
capacities are scheduled to commission globally, from which 
1,365 GW are open cycle units and 432 GW are combined cycle 
units. For this reason, in 2050, water withdrawals are projected to 
remain large in the territory from the northeast to the south of China, 
South Korea, Benelux countries, central regions of Russia and Iran. 
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Similarly, water consumption of power generation facilities is esti-
mated to remain high in the east of China, US Mid-Atlantic, South 
Korea, Russian Urals region, Great Britain and Ireland. During the 
transition period from 2015 to 2050, the global water withdrawal 
is projected to decrease by approximately 95.1%, whereas the  
consumption is projected to decline by 97.7%.

Power plants’ local impact on river ecosystems
The GIS analysis shows that 55.5% of the global thermal power 
plant capacity is located within 5 km of the main global rivers and 
lakes, and is therefore assumed to be freshwater cooled. In addition, 
11.1% of the global thermal power plant capacity has an unknown 
freshwater source. The global thermal power plant capacity located 
within 20 km from the ocean coastline is assumed to be seawater 
cooled and in total is 33.4% (Methods, GIS analysis/water source for 
cooling identification, and Supplementary Fig. 6).

Historically, rivers represent natural borders of neighbouring 
countries and regions. At the same time, many large rivers cross ter-
ritories of multiple countries. Hence, in analysing water abstractions 
from local rivers, we paid special attention to the correct assignment 
of generation factors of power plants located at specific rivers and, 
at the same time, the membership to different regions or countries. 
These plant-specific data were then applied in calculations of water 
abstractions at the global, regional and country levels.

The outcome of our river analysis highlights that the Ohio 
River, Yellow River and Mississippi River are the rivers faced with 
the largest water consumption. Moreover, the Yangtze, Mississippi 
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Fig. 1 | Water withdrawal and water consumption by thermal power plants at the regional resolution. Based on the LUT Energy System Transition 
model and on the BPS. a–c, global water withdrawal from 2015 through 2030 and 2050. The total global water withdrawal decreases from 4.99 × 1011 m3 
in 2015 to 1.24 × 1011 m3 in 2030 and 2.45 × 1010 m3 in 2050. d–f, Global water consumption from 2015 through 2030 and 2050. The total global water 
consumption decreases from 2.47 × 1010 m3 in 2015 to 3.69 × 109 m3 in 2030 and 5.56 × 108 m3 in 2050.

Table 1 | Global total water and freshwater-only consumption 
and withdrawal (km3)

Consumption Withdrawal

Sea- and 
freshwater

Freshwater Sea- and 
freshwater

Freshwater

Median 25 18 500 290

Minimum 19 14 340 210

Maximum 33 24 660 366

The data reported are the values in 2015.
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and Tennessee Rivers experience the highest water withdrawals 
from the energy sector. Globally, the Yangtze River experiences the 
largest water withdrawals of about 12 km3 (median value) annually 
(Supplementary Fig. 7).

The World Wide Fund for Nature released a list of ten global riv-
ers that are most at risk, which includes the Danube34. We used the 
Danube river as a representative example for a transition analysis 
of rivers. The water footprint of 63 identified thermal power plants 

located within a 10 km buffer zone around the Danube corridor 
(Fig. 2a) was analysed. These power plants were detected in the ter-
ritories of Germany, Austria, Slovakia, Hungary, Serbia, Romania 
and Bulgaria. Together, a total capacity of 18.04 GW, which com-
prised 2.54 GW of coal-fired, 8.08 GW of gas-fired, 1.61 GW of oil-
fired and 5.80 GW of nuclear power plants, was identified.

Figure 2b–e illustrates the change in water use for power produc-
tion based on the BPS. In 2015, 6.19 km3 (median value) of water 
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Fig. 2 | transition scenario for the Danube river based on the BPS. a, Thermal power plants located within 10 km of the Danube river and with a power 
capacity of at least 50 MW. b,c, Annual changes in freshwater consumption (median values and minimum–maximum (min–max) intervals), both 
aggregated (b) and by fuel type used in power production (c). d,e, Annual changes in freshwater withdrawal (median values and min–max intervals), both 
aggregated (d) and by fuel type (e). Panel c highlights a decline in water consumption by nuclear power plants in 2020–2025. This can be explained by 
the fact that 44.4% of the active nuclear power capacity located at the Danube is scheduled for decommissioning during this period as ‘very old’ assets. 
These capacities are currently cooled by cooling towers, and thus there is a sudden drop in water consumption during 2020–2025. In contrast, water 
withdrawals do not follow the same trend (e). The water withdrawals are mostly caused by once-through cooled nuclear power plants (3,226 MW), which 
are scheduled to be gradually decommissioned by 2050.
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were withdrawn and 0.12 km3 (median value) were consumed for 
thermal electricity generation, of which 66.5% is related to nuclear 
power production. In the same year, power plants located in the 
German territory had the highest water consumption from the 
Danube (more than 59 million cubic metres, which represent 49% 
of the aggregated consumption). This high share can be explained 
by the fact that 97.7% of the analysed power plants located in 
Germany are equipped with cooling towers, which is the most water 
consuming cooling technology14. Power plants at the Danube with 
cooling towers add up to 6.73 GW (37.3%) of capacity. Opposed to 
that, power plants located in Bulgaria had the highest water with-
drawal driven by coal and nuclear generation (more than 2.79 km3, 
which represents 45% of the total withdrawals).

During the first ten years of the transition period (2015–
2025), a strong decrease in water consumption of 73.9% is esti-
mated for the Danube, based on the BPS. A total of 35 thermal  
power plants are scheduled for decommissioning during  
this period. The projected decline in water consumption is down 
to 6.9% in 2040 compared to the 2015 baseline. Water withdrawal 
does not show the same rapid declining trend. In 2025, cool-
ing still requires 72.9% of the initial water withdrawal, whereas  
in 2040, 16.0% of the 2015 water withdrawal is still required. 
This could be explained by the fact that 49% of the overall capac-
ity consists of power plants with once-through cooling systems, 
which need a comparably high amount of withdrawn water  
for cooling14.
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Fig. 3 | Analytical comparison between LtS and BPS. a,d, Development of global freshwater withdrawal and consumption in 2015–2050 by fuel type in 
the LTS. b,e, Development of global freshwater withdrawal and consumption in 2015–2050 by fuel type in the BPS. c,f, Cumulative difference in freshwater 
withdrawal (c) and cumulative difference in freshwater consumption (f). The numbers in c and f show the difference in water demand savings of the given 
time compared to those of the previous time interval.
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The simulation projects no water abstraction from the Danube 
associated with thermal electricity generation by 2050. The cor-
responding savings in water could be redistributed for other pur-
poses, for example, agricultural irrigation. The ‘Water consumption 
per river’ and ‘Water withdrawal per river’ sheets in Supplementary 
Data 3 present the results for 354 rivers globally.

An optimal path towards water and energy sustainability
In choosing a sustainable energy transition scenario for a country or 
a region, the focus of policymakers should be on both compatibility 
with IPCC SR1.5 and to ensure better mitigation strategies for energy-
based water use. To address this call from the perspective of water 
conservation and to perform the analytical comparison between the 
LTS and BPS, we deployed a metric of cumulative difference.

The cumulative difference constitutes the estimated amount of 
freshwater consumption and withdrawal that could be excluded 
from thermal power production globally in the case that the BPS 
is put into practice instead of the implementation of LTS. It is cal-
culated as the disparity between the estimated global freshwater 
consumption and withdrawal in the LTS and its projected coun-
terpart in the BPS for the same time period. The outcome of the 
analysis is presented in Fig. 3 for the transition period 2015–2050 
at five-year intervals.

In 2020, the cumulative difference is estimated at 22.7 km3 less 
global freshwater withdrawal in the case that the LTS is pursued. 
Beyond 2020 the estimated cumulative difference is reversed: 
between 2020 and 2050, the BPS allows us to consistently save up 
to 43.5 km3 of freshwater withdrawn and up to 6.5 km3 of fresh-
water consumed during each of the five-year periods. Figure 3c–f 
illustrates a 35-year perspective and shows cumulative savings of 
168.5 km3 of freshwater withdrawn and 29.4 km3 consumed com-
pared to those of the LTS from 2015 to 2050. This amount of fresh-
water ‘saved’ from consumption is pivotal, as this water would not 
return to the local water system if it evaporates.

Discussion
In our research we addressed the aspect of the water-energy nexus, 
which is related to the depletion of water resources due to the opera-
tion of thermal power plants. By implementing the BPS, we show 
that the water consumption of the global power plant fleet can be 
decreased by 97.7% and water withdrawal by 95.1% by the year 
2050. The BPS was compared against the LTS and an advantage of 
the BPS highlighted. The water that is freed in the BPS could be used 
by aquatic ecosystems or allocated to other purposes, for instance, 
food production. Thus, the results of our research can potentially 
help in further studies on global food security to achieve a sustain-
able water–energy–food nexus35.

The selected BPS represents a least-cost energy-system transition 
pathway and matches the targets of IPCC SR1.5. In addition, it is in 
line with leading research on energy transition pathways towards a 
very high level of sustainability22,24,36,37. The results of this research 
are premised on a compiled power plant database that contains the 
location of thermal power plants with a high accuracy. Coupled 
with high-resolution maps, this contributes to the precision of the 
applied estimates of water use for cooling purposes. Using this data, 
we detected the rivers most affected by the water footprint of ther-
mal power plants worldwide and highlighted for all rivers how the 
water stress can be reduced under the BPS up to 2050.

The results of our research deviate from the water withdrawal 
values reported by Flörke et  al.12 and presented in the GWSP 
Digital Water Atlas18. The deviations from the GWSP data can be 
explained by the consideration of seawater and freshwater use in 
this research, as well as the allocation of cooling technologies for 
individual power plants. Our results could potentially be compared 
with the upcoming Water Resources Institute global water with-
drawals and consumption research, in which there is a separation 

of seawater and freshwater demand and a detailed analysis of power 
plant cooling technologies10.

In conclusion, we provide an extensive analysis of the water use 
of power plants that supports global and regional policy-making, 
and hence contribute to accomplish water security on a global–local 
level, which addresses the UN Sustainable Development Goal 6 
‘Ensure access to water and sanitation for all’38. Taking the BPS as an 
example of a possible pathway for the global energy sector, we show 
that the depletion of water resources caused by the water–energy 
nexus can be mitigated by transitioning to an electricity supply 
based on renewable energy.

Methods
Dataset on thermal power plants. The main source of the power plant data of 
this study is the GlobalData dataset26. Taking this as a starting point, the data was 
cross-referenced and curated with the information gathered from other datasets39–42 
by Farfan and Breyer33 according to the SeaDataNet QC Manual43. However, 
the analysis by Farfan and Breyer33 did not include the spatially highly resolved 
locations of the power plants, which is part of this study.

The data on power plants was then filtered to contain only thermal 
electricity generation, defined for this study as nuclear and fossil-fuelled 
(coal, gas and oil) power plants. This subset was further filtered by capacity to 
include only active power plant units that exceed 50 MW. The choice of this 
low boundary of capacity is because power plant units of lower capacity include 
microgeneration and cannot be identified using aerial imagery, which is the 
main method of identification of power plants’ location in our research. For this 
set-up, 13,863 units with a total active capacity of 4,182 GW are present globally 
for further analysis, which represents 66.3% of the total global power plant 
capacity, and 95.8% of the global thermal capacities in 2015. Supplementary 
Note 3 gives more information regarding the technologies that were left out of 
the scope of the study.

We manually determined the exact location and cooling system type using 
aerial imagery through Google Earth, Bing and Yandex.Maps, following the 
instructions given by the US Geological Survey11. We considered five types 
of cooling systems: wet cooling towers (which include natural-draft towers 
and mechanical-draft towers), dry cooling systems (known also as air-cooled 
condensers), inlet cooling systems of gas power plants and the so-called surface-
water cooling systems, which have two subcategories—once-through cooling 
systems and recirculating cooling-pond systems. More information concerning 
the applied approach of using satellite imagery for cooling systems identification is 
given in Supplementary Note 4.

To fill in the gaps for the cooling technology, several steps were performed. 
First, for each type of fuel (nuclear, coal, gas and oil) and for specific countries 
we identified the historically most common combination of generator type and 
cooling technology using a simple statistical analysis. If this combination could not 
be determined for a specific power plant, it was assigned the most common cooling 
technology of power generators for the given country.

For countries with missing values of the cooling technology, a sensitivity 
analysis was performed to analyse the effect of the assignment of different 
combinations of generator type and cooling technology on the water demand 
(Supplementary Note 5, Supplementary Table 8 and Supplementary Fig. 8). The 
sensitivity values at country level together with the probabilities of these values are 
presented in the sheets in Supplementary Data 3 for both consumption (‘Sensitivity 
of country cons.’ sheet) and withdrawal (‘Sensitivity of country withd.’ sheet).

The results of the identification of the cooling technology were compared 
against data for individual power plants presented in the GlobalData dataset 
(Supplementary Table 4). In addition, we compared our results with information 
reported by the EIA for the United States44. As depicted in Supplementary Table 
5 and Supplementary Data 2, our method of cooling system identification was 
demonstrated to deliver the correct results in 81% of the cases.

Analysis of water footprint of power plants. In this research we deployed a 
bottom-up approach. We calculated the water footprint of each power plant 
separately for water consumption and water withdrawal using equation (1):

Water footprint of thermal power generation ¼ active capacity

´ full load hours ´WUI
ð1Þ

where the active capacity of installed power plants is given in megawatts, water use 
intensity (WUI) in m3 MW–1 h–1 and full load hours of power generation in hours.

The difference between the calculation of the water footprint for water 
consumption and water withdrawal is in the WUI in equation (1). The values 
for the WUI were derived based on empirical records of water use by power 
plants and reported by Macknick et al.14. Supplementary Table 9 contains the 
values of WUI that were applied for this research. Some scholars32,45 raised the 
problem that the water consumption factors of once-through cooling systems 
are underestimated because forced evaporation downstream of the discharge 
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point was excluded. Forced evaporation depends on various factors (site-specific 
average natural water temperature, average wind speed and the water surface area 
over which heat is dissipated11). Consequently, it has to be calculated for every 
specific case, which was out of scope of our research. In addition, the WUI values 
reported by Macknick et al. currently are widely applied by respected institutions 
and research8,10. In this stage, we grouped oil- and gas-fired power plants into one 
category as no oil plant data are available. The same method was used in previous 
research papers10,46. However, we acknowledge the higher water dependency of oil 
power plants in comparison to that of gas plants.

The first two values in equation (1) (active capacity and full load hours) 
characterize the actual net generation of the given power plant. Full load hours 
for the year 2015 were obtained from International Energy Agency (IEA) 
Statistics47 and were also used by Bogdanov et al.21 and assigned to each power 
plant according to the fuel type and location (region in the global LUT model 
matched with the respective country according to the IEA Statistics) presented 
in the database. Differentiating the full load hours based on the location and fuel 
type adds to the accuracy of the study when the full load hours of individual power 
plants are not accessible. However, owing to the lack of information concerning 
the actual generation data of individual power plants, the average values were 
used in the calculations. One differentiation not considered in this study is the 
potentially different average operating hours for the categories of gas steam and 
combined cycle, which in the present study are considered as equal. As shown 
in Supplementary Table 9, the withdrawal and consumption coefficients are 
significantly higher for gas steam than for combined cycle. However, owing to 
the unavailability of accurate data at a global level, we acknowledge that this as a 
limitation in the present study. A large variation in the actual values of the full load 
hours of power plants of a given fuel in a given region might impact the correctness 
of the water demand estimations. Using the openly available data provided by 
the EIA for the United States, we calculated the coefficient of variation of annual 
hours in service for thermal power plants31,44 (Supplementary Table 10). The results 
highlight that the average coefficient of variation of the annual hours in service 
of coal and nuclear power plants is low (4%). Thus, the use of average full load 
hours for coal and nuclear power plants will not significantly affect the correctness 
of water demand estimations. In the case of gas and oil power plants, the average 
coefficient of variation is higher—about 19%. Therefore, the use of average full load 
hours for gas and oil power plants might impact the accuracy of the results at the 
plant level. However, this plant-to-plant difference in hours in service might not 
significantly affect the country-level estimates of water use as the value reported 
by the EIA48 for the total net electricity generation of thermal power plants in 2015 
was only 1.3% higher than the corresponding value provided by the LUT model. 
Using the same dataset provided by the EIA, we calculated the average hours 
in service of power plants that utilize the same cooling technology. As depicted 
in Supplementary Table 11, the difference in hours in service of once-through 
cooling systems and cooling towers is, on average, 2.2% and thus considered small. 
Therefore, based on the results presented in Supplementary Tables 10 and 11, the 
use of the same value of full load hours for all types of cooling of a given type of 
power plant in a given region is appropriate.

At subsequent stages, we calculated the total water footprint and the freshwater 
footprint with different scopes: at the global level, for the 145 regions of the LUT 
model, for 148 countries and for major rivers. Results were obtained for the LTS 
and BPS scenarios for the period 2015–2050. The ‘Water demand per region’ sheet 
in Supplementary Data 3 gives more information on water demand development 
for each region, based on the BPS.

GIS analysis and water source for cooling identification. To link the thermal 
power plants with water bodies, we deployed a method of GIS analysis based on 
the Global Self-consistent, Hierarchical, High-resolution Geography Database 
(GSHHG)49 as a source of a high-resolution geography dataset that includes global 
coastlines, lakes, rivers and political borders.

A literature review showed that there is a wide range of assumptions 
concerning seawater use for cooling purposes of power plants. These assumptions 
are based on the relative position of the given power unit and its distance to the 
closest coastline, starting from 5 km and up to 100 km (refs 15,50). There are reported 
cases of water transported up to a distance of 70 km in Phoenix, Arizona51. 
These distances may vary for different locations depending on different factors 
(as discussed by Behrens et al.1). Thus, we assumed that all the thermal power 
plants located within 20 km of a coastline use seawater for cooling purposes as 
recommended in a study by Greenpeace13.

The results of the GIS analysis on seawater cooling highlight the strong 
alignment of the derived results of this research with the reported data on 
seawater cooling in the Middle East and North Africa region with a deviation of 
less than 5% (ref. 17). Then, we also took into account reported numbers stating 
that 50% of the coal power plants in China and 85% of those in India located 
within 20 km of the coastline use seawater for their cooling13. The analysis 
revealed for India that 85% of the power plants are located within 7.88 km of the 
coastline. Thus, we labelled all the thermal power plants in India located within 
a distance of 7.88 km from the coastline as seawater cooled. In the case of China, 
50% of all the thermal power plants located within 20 km of the coastline are 
even within 0.49 km. Therefore, all the thermal power plants in China located 

within 0.49 km from the coastline were assigned as seawater cooled. All other 
thermal power plants were assumed to use freshwater for cooling purposes. This 
analysis was conducted only for India and China because of the lack of similar 
information concerning other countries.

The applied assumption of 20 km might lead to an underestimation of the 
freshwater use in the world13. To assess the deviation of the freshwater demand 
that results from the choice of the seawater cooling buffer zone, we performed 
a sensitivity analysis (Supplementary Table 12). The results of the analysis show 
that reducing the sea cooling range from 20 km to 4 km results in a smooth 
increase of global freshwater consumption and withdrawal. For instance, if the 
sea cooling range is reduced to 12 km, the difference in freshwater consumption 
and withdrawal is below 2% compared to the 20 km assumption. Assuming a sea 
cooling range of 2 km, a difference of 12.3% for freshwater consumption and 8.6% 
for freshwater withdrawal is estimated, compared to the assumed 20 km for this 
study. The difference can be explained by the fact that thermal power plants tend to 
be located closer to the coastline (Supplementary Figs. 9 and 10).

The power plants were assumed to have a direct freshwater source for cooling 
if they are located within 5 km of rivers and lakes. We used the GSHHG database 
for the GIS analysis as it provides the location of about 25,960 rivers worldwide in 
high resolution. Facilities with an intake or discharge of cooling water to a smaller 
stream, or those that use groundwater, cannot be matched using GIS analysis. In 
our research, it was not possible to determine with certainty the exact source of 
water of 9.9% of the total active capacity presented in our filtered database. Further 
information provided by electricity generation companies proved that those power 
plants use ground water for their cooling purposes (an example is given in Groves 
et al.52), so these results were added to the freshwater consumption and water 
withdrawal numbers.

In more than half of the reported cases concerning cooling technology 
presented in the GlobalData dataset, the type of water used for cooling purposes 
is specified (seawater or water from rivers or lakes). We used the reported data for 
individual power plants to compare our results for the identification of the water 
type (Supplementary Table 6). Moreover, we used data provided by the EIA for 
the United States44 to compare our results for the identification of the water type. 
As depicted in Supplementary Table 7 and Supplementary Data 2, the proposed 
method shows a high accuracy for the determination of the water type (93% of 
cases demonstrate a correctly identified water type), which clearly indicates that 
it can be used for regional and global studies. However, we acknowledge that 
to obtain a higher accuracy for the results at the plant level, it is necessary to 
consider data directly reported by power generation companies for each specific 
power plant unit.

Transition scenarios. We performed our analysis of the water footprint 
development in five-year time steps in a full hourly resolution, focusing on  
the transition period for the years from 2015 to 2050. Two scenarios were 
considered: LTS and BPS.

The main idea of the LTS is that the stock of thermal power plants is assumed 
to operate until the point of decommissioning. We follow the reasoning of Farfan 
and Breyer33, who calculated the expected year of decommissioning as the reported 
year of commissioning of a power plant plus the average technical lifetime of the 
power plant by fuel type. Thus, we assumed that the average technical lifetime for 
gas- and oil-fired power plants is 34 years, and for coal-fired and nuclear power 
plants 40 years53. However, the database used contains power plants that were 
active in 2015 that should have been decommissioned before that year (these 
plants were highlighted as ‘very old’). In addition, those power plants in the 
database for which the commissioning year is unknown were marked as power 
plants with ‘unknown year’. The unknown year category represents 123.92 GW, 
or 3.0%, of the total thermal capacity. The very old power plants that are still 
operating represent 748.87 GW, or 17.9%, of the thermal power plant capacity. We 
assumed that the above-mentioned two categories of power plants are gradually 
decommissioned between 2015 and 2025, 10% of their initial capacity per year. The 
BPS was constructed on the basis of the LUT Energy System Transition model21. 
According to this model, the operation of the power sector is cost optimized 
and the full load hours of coal-, gas- and oil-fired power plants are a part of the 
optimization and can decrease or cease during the transition period, as shown in 
the data presented by Bogdanov et al.21. Opposed to that, the specific utilization 
of nuclear power plants does not allow a change of the baseload over time due to 
security issues, so the continuous utilization of the existing capacity until the end 
of its technical lifetime was assumed (except for Germany, where partly an earlier 
decommissioning is forced by law). Hence, the outcome of the applied scenario 
is a time series of full load hours of power generation facilities for each of the 145 
regions. The model tolerates the role of gas power plants during the transition 
period due to lower greenhouse gas emissions and, in particular, the possibility to 
substitute the currently used natural gas by biomethane or power-to-gas in these 
plants at later time periods. Thereby, according to the outcomes of the applied 
scenario, 1,797 GW of gas-fired capacities will be installed globally from 2015 to 
2050, whereas 2,077 GW are still active in 2050 and used by a global average of 
483 full load hours. We determined and assigned to the new capacities the most 
common gas generator type during the past 15 years for each of the 145 regions. 
The cooling technology was assigned as indicated in the Dataset on thermal power 
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plants section. The changes in the water footprint of new commissioned plants as 
well as of the existing operating gas power plants were calculated in the same way 
as for coal- and oil-fired power plants using the full load hours generated by the 
LUT Energy System Transition model. We followed the logic of the power plant 
decommissioning process described in the LTS.

Supplementary Note 6 contains the equations that underlie the calculation of 
water demand of power plants in the LTS and BPS.

Analysis of water footprint of power plants on global rivers. For the river 
analysis we required a river database that also contained names of rivers. 
Commonly, the rivers are given a certain identity number rather than their 
respective names, and thus we chose to use the river database from Natural Earth54.

Initially, the database contained 1,454 rivers and river sections. For rivers with 
missing or misspelled names, these were investigated and corrected manually. 
Separate sections of rivers that belong together were merged. Using GIS analysis, 
we identified rivers with power plants located within 5 km of the river’s corridor. 
As a result, we obtained 354 unique rivers for further analysis.

We calculated the water consumption and water withdrawal of power plants 
separately for each of these 354 rivers, as well as the projected values for the period 
2015–2050 with five-year intervals using the baseline of the BPS. To make the 
results of this work useful to local policy makers, we assigned to each of the given 
rivers the corresponding continent and ocean of discharge and the country with 
the highest impact on its flow.

Data availability
The data that support the findings of this study are available from GlobalData26, but 
restrictions apply to the availability, which was used under license for this study. The 
database encompasses over 170 fields of information, which include the names of 
power generators, owners, operators, generator manufacturers and so on. An extract 
of the extensive list of thermal power plants that exceed 50 MW, which contains 
fuel type, country, active capacity, generation type, location and type of cooling 
technology, is available as Supplementary Data 1. The data that support the findings 
of this study are available from the corresponding author upon reasonable request.

Code availability
Example Matlab scripts used in the production of this analysis are available at 
https://github.com/WaterEnergyWork/FreshwaterDemand.git
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