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Energiaskenaarioita käytetään mahdollisena pidettyjen tulevaisuuden tilojen ja kehityspolkujen 

tutkimiseksi. Skenaarion tekijä määrittää viitekehyksen, joka sisältää mahdolliset tapahtumat. 

Skenaarion uskottavuus riippuu sen esittämän kehityksen yhteensopivuudesta todellisen, 

tapahtuneen kehityksen kanssa, ja siitä, miten läpinäkyvästi skenaarion tekijä ilmoittaa 

tutkimuksen yleiset tiedot, metodin, sekä käytetyn tiedon alkuperän ja käsittelyn. Työssä 

arvioitiin valittujen globaalien energiaskenaarioiden läpinäkyvyyttä ja mielekkyyttä 

yhteiskunnan näkökulmasta käyttäen kirjallisuudesta määritettyjä kriteerejä. 

 

Globaali energiamurros käsittää teknologisen kehityksen lisäksi muutokset nykyisissä 

sosiaalisissa käytännöissä ja taloudellisessa kehityksessä. Energiapäätöksenteon valintojen 

kauaskantoisten vaikutusten vuoksi energiaratkaisut ovat talouteen sidonnaisia ja eettisiä 

valintoja. Nykyinen, pääosin fossiilisiin polttoaineisiin perustuva energiajärjestelmä on pitkällä 

aikavälillä kestämätön useasta syystä: negatiiviset ilmastovaikutukset, negatiiviset 

terveysvaikutukset, fossiilisten resurssien rajallisuus, konfliktit vesi- ja ruokahuollon suhteen, 

luonnon monimuotoisuuden menetys, ekosysteemien ja resurssien tuleville sukupolville 

säilyttämisen haaste, ja fossiilisten polttoaineiden kyvyttömyys tarjota globaalisti pääsy 

moderneihin energiapalveluihin. Ydinvoimaa ja fossiilisen hiilen talteenottoa ja varastointia ei 

voida pitää kestävinä ratkaisuina liittyvien riskien ja vaadittujen pitkäaikaisvarastojen vuoksi. 

 

Nykyistä energiamurrosta ajavat kasvava energiakysyntä, uusiutuvan energian teknologioiden 

laskevat kustannukset, modulaarisuus ja skaalautuvuus, uusiutuvan energian käytön 

makroekonomiset hyödyt, investoijien riskitietoisuus, uusiutuvan energian houkuttelevat 

liiketoimintamahdollisuudet, tuuli- ja aurinkoresurssien lähes tasainen jakautuminen 

planeetalla, kasvava tietoisuus planeetan ympäristön tilasta, ympäristöliikkeet ja tiukentuva 

ympäristölainsäädäntö. Monet tarkastelluista skenaarioista tunnistivat aurinko- ja tuulivoiman 

keskeisen roolin tulevaisuuden kestävien energiajärjestelmien tukirankana. Skenaariot, joissa 

tuuli- ja aurinkovoima olivat suurimmassa roolissa, täyttivät myös asetetut kestävyyskriteerit 

parhaiten. Tulevassa tutkimuksessa energiaskenaarioiden läpinäkyvyyttä voi parantaa 

ilmoittamalla työn tilaajan, selventämällä rahoituksen, ilmaisemalla selkeästi käytetyt lähteet ja 

tiedon käsittelyn, sekä tutkimalla miten variaatiot kustannusoletuksissa ja teknologioiden 

käyttöönotossa vaikuttavat lopputulokseen. 
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Energy scenarios are used as a tool to examine credible future states and pathways. The one 

who constructs a scenario defines the framework in which the possible outcomes exist. The 

credibility of a scenario depends on its compatibility with real world experiences, and on how 

well the general information of the study, methodology, and originality and processing of data 

are disclosed. In the thesis, selected global energy scenariosô transparency and desirability 

from the societyôs point of view were evaluated based on literature derived criteria. 

 

The global energy transition consists of changes to social conventions and economic 

development in addition to technological development. Energy solutions are economic and 

ethical choices due to far-reaching impacts of energy decision-making. Currently the global 

energy system is mostly based on fossil fuels, which is unsustainable over the long-term due 

to various reasons: negative climate change impacts, negative health impacts, depletion of 

fossil fuel reserves, resource-use conflicts with water management and food supply, loss of  

biodiversity, challenge to preserve ecosystems and resources for future generations, and 

inability of fossil fuels to provide universal access to modern energy services. Nuclear power 

and carbon capture and storage cannot be regarded as sustainable energy solutions due to their 

inherent risks and required long-term storage. 

 

The energy transition is driven by a growing energy demand, decreasing costs of renewables, 

modularity and scalability of renewable technologies, macroeconomic benefits of using 

renewables, investorsô risk awareness, renewable energy related attractive business 

opportunities, almost even distribution of solar and wind resources on the planet, growing 

awareness of the planetôs environmental status, environmental movements and tougher 

environmental legislation. Many of the investigated scenarios identified solar and wind power 

as a backbone for future energy systems. The scenarios, in which the solar and wind potentials 

were deployed in largest scale, met best the set out sustainability criteria. In future research, 

energy scenariosô transparency can be improved by better disclosure on who has ordered the 

study, clarifying the funding, clearly referencing to used sources and indicating processed 

data, and by exploring how variations in cost assumptions and deployment of technologies 

influence on the outcomes of the study. 
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SYMBOLS AND ABBREVIATIONS  

 

AMER  Americas 

APAC  Asia Pacific 

CO2   Carbon dioxide 

COP   Conference of the Parties 

EMEA  Europe, the Middle East and Africa 

EJ  Etajoule (1 EJ = 1000 PJ = 278 TWh) 

EU   European Union 

GDP   Gross domestic product 

GEA  Global Energy Assessment 

GHG   Greenhouse gas 

GJ   Gigajoules 

GW   Gigawatt 

HVDC  High voltage direct current 

ICE  Internal Combustion Engine 

IEA   International Energy Agency 

IIASA  International Institute for Applied Systems Analysis 

IMF   International Monetary Fund 

IRENA   International Renewable Energy Agency 

LCOE   Levelised Cost of Electricity 

MW   Megawatt 

NG   Natural Gas 

OECD   Organisation for Economic Co-operation and Development 

PtG   Power-to-Gas 

PtX  Power-to-X 

PV   Photovoltaic 

R&D   Research and development 

RE   Renewable energy 

TPEC  Total Primary Energy Consumption 
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TWh   Terawatthours (1000 TWh = 3600 PJ = 3.6 EJ) 

UN   United Nations 

UNDP   United Nations Development Programme 

UNEP   United Nations Environment Programme 

USD   United States dollar 

WBGU  German Advisory Council on Global Change 

WEC  World Energy Council 

WEIO  World Energy Investment Outlook 

WEO   World Energy Outlook 

WWF  World Wide Fund for Nature 

WWS  Wind, Water, Solar 

yr   Year 

 

Subscripts 

eq  equivalent 

p  peak  
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1 INTRODUCTION  

The planet Earth is, in engineering terms, an open energy system. A constant flow of energy 

(the variations assumed negligible in this context) from the Sun provides solar energy in its 

many forms: direct sunlight (heat, visible light and ultraviolet light), temperature differences 

create pressure differences driving the global wind system, and plants store energy in chemical 

form over decades (what we call biomass) and millions of years (what we call fossil fuels). In 

addition to this, some energy is provided from the Earthôs crust, from a heat storage in the 

middle of the Earth created at the formation of the planet, and from radioactive decaying 

processes. In the planetary cycle of energy flows, some of this energy is emitted, reflected and 

dissipated out of Earthôs system, and some is recycled by living systems. 

 

The human society has, in planetary scale of time, very recently started extracting these energy 

flows to its own benefit. From the invention of fire for cooking to industrial revolution, fuels 

have literally energized our species to be such a fundamental driving force on the planetôs 

processes that the current geological era has been proposed to be named ñAnthropoceneò1 [1]. 

However, on the down side, it is recognized that the human race is over-exploiting the planetary 

resources faster than they are being renewed, leading to a pathway incompatible for preserving 

our civilization as we know it over the long term [2]. One of these planetary boundaries, which 

are exceeded, is the ability to absorb carbon dioxide (CO2) from the atmosphere, leading to an 

increase in the cumulative concentration of anthropogenic CO2 in the atmosphere, which is on 

track to cause global warming associated with irreversible damage on the planetôs ecosystem 

not experienced before in the history of our species. The anthropogenic global warming is 

acknowledged as a fact by the majority of scientific community [3], [4], and yet actions by 

international and national politics, corporate policies, community ambition and individual 

efforts are falling short of changing the course [5]. 

 

The solutions for creating energy systems, which are not violating the planetary boundaries are 

at our disposal. The remaining time frame and the scale of the problem both set requirements 

for these solutions, whether they are technological in nature or not. Mass production capability 

(or replicability for non-technology solutions), modularity (to scale the desired output up or 

                                                 
1 Derived from Greek words òanthropoò, meaning òhumanò, and òceneò, meaning ònewò. 
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down based on the case application) and paradigmatic change; the solution needs to address the 

problem at hand without creating another problem of similar kind. 

 

The global energy system has been constantly changing, turning away from traditional biomass 

at the dawn of industrialization to fossil fuel based system of today. The modern renewables, 

wind and solar power, which are non-fuel technologies, are fundamentally different from 

traditional biomass and other means of energy production, which rely on a fuel. Thus, it would 

be an oversimplification to directly compare the past change in primary energy demand to its 

possible future pathways. To understand the future pathways better, the technologies need to 

be understood. Acknowledging the minor role of modern renewables in the primary energy 

supply today, the arguments behind them need to be solid to justify claims of their possible 

future dominance in the global energy system. 

 

However, the energy transition is not only technological, but also a combination of economic, 

political, institutional and socio-cultural changes. Thus, understanding the global energy 

transition is a multi-disciplinary effort. Understanding the changing cost dynamics (which is 

starting to favor modern renewables over fuels) is an important factor, but not adequate for 

understanding the complete picture. Energy systems have long technical lifetimes and the 

current stakeholders profiting the most from currently dominating forms of energy extraction 

will try to preserve the status quo. These create technical and business related inertia resisting 

any change. Personal belief systems can also be inhibitors for change, especially in case the 

stakeholder is exerting political power or has a reputed, institutional status in the society. The 

limits for policy driven action is limited by what we think is credible or conceivable to achieve. 

Many energy scenarios aim to influence on decision-making, whether the motivation is to 

secure oneôs own invested assets or to advocate an alternative pathway, disruptive to the current 

stakeholders in power. 

 

In this thesis, the desirability of chosen energy scenarios is investigated from the societyôs point 

of view. Historical developments and the status quo of global energy system serve as starting 

point to the research. Next, expectations over mid-term are discussed, with identified drivers 

and constraints for the ongoing energy transition. A transparency checklist is created for 

producing more credible energy scenarios, and sustainability guardrails for energy systems are 

proposed and applied to the chosen set of global scenarios. Rather than normative rules, the 
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sustainability guardrails depicted in this thesis serve as a starting point for a debate. After all, 

the energy choices shaping the future of our species are a set of ethical choices, thus opinion 

based and debatable, and ideally not something that should be imposed by authority without 

any democratic process, or could somehow be resolved objectively. In addition, this thesis 

combines insights from several energy scenario studies, thus widening the scope for covering 

large amount of conceivable futures. 
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2 METHODOLOGY  

Sections 3 to 4 provide overview on theory of energy transition, use of scenario methodology 

in energy modeling and decision making, status quo and ongoing trends in the global energy 

system. Selected global energy scenarios are analyzed in Section 7. In the Discussion, results 

from other energy scenario reviews are compared to the findings of this thesis. As the aim of 

the study is to evaluate the desirability of influential energy scenarios, these particular studies 

need to be identified and selected for further analysis. The following reports and studies, which 

have a global geographic scope, were included in literature review of this thesis: 

 

¶ The Energy Modeling Forum (EMF) 27 Study on Global Technology and Climate 

Policy Strategies [6]. 

¶ Shell New Lens Scenarios [7]. 

¶ Exxon Mobil ï The Outlook for Energy: A View to 2040 [8]. 

¶ BP Energy Outlook 2035 [9]. 

¶ Statoil ï Macroeconomic and energy market outlook towards 2040 [10]. 

¶ International Energy Agency (IEA) ï World Energy Outlook 2015 [11] & Energy 

Technology Perspectives 2012 [12], 2014 [13] and 2015 [14]. 

¶ Greenpeace ï The Energy [R]evolution 2015 [15] and 2012 [16] 

Related academic studies: [17], [18]. Dissertation: [18]. 

¶ World Wide Fund for Nature International (WWF) ï The Energy Report: 100% 

renewable Energy by 2050 [19]. 

Related academic study: [20]. 

¶ Stockholm Environment Institute (SEI) ï Energy for a Shared Development Agenda: 

Global Scenarios and Governance Implications [21]. 

¶ International Institute for Applied Systems Analysis (IIASA) ï Global Energy 

Assessment (GEA) [22]. 

¶ World Energy Council (WEC) ï World Energy Scenarios: Composing energy futures 

to 2050 [23]. Related academic study: [24]. 

¶ German Advisory Council on Global Change (WBGU) - World in Transition: 

Towards Sustainable Energy Systems [25]. 

¶ Providing all global energy with wind, water, and solar power, part I [26] and part II  

[27], global roadmap (2015) [28], related grid reliability study [29], and 

supplementary materials [30]. 

¶ Global zero-carbon energy pathways using viable mixes of nuclear and renewables 

[31]. 

 

Relevant and influential scenarios, identified during literature review, are further analyzed with 

a focus on sustainability. The relevance and influence of the reports is deemed by own 

judgement, but the studies do share some common characteristics: many of them are regularly 

updated, several of them are often cited by academia and media, all of them try to influence on 

decision-making by creating intervention scenarios, thus guiding the stakeholdersô actions and 
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decisions on energy matters. Most of the scenarios investigated here represent a special branch 

of energy scenarios: first a desired outcome is determined, and then pathway reaching that goal 

is portrayed. However, the desirability of a scenario is greatly affected by the motivations of a 

scenario-maker, and due to this reason, in this research the desirability of the scenarios is put 

under scrutiny. The following scenarios are analyzed in more detail: 

 

¶ Royal Dutch Shell: Mountains & Oceans [7]. 

¶ IEA: 2DS-hiRen variant (2012) [12] & WEO 450 (2015) [11]. 

¶ WEC: Jazz & Symphony [23]. 

¶ IIASA: GEA Efficiency, Mix and Supply [22]. 

¶ WBGU: Exemplary path [25]. 

¶ WWF: The Ecofys Energy Scenario [19]. 

¶ Greenpeace: [r]evolution & advanced [r]evolution [15]. 

¶ Jacobson et al. 2015: WWS [28], [30]. 

 

Sustainability guardrails are derived from benchmark studies and UN 2030 development goals 

to address the desirability of the scenarios. The guardrails are then applied for the selected 

energy scenarios to evaluate whether the scenarios complement or violate the selected criteria. 

Economic, environmental and social dimensions of sustainability in the energy scenarios are 

investigated. In this study, the evaluation is based on authorôs personal judgement. However, 

in practice, the method could be applied in policy-aiding assessment in a participatory process, 

where stakeholders are brought together. The modern information technologies would allow a 

very large group of people in participating in such an assessment. 
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3 ENERGY SCENARIOS AND TRANSITION  

Scenarios are descriptions of possible future outcomes. By exploring the scope of the possible, 

not only probable, they support informed action, and can challenge conventional wisdom [32]. 

Scenarios have various purposes. Governments can prepare scenarios for assessing energy and 

environmental policies. Non-governmental organizations (NGOs) can develop scenarios to 

draw attention to alternative policies. Companies can use scenario analysis to estimate market 

chances, to assess risks and to assess their investments. [33, p. 231]. The potential of Englandôs 

coal supplies had been estimated at least in the late 1790s, and forecasts had been used by the 

mid-1860s [34]. In modern times, scenario framework as a tool was used after World War II  to 

analyze a new war [32], namely impact of nuclear weapons [35]. Pierre Wack, business planner 

at Royal Dutch Shell in the 1970s and 1980s, contributed to developing so called classical 

energy scenarios [32].  

 

3.1 Energy scenarios 

Scenarios can be classified in multiple ways. Predictions and forecasts are deterministic 

outcomes from a set starting-point. Explorative scenarios in turn investigate the boundaries 

within which it is conceivable that future developments occur. Explorative scenarios try to map 

the possible pathways, whereas normative scenarios try to explain how a desired future outcome 

can be reached. Royal Dutch Shell is known for deploying storylines, which describe how an 

energy system might develop under internally consistent set of economic, social and political 

assumptions. [34]. 

 

Backcasting is an alternative scenario approach to following todayôs trends and projections. In 

this framework, a desired future is defined, and then a trajectory is determined to reach that 

future. Backcasting analysis can be used for determining what policy measures would be 

required to reach the desired future [36].  Backcasting as discipline of normative futures studies 

was first developed in the 1970s especially for consideration of sustainable alternatives in the 

energy planning [37]. 

 

Usually the point of scenario analysis is to investigate a set of scenarios, one of them being a 

reference scenario. It is based on existing trends, current social setup and level of government 

intervention, which are assumed unchanged in the future. Business-as-usual, baseline, non-

intervention, trend and conventional wisdom are synonyms for a reference scenario. The 
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scenario exercise usually includes contrasting alternative scenarios to a reference case, to show 

how different assumptions create different outcomes. Scenarios can describe one target year, or 

series of years. Scenarios should not be confused with models. In making scenarios, often a 

model is applied to give quantitative descriptions. This is often done with a computer program. 

Internal consistency and transparency are important criteria for scenario development. 

Assumptions should not be conflicting each other, and construction of the scenario should be 

clear, including underlying quantitative and qualitative assumptions, model description and 

clear distinction of inputs and outputs. [33, p. 232]. A transparency checklist, which could be 

implemented as a second ñtable of contentò at the beginning of a scenario study, has been 

proposed by Cebulla [38], see Appendix I. 

 

If an energy model is used in scenario planning, it has to be selected according to objectives of 

the exercise. One model can be used to make several different scenarios, however, the used 

model determines the characteristics of the scenarios, and certain scenario problem requires 

certain qualities from the model. Suitable computer tools for analyzing integration of renewable 

energy, for example, have been reviewed [39]. A model can be handcrafted to the scenario 

planning problem. Open source energy modeling forum is an initiative which not only unlocks 

the data behind modeling but also the models themselves [40]. 

 

There are several pitfalls for the scenario approach. Models that apply cost minimization are 

often sensitive to small changes in cost assumptions, thus model outcomes can lead to either 

too optimistic or too pessimistic outcomes for new technologies in comparison with existing 

technologies. New technological developments are often assumed too limited for long-term 

projections. The results from a scenario study can be incorrectly used, an example is that a 

business-as-usual scenario is interpreted as most likely outcome. [33, p. 236]. It has been also 

reported that fossil fuel industry businesses have used IEAôs New Policy scenarios as forecasts 

to base their strategies, whereas it is recommended that businesses should review also IEAôs 

450, or compatible scenarios [41]. Many scenarios do not satisfy the transparency requirement. 

In many cases, the underlying assumptions are not reported, or it can be unclear which data are 

assumed and which is resulted from model calculations. As computer models try to capture the 

energy systems more accurately, also the model complexity increases. [33, p. 236]. 
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Predicting the future of the global energy system is impossible due to its complexity and our 

incomplete information about its state and trends. Furthermore, it can develop turbulently and 

branch into unknown territory after critical thresholds. [32, p. 5]. The modelerôs perspective is 

limited; in the early 1980s a dramatic increase in oil prices was projected from recent trends, 

instead, oil prices collapsed [33, p. 236]. However, we can analyze diverse alternatives with 

scenario framework, thus gain insights on possible futures, while acknowledging that the 

further in time we look, the more uncertainties there are [34]. 

 

3.2 Technological revolutions and energy transition 

Technical change is best described by a logistic curve. At first, changes occur slowly, then a 

dominant design for the technology emerges and deployment of the technology enters a phase 

of exponential growth. This is followed by a phase of linear growth, until the technology 

reaches maturity and maximum deployment potential, as seen in Figure 1 [42]. 

 

 

Figure 1. Trajectory for individual technology as degree of maturity and level of deployment over time [42, p. 5]. 

Technical innovations in individual technologies enable a technological revolution through 

interrelations of technologies. Information technology revolution is an example of 

technological revolution set in motion by innovations in microprocessors and other semi-

conductor technologies. [42, p. 8]. Appendix 2 presents the five technological revolutions since 

the end of 18th century: industrial revolution, age of steam and railways, age of steel/ electricity 
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and heavy engineering, age of oil/ automobile and mass production, and age of information and 

telecommunications [42, p. 12].  

 

Three main factors required for an emergence of a new techno-economic paradigm are low (and 

decreasing) cost structure of the technology, opportunities for further innovations and superior 

performance compared to other alternatives [42, p. 14]. Mass production of low cost cars, 

introduced by Henry Ford, is regarded as a decisive factor why internal combustion technology 

became the winner of automobile engine race in the early 20th century [43].  

 

It is argued that energy transition is not only technological, but also combination of economic, 

political, institutional and socio-cultural changes. Thus, the energy transition should be guided 

by ethics and sustainability. [44]. The levels in any transformation of a system are illustrated 

by leverage points, through which system can be intervened and changed. On the surface there 

are the concrete actions, which shape the physical surroundings we live in. The actions are 

governed by monitoring, regulation, fees and incentives. The previous are formed on basis of 

information flows in the system. Next leverage point is the way how the system self-organizes 

itself; namely how the information is stored and accumulated over time. This is dependent on 

the goals of the system. The goal can be, for example, to grow or to increase market share. 

Finally, at the bottom of all system transformation, there are changing (or persisting) mindsets2, 

which are the set of beliefs about how the world works. [45]. Organizational inertia contributes 

to resistance of change significantly. Historically, public institutions usually lag behind the 

corporations, due to the fact that they are less exposed to the competition in the market 

economy, and the paradigmatic principles held in public institutions are sometimes only 

changed due to growing political pressure. [42, p. 19]. 

 

One way of assessing the credibility of energy scenarios is looking at the accuracy and 

usefulness of past energy scenarios. In a follow-up study the past energy scenario exercises 

were compared to actual historical developments in UK. The most striking finding was that 

historical developments frequently unfold outside the ranges depicted in the scenarios, which 

is a clear sign of failure of the scenario studies, as the specific purpose of scenario framework 

usually is to map the uncertainties by setting boundaries to possible future outcomes. A second 

                                                 
2 Footnote: There is a clear analogue between mindsets and scenarios; the former set the limits for our thinking, 

and the latter set a possibility space, a chain of events that are regarded credible 
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insight from the review study was that richest and broadest picture of uncertainty was captured 

when multiple scenario studies from different organizations were combined. [46]. 
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4 CURRENT STATE AND TRENDS OF THE GLOBAL ENERGY SECTOR   

 

In this section, first a picture is portrayed of the state of the global energy system. Second, to 

understand how the current state has been reached, the underlying long term trends are 

addressed. Thirdly, short-term trends of the past and outlooks over the short-term are discussed. 

 

4.1 Current state 

It can be seen from Figure 2 below that currently energy is imported from thousands of 

kilometers away to satisfy local demands. Because of oilôs dominance in the global energy mix, 

the figure below looked very much the same if only the flow of oil would be plotted. The 

unequal distribution of fossil fuel reserves on the globe sets a frame for possible geopolitical 

conflicts over the resources. 

 

 

Figure 2. Direct energy trade, [22, p. 129]. 

 

About 80% of the consumed energy is derived from fossil fuels (Figure 3). Around half of the 

renewable energy consumption is due to traditional biomass burned mainly for cooking and 

heating, practiced by 2.8 billion people in rural areas of developing countries [47]. According 

to BP, the global primary energy shares of oil, natural gas, coal, nuclear, hydro, and non-hydro 

renewables in 2014 were 32.6%, 23.7%, 30.0%, 4.4%, 6.8% and 2.5%, respectively. The 

Statistical Review by BP includes renewables for power generation and transport fuels, but 

excludes renewable sources of heat. [48]. 
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Figure 3. Estimated energy shares in global final energy consumption in 2013 [47, p. 27]. 

 

CO2 emissions constituted about 70% of total greenhouse gas (GHG) emissions in 2010. The 

energy sector (electricity, heat and mobility) is a major contributor to the GHG emissions, as 

seen in Figure 4. 

 

Figure 4. World sectoral breakdown of GHG emissions in 2010 (GtCO2eq) [49]. 

Given that almost 80% of consumed energy is derived from fossil fuels, the emissions 

concentrate in the consumptions centers, as can be seen in Figure 5. 
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Figure 5. Estimation of CO2 emissions from fossil fuel combustion in 2010 [50]. 

 

 

4.2 Long-term energy trends 

It has taken about 60 years in the recent development of human societies and industries to 

transition from one primary energy source to another (see Figure 6 below). The argument goes: 

it took about 60 years to transition from dependence of wood to coal, and about 60 years (from 

1910 to 1970) from coal to oil and natural gas dominance. It can be argued, that the money to 

be earned by the finders and sellers of fossil fuels, and the political power that has thus followed, 

has delayed the next energy transition significantly. However, history suggests that by around 

2030 reign of oil would be challenged. [51]. 
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Figure 6. Structural change in world primary energy (%), [22, p. 113]. 

Transition to a future low carbon energy system might happen faster than commonly expected, 

driven by unaffordability of resources, climate change, technical learning and innovation. The 

concept of ñunburnable fossil fuelsò is now being recognized, cumulative knowledge on past 

energy transitions can streamline future transition, co-benefits of low carbon energy are being 

recognized, we now possess better models for transition analysis, and adoption of technologies 

can be hastened by policy mechanisms. [52]. As modern renewables, such as PV and wind 

power, are mass producible, household uptake of individual technologies in US [53] provides 

justification for the notion that future energy transition can be very rapid (see Figure 7). 

Figure 7. Technology deployment of U.S. households [53]. 
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Total globally annually added power capacity, which was still active in the end of 2014, is 

shown in Figure 8. The first column indicates that some hydro capacity built before 1940s is 

still active. The last column after 2014 is for capacities, for which installation year could not be 

determined due to missing data. It can be seen that most of todayôs nuclear capacity was built 

in the 1970s and 1980s. In the past ten years, significant capacities of wind power (bright blue) 

and solar PV (yellow) have been installed. However, also huge amounts of coal power has been 

installed (majority of which in China and India), signaling a lock-in to fossil fuels in the years 

to come. [54]. 

 

 

Figure 8. Total globally annually added power capacity (GW) still active in the end of 2014 [54]. Reproduced with the 

permission of Javier Farfan. 

 

Installed capacities for wind power and solar PV in 2015 were 63 GW and 59 GW, respectively. 

While significant amount of new coal capacity has been installed in the recent years, the falling 

utilization rates, especially in China, are signaling excess capacity and overbuilding (see Figure 

9). Currently, 338 GW of new coal capacity is under construction and about one additional 

terawatt in various stages of planning [55]. 
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Figure 9. Coal/ thermal power plant utilization (%) in U.S., India, China and EU [55, p. 5]. 

 

Next, electricity generation from main low carbon technologies (excluding hydro power) is 

investigated using BPôs statistical review [48] for global energy use. The total share of nuclear, 

hydro and non-hydro renewables power generation in the worldôs total electricity generation 

was about 33% in 2014. Figure 10 is drawn using BPôs data. For nuclear, it can be speculated 

whether Harrisburg disaster in 1979 and Chernobyl disaster in 1986 caused a slight decline in 

the deployment rate of the technology, after which it entered somewhat linear growth3 phase, a 

growth of 3% per annum, in 1990 ï 2000. In 2000 ï 2014, generation of nuclear electricity has 

been in decline, global reaction to Fukushima disaster being clearly visible in 2011 power 

generation data. At the same time, the world has witnessed impressive growth for wind and 

solar electricity. The average annual growth for global wind electricity generation has been 

25% in 2000 ï 2014, and 45% for solar, respectively. 

 

                                                 
3 Linear growth pattern means that a same quantity is added as year before. An annual growth of 50% means that 

if a quantity of one unit is added in the initial year, a quantity of 7.6 times the initial is added on the fifth year. 
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Figure 10. Global electricity generation of wind, solar and nuclear electricity in 1965 ï 2014 [48]. 

 

If these annual growth rates were to be maintained, wind and especially PV generated electricity 

would increase exponentially in the coming years. The implications of exponential growth can 

be mind boggling, as can be illustrated by using the Equation 1 below. 

ὢ ȟ ρ ὋὙ ὢ ȟ ρ ὋὙ     (1) 

, where ὢ ȟ  = current amount of electricity generated from PV (TWh) 

 ὋὙ  = annual growth rate for generated PV electricity 

 ὲ = elapsed time in years since initial year 

 ὢ ȟ  = current amount of electricity generated from nuclear (TWh) 

 ὋὙ  = annual growth rate for generated nuclear electricity 

 

If we assume initial gross generation of nuclear electricity of 2537 TWh in 2014, and that 

electricity produced from nuclear continues the trend from 2000 to 2014 (ὋὙ  = - 

0.127%), wind starts at 706 TWh with 25% annual growth, and that solar power starts from 186 

TWh in 2014, and would maintain the historical annual growth of 45%4, it would take 7 years 

                                                 
4 This is not expected by PV experts nor by the author, but it is used here to illustrate the nature of exponential 

growth, which consequences can be otherwise difficult to comprehend. In other words, the example shows the 

obviously too optimistic growth pattern for technology deployment resulting from sustained high historical 

growth rate. 
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(that is, by end of the year 2021) for solar technologies to generate more electricity than nuclear. 

If solar technologies would sustain that growth, in the year 2025 they would produce 12 500 

TWh electricity, or five times electricity generated by nuclear today, as seen in Figure 11. The 

caveat in the calculation is that the high growth rates and subsequent exponential growth cannot 

be assumed indefinitely. The deployment of for example solar PV can be better described by a 

logistic function (see Section 7). 

 

 

Figure 11. Electricity generated from nuclear, wind and solar assuming continuation of the last ten years respective annual 

growth rates. Historical values based on [48], projected values based on own calculation. 

 

At global level, the relative shares of non-hydro renewables, renewables in total, and nuclear in 

total power generation were at around 6.0%, 22.5%, and 10.8% in 2014, respectively. However, 

the number of countries, which had a renewables (hydro excluded) share more than 10% grew 

from 20 in 2010 to 39 in 2014. [48]. Looking at selected countries, it becomes clear that 

renewable generation (hydro excluded) has gained significant shares in countriesô power mixes 

only recently (see Figure 12). 
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Figure 12. Renewable power generation (hydro excluded) share of total power generation in selected countries [48]. 

 

Substantial amount of public R&D spending has been allocated to nuclear power in 

Organisation for Economic Cooperation and Development (OECD) countries, as seen in Figure 

13. Despite the high public investments, the technology comprises only about 4.4% of global 

primary energy consumption [48], and has experienced even negative learning, thus becoming 

ever more expensive [56], [57]. On the contrary, the R&D in PV has been mainly driven by 

corporate investments, and has established a very stable long-term learning rate. Diffusion of 

solar PV began with providing least cost electricity in space applications in the 1950s, continued 

by off-grid solutions in developing countries in the 1970s, followed by diffusion of PV in on-

grid markets by roof-top programmes and FiT laws in Japan and Germany, and lastly entering 

the latest growth regime characterized by grid-parity and fuel-parity concepts. [58]. 

 

Overall, public spending on energy R&D5 spiked after oil price crises in the late 1970s, and has 

not recovered to the same level since then. This trend has been witnessed in OECD despite the 

fact that about 80% of the global energy markets is unsustainable due to diminishing resources, 

climate change restrictions and security problems related to nuclear power [58]. The financial 

crisis in 2008 - 2009 creates an anomaly in the statistics. Cumulative public R&D spending on 

                                                 
5 Similarly to coal power, where some of the costs induced by the technology are subsidized through health 

sector expenditures, reliance on overseas resources has led to the fact that energy security has been guaranteed 

by military interventions (and thus energy has been subsidized through military expenditures) [58]. 
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nuclear contributes 48% (211 bnú) and renewables 11% (51 bnú) in OECD countries over the 

whole time period. Controversially, the public resources put in fossil fuel R&D have even risen 

in the 2000s. As a positive note, the resources allocated to energy efficiency have increased 

substantially during the same time. Historically, public energy R&D in OECD countries has 

comprised about 90% of global energy R&D investments [58]. However, China is moving 

ahead in innovation, as it spent around USD 390 bn, or 2.05% of GDP, on R&D in 2014 (more 

than EU). China is poised to lead the world in total R&D spending by 2019 with 2.5% of GDP 

spent on R&D by 2020. China now invests 4 times more in clean energy per unit of GDP than 

EU, being on par with per capita basis. In addition, Chinaôs State Grid aims to establish a global 

energy interconnection for utilization of clean energy. [59]. 

 

 

Figure 13. Public energy R&D spending in OECD countries for the years 1974 ï 2014 [60]. 

 

In the past fossil fuel costs have been the main component of primary energy cost. Thus the 

costs of primary energy consumption have been following closely fossil fuel prices. This trend 

is expected to change in the future. The volatility of fuel prices is implied in Figure 14. When 

energy is more expensive, the effect to the production is negative, thus GDP is restricted. [61]. 

Future lower carbon path shows a stable trend, where fuel costs are shifted to capacity costs, 

which are expected to decrease in the future. The exposure to price volatility can be reduced by 

renewable energy sources, which are not based on fuels (excluding biomass). The costs of 
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energy for non-fuel renewables are determined by capacity and operating costs, which are 

highly predictable. [62]. 

 

Figure 14. Fuel costs as a percentage of Global GDP [61, p. 99].  

 

4.3 Mid-term energy trends and outlook 

Bloomberg New Energy Finance (BNEF), a forerunner in renewable energy market research, 

estimated that in 2015 64 GW of wind power and 57 GW of PV power were installed. The 

investments to renewable power in recent years can be seen in Figure 15. Due to rapidly 

improving economics, although investments in clean power generation and energy storage 

(major share going to PV and wind power) increased globally by only 4%, annual installed 

capacity of PV and wind power increased by about 30% compared to 2014. If regions are 

compared, renewable investments in the Asia Pacific have increased substantially, in the 

Americas they have remained stable and investments in clean energy have been declining in 

Europe in recent years. [63]. 
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Figure 15. Total annual new investments in clean energy in billions of USD [64].  

As seen in Figure 16, modern renewables have attracted most of the power generation 

investments in recent years. An estimated 200 billion USD more is needed in annual 

investments in renewable power to put the world on the agreed 2 degrees Celsius pathway [65]. 

 

Figure 16. Investments in power capacity 2008 ï 2015 [66].  

However, the investments in fossil fuel supply system overall have remained at high level, as 

seen in Figure 17. It can be concluded that although recent yearsô global power capacity 

investments are going in the ñ450 compatibleò direction, the energy infrastructure investments 

as a whole signal a significant lock-in to the fossil fuels, leading to a pathway not compatible 

with the two degrees Celsius target [67] set in COP 21 in Paris in December 2015. 
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Figure 17. Global investments in fossil fuel supply [68, p. 52].  

Carbon Tracker Initiative evaluated the unneeded capital in an IEAôs 450 compatible scenario 

compared to existing fossil fuel projects and business as usual investments. This creates a risk 

of stranded investments for those who profit from exploiting the fossil reserves today. The time 

period for the capital expenditure accounting was limited to 2015 ï 2025. According to the 

analysis, 239 billion USD invested in existing fossil fuel projects would be unneeded in 450 

scenario, leaving those investments stranded. About USD 2 trillion (trn) of investments in new 

projects could be stranded, if business as usual and 450 scenarios are compared in the time 

period 2015 ï 2025. [69]. Similarly, it is estimated that financial assets at risk are USD 2.5 to 

24.2 trn over the long term [70], and USD 4.2 trn in another assessment, comparable to current 

manageable stock of assets of about USD 143 trn [71]. Shareholders are acknowledging the 

stranded investment risk, and growing number of them are demanding full disclosure of 

potential financial losses associated [72]. 

Strong social movements have been initiated to accelerate the ongoing energy transition. As of 

December 2015, assets held by fossil fuel divesting institutions and individuals have been 

estimated over 3.4 trillion USD [73]. To put this in context, World Bank estimated that financial 

markets in total sized 212 trillion USD in 2010. Bonds, contracts for buying or selling debts, 

totaled 93 trillion USD. [74]. Green bonds, debt security contracts labelled for environmental 

protection, have grown rapidly in recent years. Annual issuance of green bonds is estimated at 

USD 11.5 billion in 2013, USD 37 billion in 2014 and USD 41.8 billion in 2015 [75]. 



31 

 

Traditionally non-energy corporates are increasingly active in renewable energy procurements. 

According to Track 0 initiative, 72 companies have announced a ñ100% renewable energy 

targetò as their long term goal [76]. In US, publicly announced renewable energy capacity 

contracts purchased by corporates rose from megawatt scale in 2013 and before to gigawatt 

scale in recent years, up to 3.44 GW in 2015. The list of corporates include e.g. Google, 

Facebook, Apple, Microsoft, IKEA, Walmart and Amazon. [77]. The global corporate funding 

in the solar and wind sectors came at USD 26 and 15 billion in 2015, respectively [78]. 

This reflects the fact that investing in renewables is increasingly profitable business, but it also 

confirms the results from investment bank UBS research. It was estimated that today 80% of 

the value of the S&P 500 listed firms is due to their intangible assets: brand, reputation, 

customer satisfaction, risk management and environmental performance. Back in the 1970s it 

was the other way around; financial assets created 80% of the value of the companies, and the 

rest came from intangible assets [79]. 

Levelised cost of electricity for different technologies around the world in 2015 can be seen in 

the Figure 18 below. It can be seen that there are many regions in the world where renewable 

power is the least-cost option. Additionally, recorded in the figure, is the shift of PV and 

onshore wind LCOEs to left within the year, underlining the improving cost dynamics of the 

two technologies. 
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Figure 18. Levelised cost of electricity for renewable and fossil technologies in 2015 in USD/MWh [80]. 

BNEF argues that there is a simple reason why the price collapse of crude oil in 2015 did not 

hinder wind and solar power deployment: currently new renewable technologies are not 

competing against oil, since the major share of oil is used in the mobility sector [81]. However, 

electrification of transport would change this, thus it can be expected that the improving 

economics of wind and solar power combined with rapid development in energy storage will 

be undermining also demand for oil in the future. BNEF estimates, that if current trends 

continue (see Figure 19), cost of ownership of electric vehicles (EVs) will be brought under 

that of conventional-fuel vehicles in 2023 [82]. The decreased revenues due to low oil prices, 

lower efficiency and more complex value chain of internal combustion engine (ICE) cars can 

further contribute to decline in ICE cars [83], and first countries (Norway, Netherlands, India 

and Austria) are considering legal restriction on ICE cars [84]. Consequently, the major oil 

companies have become the strongest lobby group against EVs [83]. 


