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Energiaskenaarioita kaytetaan mahdollisena pidettyjen tulevaisuuden tilojen ja kehityspolkujen
tutkimiseksi. Skenaarion tekija maarittaé viitekehyksen, joka siséltdd mahdolliset tapahtumat.
Skenaarion uskottavuus riippuu sen esittaméan kehityksen yhteensopivuudesta todellisen,
tapahtuneen kehityksen kanssa, ja siit4, miten ldpindkyvasti skenaarion tekijad ilmoittaa
tutkimuksen yleiset tiedot, metodin, sekd kaytetyn tiedon alkuperén ja kasittelyn. Tydssa
arvioitiin  valittujen globaalien energiaskenaarioiden lapindkyvyyttd ja mielekkyytta
yhteiskunnan nakdkulmasta kayttéen kirjallisuudesta méaaritettyja kriteereja.

Globaali energiamurros kasittdd teknologisen kehityksen lisdksi muutokset nykyisissa
sosiaalisissa kéytannoissd ja taloudellisessa kehityksessa. Energiapaatoksenteon valintojen
kauaskantoisten vaikutusten vuoksi energiaratkaisut ovat talouteen sidonnaisia ja eettisia
valintoja. Nykyinen, padosin fossiilisiin polttoaineisiin perustuva energiajérjestelma on pitkalla
aikavalilla kestdmatdon useasta syystd: negatiiviset ilmastovaikutukset, negatiiviset
terveysvaikutukset, fossiilisten resurssien rajallisuus, konfliktit vesi- ja ruokahuollon suhteen,
luonnon monimuotoisuuden menetys, ekosysteemien ja resurssien tuleville sukupolville
séilyttamisen haaste, ja fossiilisten polttoaineiden kyvyttdmyys tarjota globaalisti padsy
moderneihin energiapalveluihin. Ydinvoimaa ja fossiilisen hiilen talteenottoa ja varastointia ei
voida pitad kestavind ratkaisuina liittyvien riskien ja vaadittujen pitk&aikaisvarastojen vuoksi.

NyKkyistd energiamurrosta ajavat kasvava energiakysyntd, uusiutuvan energian teknologioiden
laskevat kustannukset, modulaarisuus ja skaalautuvuus, uusiutuvan energian kayton
makroekonomiset hyodyt, investoijien riskitietoisuus, uusiutuvan energian houkuttelevat
liiketoimintamahdollisuudet, tuuli- ja aurinkoresurssien lahes tasainen jakautuminen
planeetalla, kasvava tietoisuus planeetan ympdriston tilasta, ympéristoliikkeet ja tiukentuva
ympdristolainsaddantd. Monet tarkastelluista skenaarioista tunnistivat aurinko- ja tuulivoiman
keskeisen roolin tulevaisuuden kestavien energiajérjestelmien tukirankana. Skenaariot, joissa
tuuli- ja aurinkovoima olivat suurimmassa roolissa, tayttivat myos asetetut kestavyyskriteerit
parhaiten. Tulevassa tutkimuksessa energiaskenaarioiden lapindkyvyytta voi parantaa
ilmoittamalla tyon tilaajan, selventdmalla rahoituksen, ilmaisemalla selkedésti kaytetyt lahteet ja
tiedon Kkasittelyn, sekd tutkimalla miten variaatiot kustannusoletuksissa ja teknologioiden
kayttoonotossa 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 scenarios’ transparency and desirability
from the society’s 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, investors’ risk awareness, renewable energy related attractive business
opportunities, almost even distribution of solar and wind resources on the planet, growing
awareness of the planet’s 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 scenarios’ 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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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 Earth’s 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 Earth’s 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 planet’s
processes that the current geological era has been proposed to be named “Anthropocene™? [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 (COz) from the atmosphere, leading to an
increase in the cumulative concentration of anthropogenic CO> in the atmosphere, which is on
track to cause global warming associated with irreversible damage on the planet’s 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

! Derived from Greek words anthropo”, meaning “human”, and “cene”, meaning ~new””.



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 one’s 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 society’s 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
9



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.

10



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:

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

Policy Strategies [6].

Shell New Lens Scenarios [7].

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

BP Energy Outlook 2035 [9].

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

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

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

e Greenpeace — The Energy [R]evolution 2015 [15] and 2012 [16]

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

e World Wide Fund for Nature International (WWF) — The Energy Report: 100%
renewable Energy by 2050 [19].

Related academic study: [20].

e Stockholm Environment Institute (SEI) — Energy for a Shared Development Agenda:
Global Scenarios and Governance Implications [21].

e International Institute for Applied Systems Analysis (IIASA) — Global Energy
Assessment (GEA) [22].

e World Energy Council (WEC) — World Energy Scenarios: Composing energy futures
to 2050 [23]. Related academic study: [24].

e German Advisory Council on Global Change (WBGU) - World in Transition:
Towards Sustainable Energy Systems [25].

e Providing all global energy with wind, water, and solar power, part | [26] and part 11
[27], global roadmap (2015) [28], related grid reliability study [29], and
supplementary materials [30].

e 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 stakeholders’ actions and

11



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].

WWEF: 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 author’s 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.

12



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 England’s
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 1l 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 today’s 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
13



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 “table of content” 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 IEA’s New Policy scenarios as forecasts
to base their strategies, whereas it is recommended that businesses should review also IEA’s
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 modeler’s 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].
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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 18" 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 20" 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) mindsets?,
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].

17



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 0il’s 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.
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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].

18



Fossil fuels
78.3%

2.6%
MNuclear power

Modern renewables
10.1%

Biomass/
solar heat
4.1%

13% 0.8%

Wind/solar/ Biofuels
biomass/
geathermal
powear

R

Figure 3. Estimated energy shares in global final energy consumption in 2013 [47, p. 27].

CO- 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.
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Figure 4. World sectoral breakdown of GHG emissions in 2010 (GtCOzeq) [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 “unburnable fossil fuels” 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).
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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 today’s 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].
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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 BP’s statistical review [48] for global energy use. The total share of nuclear,
hydro and non-hydro renewables power generation in the world’s total electricity generation
was about 33% in 2014. Figure 10 is drawn using BP’s 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 growth® phase, a
growth of 3% per annum, in 1990 — 2000. In 2000 — 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 — 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 — 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.
Xer,py(1 + GRpy)™ = Xetnuciear (1 + GRpycrear)™ 1)
, Where Xerpv = current amount of electricity generated from PV (TWh)

GRpy = annual growth rate for generated PV electricity

n = elapsed time in years since initial year

Xeinuclear = current amount of electricity generated from nuclear (TWh)

GR,,ciear = 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 (GRuuciear = -
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%?, 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).
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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 countries’ power mixes

only recently (see Figure 12).
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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&D°® 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 bn€) and renewables 11% (51 bn€) 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, China’s State Grid aims to establish a global

Q o o~

energy interconnection for utilization of clean energy. [59].
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Figure 13. Public energy R&D spending in OECD countries for the years 1974 — 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].
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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].
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Figure 16. Investments in power capacity 2008 — 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 years’ global power capacity
investments are going in the “450 compatible” 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 IEA’s 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 — 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 — 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].
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Traditionally non-energy corporates are increasingly active in renewable energy procurements.
According to Track O initiative, 72 companies have announced a “100% renewable energy
target” 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].

32



EV battery pack costs ($/kWh) Global volumes (GWh)

1,200 - 400
1,100
1,000 & Global EV li-ion
‘ T battery

900 - BNEF observed values: annual L 300  Production

__ lithium-ion battery price index
800 A — 2010-15
P | A BNEF observed
700 - Sl values
/ / | 'g
i - L

600 A a2 | 200

%0 A "" Moderate

400 | scenario: 15%

L ¢ learning rate
ong-term
300 - cost range - 100
200 | \ =—Aggressive
scenario: 22%
100 learning rate
0 0

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Figure 19. Electric vehicle lithium-ion battery cost outlook 2011 -2030 [85].

According to E&Y, about 15% or 8.3 GW of the new installed PV in 2015 were rooftop
installations. It is expected that in 2015 — 2024 distributed solar PV grows by 346 GW new
added capacity and utility scale solar installations by 290 GW of new added capacity. [86].
Thus, the respective expected average annually added capacity for solar PV in the coming years
is at around 71 gigawatts. Given the cumulative PV capacity of about 239 gigawatts in the end
of 2015 [48], [87], cumulative solar PV capacity would reach 875 gigawatts in 2024.This
implies that the goal of the Terrawatt Initiative, a non-profit association launched in the
beginning of COP21, is well underway to be met. The initiative aims at one additional terawatt
of PV power by 2030 [88].

Breakdown of BNEF’s New Energy Outlook (NEO) shows that the cumulative capacities for
PV and wind power are expected to grow to 1800 and 1300 GW in 2030, respectively. As seen
in Figure 20, PV is poised to overtake wind in installed capacity around 2022 — 2023. The
outlook cannot be accused of over-optimism, since the deployment rates of solar PV and wind
are assumed to decline from today’s level. Calculated from the figures, year on year growth of
solar PV gross cumulative capacity declines from 22% in 2017 to around 9% in 2030. For wind,
the assumptions are 11% and 5%, respectively. [89]. Since NEO 2015, BNEF has increased
their business as usual estimation (assuming no further improvements in new renewable

technology LCOEsS) for new renewable energy capacities to be deployed. Cumulative total new
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capacity of wind, solar, biomass/ waste-to-energy and geothermal is expected at around 7000
GW by 2030 and 12500 GW by 2040, consisting mostly of wind and solar. [90]. The
deployment of wind and solar PV in BNEF’s updated assessment (supposedly discussed in
more detail in the to be published NEO 2016) is stricingly similar to Greenpeace’s advanced
[r]evolution scenario, in which the total installed capacities for the same technologies are 7365
GW in 2030 and 13 601 GW in 2040, and the shares of solar PV and wind are 51% and 42% of
total new renewables (wind, solar, biomass/ waste-to-energy, geothermal) in 2030, respectively
[15].

CUMULATIVE CAPACITY [GW]

2016 2017 2018 2015 2020 2021 2022 2023 2024 2025 2026 2027 2028 2025 2030
YEAR

B Gross cumulative PV capacity Gross cumulative wind capacity

Figure 20. Gross cumulative installed capacities of PV and wind until 2030 based on NEO 2015 [89]. Capacities in the end
of 2015 are based on [48], [87], [91].

Figure 21 shows how BNEF’s forecasts for cumulative wind and solar capacities in comparison
to that of IEA. IEA seems to assume linear growth pattern, whereas BNEF’s growth pattern for
solar and wind deployment represent beginning of a S-curve, described by logistic growth
pattern, which is discussed in [92] and [93].
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Figure 21. Global installed capacities (GW) for solar and wind power in IEA’s outlooks and BNEF’s forecast [94, p. 64].

The significant discrepancy between IEA’s World Energy Outlook scenarios and historical
developments (see Figure 22) has been heavily critized, claiming that the methodology applied
by the IEA leads to a systematic underestimation of the deployment of renewables [93], [95].
The annually added PV starts to decline in 2040 in Greenpeace’s assessment due to fact that
high share of renewables is reached in the global power mix, and there is only substitution
requirement for already built capacity [95]. In a longer term assessment it is expected that due
to increasing energy demand and growing share of PV in the electricity mix, annually added
PV installations would not see a decline in the mid-century, but the saturation would be reached
by around 2100 [93].
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Figure 22. Added PV capacity in reality, in WEO NPS 2015, Greenpeace energy [r]evolution 2015, and in BNEF NEO 2015
[95].

The growth pattern assumed for future deployment of technologies is of high significance in
energy scenario creation, since the level of deployment is connected to the future costs of the
respective technologies. Many energy scenarios reach 30 years into the future. Looking back
36 years, solar PV has experienced revolutionary cost reductions while the cumulative
production has been substantially scaled up, as seen in Figure 23 (notice logarithmic scale). The
same trend has been recognized earlier in [96], and it reaches as far back as to 1955, that is, to
the early years of first practical uses of solar PV [97]. The very stable learning rate of about 20
% is expected to continue, and the ultimate floor costs of a fully optimized product is not

expected to occur in the near future by leading PV experts [96], [98].
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37



5 DRIVERS AND CONSTRAINTS FOR GLOBAL ENERGY SYSTEM

Physical state and limits of the planet, social conventions and the state of technologies
determine the boundary conditions for our energy systems. In this section, some of these
constraints and driving forces are recognized and described. Constraints (5.1) address inhibiting
and limiting forces, whereas Drivers (5.2) list catalytic and escalating phenomena.
Sustainability guardrails can be then defined as the boundaries inside which the energy systems

should operate in order to be sustainable (see Section 6).

5.1 Constraints
5.1.1 Climate change

There are far more fossil fuel reserves than can be exploited to limit global warmingto 2 "C. A

third of oil reserves, half of gas reserves and over 80% of current coal reserves should remain
unused from 2010 to 2050 to meet the target of 2°C [99]. In order to have at least 66% chance

for limiting global warming to two degrees during this century, the remaining carbon budget is
estimated at 690 — 1240 GtCO> from 2015 onwards. Current annual CO> emissions are about
40 Gt. [100]. To limit temperature increase to 1.5 °C, remaining carbon budget for 2011 — 2050

is between 680 and 800 GtCO», and the CO. concentration in the atmosphere should be
stabilized to 430 ppm CO2¢q by 2100, requiring net negative emissions in the second half of this
century [101].

Delaying climate change mitigation actions to the future increases the costs [101]. The cost for
unabated climate change is estimated to range from 5 — 20% of annual global GDP in the Stern
review [102], 2 — 10% in assessment by OECD [103], and 10 — 30% of manageable assets in
the analysis of The Economist Intelligence Unit [104]. As depicted in Table 1, business as usual
pathway contains much higher losses compared to a climate policy action scenario. The mean
mitigation costs are only about 10% of possible climate change impact costs. Moreover, BAU
scenario underlines higher uncertainty than 450 scenario, which can be seen as broader range

for costs in the BAU scenario.
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Table 1. Cost estimates of global loss and damage under business as usual and mitigation scenarios, including and excluding
adaptation. Shares of mean adaptation and mitigation costs (%) are in relation to the mean cost of impacts (w/o adaptation) in
BAU scenario. [105, p. 26].

Business as usual 450 ppm scenario
Lowerend Mean Higher Lowerend Mean Higher
end end
- 270 1240 3290 100 410 1070
- 170 890 2340 60 275 760
- 4 6 (0.5%) 9 4 6 (0.5%) 9
- 50 110 (9%) 170

Energy infrastructure is long-lived, often lasting for decades. Thus, investments today to carbon
intensive infrastructure creates a phenomenon called carbon lock-in; lower carbon alternatives
are postponed due to assets invested in currently used carbon intensive equipment. Stockholm
Environment Institute (SEI) has estimated the carbon lock-in due to infrastructure and policies
in place 2012 onwards. Using IEA 4DS scenario as baseline, they estimate that the current
global infrastructure represents a carbon lock-in of about 800 Gt CO,, and following the
reference scenario, it would reach 1000 Gt COz by 2020. [106]. SEI’s estimation clearly shows
that ambitious building retrofitting is required, not all infrastructure in place today can be used
to the end of its average lifetime, and that new investments should be directed to climate neutral

technologies.

5.1.2 Ecological footprint and pollution

The global energy system interacts within the boundaries of the planetary ecosystem. Human
activities are a major driver for change at planetary scale, thus it has been proposed that the
current era could be called the “Anthropocene” [1]. The Earth’s natural resource stocks have
been diminished faster than they are being replaced or recycled since the 1970s, following that
humanity consumes a biocapacity of about 1.5 Earths every year as seen in Figure 24. The

carbon emissions contribute a major share in humanity’s ecological footprint. [107].
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Figure 24. Components of ecological footprint of humanity [107, p. 12].
Burning of low-quality fuels in transport and power generation is a major source of air pollution.
In ITASA’s GEA it was stated that in 2010, around 160 million people in cities worldwide were
breathing clean air, whereas for 740 million people urban air quality was worse than the WHO
guidelines, as depicted in the Figure 25 [22, p. 1380]. According to World Health Organization
(WHO) more than 2 million people die every year due to air pollution from breathing in tiny
particles. In particular, PM-10 particles (10 micrometers or less in size) can cause heart disease,

lung cancer, asthma and respiratory infections. [108].
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Exposure * PMio Concentration
85,741 - 4,050,173 @ WHO Air Quality Guideline (<20pg/m*3)
4,050,173 - 7,939,338 () Target 3: 2030 pug/m”3
1,399,330 = 15,396,950 @ Target 2: 3050 pg/m"3
15,898,968 - 38,746,313 @ Target 1: 50-70 pg/m~3
() 38,746,313 - 253,809,144 ‘ Above Target 1: > 70ug/"3

*Exposure (capita-ug /m*)= PM, concentration (ug/m?) x city population (capita)
Figure 25. Human risk exposure to PM-10 pollution in cities worldwide [22, p. 1380].

It is hard to evaluate the economic burden on the society due to pollution. In total, world health
costs are about 10% of global GDP [109]. The share of energy system induced health costs of
the total health cost is debatable. The damage to health due to air pollution in 15 countries with
the highest greenhouse gas emissions is valued at an average of over 4% of GDP [110, p. 9]. It
is known that emissions from coal power contribute significantly to air pollution. In Europe
alone, coal power associated premature deaths count up to over 23 000, and the economic costs
of health impacts from coal combustion are estimated up to over 50 billion euros annually. The
health damages are not limited to the close proximity of the power plant. The coarse particles
(PM-10) affect locally, but fine particulate matter (PM-2.5) and heavy metals can be carried
from hundreds to thousands of kilometers by the wind. [111]. The global cost® of coal power
due to local pollution is estimated at 2372 bn USD in 2015, or 2.9% of global GDP [112].

5.1.3 Access to clean freshwater and preservation of water resources

® The costs induced by coal pollution can be regarded as a public subsidy, paid through the expenditure in the
health sector, ecosystem damages, diseases suffered and lives lost. The problem is that the real costs of coal are
currently not included in the market price of coal, leading to a false sense of cheap electricity.
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Currently around one third of the population, or 2.5 billion people, lack improved sanitation,
and around 783 million people lack access to safe drinking water [113]. The UN 2030 agenda
for sustainable development framework sets 17 goals. Sustainable Development Goal 6 reads:
“Ensure availability and sustainable management of water and sanitation for all” [114, p. 14].
World Resource Institute gives recommendations on how the goal could be reached in the
power sector (see Figure 26): energy efficiency of end use electricity consumption should be
emphasized, water use in power generation should be regulated, renewables (excluding
hydropower) are the best choice for water scarce areas, shift future thermoelectric power plants
to closed-loop dry-cooling systems and avoid placing water intensive power generation
technologies in water-stressed areas [115]. The total global water withdrawal was estimated at
281 billion cubic meters in 2013, and total freshwater consumption for coal-based power
generation at 22.7 bcm/year, of which the coal power plants alone consume 19 bcm/year. Thus,
the current freshwater consumption of the coal industry (power plants, hard coal and lignite
mining) represents about the basic annual water needs of 1.2 billion people. [116].
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Figure 26. Water withdrawal and greenhouse gas emissions of power generation technologies and energy efficiency
measures calculated for China using 2010 cost levels for domestic technologies [115].
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Figure 27 illustrates water stress, the ratio between total water withdrawals and available
renewable surface water, for the year 2040. The method used also puts weight on areas where
human demand for the water is the highest and socioeconomic dependency on water resource
most critical. The scenario is based on a climate scenario for 2.6 —4.8° C increase in temperature
by 2100 relative to 1986 — 2005 levels. [117]. According to a global analysis, the projected
water demands can be satisfied at low cost with seawater reverse osmosis plants powered by
wind and PV systems [118].

Low
Low to medium
Medium to high
W High

M Extremely high

Figure 27. Projected water stress in 2040 under business-as-usual scenario [117].

Humanity does not face a fundamental resource scarcity any time soon, as seen in Figure 28.
The expected global energy consumption is 27 TWyr (Terawatt-years) per annum in 2050. The
solar resources (ocean areas are excluded, weather accounted, and perfect conversion efficiency
assumed) being about thousand times more than that. [119]. The question then is how to harvest

the available energy sources sustainably.
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Figure 28. Estimated total finite reserves and yearly potential for renewable energy flows (Terawatt-years) [119].

Another important question is, how those 2.8 billion people using unsustainable solid fuels and
1.2 billion people currently lacking access to electricity gain access to modern energy services
[120]. The starting point can be how the different energy resources are distributed on the planet.
While fossil fuels are found in point-like reserves, renewable sources such as wind and solar
are moderately equally available all around the world. Looking at global horizontal irradiance,
first thing to notice is that the resource is available all over the planet, and secondly, there is
only about a factor of two difference between best and worst sites on the planet (Figure 29).
Looking at wind resources, it is also available around the globe, but there are higher differences
between locations, crudely estimating factor of 3 — 4 difference between best and worst sites
(Figure 30).
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Figure 29. Global horizontal irradiance (W/m?) [121].
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Figure 30. Mean wind speed (m/s) at 80m [121].

5.1.4 Low carbon energy technology and resource limitations
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Renewables are not completely climate neutral from life cycle point of view, although their
direct emissions are small compared to fossil alternatives or zero. However, as the energy
system is more and more decarbonized, the life cycle emissions from renewable technologies
are reduced because of less CO; intensive manufacturing. Renewable energy technologies have
land use impacts, however, unlike nuclear waste storage and CO; storage, they are not normally
long term. Although renewable energy technologies require rare metals and minerals, the
resources are not consumed in the way for example coal is burned, and usually can be recycled.
[122, p. 23]. Critical material restrictions have been assessed in [26] and [123]. In WWE’s
assessment for 100% renewable global energy system, lithium and cobalt, used for batteries in
electric vehicles, were recognized as most critical non-energy raw materials. These bottleneck’s
can be reduced by recycling lithium and by substituting lithium and cobalt with other materials.
For example supply of indium, gallium, tellurium and copper are not expected to become
bottlenecks. While the reserves for neodymium and yttrium, used in wind turbines, exceed the

demand, they could become bottlenecks due to geopolitical reasons. [123].

Estimations for global bioenergy potential available in 2050 ranges from 70 EJ to 360 EJ per
annum. Stricter sustainability criteria and less favorable assumptions about water scarcity limit
the potential. In addition, sustainable bioenergy does not compete with food production,
contributes to net decreases in GHG emissions and does not induce biodiversity losses. In
ITASA’s GEA, limited bioenergy implies about 80 EJ/year in 2050 and 125 EJ/year in 2100.
Main restrictions on bioenergy are resource availability, land use impacts, food security risks
and environmental risks. [22, p. 1237].

The climate mitigation potential of bioenergy has to be critically assessed. Firstly, to reach
carbon neutrality, carbon released from removed biomass stock must be regained within a
selected timeframe. This timeframe varies for all biomass products, and in reaction to climate
change, the available time frame is limited. Secondly, carbon neutral does not equal to climate
neutral, because carbon loss and carbon sequestration do not take place simultaneously. Taking
this into account, even using otherwise sustainable bioenergy, such as forest residues, it is clear
that the climate change mitigation potential of bioenergy is greatly reduced. There is a third
point related to forest based bioenergy. The carbon sink in soil and aboveground biomass
combined is decreased in a scenario in which biomass harvesting is increased from current level
comparing to a reference scenario, in which harvesting stays at current level. The notion that
bioenergy has a delay in the emission savings does not imply it should be excluded, however,
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it does imply that to reach the pathway in which emissions decrease in near future even larger

emission reductions are needed by other means. [124].

Onshore wind farms need land, can be risk for birds and bats, and can have negative impacts
on local populations such as noise and light emissions and changes in landscape. These impacts
can be greatly reduced by rigorous planning, in which specific local ecological aspects are taken
into account, and by using land use regulations. [122, p. 23]. It should be noted that for example
in the US, nuclear and fossil fueled power stations killed approximately 330 000 and 14 million
birds, respectively, whereas wind farms were responsible for estimated 20 000 bird fatalities in
2009 [125]. Thus, the wind farm related avian fatalities should not be overstressed, since it
diverts the attention from more significant problems. In WWS scenario, in which virtually all
energy needs are provided by wind, water and solar, the total footprint on the ground for turbine
towers and bases to power 50% of the world’s energy is only about 47 km?, or smaller area than
Manhattan [26]. The additional land use of wind turbines can be minimized by placing them in
industrial areas, arable land, forests, and hybrid sites along with PV installations [83]. Not only
informing, but also including local stakeholders in the project from the very beginning of the
wind farm planning, and community ownership of wind power plants increase the social
acceptability of wind energy [126]. While neodymium, used in permanent magnets in
generators, is not restricted by its global reserves (able to provide a few hundred years of supply
in WWS scenario), geopolitical restrictions could pose bottlenecks in case wind power is
deployed as rapidly as in WWS scenario. This can be alleviated by recycling and using other
materials. [26, p. 1161]

Photovoltaic systems can be built on various scale, from ground-mounted installations to
building integrated systems requiring no additional space. Although the land use impacts of PV
systems are small, they have to be taken into account nevertheless, and installations should not
be built in key nature conservation areas. [122, p. 24]. Energy payback time (EPBT) describes
how long it takes for energy system to produce as much energy as is used to produce the system.
For PV systems in 2010, EPBT ranges from 1 to 2.5 years worldwide, and for 2020 technology
it is expected to be on the level of 0.5 to 1.5 years depending on the insolation level. Energy
return on energy investment (EROI) describes the ratio of how much energy is gained from an
energy production process compared to how much energy is required to extract one unit of that
energy in question. Thus, an energy production process is only useful and sustainable, if it
produces a high amount of net energy. The net energy has to be high enough to satisfy growing
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world energy demand. For PV systems in 2010, the EROI is about 10 to 25, and for 2020
technology systems it is projected to be 20 to 60, depending on geography and PV technology.
[127]. Multi-terawatt production of crystalline silicon (c-Si) PV could be limited by silver
currently used in electrode material, but no other significant limitations are recognized, thus
replacing the electrode with other materials would make c-Si solar cells practically unlimited
by materials. Similarly, the production of thin-film and multi-junction solar cells is possible in
multi-terawatt scale. [26, p. 1162].

Solar thermal power systems require land use, however, as the technology is mainly suitable
for use in desert areas, the conflict in other uses is negligible. Nevertheless, environmental
impacts should be studied for all solar thermal systems. Water cooling of solar thermal power
systems can provoke ecological damage in already water-scarce areas. Dry cooling greatly
reduces the water consumption, but also reduces the efficiency. [122, p. 25]. In WWS, total
footprint on ground required by non-rooftop PV systems and CSP to power 34% of the world’s

energy needs would require about 12 km? [26].

Geothermal energy installations require little space and their carbon dioxide and hydrogen
sulfide emissions are in most cases low compared to fossil alternatives. The impact on
environment, mainly water consumption and heat dissipation, is reduced in combined heating
and power type of installations. Deep geothermal installations have been associated with minor
seismic activity and input of pollutants to surface waters and aquifers. According to current
knowledge, these drawbacks are minor in scale of impact and controllable. [122, p. 25].
Thermal decomposition of carbonate rocks in some geothermal electricity sites in Turkey has
caused release of more COz than is released on gco2/kWhe basis from coal-fired plants. The
released CO> is typically 98-99% pure, and could be possibly used for industrial purposes.
[128].

Hydro power plants conflict between electricity generation, water resource management and
nature conservation goals. Hydro power installations can threat existence of aquatic organisms,
affect the sedimentation processes and oxygen conditions, and impact on ecosystems of
floodplains. [122, p. 27]. The usage conflict of water resources also include water for
agricultural irrigation, sanitation, shipping, tourism, indigenous lands and biodiversity. Climate
change can affect the flow of rivers and the refilling of groundwater reservoirs in many
countries, thus worsening the water stress experienced already today at medium or high level

by 1.8 billion people. [129].
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Main restrictions on nuclear power are unresolved problems of long-term waste disposal, the
risk of catastrophic accidents and associated liabilities, possible proliferation of weapons-grade
fissile material and the failure of the technology to provide significant generation capacity
regardless of highest levels of governmental support [22, p. 1237]. In addition, the risk of
terrorist attacks against nuclear plants has been discussed recently in the media [130]. The
radioactive waste has to be sealed off from the biosphere for at least several thousand years,
leaving the maintenance responsibilities of disposal sites and threat of nuclear waste hazards
for future generations [122, p. 19]. Furthermore, construction costs of nuclear plants are high
and experiencing negative learning rate [56], [57]. Small Modular Reactors (SMR) are likely
to suffer similar problems, even more so, as more material is needed per MW of capacity and
safety concerns would remain [57]. Since the opening of first commercial nuclear plant in 1956,
and first practical use of solar photovoltaics in satellites in 1958, cost of electricity produced
from nuclear power has increased by a factor of 2-3, and cost of electricity from PV has dropped
by a factor of about 2330 [131]. It is likely that future power systems have high shares of low
cost PV and wind accompanied with flexible generation and demand [132]. Technically,
nuclear reactors can be operated in daily load follow mode, European pressurized water reactors
(EPR) between 25% and 100% of rated power, and water-water energetic reactors (VVER)
between 50% and 100% of rated power [133, pp. 60—61]. However, in an economic analysis,
already with 30% penetration of wind power in the energy system, the profitability loss for
nuclear was 55% compared to a scenario in which no fluctuating capacity was installed [134,
p. 136]. Thus, while existing nuclear power plants can provide some flexibility, new nuclear

plants are not competitive with other options lower in costs.

Carbon capture and storage (CCS) could reduce GHG emissions of coal power plants by around
70 — 90%, leaving coal mining impacts on environment unaffected. The process reduces
efficiency and thus more fuel is required for the same output. [122, p. 17]. Main restrictions on
CCS are that the technology is not applied beyond demonstration level in power sector,
potential storage capacity is limited both globally and regionally, relatively small leakage rates
can compromise the climate stabilization function, remaining emissions from fossil fuel
extraction and no ancillary benefits [22, p. 1236]. Similarly to nuclear, public opposition

towards storage sites can raise significant opposition from local people.

5.2 Drivers
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5.2.1 Improving cost dynamics and macroeconomic benefits of renewables

The cost dynamics of energy technologies is sifting to renewables’ favor. Better efficiency,
lower material use and economies of scale resulting from increased production will contribute

to further decreases in renewable technologies’ costs [122, p. 28].

ETRI is a biannual basis updated report for projected costs for European energy technologies
for 2010 — 2050 time period (see Figure 31). Large scale solar PV installations are poised to be
in the range of 400 — 600 €2013/kW in 2050 [135]. Potentially even lower costs, in the range of
278 — 606 €2014/kW,, in 2050, are expected in a scenario study by Fraunhofer ISE, commissioned
by Agora Energiewende [98].
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Figure 31. Expected capital expenditures for onshore wind and solar PV (> 2MW non-tracking) installations [135].

The notion that renewable energy and economic growth do not go hand in hand is outdated.
IRENA has calculated the macroeconomic impacts of doubling global share of renewables in
the energy mix by 2030 compared to 2010. Global GDP would increase by up to 1.1% (or USD
1.3 trillion), global welfare” would increase by 3.7% and over 24 million new jobs would be
created, offsetting the ones lost in conventional power sector. [136]. According to UN report,
the transition into low-carbon and resource efficient society generates increases in wealth and

higher GDP over long-term, eradicates poverty and creates more jobs related to business as

" Here welfare means that resources are used sustainably, i.e. resources are also available for future generations.
Other indicators are consumption and investments, employment, spending on health and education, negative
impacts of local air pollution, GHG emissions and material consumption.
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usual pathway [137]. The NewClimate Institute assessed the missed benefits of intended
nationally determined contributions (INDCs) in comparison to a pathway to fully renewable
power systems by 2050. According to the results, following global co-benefits are achieved in
the year 2030 in a 100% renewable trajectory compared to INDCs: annual cost savings from
reduced fossil fuel imports in the order of USD 715 bn, prevented premature deaths from
ambient air pollution in the order of 2.5 million, and job creation from renewable energy of
about 2.7 million. [138].

The integration benefits and costs of introducing PV and wind in the energy system have been
discussed in [139]. The components of “integration costs” can be categorized as follows: grid
costs, balancing costs, and the cost effects on existing (conventional) power plants. Costs for
strengthening the grid and balancing are well defined and low, values can be found around 5 —
13 €/MWh in the literature even with high shares of renewables. The controversy arises on
whether “utilization effect” on conventional plants should be considered as integration cost,
and how it should be calculated. In Agora Energiewende’s own assessment, it ranges between
-6 and 13 €/MWh for Germany at 50% wind and PV penetration, depending on the cost of CO».
The authors conclude that controversial effects can be avoided by comparing total system costs

of different scenarios for PV and wind. [139]

5.2.2 Growing energy demand

The world consumes about 18 TWyr of energy annually. According to BP’s statistical review,
the historical primary energy consumption has been growing about 2.6% annually from 1965
to 2014. [48]. The world population was about 6.8 billion in 2010, and is expected to be around
8.8 billion in 2050 [22, p. 391]. If the historical average annual growth was sustained, primary
energy consumption would reach 26.1 TWyr in 2050, assuming linear growth (see Figure 32).

As noted before, about 27 TWyr is expected by Perez & Perez, assuming linear growth [119].
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Figure 32. Historical primary energy consumption and future projection based on historical annual average growth. Produced
using data from [48].

5.2.3 Overcoming energy injustice

The current energy system is environmentally unsustainable, but also socially highly
inequitable. Cost effective and small-scale deployment options are needed to improve living
standards and health in especially low-income areas. Renewable energy technologies are
needed for ensuring access to modern services, improving overall quality of life and addressing

energy poverty. [137].

Public acceptance and energy democracy affect the energy transition. Public opposition to
nuclear power rose significantly after the Chernobyl disaster and again after the Fukushima
disaster. According to a global survey done in 2005, about 60% of the citizens responded either
that nuclear should be phased out as soon as possible or that existing plants can be used but no
new nuclear should be built. The result in 2011 was over 70%, respectively. [12, p. 73]. The
public has strong preference for renewable energy sources. Solar, wind and hydro power were
the top three energy sources with most support in a global poll conducted in 2012 [140]. 10 000
citizens in 76 countries gave their view on climate and energy issues in a global survey
conducted in 2015. Majority of respondents (56%) preferred subsidization for wind, solar,
marine and geothermal sources for making large-scale cuts in greenhouse gas emissions. 97%

of the respondents wanted zero emissions at the end of this century, and as many thought that
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a global dialogue, such as the survey they answered, should be arranged also in the future when

dealing with similar issues. [141].

5.2.4 Changing roles and new energy stakeholders

The ongoing energy transition is changing the roles of existing stakeholders and creating new
stakeholders. Historically, utilities have been a central stakeholder in providing electricity in
the society. Today, farms, banks, communities, companies and individuals generate all or part
of their energy, becoming energy prosumers (see Appendix 3). IRENA recommends that all
stakeholders should be engaged from the start of designing a national energy roadmap. [142].
Local communities, which own the PV and wind installations, are also increasing the local
municipal tax incomes, which is identified as a major positive driver for decentralized power

systems [83].
5.2.5 Grassroots movements and new regulation

Earlier it was noted that businesses and investors are signaling increasing attention on
renewable energies due to various reasons: improved profitability, avoidance of stranded assets,
fossil fuel price hedging and customer perceived value. However, also social movements,
driven by soft values, can be seen as a driving force. The Blue Dot movement is a prime
example how grass-root initiatives can grow to state level action, and ultimately to changes in
legislation. What started as a group of advocacy people touring around towns in a single bus in
Canada, has grown to about 95 500 citizen movement (as of 12.4.2016), with 130 municipal
governments having passed declarations recognizing the right to clean air and water, safe food
and a stable climate. The ultimate goal in the project is to amend the constitutional laws of

Canada to ensure the citizens’ inherent rights to live in a healthy environment. [143].

Regulation can rapidly drive the transition away from undesired pathways. The government of
Ontario initially committed in 2003 to retiring all coal-fired electricity by 2007, but
accomplished the goal in 2014. The primary justifications for the closures were climate change
and public health related benefits. [52].
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6 SUSTAINABILITY GUARDRAILS FOR ENERGY SYSTEMS

Sustainability is a broad concept, and a comprehensive, but ambiguous definition for it is “to
ensure that it [sustainable development] meets the needs of the present without compromising
the ability of future generations to meet their own needs”. Thus, the concept has no absolute
limits, instead, the limitations are imposed by the present state of technology, social
organization on environmental resources and by the ability of the biosphere to absorb human
activities. [144, p. 16].

Resource usage limits, responsibility toward the future generations and per capita equality of
natural resource use are three key principles for sustainability determined by German Advisory
Council on the Environment. The resource-use limits of Earth’s natural system cannot be
exceeded, resources and natural areas should be preserved for future generations, and all human

beings have an equal right to use resources within the sustainable limits. [122, p. 6].

A sustainable energy paradigm consists of various aspects [145, p. 418]:

e Greater consideration is given for social, economic and environmental impacts of
energy use

e Instead of fossil fuel limitations, assimilative capacity limitations of earth and its
atmosphere are considered

e Clean energy technologies are emphasized

¢ Negative externalities associated with energy use are addressed

e Cost-effectiveness of early on environment actions are recognized, ecologic practices
regarded as building blocks for sustainable economy

e Not addressing just local, but also global environmental impacts

e Expand energy services, widen access to modern services, increase efficiency

e Recognize our common future and welfare of future generations

Spheres of sustainability (Figure 33) illustrate the three dimensions that a sustainable energy
system must address: economic, social and environmental. The overlapping areas signal the
emergence of fourth aspect to sustainability: system regulation via political dimension. Using
these dimensions, and combining them with definitions above, a definition for a sustainable
energy system emerges. A sustainable energy system is economically viable, technologically
feasible, environmentally as neutral as possible, socially acceptable and equal, for both

contemporaries and future generations.
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Figure 33. The three spheres of sustainability [146].

United Nations proposes 17 sustainable development goals for 2030 which include
requirements for a future energy system. Goal seven states “Ensure access to affordable,
reliable, sustainable and modern energy for all” [114, p. 14]. International cooperation is to be
enhanced and investment in clean energy technology promoted. Special emphasis is given for
giving support to the least developed countries and small island developing states. [114]. In a
background document, it is further elaborated, that 2.8 billion people currently using
unsustainable solid fuels and 1.2 billion people lacking access to electricity should have access
to modern energy services by 2030. The share of renewables in the global energy mix is to be
doubled from 18% in final consumption in 2010 to 36% in 2030. The rate of improvement in
energy efficiency is to be doubled, equaling to global annual decrease of 2.6% in energy
intensity, amount of energy needed to produce a unit of GDP, over 2010 to 2030. Infrastructure
upgrades and industry retrofits are called for increasing resource efficiency. Harmful fossil fuel

subsidies are to be phased out. [120].

In 2010 in Nagoya, Aichi Prefecture, UN Conference of the Parties adopted revised and updated
Strategic Plan for Biodiversity, which includes Aichi Biodiversity Targets for 2020. For
example, parties agreed to bring the rate of loss of natural habitats close to zero, set conservation
target of 17% of terrestrial and inland water areas, and 10% of marine and coastal areas, and
restore 15% of degraded areas through conservation and preservation. [147]. In EU, for
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example, it seems unlikely that the 2020 targets are met, thus more stringent actions are needed

[148].

The sustainability of selected scenarios is assessed using the identified criteria in benchmark

studies and UN development goals. In particular, sustainability indicators from United Nations

Environmental Programme’s (UNDP) World Energy Assessment served as basis for selecting

the guardrails in this thesis [145, p. 339]. The criteria are assessed using a “traffic light” —

approach, which is inspired by similar assessment made earlier [83]. Thus, the desirability of

the scenarios can be compared from the society’s point of view. The sustainability criteria and

color indicators are presented in tables 2 and 3.

Table 2. Sustainability guardrails for assessing desirability of energy scenarios.

Further
Sustainability indicator Remarks information
[Ref]
1. Universal access to energy services | E.g. WBGU: minimum 700 kWh/person/year | [25], [114],
explicitly promoted (final energy consumption in 2050) [25, p. 221] [145]

2. Future generations welfare and access to
resources explicitly promoted

Resources and natural areas preserved for future
generations, long-term disposals limited

[122], [144]

3. Adverse health impacts reduced

Especially air pollution reduced, coal phased out

[111], [149]

4, Limiting GHG emission (to 2 °C

Judgement on emissions based on scenario

[101], [145],

geopolitical resource conflicts reduced

Compatib|e pathway): <30 GtCOzeq’ at least Comparison to Climate Action Tracker’s analysis [150], [5]
80% low-carbon energy share in primary and UN Gap report, and low carbon share in
energy in 2050 primary energy in 2050 on IPCC AR5 median for
430 — 480 ppm scenario.
5. Increased affordability of energy and cost | Modern renewables used to eradicate poverty | [62], [137],
stability and hedge against price volatility [145]
6. Increased energy efficiency Fuel switch, retrofits, efficient energy | [114], [151],
technology diffusion promoted [145]
7. Increased indigenous energy use/ | Local renewable resources utilized and thus [145]

dependence on energy imports reduced and thus
possibilities for resource conflicts reduced

8. Renewable energy promoted: RE share in
total final consumption at least doubled
from 18% in 2010 to 36% in 2030

UN development goal seven

[114], [120]

9. Long-lived radionuclides burden on | Nuclear power phased out [15], [19],

current and future generations limited, risk [25], [145]

of proliferation, harmful use of nuclear

waste and accidents minimized

10. Water stress from power generation | Thermal generators reduced [115]

reduced

11. Biodiversity loss reduction and halt Aichi biodiversity agreement fulfilled [147]

promoted explicitly

12. Bioenergy within sustainable limits Up to around 100 EJ/yr in primary energy [15], [22],
[25],

13. Energy mix in accordance with recent
public consultation

Renewables favored over other alternatives in
public consultation

[140], [141]
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Table 3. Scenario compatibility with identified sustainability guardrails for energy systems.

Fully in accordance Mostly in accordance | Violates sustainability No data available/
with sustainability with sustainability indicators cannot be determined
indicators indicators, but has
issues

The level of sustainable biomass utilization is one of the most controversial topics in the global

energy scenario research. The amount greatly depends on the methodology and assumptions

applied. Generally, very high estimates for global bioenergy potential are introduced by

researchers, who have not applied strict sustainability criteria, or no criteria at all. Greenpeace
has identified the global sustainable potential at 80 — 100 EJ per year [15, p. 37], WBGU at
around 100 EJ per year [25, p. 59] and 1IASA at about 80 EJ in limited case [22, p. 1237]. The

criteria and principles applied for sustainable bioenergy by Greenpeace [15, p. 223] include:

Bioenergy must not cause negative impacts on forests, natural ecosystems, biodiversity,
soil fertility and water resources.

Bioenergy production must not cause negative impacts on livelihoods and people’s
access to food. Land use conflicts are to be prevented.

Bioenergy must not widen social inequalities between developed and developing
countries. International trade in biomass and biofuels cannot undermine food security
and local needs.

Bioenergy must deliver greenhouse gas emission reductions compared to fossil fuels:
Entire production chain considered, changes in carbon stocks considered, indirect land
use changes (ILUC) considered, at least 50% reduction in comparison to natural gas,
60% in comparison to oil and 70% in comparison to coal realized within 20 years.
Cascading use principle: first priority for biomass used for maintaining soil fertility,
food, feed and materials that store carbon. Bioenergy should not compete with these
feedstocks.

Bioenergy is produced from regionally available biomass.

Energy demand reductions prioritized in order to minimize required biomass volume.
Biomass for bioenergy preferably utilized in applications it delivers the highest CO-
savings.

Bioenergy for electricity should be used for dispatching and not for large base load
capacity.

Standing trees from (semi)natural forests should not be cut specifically for bioenergy
because of the large upfront carbon debt created.

Tree harvest levels should not be increased as a result of bioenergy production.

Land with high carbon feed stock (forests, woodlands, peatlands, grasslands) must not
be converted.

In scenario work, the high level of uncertainty about the level of sustainably available biomass

could be assessed by having a variant scenario, in which bioenergy use is very limited.
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7 EVALUATION OF GLOBAL ENERGY SCENARIOS

In this section, nine global energy studies from eight different stakeholders are investigated.
The backgrounds of the scenario-makers are notably different, and thus the interests and
motivations differ; for example, Royal Dutch Shell represents contemporary fossil fuel industry
player, IEA has expert contribution from academia, and from both fossil fuel and renewable
industries, whereas Greenpeace’s report is produced with renewable energy industry and
academia, and Wind, Water, Solar (WWS) scenario originates from academia. Below, short
descriptions of the scenarios analyzed are provided.

*Royal Dutch Shell: Mountains & Oceans (2013)

Storylines that describe the pace of change, policy agenda and resource landscapes. Mountains
represent more of a status quo scenario for fossil fuels, whereas Oceans accommodates more
reforms in the energy system. Nuclear, coal and overall a more centralized energy system is
deployed in Mountains, whereas in Oceans solar PV becomes the backbone of the energy
system around mid-century, and a decentralized system is favored. However, as CCS is
advanced earlier in the Mountains scenario, and delayed in the Oceans, the latter leads to higher

amount of emissions. The analysis reaches up to year 2100.

*IEA: ETP 2DS hiRen (2012) & WEO 450 (2015)

IEA Energy Technology Perspectives (ETP) provides most advanced analysis of energy
technologies in the IEA’s modeling ecosystem. In the recent studies, such as ETP 2015, power
sector is modeled on hourly resolution. The main intervention scenario is called “2DS”, a
pathway, which describes an energy system compatible with emission trajectory limiting the
average global temperature increase to 2°C. Three variant scenarios (no CCS, hiRen, hiNuc)
were included in the 2010 and 2012 versions of the report, and have been subsequently excluded
from the latest editions as equal options.

The IEA’s flagship report, World Energy Outlook (WEQO), includes a “450 scenario” (referring
to CO2 concentration of 450 ppm in the atmosphere), which sets out an energy pathway
consistent with the 2°C target. The WEO is more conservative in respect to renewables, and its
modeling tool is less accurate in representing the energy technologies than ETP modeling tools.
Overall, the IEA reports portray a picture, in which fossil fuels and nuclear stay in the basis of
the future energy systems. For example, in 2DS (2012) scenario, only 20% less fossil fuels are
used in 2050 compared to 2009. Thus, even IEA’s intervention scenarios can be regarded as

“status quo prevails” scenarios.
58



*WEC: Jazz & Symphony (2013)

Jazz presents a scenario in which incumbent fossil fuel industries thrive and corporates are the
main players in the global context, whereas Symphony presents a pathway where certain
renewable energies are promoted and governments are the main players. In Jazz, similarly to
Shell’s Mountains scenario, unconventional gas is utilized to significant extent. In contrast, in
Symphony, unconventional fuels are more expensive and stronger climate policies are set in
place. WEC assumes a “P2G breakthrough” occurs after 2035 in the Jazz scenario and earlier

in the Symphony scenario, helping the integration of renewables in the energy system.

* [IASA: GEA Efficiency, Mix and Supply (2012)

60 possible transformation pathways investigated, of which 41 satisfied Global Energy
Assessment (GEA) goals. The main goals are: energy services provided to about 9 billion
people in 2050 while maintaining an average growth of 2% global GDP, access to modern
energy services and clean cooking addressed, enhanced energy security (reduced energy
import/export balances), global mean temperature increase contained to less than 2°C, ambient
air pollution (and thus adversary health impacts) reduced and anthropogenic environmental
pressure mitigated. In the Efficiency scenario, around 31% less energy per capita is used in
2050 compared to 2005, including both industrialized and developing countries. In the Supply
scenario, about 3% more energy per capita is used, respectively. The unresolved challenges
related to nuclear and CCS are acknowledged, and the two technologies are presented as
options, not necessities, to reach the set goals. Integrated assessment models are utilized to
provide comprehensive macroeconomic view of the energy sector and its key uncertainties,

however, the technological representation of energy technologies is less accurate.

*WBGU: Exemplary path (2003)8

WBGU bases its analysis on IPCC scenarios. The exemplary scenario is built on a 450 ppm
stabilization scenario, and on the assumption of high economic and energy demand growth to
investigate how sustainability goals can be reached without deep changes in consumption
patterns. The IPCC scenario is modified to fulfill several sustainability guardrails: access to
modern energy services is secured, air pollution prevented, land and marine ecosystems

protected, bioenergy use within special sustainability limits and nuclear power phased out. CCS

8 Note that WBGU’s visionary assessment has been done about ten years earlier than the other scenarios assessed
in the thesis.

59



is introduced in the 2040s but phased out by 2100, and about half of energy is provided by

renewables by mid-century.

*WWEF: The Ecofys Energy Scenario (2011)

The report presents a pathway in which 95% of final energy is provided by renewables by 2050.
The transition is achieved by ambitious electrification of demand sectors, renewable energy
fuels for particularly transport and industry applications, rapid deployment of technologies and
aggressive end use energy savings. The efficiency gain in the Ecofys Energy Scenario in final
energy is about 31% over the baseline scenario in 2050, including both end-use efficiency
improvements and electrification. The final energy demand is reduced by about 20% over 2010
to 2050. The amount of bioenergy utilized (about 180 EJ/yr in terms of primary energy) is

significantly more than what is regarded sustainable by the WBGU and Greenpeace.

* Greenpeace: Advanced and [r]evolution scenario (2015)

Greenpeace investigates implications of fully renewable and sustainable energy system on
supply and demand side, investments, emissions and employment. The study includes a
reference pathway from IEA, [r]evolution scenario from 2012, where 83% of final energy is
provided by renewables, and advanced [r]evolution scenario for 100% renewables by 2050. In
the Advanced scenario higher share of mobility sector is electrified, and renewable hydrogen is
converted into synthetic hydrocarbons to replace remaining fossil fuels. About 3% average
annual growth of global GDP is assumed over 2012 — 2050 along with population growing to
9.5 billion in 2050. Significant efficiency gains are resulted due to both switching away from
combustion and better end-use efficiencies; in the Advanced scenario, both in terms of primary
and final energy demand, about 47% less energy is used in 2050 compared to the reference

scenario, and over 2012 to 2050, final energy demand is reduced about 13%.

*Jacobson et al.: Wind, Water, Solar (WWS) roadmap (2015)

The authors develop roadmaps for 139 countries for converting electricity, mobility, heating/
cooling, industry and agriculture/forestry/fishing sectors to be powered mainly by wind, water
and solar resources. Efficiency gain in total energy demand due to switching from combustion
to electricity is found at around 32% over reference scenario, with an additional 7% reduction
due to end-use efficiency improvements. The efficiency gains match with assumed demand
growth, resulting that approximately same amount of primary energy is used in 2050 compared

to 2012. Other benefits of the WWS vision are reduced air pollution and mitigated global
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warming, positive net creation of jobs, stabilization of energy prices, reduced energy poverty
and reduced risk of international conflicts over energy resources. As of to date, only US is
modeled with high spatial and temporal resolution with energy technologies accurately

represented, and the calculations for the rest of the world are more ambiguous approximations.

The technologies included in the scenarios are presented in Table 4. The WWS scenario created
by Jacobson et al. is clear outlier in the scenario group, as it totally excludes bioenergy.
Different deployment assumptions for fossil CCS can be read as well. WBGU assumes that
fossil CCS is introduced in 2040s and phased out by 2100. Other renewables category in WBGU
includes solar chemical energy systems, tidal and wave energy and artificial membrane systems
mimicking photosynthesis [25, p. 128]. In the Ecofys energy scenario 5% of final energy
demand is provided by fossil fuels, which are not further specified.

Table 5 presents the deployed energy storage technologies and time resolution of the analysis
in the energy scenarios. It proves out that although energy storage technologies are discussed
in all the scenarios, they are not quantified in any of the studies (except hydrogen/power-to-gas
demand in Greenpeace’s scenarios). For example, in the Ecofys Scenario, it is stated that
exactly how the power systems would evolve, and what role the storage technologies would
play, was out of the study’s scope [19, p. 149], even though it investigated a near to fully
renewable energy scenario. The conclusion from the finding is that even the near to fully
renewable energy scenarios with global scope have not captured in detailed temporal resolution,
how exactly the energy system would work. However, continent-wide hourly analyzes and real
weather based cost-optimized simulations imply that electricity demand can be met at cost-
competitive total system levelized cost of electricity for every hour of the year using only
renewable energy sources [152].

Next, Table 6 shows an assessment for transparency in the scenarios. The criteria is modified
from transparency checklist originally proposed by Cebulla (see Appendix 1). Some of the
boxes in “General information” -category are deemed yellow, because it is judged they can be
implicitly reasoned, although the best practice would be an explicit disclosure. A green color is
given if the information is made available at least in supplementary materials online, to which
there is a clear guidance in the main report. For example, the funding of the Solutions project
(WWS scenario) is disclosed on the website of the project, and a great deal of supplementary
materials to the scenario are also available online. Technically, WEC gives out references,

however, as some of them are plain “WEC 20137, it is not possible to go to the alleged original
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source of information. Another stripe of yellow in the “Data” -category is deemed on some
scenarios, as no clear distinction is made whether presented values are output from the model
or hand set (exogenous) values. The best practice on this is provided by IIASA, which explicitly
states model inputs and outputs [22, p. 1219], and WBGU, who describes the climate scenario
first without WBGU’s own input, and then explains the modifications required by applying
self-determined sustainability guardrails. However, WBGU does not provide cost assumptions,
considers only one scenario fulfilling sustainability targets and describes only briefly model
properties. For scenario transparency, the best practice is set by IIASA GEA. For example, the
costs are provided online with clear indication in the report [22, p. 1219], and several variant
scenarios are assessed: no-nuclear, no-CCS, and level of mobility electrification varied to

investigate the technical feasibility of climate target via alternative pathways [22, p. 1236].
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Table 4. Generation technologies included in the scenarios.

Scenario
Deployed generation Jacobson
technologies Royal Dutch Shell IEA WEC IASA WBGU WWF Greenpeace etal.
(2015)
Mountains | Oceans 2DS 450 Jazz Symphony | Efficiency | Mix Supply Exemplary The Ecofys | [r]evolution | Advanced WWS
hiRen Scenario
Solar X X X X X X X X X X X X X X
Photovoltaics X X X X X X
CSP X X X X X X
Wind X X X X X X X X X X X X X X
Onshore X X X X
Offshore X X X X
Hydro X X X X X X X
Biomass/ renewable waste X X X X X X
Geothermal X X X X X X
Ocean X X X X X X
Nuclear X X X X X X X X X
Coal X X X X X X X X X X
Gas (fossil) X X X X X X X X X X
Qil X X X X X X X X X X
CCS (fossil), after year ~2020 ~2040 | ~2020 | ~2020 | ~2035 ~2030 ~2040 ~2030 | ~2025 2040
Other, *specified X X *other RE *fossil fuel
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Table 5. Energy storage technologies and time resolution of the modeling in the assessed scenarios. Hz = hydrogen, PtG = power-to-gas, CAES = compressed air energy storage, PHS =
pumped hydro storage, TES = thermal energy storage, V2G = vehicle-to-grid

Scenario
Deployed storage Roval Dutch Jacobso
technologies oyal Dute IEA WEC IASA WBGU WWF Greenpeace netal.
Shell (2015)
Mounta | Ocea 2DS 450 Jazz | Sympho | Effici Mix Sup Exemplary The [r]evolutio | Advance WWS
ins ns hiRen ny ency ply Ecofys n d
Scenari
0
Haz/ PtG (renewable) X X X X X X
Batteries X X X X X
stationary X X X
V2G X X X X
CAES X X X
PHS X X X X
TES X X X X X X X X
Other, specified flywheels, stationa
super i . capacitators, ry
capacitato ultra-capacitators flywheels flywheels batteries
rs not used
Time resolution
Time-step b Yearly- About 12h, P
NA Yearly 5 years? seasonal 5 years 5 years Yearly Hourly Yearly?
Total period a 2010- 1990- . 2000- 2012-
1960-2060 2050¢ 2040 2010-2050 2000-2050 2000-2100 2050 2012-2050 2050

a. Some of the results extend to 2100.
b. 2012 ETP version results are provided on annual basis. In the 2015 edition, an hourly
linear dispatch model has been added to analyze the power sector.
c. Some results provided up to 2075.

d. Power generation curves based on hourly data, according to shown results in WEO
2015, model output presumably on yearly to five years basis.

e. Some results provided up to 2100.

f. Representative weeks for the total year.
g. Six years period with 30s time-step analyzed only for US.
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Table 6. Transparency checklist for creating credible energy scenarios. Green: Explicitly stated, yellow: not fully disclosed, red: not available/ cannot be determined

Accessibility Scenario
(at least accessible
through the main report; Jacobson
e.g. web link provided) Royal Dutch Shell IEA WEC 1IASA WBGU WWF Greenpeace &
on data: Delucchi
New Lens Scenarios ETP | WEO World Energy Global Energy Assessment Exemplary | The Energy energy [rlevolution WWS
(2DS) | (450) Scenarios Report

General information

Author/ collaborators

Ordered by whom

Funding acknowledged

Purpose of study

Data

References can be traced
back to original sources

Clear distinction of
assumed, processed and
modelled values

Assumptions

Scenario frame (question)
explicitly defined

Disclosure of costs

Climate/policy
constraints considered

Variants to main
scenarios considered

Modelling

Documentation traceable

Model properties
described
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Figures 34, 35 and 36 illustrate some of the cost assumptions in studies where they were made
available. The upper (black) and lower (red) boundary are taken from European technologies
platform (ETRI) [135]. For PV, the higher limit is for high end of < 100 kWp systems, and
lower limit is for > 2 MWp fixed installation low end boundary. CSP in ETRI are without

storage, whereas WWS and Greenpeace include storage costs, and for others it is unclear. The

values have been inflation adjusted to 2013 euros and an average USD/EUR conversion rate of

1.3 has been applied. WEIO stands for IEA’s World Energy Investment Outlook.
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Figure 36. Onshore wind capex assumptions.
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As Greenpeace’s assessment on CSP is done by leading expert on the technology, German
Aerospace Center (DLR), it can be regarded as a benchmark for CSP with storage. It is expected
that by 2030 CSP plants on general have about 12h storage, and on the long term generation
costs of USD 7 — 10 cent/kWh are achieved. For PV, the long term generation costs are expected
around USD 4 — 7 cent/kWh depending on the region. [15]. PV is poised to become lower in
costs even earlier than Greenpeace assumes, as LCOE for utility-scale PV in Europe is expected
at 25-45 €/ MWh in 2030, and about 15-30 € MWh in 2050 depending on the location [153].
Low cost PV combined with affordable storage would be disruptive combination for the
incumbent power system. According to a study, in which the lithium-ion battery (LIB) growth
and leaning rates were assessed, LIB storage costs are expected at USD 125/kWh by 2030,
resulting in levelised cost of storage (LCOS) of 50 €/ MWh for the electricity [154]. Thus, cost
for PV-battery system in a European location would be around 75-95 €/ MWh by 2030, fully
competing with other carbon neutral technologies providing flexibility on daily basis. Even
more rapid decline in LIB costs have been recently claimed by the industry. The leading LIB
provider, LG Chem, reported it is on track to achieve USD 125/kWh battery system costs by
2022 [155]. In Greenpeace’s scenarios, electricity generated from CSP is significantly scaled
up in 2040s in order to reach the last 10-15% decarbonisation of the power sector [15].
However, CSP will compete with PV combined with battery solutions in providing flexible
power generation on daily basis in large scale. Thus, improving cost dynamics of Li-ion
batteries and PV, as expected in [156], [154] and [155], can challenge the wide deployment of
CSP expected by Greenpeace, and such a scenario has not been assessed in their study.

Another constraint for CSP, acknowledged by Greenpeace, is the requirement for direct
sunlight, thus being dependent on very sunny locations. The best resources sites can be
technically utilized via high voltage (HV) grid connections. The feasibility and acceptability of
transferring electricity from the best resource sites to consumption centers becomes then a
decisive factor. In addition, demand for CSP could be affected by the fact that according to high
resolution spatial and temporal modeling, utilizing wind potential from large geographical
region would be a part of a cost-optimal solution [157], [158], thus limiting the share of
electricity transferred via HV grid from CSP plants. On the other hand, the high temperatures
produced, up to around 1000 °C [15, p. 69], could be utilized in industrial processes, adding

demand for the technology.
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Figure 37 presents primary energy demands in the scenarios. WWF gives only the final energy
demand and realizable primary energy potential for renewables, thus the latter is presented in
the figure. Final energy consumption in the Ecofys scenario is about 249 EJ, or 7.9 TWyr.
Assuming linear growth from 2015 to 2050, about primary energy demand would be about 27
TWyr. Assuming historical annual growth rate of about 2.6% annually (1965 — 2014), about 43
TWyr would be needed in 2050. Being compatible with the two degrees target, WBGU’s
Exemplary scenario goes to show that climate targets could be achieved even sustaining high
energy demand increases. However, the scenario does imply, that fossil CCS would be needed
from 2040 to 2100.
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Figure 37. Primary energy consumption in the assessed energy scenarios. Historical and projected demand based on [48].

Energy end uses are reduced by about 31% (per capita energy use from 2005 to 2050) in IASA
Efficiency [22, p. 1223], and 7% (from 2012 to 2050) in WWS scenarios [28, p. 51]. An
additional energy end use reduction of 31% is due to high electrification of energy supply in
WWS. In Greenpeace’s [r]evolution and advanced [r]evolution scenarios final energy
consumption is reduced 10% and 13% over 2012 to 2050, and 45% and 47% compared to a
baseline, respectively [15, p. 316]. In the Ecofys scenario, final energy demand is reduced 20%
over 2010 to 2050 [19, p. 231]. In Shell Oceans and Mountains, total final consumption
increases 70% and 52% over 2010 to 2050, respectively [7, p. 43]. In IEA’s ETP 2DS scenario
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total primary supply increases 35% over 2009 to 2050 [12, p. 33], and other data is not available.
In IEA’s WEO 450 scenario, the total final consumption increases by 16% from 2013 to 2040
[11, p. 584]. In WEC’s Jazz and Symphony, final energy demand increases 69% and 32% over
2010 to 2050, respectively [23, p. 247]. In the WBGU scenario, primary energy demand
increases by 125% from 2010 to 2050 [25, p. 130].

Figure 38 presents the electricity generation from different sources in the assessed scenarios, if
data were made available. The reference generation for the year 2012 is based on the
Greenpeace’s report. For WWEF and Shell scenarios the values are for final consumption, for
WWS electricity generation is estimated from supplementary materials [30], and for the rest

the values are for generated electricity.
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Figure 38. Electricity generation (TWh) from different sources and share of renewable power in total generation (%) in the assessed scenarios.

Currently the generation is based on coal, gas, hydro and nuclear power. In many of the assessed
scenarios, renewables are poised to be the backbone of the power system, but there are clear
distinctions between the scenarios. Some of the scenarios acknowledge the key role of solar
and wind power. Solar and wind power are regarded as major sources by 2050 by Greenpeace,
WWEF, Royal Dutch Shell and Jacobson et al. About two thirds of solar electricity is provided

by PV (and rest with CSP) in WWF scenario. The solar electricity in Oceans scenario is entirely
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based on PV. In Greenpeace’s scenarios, 55% and 49% of solar electricity is provided by PV
in the [r]evolution and Advanced scenarios, respectively. Electricity generation in the WWS
scenario is estimated using provided capacity factors for the respective technologies in the
supplementary materials of the study [30]. However, in the supplementary materials, it is stated
that around half of the electricity demand is met by wind (onshore wind 30% alone). As seen
in figure above, the share of solar is significantly higher. Either there are significant losses
related to route of solar energy to final consumption, or there is a miscalculation with the
capacity factors. Either way, over 90% of the solar electricity is provided by PV (according to
the study, CSP provides 7.3% of all demand, and about 7% of generation is provided by CSP,

based on own calculations).

In Figure 39, the projected emissions in the energy scenarios are placed on respective
temperature pathways. Based on IPCC AR5 [101, p. 18] and IHASA GEA [22, p. 1273], it is
assumed that in 2050, about 15 GtCO2q 0f greenhouse gas emissions is left for forestry and
other land use (emissions mainly from forest fires, peat fires and peat decay), and for non-CO>
equivalents (methane, nitrous oxide and fluorinated gases) usually not taken into consideration
in the energy scenarios. In other words, this amount is added to the CO: level stated in the
scenarios. The level of ambition needed for emission reduction is underlined by the fact that
the emission pathway in the Greenpeace scenarios (667 GtCO> emitted in Advanced and 744
GtCO2 emitted in [r]evolution between 2012 and 2050) are at the lower limit we have left in
our emission budget for this century (690 — 1240 GtCO; as of 2015) for having at least 66%
chance of limiting global warming to two degrees Celsius [100]. Both Greenpeace scenarios,
WWFEF’s energy scenario and WWS scenario are also compatible with IPCC’s estimated budget
for limiting global warming to 1.5 °C, according to which we have 600 — 800 GtCO: in our
carbon budget over the period 2011 to 2050 [101].
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Figure 39. Effect of current pledges and policies on global temperature [150], and illustrative emissions in the assessed energy

scenarios (own calculation). Original figure reproduced with permission.

IPCC recognizes that emission estimations for agriculture, forestry and land use change
(AFOLU) range from net zero to possible carbon sink on the level of -15 GtCOz¢q in 2050 [101,
p. 18]. Given that in COP21, a pledge was made to pursue efforts to limit the temperature
increase to 1.5 °C [67, p. 21], the possibility of AFOLU sectors becoming a natural sink for
carbon should be enhanced. A median negative emissions of -5 GtCOzeq by 2100 are required
for limiting warming below 1.5 °C within the century with more than 50% chance [5, p. 6].
Let’s consider a case, in which fossil CCS is not a widely deployed option, building and
electricity sectors reach net zero, transport 2 GtCO2eq and industry 1 GtCO2eq by 2100. The net
emissions are -12 GtCO.¢q assuming most optimistic carbon sink from AFOLU sector, and non-
CO2 emissions of about 3 — 12 GtCO¢q are yet to be taken into account (see Figure 40). This
thought experiment shows that realistically limiting warming to 1.5 °C would require more
stringent emission mitigation pathway than considered in the figure below, that is, pursuing 1.5
°C target means net zero emissions from energy sector by 2050 and maximizing the carbon
sinks in the AFOLU category.

71



450 ppm CO,eq without CCS
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Figure 40. Direct sectoral CO2 and non-CO2 GHG emissions in IPCC mitigation scenarios without CCS [101, p. 18].

The renewable energy shares in primary energy in the scenarios have been illustrated in Figure
41, and can be compared to historical developments shown in IIASA’s Global Energy
Assessment. According to REN21, about half of the bioenergy use is due to traditional biomass
use for cooking and heating, thus only half of biomass is regarded “modern”. When this is added
with hydro power, we get to modern renewables share of about 10% in 2013. As noted before,
the UN development goal sets 36% renewable energy in final consumption for 2030. The main
message of the figure is the steep increase required in order to get to high share (> 75%) of
renewables by 2050. According to IPCC AR5, the share of low carbon energy in primary energy
supply® should increase from about 30% today to around 80% in 2050 for the 430 — 480 ppm
scenario [101, p. 20]. If fossil CCS and nuclear power are not widely accepted and adopted, it
would mean the renewables should have that share by mid-century. As illustrated by the thought

% In this thesis, different accounting methods for primary energy has not been considered. For more information
on the methods, see Appendix 4 and [22, p. 142].
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experiment before, 1.5 °C pathway would require close to net zero emissions much earlier,
between 2030 and 2050.
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Figure 41. Primary energy shares historically and in scenarios. Modern renewables: hydro, modern biomass and new renewables (solar, wind, geothermal).
Reproduced from [22, p. 113].

Next, in Table 6, the fulfillment of depicted sustainability guardrails is assessed. For color
coding and indicator explanations, see tables 2 and 3. The bioenergy potential determined in
the Ecofys Energy scenario (180 EJ/yr) greatly exceeds other estimations for sustainable
potential (around 100 EJ). It comprises of potential of 130 EJ/yr for fellings, waste and
residuals, potential of 30 EJ/yr for energy crops, and 20 EJ/yr for algae. Given that Ecofys does
apply its own sustainability criteria, and the methodology related uncertainties are high, the
scenario is deemed yellow instead of red. Bioenergy primary energy consumption in WEC’s
Jazz and Symphony are 97 EJ/yr and 111 EJ/yr, respectively. They are close to sustainable
limit, but deemed yellow due to lacking sustainability assessment. Universal access to energy
is discussed in IEA’s New Policies and WEC’s Jazz scenarios, but not promoted to be fulfilled
by 2030. However, full access to electricity in WEC scenarios is assessed in a recent publication
[24], which found that universal access by 2030 would cost only an extra USD 36-49 billion
annually. Phase-out of nuclear is discussed briefly in variant scenarios in IIASA’s GEA. Due
to the fact that fossil CCS is applied in WBGU’s scenario from 2040 to 2100, and decisions
made against interests of future generations, indicator number two is deemed yellow. Although
WBGU’s assessment was visionary in its time, the deployment of renewables is too modest (as

in share of total primary energy) to achieve the set climate targets sustainably.
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Table 7. Fulfillment of sustainability guardrails
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Recalling the historical and current shares of resources in the primary energy demand, it is fair
to ask whether it is conceivable, that new renewables (namely wind and PV power) can
contribute significantly to the increasing energy demand of the growing human population.
Using Equation 2, Farmer and Lafond extrapolate from historical solar energy growth trend
(42.5% annual growth in 1983 — 2013), historical primary energy growth of 2.6%/yr, and share
of about 0.22% in 2013 in the global energy mix, that solar energy (thermal and electrical)

would reach 20% share in primary energy (see Figure 42) by 2027 [131].

Xo(1 + GRso1ar)™ = X¢(1 4 GRypge)™ (2)

, Where X, = current share of solar energy in total primary energy consumption (TPEC)
GR,,14r = annual growth rate for consumption of solar energy
n = elapsed time in years since the initial year
X, = share of solar energy in TPEC after elapsed time, t

GRrpgc = annual growth rate for consumption of TPEC
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Figure 42. Global primary energy consumption by major sources. Solar energy projection obtained by extrapolating from
historical data. [131, p. 664].

The logic used above is not without caveats, as it only projects growth of generation based on
sustained exponential growth, whereas it is known that technology deployment in many cases
follows an S-curve, which can be mathematically described by a logistic function. Future

deployment scenarios for PV using logistic function have been assessed in [92], [98].
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Logistic growth can be described as follows:

P(t) = ——20 3)

Py(S—Pp)-e~kt

, Where P(t) = electricity generated from PV at time t
P, = electricity generated from PV attime ¢t = 0
k = factor of growth
S = saturation limit of electricity generated by PV

t = elapsed time in years

Global installed capacity of PV in 2050 reaches about 6.7 TW and 9.3 TW in [r]evolution and
advanced [r]evolution scenarios, respectively. Figure 43 presents the logistic growth of PV with
following assumptions: P, = 186 TWh in 2014 [48], saturation limit is the combined electricity
from PV and CSP in the advanced [r]evolution scenario in 2050 S = 27 648 TWh [15], and k =
0.25.

PV ELECTRICITY [TWH]

Ll | | | | ”

2015 2020 2025 2030 2035 2040 2045 2050

Figure 38. Electricity generation from PV described by a logistic function, assuming saturation limit in 2050 (own
calculation based on solar energy deployment in Greenpeace’s scenario).

The deployment of PV electricity roughly follows the combined generation from PV and CSP
in the Greenpeace scenarios: from 2015 to 2025 it follows [r]evolution scenario, and from 2025
to 2050 it is roughly on par with advanced [r]evolution scenario. The resulting year-on-year
growth for PV generated electricity is at around 28% from 2015 to 2020, around 26.5% from
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2020 to 2025, gradually declines to 21% in 2030, 12% in 2035, 5% in 2040 and to 1% in last
five years to 2050. Note that from 2000 to 2014 the average annual growth for PV generated
electricity has been 45%, from 2000 to 2005 it was 29%, from 2005 to 2010 54% and from
2010 to 2014 56% [48]. The deployment to take place in reality will be highly dependent in the
long time demand (saturation limit) and factor of growth (how long the current high growth
rate is sustained). The calculation serves as an illustrative case how the deployment of PV could
look like in 2015 to 2050, if the demand and the deployment rates were to follow Greenpeace’s
scenarios with some modifications. However, the demand for PV could keep growing after

2050 along with population growth, thus raising the saturation limit.

Next, Equation 3 is applied with modified assumptions. Based on 10 billion people on the planet
in 2100, and per capita energy demand equaling to the levels in Europe today, the saturation
limit for PV is estimated at 51.3 TW, installed capacity, representing 40% of total primary
energy demand (TPED) [159]. The total PV potential has been estimated much higher, at 465
TW, over long-term, with 750 000 TWh electricity generated per year, and realizable potential
found at 10 TW, in 2050 and 133 TW, in 2100 [160]. Assuming a capacity of 51 TW, installed
and an average capacity factor of 0.35 [98], the saturation limit for PV generated electricity
would reach about 157 290 TWh electricity in 2100. Applying a factor of growth of 0.15, the

resulting deployment curve for PV can be seen in Figure 44.
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Figure 39. Electricity generation from PV described by a logistic function, assuming saturation limit in 2100 (own
calculation based on solar energy deployment in Breyer et al. 2016 [159]).
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The resulting electricity demand (32 650 TWh) for 2050 is in the same order of magnitude
compared to Greenpeace’s advanced scenario (27 650 TWh). It less than half of the calculated
demand for solar electricity in WWS scenario (79 240 TWh) for 2050. However, the growth of
PV after 2050 until 2100 is poised to reach far greater levels than depicted in any of the
scenarios. However, the required year-on-year growth rates in the “PV breakthrough” scenario
are not unheard of. They start from 16% annual growth from 2014 to late 2030s, decrease to
14% from mid-2040 onwards, 13% in the year 2050, 10% in mid-2050s, gradually reaching
almost zero levels and asymptotically approaching the saturation limit in the last twenty years.
If we recollect how technology deployment happens in the real world (Figure 7), and how
deployment of PV generation has initiated (Figure 10), we notice that logistic function should
perhaps be modified a little; the start of deployment in the real world is more rapid than
described by the Equation 3, and the approach towards the saturation limit is potentially more
gradual than the steep curve created by Equation 3. If we look at national household level (as
the Figure 7 has captured), deployment of PV could look like something between deployment
of fridges and color tv in the US; depending on whether PV panels become a necessity needed

in every household, or a commodity put use in most households.
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8 DISCUSSION AND CONCLUSIONS

Similar findings to earlier energy scenario analyzes were found in this thesis. Urgent action is
needed in reaction to climate change, best practices and mistakes should be used to streamline
transition overall, and while energy backcasting scenarios can help to comprehend energy
problems and create meaningful dialogue, they are in the end made for advocating certain
visions [161, p. 75]. Scenario studies usually provide detailed information on technical and
economic issues, but lack reporting on key assumptions transparently. Often the heating sector
is dismissed despite its large contribution to fuel consumption and CO> emissions. A more

transparent documentation of assumptions and constraints is called for. [151]

The seven recommendations, determined in a previous analysis [162, p. 8] of global energy
scenarios, for modeling teams constructing future global energy scenarios, is fully endorsed by
the research conducted in this thesis:

1. Provide data transparency for scenario inputs and outputs, including cost and
performance assumptions.

2. Clearly articulate the scenario frame, describing the question the scenario seeks to
answer.

3. Expand the range of renewable energy technologies included to explore the range of

options available for reducing carbon emissions from the energy sector.

Provide detailed characterization of renewable energy technologies.

Evaluate the impact of policy interventions for the role of efficiency.

Clearly describe model features and the relationships between the principle factors.

Consider the impact of carbon constraints and climate policies.

No ok

Additional recommendations based on own analysis include:

1. Improve the spatial and temporal resolution of the model, or apply separately a
technically accurate simulation model in order to capture system effects of VRES.

2. Consider total system effect of geographically wide spread real weather based
generation utilized by improved power grids.

3. Examine the role of flexibility measures in detail: storage charge/ discharge profiles,
storage capacities required in the scenarios, demand side management (DSM).

4. Investigate possible integration benefits of various sectors: power, heat, mobility,
industry.

5. Improve transparency of the scenario (see proposed transparency checklist, Table 6).

6. Examine compliance with sustainability guardrails to investigate the desirability of the
scenario.

7. Review a large set of different scenario studies to learn the range of possibilities studied
thus far.
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The future energy scenario-makers can reach greater level of transparency by providing
comprehensive disclosure on general information, assumptions, data processing and modeling.
In future energy scenario research, the stakeholder’s roles on different levels (individual,
community/ company, municipality, state/ province and nation) could be explicitly described
in the scenario storylines. This could help the users of scenarios to understand the scenario
issues in the context of their personal lives, and descriptions could include best practices from
today to show examples. Acknowledging the contemporary limits of the planet, technologies,
and social organizations, sustainability guardrails could be composed in co-operation with
different stakeholders. The process could follow IRENA’s roadmap building, UN’s
standardized negotiations, and to add quantitative assessment, make use of multi-criteria
analysis (MCA) tools, such as the one developed by IIASA [163].

According to the scenarios by Greenpeace, WWF and Jacobson et al., it is technically feasible
and economically possible to transform our current unsustainable energy system to renewable
based systems, while taking sustainability guardrails into account. Such guardrails were
originally proposed in the visionary report by WBGU. Renewables reach only about 50% share
in primary energy in WBGU’s Exemplary pathway, reflecting the fact that at the time the report
was conceived, the triumphant rise of solar PV and wind energy in the world’s energy system
was only beginning. The high and sustained growth rates seem to have surprised all from fossil
fuel industry to environmental activists, and it is now those modelers, who understand the
modern renewable technologies growth pattern (and apply the pattern in their modeling), hit
closest in current year-to-year developments over short term.Baseline scenarios are often used
within a scenario study to assess the gap between no-intervention and intervention policy. Thus,
baselines are not always supposed to project deployment of technologies as they would be
according recent trends. However, BNEF seems to do just that, as its baseline is updated due to
recent years’ developments in the industry, and it is their BAU assumption that past years’
trends continue. Looking at Figure 22, it seems that IEA, on the other hand, freezes the
development of one year, and assumes that to continue in the future even in its new policies

scenario (NPS), thus producing very modest expectations for renewables.

Interestingly, recent estimates from BNEF and Greenpeace seem to somewhat agree on the
level of future wind and solar PV deployment. The two have been historically closest in

estimating future deployment of the technologies, thus they currently produce more credible
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projections over mid-term than the other scenario-makers assessed. However, scenarios are not
always meant be projections of the future. In backasting method a desired future is chosen as a
goal, and then credible pathways to that point are assessed. WWF, Greenpeace and Jacobson et
al. argue that the world should strive towards fully renewable systems, and investigate how it
is done. WEC and Royal Dutch Shell scenarios are in the other end of the spectrum, laying out
futures in which fossil fuels would keep their dominance in the energy system. IEA argues that
fossil CCS and nuclear power are necessities, strictly needed for 2DS compatible pathway,
whereas for example I1ASA states that CCS for fossil power generation and nuclear power are
options, but not mandatory to reach climate goals. It is problematic that the IEA does not
consider no-CCS and hiRen variants in its later ETP editions. It also could create 2 degree
compatible pathways while phasing out nuclear, but for reasons unknown, it never has done
such an exercise. In the spectrum of advocacy groups for the environment and different industry
representatives, ideologically IEA seems to tilt towards the incumbent fossil and nuclear
industries. A highly speculative explanation could be that within the organization it is politically
impossible to produce scenarios which would undermine the currently financially and
politically more powerful industries, or the policies and intentions of powerful member
countries. In the Ecofys Energy report it is argued that CCS is expected to mature too late on a
large scale to contribute on power sector emission reduction, however, it can and should be
focused to eliminating remaining fossil emissions (in a minor role in the scenario end year
2050), reducing CO2 emissions from biomass combustion and for reducing CO2 emissions from

industry sector.

The analyzed scenarios lack the high temporal and spatial resolution needed to capture the
characteristics of near 100% renewable energy systems. The studies, in which technologies are
accurately represented on technical basis, analyzes are at least on hourly level and covering the
real wind and solar resources of specific regions, are plentiful for transcontinental geographical
scope, but global analyzes are scarce. The results from continental analyzes imply that energy
demand can be fully satisfied with renewables considering real weather data and hourly
generation and demand profiles for a whole year or several years. More to the point, the studies
indicate that renewables can provide energy at cost-competitive total system cost level.
Applying system-wide thinking can help in identifying the achievable system integration
synergies; instead of looking at power, heat, mobility and industry sectors separately, they can

be assessed as a whole in order to reveal the hidden flexibility in the system. [152]. In future,
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as less fuels are burned, the flexibility once provided by the fossil fuels must be then provided
by other means. Figure 45 summarizes the flexibility options which can be used in near to 100%

renewable systems [164].

3. VRES
Control

~

5. Energy

Storage b. Flexible

Transmission
Systems -
Supergrids

7. Distribution
Networks -
Smart Grids
8. Non-
synchronous

Near-

4. Resource
diversity

2. Power
Markets

100% 9, Surplus
— e Koo ] o

Systems

Figure 40. Flexibility measures for near 100% variable renewables (VRES) systems [164, p. 71].

Investments in fossil fuel “downstream” infrastructure are less of a problem if drop-in
technologies can be used to utilize existing infrastructure in a sustainable way. For example,
the natural gas (NG) networks could be used to distribute synthetic, renewable based gas (PtG).
In the Power-to-X (PtX) concept, renewable electricity is used for electrolysis for splitting water
to hydrogen and oxygen. The hydrogen can be used in fuel cells as such to provide electricity
and heat, or refined to various hydrocarbon products, such as naphtha, kerosene, diesel, lubes
and waxes. The carbon can be captured directly from the atmosphere to create a closed carbon
loop with net zero emissions. [165]. Although the current cost estimations for renewable power-
to-fuels are higher than market prices for fossil fuels [165], the concept has many advantages:
renewable synthetic fuels can provide hedging against fossil fuel price volatility, they are
available all around the world, they have zero net emissions, and the prices of renewable
generation technologies are likely to come down, whereas for fossil fuels the “unburnable
potential” and public opposition of carbon storage sites could mean that the remaining resources
cannot be utilized regardless the costs or market prices. If we assume that we put resources in
PtX concept for providing long-term storage in the power systems, for decarbonizing mobility
and industries which require high temperatures and hydrocarbon sources, and for providing
feedstock for the chemical industry, it is fair to remind that the historical volatility of fossil fuel
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prices has meant that fuel costs have been changing between 3% and 10% of global GDP, as
seen earlier in Figure 14. The advance in the PtX concept, on the other hand, is that cost of the
product is set by the investment cost. After investing in the infrastructure the levelised cost of
fuel is immutable. The fuel prices would still be set by market supply, demand and regulation
dynamics, but the “extraction” of the fuel would be low risk, and the use of the fuel would be
carbon neutral. In addition, as the wide deployment of renewables reduces geopolitical resource

conflicts [166], PtX would further reduce these concerns.

Energy transition can be considered taking place in different levels: on national/ international,
on communities/ corporations/ municipalities and on individual citizen level. Energy scenarios
depicted here address the global level, however, in order to support decision-making on all these
levels, the results on international level needs to be translated on community, company and
individual citizen level. It can be assumed that the majority of stakeholders on all these levels
are struggling to comprehend the ambition and commitment required to fulfill Paris agreement
goals, let alone steering societies in the pathways constrained by the sustainability guardrails
proposed in this study. At the same time, positive messages can be read from all around the
world about grass-root level initiatives taking leadership role in steering the societies toward
more sustainable future. Cities and companies are making commitments to go fully renewable,

and new legislations are implemented. For example, there is a growing trend of “coal exits”:

e Vietnam is stopping to permit new coal [167].

e Mercury and Air Toxics Standard hastened the retirements of coal plants in the US
in 2015 [168].

e Ontario already phased out all coal plants in 2014 [149].

e Beijing is switching coal plants to gas plants in its campaign against hazardous air
pollution [169].

e China halted plans for new coal-fired power stations [170].

e Germany’s government decided to phase out 15% of lignite power plants to reach
its 2020 climate targets, and complete phase out of hard coal and lignite by 2040 is
being discussed [132, p. 35].

¢ Danish and Swedish state owned utilities Dong and Vattenfall are converting their
coal power plants to biomass or divesting from them [132, p. 35].

e UK government announced phasing out coal power generation by 2025 [132, p.
35].

o Official Finnish government target is to phase out coal by 2030 [171].

Similarly, nuclear is being phased out or has been limited in several countries:

o Italy phased out its last reactors in 1990 [172].
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e Germany is to phase out its reactors by the end of 2022 [173].

e Switzerland is to phase out its reactors by 2034 [174].

e Belgium is to phase out nuclear in 2025 [175].

e Taiwan is to phase out nuclear by 2025 [176].

e South Korea is to limit capacity to 29% by 2035 (from previous goal of 41%) [13,
p. 34].

e France is to reduce nuclear share from 75% electricity generation to 50% by 2025
[13, p. 33].

e BNEF’s NEO 2015: no new nuclear is expected to be built in OECD countries
2030 onwards [80].

An energy scenario should acknowledge the limits of knowledge, or hubris; for technological
optimist, all the problems of mankind can be solved with technology [177]. Sure enough, some
energy scenarios share qualities with this myth — they require remarkable deployment rates of
technologies, and the motivation often is to “preserve the planet” or “save human civilization”.
However, whereas the myth story about endless human ingenuity producing technological
solutions to all problems has no boundaries, the energy scenarios have (or at least should
consider them). According to the review of scenarios conducted in this thesis, it is conceivable
that by 2050 — 2100 our energy systems are fully based on renewables, and that the two degree
climate target can be achieved even in case the transition is accompanied with sustained
economic and population growth. Specially, the realizable potential for PV far exceeds the
expected demand over long-term. Let’s imagine that the growth continues indefinitely.
Although renewable energy resource potential is enormous, at some point in time far beyond
2100, limited first by sustainability guardrails and then, in the end, by physical planetary limits,
a maximum utilization of the planet’s resources would be eventually reached. This thought
experiment goes to underline that the present state of renewable energy technology would allow
us to satisfy the coming hundreds of years’ energy needs, but not indefinitely. This is due to the
fact that our current social organization builds on continuous growth in economy, however, it
is not given that a future society would also be based on continuous growth in energy demand,
economics and so on. If it was, the civilization would have to explore space to continue to

satisfy its growing material needs.

In the end, choosing the sustainability guardrails is a subjective exercise. Thus, the guardrails
depicted in this study are not meant to be conclusive and universal, but rather they can serve as
the starting point for the debate. Desirability of different energy scenarios in the society’s view

point is to be determined in a participatory process such as conducted by Bedsted et al. in 2015
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[141]. IRENA describes the process of national energy roadmap in the following way: industry,
academia, local constituencies and non-governmental organizations are brought together in
workshops, and supported with methodology and tools to assess technology options. The idea
is to get key stakeholders involved. The strategy building should continue with collecting data
on energy sources, generation, power flows, demand profiles and existing and planned energy
networks. Next, existing flexibility options, such as grid infrastructure and stock of dispatchable
power generation units should be evaluated, continued with evaluation of new technology
solutions needed to integrate variable renewable energy. Due to the far-reaching implications
of a power sector transformation, a leadership role from national governments is needed.
Transforming the power sector to renewable generation has consequences for economics,
economic growth, engagement of individual consumers, national policies on energy security
and climate change. Lastly, further data collection and analysis, pilot and demonstration
projects and exchange of best practices via international co-operation are key steps in executing
national roadmaps. [142].
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SUMMARY

In constructing a scenario it is dictated what kind of future states and pathways are possible,
and evaluated how global economy, environment and the people are affected by the
developments in the scenario. Thus, energy scenarios have influence on the decision-making
process. However, energy scenarios can be composed to pursue any desired outcome, to drive
one’s own agenda and pursue selected goals of companies and non-governmental organizations
alike. Consequently, the underlying assumptions, funding, methodology and purpose of study
should be scrutinized in order to understand how the scenario relates to other scenarios. Energy
models are hand-crafted to a specific purpose, thus investigating high shares of renewables in
the energy system requires certain characteristics from the used model. In order to provide
insights on the technical feasibility of high share of renewables in an energy system, the model
should be able to accurately represent the energy conversion technologies, total system
simulations should be done for at least one year on at least hourly basis due to diurnal
intermittency and seasonality of solar and wind resources, total system derived flexibility
measures should be investigated, and weather based generation and energy demand profiles

either synthetically produced or real data used.

Before industrialization and electrification, primary energy needs of the human civilization
were mainly met by burning wood fuels. The global power, heat and mobility demands are now
almost entirely based on fossil fuels. This is being recognized as an unsustainable practice over
long term in many regards: business as usual pathway is strongly related with severe climate
change impacts on the planet’s ecosystems, global economy and human livelihoods, the reserve
depletion, pollution and its related costs as lives lost and diseases suffered, thermal power
generation induced water stress in already fresh water constrained regions, tendency to increase

energy injustice and failure to provide universal access to modern energy services thus far.

Ethical utilization of available energy resources takes into account into what kind of state the
planet is left and what resources are available for future generations. Renewable energy sources
fulfill such ethical standards in the most comprehensive way. Looking at the energy reserves
on the planet, it proves out that flow of solar energy is most abundant and equally distributed
on the planet. The wind energy flows complement the solar resources well. It is then a question
of whether that resource can be tapped into with current technologies for wide deployment in

economically, environmentally and socially sustainable manner. According to the scenario
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assessment, the scenarios in which the solar and wind resource potentials are utilized in large
scale, also fulfill the depicted sustainability criteria in the most comprehensive way. In
summary, a sustainable energy scenario investigates how universal access to modern energy
services are provided, how energy injustice is rooted out, how humanity’s growing energy
needs are fulfilled, how ecosystems and water reservoirs preserved, how energy related risks
and health impacts are minimized, how energy efficiency can be improved, how to manage
feedstocks for bioenergy while avoiding conflicts with other uses, and how to meet climate
change mitigation targets, all in a way in which the present state of technology, social

organizations, future generations welfare, and our planet’s capacities are recognized.

In future research, the transparency of energy scenarios can be improved by full disclosure of
project funding, providing information on who has ordered the study on what purpose,
explaining the limitations and characteristics of the used model, explaining how data have been
preprocessed and what is set exogenously to the model, and what are the model outcomes. In
addition, references should be traceable, strict climate policy constraints considered, cost
assumptions disclosed and the effect of changing key assumptions on technology deployment
and costs (, which depend on the level of technology deployment,) on model outcome discussed.
In the identified best practices, detailed information were given in supplementary materials

online, with a clear reference in the main study.

87



REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]
[9]

[10]

[11]
[12]

[13]

[14]

[15]

C. N. Waters, J. Zalasiewicz, C. Summerhayes, A. D. Barnosky, C. Poirier, A.
Gatuszka, A. Cearreta, M. Edgeworth, E. C. Ellis, M. Ellis, C. Jeandel, R. Leinfelder, J.
R. McNEeill, D. deB. Richter, W. Steffen, J. Syvitski, D. Vidas, M. Wagreich, M.
Williams, A. Zhisheng, J. Grinevald, E. Odada, N. Oreskes, and A. P. Wolfe, “The
Anthropocene is functionally and stratigraphically distinct from the Holocene,” Science
(80-.)., vol. 351, no. 6269, 2016.

D. Meadows, J. Randers, and D. Meadows, Limits to Growth: The 30-Year Update.
Vermont: Chelsea Green Publishing, 2004.

N. Oreskes, “The Scientific Consensus on Climate Change,” Science (80-. )., vol. 306,
no. 5702, p. 1686, 2004.

[NASA] - National Aeronautics and Space Administration, “Scientific consensus:
Earth’s climate is warming,” 2016. [Online]. Available:
http://climate.nasa.gov/scientific-consensus/. [Accessed: 20-Apr-2016].

[UNEP] - United Nations Environment Programme, “The Emissions Gap Report 2015.
A UNEP Synthesis Report,” Nairobi, 2015.

J. Weyant, E. Kriegler, G. Blanford, V. Krey, J. Edmonds, K. Riahi, R. Richels, and M.
Tavoni, “Special Issue: The EMF27 Study on Global Technology and Climate Policy
Strategies,” Clim. Change, vol. 123, no. 3-4, 2014.

[Royal Dutch Shell], “New Lens Scenarios: A Shift in Perspective for a World in
Transition,” Hague, 2013.

[ExxonMobil], “The Outlook for Energy: A View to 2040,” Irving, 2015.

[BP], “BP Energy Outlook 2035,” London, 2015.

[Statoil], “Energy Perspectives: Long-Term Macro and Market Outlook,” Stavanger,
2015.

[IEA] - International Energy Agency, “World Energy Outlook,” Paris, 2015.

[IEA] - International Energy Agency, “Energy Technology Perspectives - Pathways to
a Clean Energy System,” 2012.

[IEA] - International Energy Agency, “Energy Technology Perspectives - Harnessing
Electricity’s Potential,” Paris, 2014.

[IEA] - International Energy Agency, “Energy Technology Perspectives - Mobilising
Innovation to Accelerate Climate Action,” Paris, 2015.

S. Teske, S. Sawyer, and O. Schéfer, “Energy [r]evolution: A Sustainable World
88



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Energy Outlook,” Greenpeace, GWEC, Solar Power Europe, 2015.

S. Teske, J. Muth, and S. Sawyer, “Energy [r]evolution - a Sustainable World Energy
Outlook,” Greenpeace, GWEC, EREC, 2012.

W. Krewitt, S. Teske, S. Simon, T. Pregger, W. Graus, E. Blomen, S. Schmid, and O.
Schifer, “Energy [R]evolution 2008 - A sustainable world energy perspective,” Energy
Policy, vol. 37, no. 12, pp. 5764-5775, 2009.

S. Teske, “Bridging the Gap between Energy- and Grid Models - Developing an
integrated infrastructural planning model for 100 % renewable energy systems in order
to optimize the interaction of flexible power generation , smart grids and storage
technologies,” dissertation, University of Flensburg, 2015.

[WWF] - World Wild Fund for Nature International, “The energy report - 100%
Renewable Energy by 2050,” Gland, 2011.

Y. Y. Deng, K. Blok, and K. van der Leun, “Transition to a fully sustainable global
energy system,” Energy Strateg. Rev., vol. 1, no. 2, pp. 109-121, 2012.

M. Nilsson, C. Heaps, A. Persson, M. Carson, S. Pachauri, M. Kok, M. Olsson, I.
Rehman, R. Schaeffer, D. Wood, D. van Vuuren, K. Riahi, B. Americano, and Y.
Mulugetta, “Energy for a Shared Development Agenda : Global Scenarios and
Governance Implications,” SEI - Stockholm Environment Institute, Stockholm, 2012.
[INASA] - International Institute for Applied Systems Analysis, “Global Energy
Assessment: Toward a Sustainable Future,” Cambridge University Press, Cambridge
UK and New York, NY, USA and the International Institute for Applied Systems
Analysis, Laxenburg, Austria, 2012.

[WEC] - World Energy Council, “World Energy Scenarios - Composing Energy
Futures to 2050,” London, 2013.

E. Panos, M. Densing, and K. Volkart, “Access to electricity in the World Energy
Council’s global energy scenarios: An outlook for developing regions until 2030,”
Energy Strateg. Rev., vol. 9, pp. 28-49, 2016.

[WBGU] - German Advisory Council on Global Change, “World in Transition —
Towards Sustainable Energy Systems,” Berlin, 2003.

M. Z. Jacobson and M. a. Delucchi, “Providing all global energy with wind, water, and
solar power, Part I: Technologies, energy resources, quantities and areas of
infrastructure, and materials,” Energy Policy, vol. 39, no. 3, pp. 1154-1169, 2011.

M. a. Delucchi and M. Z. Jacobson, “Providing all global energy with wind, water, and
89



[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]
[38]

solar power, Part II: Reliability, system and transmission costs, and policies,” Energy
Policy, vol. 39, no. 3, pp. 1170-1190, 2011.

M. Z. Jacobson, M. A. Delucchi, Z. A. F. Bauer, C. Savannah, W. E. Chapman, M. A.
Cameron, A. Cedric, L. Chobadi, J. R. Erwin, S. N. Fobi, K. Owen, S. H. Harrison, T.
M. Kwasnik, J. Lo, C. J. Yi, S. B. Morris, K. R. Moy, P. L. O. Neill, S. Redfern, R.
Schucker, M. A. Sontag, J. Wang, E. Weiner, and A. S. Yachanin, “100 % Clean and
Renewable Wind , Water , and Sunlight (WWS) All- Sector Energy Roadmaps for 139
Countries of the World By 2050,” draft, pp. 1-61, 2015.

M. Z. Jacobson, M. A. Delucchi, M. A. Cameron, and B. A. Frew, “Low-cost solution
to the grid reliability problem with 100% penetration of intermittent wind, water, and
solar for all purposes,” Proc. Natl. Acad. Sci., vol. 112, no. 49, pp. 15060-15065, 2015.
M. Z. Jacobson, “100% Wind, Water, and Solar (WWS) All-Sector Energy Roadmaps
for Countries and States.” [Online]. Available:
http://web.stanford.edu/group/efmh/jacobson/Articles/I/WWS-50-USState-plans.html.
[Accessed: 06-Apr-2016].

S. Hong, C. J. A. Bradshaw, and B. W. Brook, “Global zero-carbon energy pathways
using viable mixes of nuclear and renewables,” Appl. Energy, vol. 143, no. October,
pp. 451-459, 2015.

J. Jager, D. Rothman, C. Anastasi, S. Kartha, and P. van Notten, “Training Module 6 -
Scenario development and analysis,” UNEP, International Institute for Sustainable
Development, 2008.

K. Blok, Introduction to Energy Analysis. Amsterdam: Techne Press, 2007.

T. Mai, J. Logan, N. Blair, P. Sullivan, and M. Bazilian, “IEA RETD: Re-Assume - A
Decision Maker’s Guide to Evaluating Energy Scenarios, Modeling, and
Assumptions,” National Renewable Energy Laboratory & Joint Institute for Strategic
Energy Analysis, 2013.

H. Kahn, On Thermonuclear War - War and Peace Research. New Jersey: Transaction
Publishers, 2007.

R. Torrie, J. Smith, H. Connor, and M. Labrousse, “Framework for a smart energy path
- A Guide to sound energy decisions,” HELIO-International, Paris, 2014.

S. Ilstedt and J. Wangel, “Designing sustainable futures,” Nord. Des. Res. Conf., 2013.
F. Cebulla, “Energy Scenarios Studies - A Contribution to Improved Transparency,”

DLR - German Aerospace Center, Stuttgart, 2015.
90



[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

D. Connolly, H. Lund, B. V. Mathiesen, and M. Leahy, “A review of computer tools
for analysing the integration of renewable energy into various energy systems,” Appl.
Energy, vol. 87, no. 4, pp. 1059-1082, 2010.

Openmod Initiative, “Open Models,” 2016. [Online]. Available: http://wiki.openmod-
initiative.org/wiki/Open_Models. [Accessed: 09-Mar-2016].

[Citigroup], “Paris Climate Change Agreement - Implications for ASX Companies,”
New York, 2015.

C. Perez, “Technological revolutions and techno-economic paradigms,” Technol. Gov.
Econ. Dyn., no. 20, pp. 1-26, 2009.

Royal Dutch Shell, “Energy Needs , Choices and Possibilities - Scenarios to 2050,”
London, 2001.

F. Berkhout, P. Marcotullio, and T. Hanaoka, “Understanding energy transitions,”
Sustain. Sci., vol. 7, no. 2, pp. 109-111, 2012.

D. Meadows, “Leverage Points - Places to Intervene in a System,” Hartland, 1999.
W. Mcdowall, E. Trutnevyte, J. Tomei, and I. Keppo, “UKERC Energy Systems
Theme - Reflecting on Scenarios,” UK Energy Research Centre - UKERC, 2014.
[REN 21] - Renewable Energy Policy Network for the 21st Century, “Renewables
2015 Global Status Report,” Paris, 2015.

[BP], “BP Statistical Review of World Energy,” London, 2015.

The Shift Project, “World Sectoral breakdown of GHG Emissions in 2010,” 2016.
[Online]. Available: http://www.tsp-data-portal.org/Breakdown-of-GHG-Emissions-
by-Sector-and-Gas#tspQvChart. [Accessed: 11-Mar-2016].

K. Gurney, S. Asefi-Najafabady, P. Rayner, M. Fiser, and B. Benes, “FFDAS - Fossil
Fuel Data Assimilation System.” [Online]. Available:
http://hpcg.purdue.edu/FFDAS/Map.php. [Accessed: 10-Mar-2016].

D. W. Aitken, “Transitioning to a Renewable Energy Future,” ISES - International
Solar Energy Society, Freiburg, 2003.

B. K. Sovacool, “How long will it take? Conceptualizing the temporal dynamics of
energy transitions,” Energy Res. Soc. Sci., vol. 13, pp. 202-215, 2016.

N. Felton, “Consumption spreads faster today,” 2008. [Online]. Available:
http://www.nytimes.com/imagepages/2008/02/10/opinion/100p.graphic.ready.html.
[Accessed: 20-Apr-2016].

J. Farfan, “Structural changes of global power generation capacity towards
91



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

sustainability and the risk of stranded investments.” Submitted, 2016.

C. Shearer, N. Ghio, L. Myllyvirta, A. Yu, and T. Nace, “Boom and Bust 2016.
Tracking the Global Coal Plant Pipeline,” A study commissioned by CoalSwarm,
Greenpeace, and Sierra Club, 2016.

A. Grubler, “The costs of the French nuclear scale-up: A case of negative learning by
doing,” Energy Policy, vol. 38, no. 9, pp. 5174-5188, 2010.

M. Cooper, “The Economic Failure of Nuclear Power and the Development of a Low
Carbon Electricity Future: Why Small Modular Reactors Are Part of the Problem, Not
the Solution,” Institute for Energy and the Environment, Vermont, 2014.

C. Breyer, C. Birkner, F. Kersten, A. Gerlach, J. C. Goldschmidt, G. Stryi-Hipp, D. F.
Montoro, and M. Riede, “Research and Development Investments in PV - A Limiting
Factor for A Fast PV Diffusion?,” in 25th European Photovoltaic Solar Energy
Conference and Exhibition/ 5th World Conference on Photovoltaic Energy Conversion,
2010.

S. Wei NG, N. Mabey, and J. Gaventa, “Pulling Ahead on Clean Technology: China’s
13th Five Year Plan Challenges Europe's Low Carbon Competitiveness,” Briefing
Paper, E3G, London, 2016.

[IEA] - International Energy Agency, “Data services - Estimated R&D Budgets by
Region,” 2015. [Online]. Available: http://wds.iea.org/WDS/. [Accessed: 10-Mar-
2016].

[Citigroup], “Energy Darwinism II - Why a Low Carbon Future Doesn’t Have to Cost
the Earth,” Global Perspectives & Solutions (GPS), 2015. [Online]. Available:
https://www.citivelocity.com/citigps/. [Accessed: 16-Dec-2015].

[CEC] - Commission for Environmental Cooperation, “Renewable Energy as a Hedge
Against Fuel Price Fluctuation - How to Capture the Benefits,” Quebec, 2008.
[BNEF] - Bloomberg New Energy Finance, “Clean Energy Defies Fossil Fuel Price
Crash to Attract Record USD 329bn Global Investment in 2015, 2016. [Online].
Available: http://about.bnef.com/content/uploads/sites/4/2016/01/BNEF-2015-Annual-
Investment-Numbers-FINAL.pdf. [Accessed: 19-Jan-2016].

[BNEF] - Bloomberg New Energy Finance and [BCSE] - The Business Council for
Sustainable Energy, “Sustainable Energy in America Factbook,” 2016.

[BNEF] - Bloomberg New Energy Finance, “Mapping the Gap: The Road from Paris -

Finance Paths to a Two-Degree Future,” 2016. [Online]. Available:
92



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

http://about.bnef.com/white-papers/mapping-the-gap-the-road-from-paris/. [Accessed:
28-Jan-2016].

[BNEF] - Bloomberg New Energy Finance, “Wind and Solar Are Crushing Fossil
Fuels - Record Clean Energy Investment Outpaces Gas and Coal 2 to 1,” 2016.
[Online]. Available: http://www.bloomberg.com/news/articles/2016-04-06/wind-and-
solar-are-crushing-fossil-fuels. [Accessed: 07-Apr-2016].

[UN] - United Nations, “Adoption of the Paris Agreement,” Framework Convention on
Climate Change, 2015. [Online]. Available:
http://unfccc.int/resource/docs/2015/cop21/eng/109.pdf. [Accessed: 11-Apr-2016].
[IEA] - International Energy Agency, “World Energy Investment Outlook,” Paris,
2014.

[Carbon Tracker Initiative], “The USD 2 trillion stranded assets danger zone: How
fossil fuel firms risk destroying investor returns,” London, 2015.

S. Dietz, A. Bowen, C. Dixon, and P. Gradwell, “Climate value at risk’ of global
financial assets,” Nat. Clim. Chang., Apr. 2016.

[EIU] - The Economist Intelligence Unit, “The Cost of Inaction: Recognizing the Value
at Risk from Climate Change,” London, 2015.

[As You Sow], “Shareholder Resolutions,” 2016. [Online]. Available:
http://www.asyousow.org/our-work/current-resolutions/. [Accessed: 08-Apr-2016].

C. Vondrich, E. Dorsey, J. Nicholas, S. Ferguson, and T. Harrison, “Divest-Invest
Philantropy - Doing Good. Performing Better. Beat your Benchmarks. Beat Climate
Change.,” Scottsdale, Arizona, 2016.

[The World Bank], “What are Green Bonds?,” Washington, DC, 2015.

[Climate Bonds Initiative], “2015 Green Bond Market Roundup - USD 41.8bn labelled
green bonds issued in 2015,” London, 2015.

[Track 0], “Businesses on Track,” 2016. [Online]. Available:
http://track0.org/businesses/. [Accessed: 08-Apr-2016].

[RMI] - Rocky Mountain Institute, “Business Renewables Center - Corporate
Renewable Deals,” 2016. [Online]. Available:
http://www.rmi.org/business_renewables_center_newsletter 002_jan_2016. [Accessed:
14-Feb-2016].

[Mercom Capital Group], “News & Analyses - Total Corporate Funding in Solar and

Wind sectors,” 2016. [Online]. Available: http://mercomcapital.com/news-analysis.
93



[79]

[80]

[81]

[82]

[83]
[84]

[85]

[86]

[87]

[88]

[89]

[90]

[Accessed: 12-Feb-2016].

[UBS], “A revolution in equity investing - A deeper dive into nonfinancial data,” UBS
Asset Management, Zurich, 2015.

S. Henbest, “Long-Term Outlook for the Global Power Sector.” [Presentation], 2015
MENA Clean Energy Forum, BNEF - Bloomberg New Energy Finance, 2015.
[BNEF] - Bloomberg New Energy Finance, “Power Struggle: How the Energy Market
Could Shift in 2016,” 2015. [Online]. Available:
http://www.bloomberg.com/news/videos/2015-11-11/power-struggle-how-the-energy-
market-could-shift-in-2016. [Accessed: 10-Dec-2015].

T. Randall, “Here’s How Electric Cars Will Cause the Next Oil Crisis,” 2016. [Online].
Available: http://www.bloomberg.com/features/2016-ev-oil-crisis/. [Accessed: 30-Mar-
2016].

C. Breyer. Private communication, April 2016.

C. Morris, “Austria could ban new gas and diesel cars by 2020,” 2016. [Online].
Available: http://www.renewablesinternational.net/austria-could-ban-new-gas-and-
diesel-cars-by-2020/150/537/94794/. [Accessed: 04-May-2016].

D. Sandalow, C. McGormick, T. Rowlands-Rees, A. Izadi-Najafabadi, and I. Orlandi,
“Distributed Solar and Storage - ICEF Roadmap 1.0,” ICEF - Innovation for Cool
Earth Forum, BNEF - Bloomberg New Energy Finance, 2015.

K. White, B. Warren, P. Dominy, and M. Rennie, “Renewable Energy Country
Attractiveness Index,” Issue 46, February, EY - Ernst & Young, London, 2016.

[THS], “As European Solar Installations Slow, China, US and Japan Lead Global
Installed PV Capacity in 2016,” 2016. [Online]. Available: http://press.ihs.com/press-
release/european-solar-installations-slow-china-us-and-japan-lead-global-installed-pv-
capacity. [Accessed: 26-Apr-2016].

[Terrawatt Initiative], “Launch of the Terrawatt Initiative aimed at meeting the
International Solar Alliance’s objective of 1TW of additional solar capacity by 2030.”
[Press release], Paris, 2015.

[BNEF] - Bloomberg New Energy Outlook, “New Energy Outlook - Powering a
Changing World,” 2015. [Online]. Available:
http://www.bloomberg.com/company/new-energy-outlook/. [Accessed: 28-Mar-2016].
E. Zindler and K. Locklin, “Mapping the Gap: The Road from Paris. Finance Paths for

a 2-degree Future.,” Ceres, Bloomberg New Energy Finance, 2016.
9



[91] [GWEC] - Global Wind Energy Council, “Global Wind Statistics 2015,” 2016.
[Online]. Available: http://www.gwec.net/global-figures/graphs/. [Accessed: 28-Mar-
2016].

[92] A. Gerlach, C. Breyer, M. Fischer, and C. Werner, “Forecast of Long-Term PV
Installations - A discussion of Scenarios ranging from IEA to the Solar Economy,” in
31st European Photovoltaic Solar Energy Conference and Exhibition, 2015, pp. 2973—
2981.

[93] M. Metayer, C. Breyer, and H.-J. Fell, “The Projections for the Future and Quality in
the Past of the World Energy Outlook for Solar PV and other Renewable Energy
Technologies,” in 31st European Photovoltaic Solar Energy Conference and
Exhibition, 2015.

[94] M. Liebrech, “State of the Industry Keynote,” [Presentation], BNEF - Bloomberg New
Energy Finance, New Energy Finance Summit, New York.
Available:http://about.bnef.com/presentations/liebreich-state-of-the-industry-keynote-
bnef-summit-2016/ [Accessed: 13-April-2016], 2016.

[95] H.-J. Fell, C. Breyer, and W. Zittel, “IEA creates misleading future scenarios for solar
power generation,” Working paper, Energy Watch Group, 2015. [Online]. Available:
http://energywatchgroup.org/iea-creates-misleading-future-scenarios-solar-power-
generation/. [Accessed: 26-Apr-2016].

[96] C. Breyer and A. Gerlach, “Global overview on grid-parity,” Prog. Photovoltaics Res.
Appl., vol. 21, no. 1, pp. 121-136, Jan. 2013.

[97] F.Kersten, R. Doll, A. Kux, D. M. Hulji¢, M. A. Gorig, C. Breyer, J. W. Miiller, and P.
Wawer, “PV-Learning Curves: Past and Future Drivers of Cost Reduction,” in 26th
European Photovoltaic Solar Energy Conference, 2011.

[98] [Fraunhofer ISE], “Current and Future Cost of Photovoltaics. Long-term Scenarios for
Market Development, System Prices and LCOE of Utility-Scale PV systems,” Study
on behalf of Agora Energiewende, Berlin, 2015.

[99] C. McGlade and P. Ekins, “The geographical distribution of fossil fuels unused when
limiting global warming to 2 °C,” Nature, vol. 517, no. 7533, pp. 187-190, 2015.

[100] J. Rogelj, M. Schaeffer, P. Friedlingstein, N. P. Gillett, D. P. van Vuuren, K. Riahi, M.
Allen, and R. Knutti, “Differences between carbon budget estimates unravelled,” Nat.
Clim. Chang., vol. 6, no. 3, pp. 245-252, Mar. 2016.

[101] O. Edenhofer, R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A.
95



[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Adler, I. Baum, S. Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S. Schlémer,
C. von Stechow, T. Zwickel, and J. C. Minx, “Summary for Policymakers. In: Climate
Change 2014: Mitigation of Climate Change.,” Contribution of Working Group III to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
2014.

N. Stern, “Stern Review on The Economics of Climate Change (archived edition),”
HM Treasury, London. Archived at: http://www.webcitation.org/5nCeyEYJr
[Accessed: 12-April-2016], 2006.

[OECD] - Organisation for Economic Cooperation and Development, “The Economic
Consequences of Climate Change,” OECD Publishing, Paris, 2015.

[The Economist Intelligence Unit], “The cost of inaction: Recognising the value at risk
from climate change,” London, 2015.

J.-A. Richards and K. Boom, “Big Oil, Coal and Gas Producers Paying for their
Climate Damage,” Volume 39 of the Publication Series Ecology (2nd, revised edition
2014). Heinrich Boll Foundation (ed.), Berlin, 2015.

P. Erickson and K. Tempest, “Keeping cities green: Avoiding carbon lock-in due to
urban development,” Stockholm Environment Institute - U.S. Center, Working Paper
2015-11, Seattle, 2015.

[WWEF] - World Wild Fund for Nature International, “Living Planet Report,” WWF -
World Wide Fund International, Global Footprint Network, Water Footprint Network,
ZSL, 2014.

WHO, “Tackling the global clean air challenge,” 2011. [Online]. Available:
http://www.who.int/mediacentre/news/releases/2011/air_pollution_20110926/en/.
[Accessed: 29-Feb-2016].

The World Bank, “Health expenditure total (% of GDP),” 2016. [Online]. Available:
http://data.worldbank.org/. [Accessed: 29-Feb-2016].

[New Climate Economy], “Better Growth - Better Climate - The New Climate
Economy Report,” The Global Commission on the Economy and Climate, Washington
D.C., 2014.

J. Huscher and D. Smith, “The unpaid health bill - How coal power plants make us
sick,” The Health and Environment Alliance - HEAL, 2013.

D. Coady, I. Parry, L. Sears, and B. Shang, “How Large Are Global Energy
96



[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Subsidies?,” IMF - International Monetary Fund, Washington D.C., 2015.

[UNICEF] and [WHO], “Millenium Development Goal drinking water target met -
Sanitation target still lagging far behind,” 2012. [Online]. Available:
http://www.who.int/mediacentre/news/releases/2012/drinking_water_20120306/en/.
[Accessed: 12-Apr-2016].

[UN] - United Nations, “Transforming our world: the 2030 Agenda for Sustainable
Development,” General Assembly, New York, 2015.

W. Hua Wen, C. Hanson, and L. Zhong, “Win-win: Reducing Water Use and
Greenhouse Gas Emissions in China’s Power Sector,” 2015. [Online]. Available:
http://www.wri.org/blog/2015/03/win-win-reducing-water-use-and-greenhouse-gas-
emissions-china%E2%80%99s-power-sector. [Accessed: 12-Apr-2016].

A. Biesheuvel, I. Cheng, X. Liu, and J. (review) Koornneef, “Methods and Results
Report: Modelling Global Water Demand for Coal Based Power Generation,” A study
commissioned by Witteveen+Bos and Greenpeace International, 2016.

T. Luo, R. Young, and P. Reig, “Aqueduct Projected Water Stress Country Rankings,”
Technical note. Washington D.C.: WRI - World Resources Institute. Available online
at: http://www.wri.org/publication/aqueduct-projected-water-stress-country-rankings,
2015.

U. Caldera, D. Bogdanov, and C. Breyer, “Local cost of seawater RO desalination
based on solar PV and wind energy: A global estimate,” Desalination, vol. 385, no.
May, pp. 207-216, 2016.

M. Perez and R. Perez, “A Fundamental Look at Supply Side Energy Reserves for the
Planet,” Update 2015, IEA-SHCP-Newsletter VVol. 62 Nov., 2015.

[UN Energy], “Energy: A Brief Discussion on Goals, Targets and Indicators,”
[Background note], UN-Energy partners, 2014.

[Vaisala], “Free Wind and Solar Resource Maps,” 2015. [Online]. Available:
http://www.vaisala.com/en/energy/support/Resources/Pages/Free-Wind-And-Solar-
Resource-Maps.aspx. [Accessed: 13-Apr-2016].

[SRU] - German Advisory Council on the Environment, “Pathways towards a 100 %
renewable electricity system,” Berlin, 2011.

[WWEF] - World Wild Fund for Nature International, “Critical Materials for the
Transition to a 100% Sustainable Energy Future,” Report commissioned by WWF and

produced in collaboration with Ecofys, 2014.
97



[124] A. Repo, “Climate impacts of bioenergy from forest harvest residues,” [Dissertation],
Aalto University, School of Science, Deparment of Mathematics and Systems
Analysis, Espoo, 2015.

[125] B. K. Sovacool, “The avian benefits of wind energy: A 2009 update,” Renew. Energy,
vol. 49, pp. 19-24, 2013.

[126] P. Enevoldsen and B. K. Sovacool, “Examining the social acceptance of wind energy:
Practical guidelines for onshore wind project development in France,” Renew. Sustain.
Energy Rev., vol. 53, pp. 178-184, 2016.

[127] M. Gorig and C. Breyer, “Energy learning curves of PV systems,” Environ. Prog.
Sustain. Energy, Mar. 2016.

[128] N. Aksoy, “Power generation from geothermal resources in Turkey,” Renew. Energy,
vol. 68, pp. 595-601, 2014.

[129] J. L. D. S. Soito and M. A. V. Freitas, “Amazon and the expansion of hydropower in
Brazil: Vulnerability, impacts and possibilities for adaptation to global climate
change,” Renew. Sustain. Energy Rev., vol. 15, no. 6, pp. 3165-3177, 2011.

[130] A. MacFarlane, “How to protect nuclear plants from terrorists,” 2016. [Online].
Available: https://theconversation.com/how-to-protect-nuclear-plants-from-terrorists-
57094. [Accessed: 26-Apr-2016].

[131] J. D. Farmer and F. Lafond, “How predictable is technological progress?,” Res. Policy,
vol. 45, no. 3, pp. 647-665, Apr. 2016.

[132] M. Buck, C. Redl, M. Steigenberger, and P. Graichen, “The Power Market Pentagon -
A Pragmatic Power Market Design for Europe’s Energy Transition,” Agora
Energiewende, Berlin, 2016.

[133] A. Savolainen, “The Role of Nuclear and Other Conventional Power Plants in the
Flexible Energy System,” [Master’s thesis], LUT School of Energy Systems,
Lappeenranta University of Technology, 2015.

[134] [OECD/NEA], “Nuclear Energy and Renewables - System Effects in Low-carbon
Electricity Systems,” NEA - Nuclear Energy Agency, Boulogne-Billancourt. OECD -
Organisation for Economic Co-operation and Development, Paris, 2012.

[135] J. Carlsson, M. del Mar Perez Fortes, G. de Marco, J. Giuntoli, M. Jakubcionis, A.
Jager-Waldau, R. Lacal-Arantegui, S. Lazarou, D. Magagna, C. Moles, B. Sigfusson,
A. Spisto, M. Vallei, and E. Weidner, “ETRI 2014 - Energy Technology Reference

Indicator Projections for 2010 - 2050,” European Commission, Joint Research Centre,
98



[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

Institute for Energy and Transport, Luxembourg: Publications Office of the European
Union, 2014.

[IRENA] - International Renewable Energy Agency, “Renewable Energy Benefits:
Measuring the Economics,” Abu Dhabi, 2016.

[UNEP] - United Nations Environment Programme, “Towards a Green Economy.
Pathways to Sustainable Development and Poverty Eradication - A Synthesis for
Policy Makers,” Available: www.unep.org/greencconomy [Accessed: 18-April-2016],
2011.

T. Day, N. Hohne, and S. Gonzales, “Assessing the Missed Benefits of Countries ’
National Contributions - Quantifying Potential Co-Benefits,” 2015. [Online].
Available: https://newclimateinstitute.files.wordpress.com/2015/10/cobenefits-of-
indcs-october-2015.pdf, NewClimate Institute, Cologne. [Accessed: 01-Dec-2015].
[Agora Energiewende], “The Integration Cost of Wind and Solar Power. An Overview
of the Debate on the Effects of Adding Wind and Solar Photovoltaic into Power
Systems,” Berlin, 2015.

H. Wallard, B. Dufty, and P. Cornick, “After Fukushima. Global Opinion on Energy
Policy,” Ipsos Social Research Institute, Paris, 2012.

B. Bedsted, Y. Mathieu, and C. Leyrit, “World Wide Views on Climate and Energy,”
Danish Board of Technology Foundation, Missions Publiques and the French National
Commission for Public Debate, Copenhagen, 2015.

R. Kempener, A. Malhotra, and G. de Vivero, “The Age of Renewable Power -
Designing National Roadmaps For a Successful Transformation,” IRENA -
International Renewable Energy Agency, Abu Dhabi, 2015.

[David Suzuki Foundation], “Bluedot - Take action,” 2016. [Online]. Available:
http://bluedot.ca/take-action/. [Accessed: 12-Apr-2016].

Brundtland Commission, “Report of the World Commission on Environment and
Development: Our Common Future,” Oslo, 1987.

[UNDP] - United Nations Development Programme, “World Energy Assessment -
Energy and the Challenge of Sustainability,” United Nations Development Programme,
United Nations Department of Economic and Social Affairs, World Energy Council,
New york, 2000.

CWanamaker, “The Environmental, Economic and Social Components of

Sustainability,” 2013. [Online]. Available: http://hubpages.com/politics/The-
99



[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

Environmental-Economic-and-Social-Components-of-Sustainability. [Accessed: 11-
Mar-2016].

[Convention on Biological Diversity], “Strategic Plan for Biodiversity 2011-2020,
including Aichi Biodiversity Targets,” 2016. [Online]. Available:
https://www.cbd.int/sp/. [Accessed: 12-Apr-2016].

[European Environment Agency], “Biodiversity,” 2015. [Online]. Available:
http://www.eea.europa.eu/soer-2015/europe/biodiversity. [Accessed: 12-Apr-2016].
M. Harris, M. Beck, and 1. Gerasimchuk, “The End of Coal: Ontario’s Coal Phase-
Out,” IISD - International Institute for Sustainable Development, Winnipeg, 2015.
[Climate Action Tracker], “Effect of current pledges and policies on global
temperature,” update 7 December 2015. Climate Action Tracker consortium (Climate
Analytics, Ecofys, NewClimate Institute, and PIK). Available at:
http://climateactiontracker.org/global.html [Accessed: 05-Apr-2016], 2015.

W. Krewitt, K. Nienhaus, C. Kleimann, C. Capone, E. Stricker, W. Graus, M.
Hoogwijk, N. Supersberger, U. von Winterfeld, and S. Samadi, “Role and Potential of
Renewable Energy and Energy Efficiency for Global Energy Supply,” Study on behalf
of the German Federal Environment Agency, Dessau-Rof3lau, 2009.

O. Koskinen and C. Breyer, “Energy Storage in Global and Transcontinental Energy
Scenarios: A Critical Review,” in 10th International Renewable Energy Storage
Conference, 2016.

E. Vartiainen, G. Masson, and C. Breyer, “PV LCOE in Europe 2015 - 2050,” in 31st
European Photovoltaic Solar Energy Conference, 2015.

W. Hoffmann, “PV as one of the major contributors to a future 100% renewable
powered world - Importance and evidence for cost effective electricity storage,” in 29th
European Photovoltaic Solar Energy Conference and Exhibition, 2014.

R. Schreffler, “Automakers, Suppliers See ICE Alternatives Surging,” 2016. [Online].
Available: http://wardsauto.com/engines/automakers-suppliers-see-ice-alternatives-
surging?page=1. [Accessed: 02-May-2016].

S. Afanasyeva, C. Breyer, and M. Engelhard, “The Impact of Cost Dynamics of
Lithium-lon Batteries on the Economics of Hybrid PVV-Battery-GT Plants and the
Consequences for Competitiveness of Coal and Natural Gas-Fired Power Plants,” in
Proceedings of the 10th International Renewable Energy Storage Conference, 2016.

D. Bogdanov, C. Breyer, and N. Asia, “North-East Asian Super Grid for 100%
100



[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

renewable energy supply: Optimal mix of energy technologies for electricity, gas and
heat supply options,” Energy Convers. Manag., vol. 112, pp. 176-190, 2016.

A. E. MacDonald, C. T. M. Clack, A. Alexander, A. Dunbar, J. Wilczak, and Y. Xie,
“Future cost-competitive electricity systems and their impact on US CO2 emissions,”
Nat. Clim. Chang., no. January, pp. 1-6, 2016.

C. Breyer, D. Bogdanov, A. Gulagi, A. Aghahosseini, L. S. N. S. Barbosa, O.
Koskinen, M. Baraza, U. Caldera, S. Afanasyeva, M. Child, J. Farfan, and P. Vainikka,
“On the Role of Solar Photovoltaics in Global Energy Transition Scenarios,” in 32nd
European Photovoltaic Solar Energy Conference, 2016.

K. Komoto, C. Breyer, E. Cunow, K. Megherbi, D. Faiman, and P. van der Vleuten,
Energy from the Desert: Very Large Scale PV Power -State of the Art and Into The
Future. Publication of IEA-PVPS Task 8, Earthscan, London: Routledge, 2013.

J. Karjalainen, M. Kédkonen, J. Luukkanen, and J. Vehmas, “Energy Models and
Scenarios in the Era of Climate Change,” FFRC - Finland Futures Research Centre,
Turku, 2014.

J. Hamrin, H. Hummel, and R. Canapa, “Review of Renewable Energy in Global
Scenarios,” A study commissioned by International Energy Agency, Center for
Resource Solutions, San Francisco, 2007.

D. McCollum, V. Krey, K. Riahi, P. Kolp, M. Makowski, and B. Schreck, “The IIASA
Energy—Multi Criteria Analysis Tool (ENE-MCA) - User Manual,” Available at:
www.iiasa.ac.at/web-apps/ene/GeaMCA, 1IASA, Laxenburg, Austria, 2012.

G. Papaefthymiou and K. Dragoon, “Towards 100% renewable energy systems:
Uncapping power system flexibility,” Energy Policy, vol. 92, pp. 69-82, 2016.

M. Fasihi, D. Bogdanov, and C. Breyer, “Techno-Economic Assessment of Power-to-
Liquids (PtL) Fuels Production and Global Trading Based on Hybrid PV-Wind Power
Plants,” in 10th International Renewable Energy Storage Conference, 2016.

D. Scholten and R. Bosman, “The geopolitics of renewables; exploring the political
implications of renewable energy systems,” Technol. Forecast. Soc. Change, vol. 103,
pp. 273-283, 2016.

[Climate Home], “Vietnam to phase out coal, invest in gas and renewables,” 2016.
[Online]. Available: http://www.climatechangenews.com/2016/01/25/vietham-phase-
coal-invest-gas-renewables/. [Accessed: 02-May-2016].

[BNEF] - Bloomberg New Energy Finance, “Medium-term outlook for US power:
101



2015 = deepest de-carbonization ever,” BNEF White paper, New York, 2015.

[169] [Reuters], “Beijing promises coal-free power by 2017 to fight pollution,” 2015.
[Online]. Available: http://www.reuters.com/article/us-china-pollution-beijing-
IdUSKBN0O70V920150522. [Accessed: 02-May-2016].

[170] M. Forsythe, “China Curbs Plans for More Coal-Fired Power Plants,” 2016. [Online].
Available: http://www.nytimes.com/2016/04/26/business/energy-environment/china-
coal.html?smprod=nytcore-iphone&smid=nytcore-iphone-share& r=2. [Accessed: 02-
May-2016].

[171] [Finnish Ministry of employment and the economy], “Energia- ja ilmastotavoitteet
strategiatyon taustalla,” 2016. [Online]. Available:
https://www.tem.fi/ajankohtaista/vireilla/karkihankkeet_ja_ohjelmat/energia-
_ja_ilmastostrategia_2016/energia-_ja_ilmastotavoitteet [in Finnish]. [Accessed: 02-
May-2016].

[172] [World Nuclear Association], “Nuclear Power in Italy,” 2014. [Online]. Available:
http://www.world-nuclear.org/information-library/country-profiles/countries-g-
n/italy.aspx. [Accessed: 02-May-2016].

[173] [World Nuclear Association], “Nuclear Power in Germany,” 2016. [Online]. Available:
http://www.world-nuclear.org/information-library/country-profiles/countries-g-
n/germany.aspx. [Accessed: 02-May-2016].

[174] [World Nuclear Association], “Nuclear Power in Switzerland,” 2016. [Online].
Available: http://www.world-nuclear.org/information-library/country-
profiles/countries-o-s/switzerland.aspx. [Accessed: 02-May-2016].

[175] [World Nuclear Association], “Nuclear Power in Belgium,” 2016. [Online]. Available:
http://www.world-nuclear.org/information-library/country-profiles/countries-a-
f/belgium.aspx. [Accessed: 02-May-2016].

[176] [World Nuclear Association], “Nuclear Power in Taiwan,” 2016. [Online]. Available:
http://www.world-nuclear.org/information-library/country-profiles/others/nuclear-
power-in-taiwan.aspX. [Accessed: 02-May-2016].

[177] M. M. Crow, “Perspective: None Dare Call It Hubris: The Limits of Knowledge.,”
Issues in Science and Technology 23, no. 2 (Winter 2007). [Online]. Available:
http://issues.org/23-2/p_crow/. [Accessed: 02-May-2016].

[178] A. Stoffregen and O. Schuller, “Primary Energy Deman of Renewable Energy Carriers

- Part 1: Definitions, accounting methods and their applications with a focus on
102



electricity and heat from renewable energies,” PE International, Leinfelden, Ecofys,

Berlin, 2014.

103



APPENDIX 1: Transparency checklist

Proposed transparency checklist to be added as a “table of content” for scenario studies [38]

Criterion Page number (or weblink)
General information

Author, institution

Funding

Context

Key term definitions

Measured data

Sources and reliability
Pre-processing

Assumptions

Identification of uncertain factors
Uncertainty assessment

Storyline construction
Assumptions for data modification

Model

Model documentations
Model category
Model scientific properties
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APPENDIX 2: Technological revolutions

Table 8. Technological revolutions in the main industries and infrastructures. [42, p. 12].

Technological

New technologies and

New or

Electricity and
Heavy Engineering

for steel ships

Heavy chemistry and civil
engineering

Electrical equipment industry
Copper and cables

Canned and bottled food
Paper and packaging

revolution new or redefined industries redefined infrastructures
FIRST: Mechanized cotton industry Canals and waterways
The 'Industrial Wrought iron Turnpike roads
Revolution' Machinery Water power (highly improved
water wheels)
SECOND: Steam engines and machinery Railways (Use of steam engine)
Age of Steam and (made in iron; fueled by coal) Universal postal service
Railways Iron and coal mining (now playing | Telegraph (mainly nationally
a central role in growth)* along railway lines)
Railway construction Great ports, great depots and
Rolling stock production worldwide sailing ships
Steam power for many City gas
industries(including textiles)
THIRD: Cheap steel (especially Bessemer) | Worldwide shipping in rapid steel
Age of Steel, Full development of steam engine | steamships (use of Suez Canal)

Transcontinental railways (use of
cheap steel rails and bolts in
standard sizes).

Great bridges and tunnels
Worldwide Telegraph

Telephone (mainly nationally)
Electrical networks (for
illumination

and industrial use)

FOURTH:

Age of Qil, the
Automobile and
Mass Production

Mass-produced automobiles
Cheap oil and oil fuels
Petrochemicals (synthetics)
Internal combustion engine for
automobiles, transport, tractors,
airplanes, war tanks and electricity
Home electrical appliances
Refrigerated and frozen foods

Networks of roads, highways,
ports and airports

Networks of oil ducts

Universal electricity (industry and
homes)

Worldwide analog
telecommunications

(telephone, telex and cablegram)
wire and wireless

FIFTH:
Age of Information
and Telecommunications

The information revolution:
Cheap microelectronics.
Computers, software
Telecommunications

Control instruments
Computer-aided biotechnology
and

new materials

World digital telecommunications
(cable, fiber optics, radio and
satellite)

Internet/ Electronic mail and other
e-services

Multiple source, flexible use,
electricity networks

High-speed multi-modal physical
transport links (by land, air and
water)
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APPENDIX 3: Changing roles of energy stakeholders

Table 9. Existing and new stakeholders in the power sector transformation towards increased share of variable
renewable energy generation (VRE). Reproduced from [142].

Existing stakeholders
Generators

Transmission system operators

Distribution system operators

Technology providers

Policy makers

Regulators

Energy planners

Certification bodies
General public

Non-governmental organizations

New stakeholders
Non-utility generators

Prosumers
Aggregators

New financers

Technology providers

ICT companies
Consumer service companies
Car manufacturers

Emergency services

Relevant activities for VRE integration
System services and support; Harmonics; Forecasting

Manage supply side variability; System monitoring; Provide
system inertia; Cooperation between neighboring networks

Power dispatching; Local load control; Fault handling; Safety
procedures for unintentional islanding

Communication protocols; Data handling

Renewable energy targets; Renewable energy support policies;
Mandates on interconnection, grid connection, market design
and grid codes

Definition of grid connection policies; Grid codes; Market
design; Compensation schemes; Support flexibility

New transmission network topologies; Location specific
planning; Adequacy

VRE standards and grid codes; Certification
Public engagement in power sector transformation

Economic, environmental and social assessments of power
sector transformation

Relevant activities

Generation by individuals, farmers, communities, project firms,
banks, industrial users
Self-consumption; Net-metering; Grid feed-in
Grid support services (through supply and demand) through
energy service companies, solar leasing firms
New investment streams from development banks;
municipalities, yieldcos, crowdfunding; New ownership and
finance models

Development and implementation of smart grid technologies,
storage technologies, microgrids

Data collection, sharing, analysis and security
Building energy management systems
Electric vehicles for VRE integration

Anti-islanding; Reverse power flow concerns
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APPENDIX 4: Primary energy accounting methods
Comparison of different methods for accounting primary energy for energy generation from
non-combustible sources. Reproduced from [178].

Zero equivalent method: Generated electricity equals zero primary energy

Direct equivalent method: Generated electricity equals 100% of primary energy carriers for
all non-combustible energy sources. For combustibles, the primary energy value is calculated
based on calorific value of the fuel.

Physical energy content method: Primary energy equals first form for the source in which
multiple energy uses are possible. For example, for wind and hydro the first practical use is
electricity, whereas combustibles are accounted again as input mass times the calorific value.
Substitution method: Primary energy value for non-combustibles equal energy content
needed, if the same amount of electricity/heat were produced in a fossil fuel plant assuming
an average conversion efficiency.

Technical conversion efficiencies: Primary energy equals to energy content of energy
carriers not yet experienced any technical conversion (efficiency separately defined for
different technologies).

Table 10. Primary energy equivalents and conversion efficiencies for electricity generation (gross production) of
renewable energy sources.

. Physical .
Direct N Technical con-
. energy content Substitution . .
Zero equivalent version efficiencies
Energy - method (as method (as o
equivalent method (as . . (as applied in LCA
Source . applied by applied by US
method applied by UN databases, e.g.
- Eurostat and EIA) :
statistics) IEA) (GaBi 2012)
Hydro NA 100% 100% 39.7%%° 85%
Wind NA 100% 100% 39.7%5 40%
Solar PV NA 100% 100% 39.7%5 13.4%
Solar NA 100% 33% 30.7%° 12.4%
thermal
Geothermal NA 100% 10% 39.7%5 22.4%
Biomass
0/,11
(solid) NA 28.6%
Biogas & on7
Bioliquids NA 26.2%
Waste NA 17.7%*
Nuclear NA 100% 33% 33% 33%
Imported NA 100% 100% 100% source specific
electricity

10 substitution via average European fossil power plant for non-combustible renewable energy sources (gross
efficiency), calculated by PE International based on IEA (2012B), reference year 2010
1 average European gross efficiency for biomass powered electricity plants (IEA 2012B), reference year 2010

12 average European gross efficiency for municipal solid waste incinerators, producing electricity only (CEWEP

2012)
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