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Energiaskenaarita kaytetaamahdolligna pidettyjentulevaisuuden til@gnja kehtyspolkujen
tutkimiseksi Skenaarion tekij@nadarittaad viitekehyksenpka siséltdd mahdolliset tapahtumat
Skenaarion uskottavuusippuu sen esittdman kehityksen yhteensopivuudesta todellisen,
tapahtuneen kehityksen kanssa, ja siitd, miten lapinakyvasti skenaarion iliekijiaa
tutkimuksen yleiset tiedotmetodin, seka kaytetyn tiedon alkuperéankgsittelyn Tydssa
arvioitiin  valittujen globaalien energilsnaarioiden lapinakyvyytta ja mielekkyytta
yhteiskunnan nakokulmaskaéyttaerkirjallisuudestanaaritetyja kriteereja

Globaali energiamurroskasittdd teknologisen kehityksensdksi muutokset nykyisissa
sosiaalisiss&kaytannoissga taloudellisessa kehityksessa. Energiapaatoksenteon valintojen
kauaskantoisten vaikutusten vuoksi energiaratkaisut tatatiteen sidonnaisia jaettisia
valintoja.Nykyinen, paaosin fossiilisiin polttoaineisiin perusaenergiajarjestelmé on pitkalla
aikavalilla kestaméatbn useasta syystd: negatiiviset ilmastovaikutuksegatiiviset
terveysvaikutuksefpssiilisten resurssien rajallisuus, konfliktit e ruokahuollorsuhteen,
luonnon monimuotoisuudemenetys ekosystemien ja resurssiertuleville sukupolville
sailyttamsen haaste ja fossiilisten polttoaineiden kyvyttdmyys tarjota globaalisti paasy
moderneihin energiapalveluihifdinvoimaa ja fossiilisen hiilen talteenottoa ja varastointia ei
voidapitaa kestavina ratksuinaliittyvien riskienja vaadittujen pitkaaikaisvarastojenoksi

Nykyista energiamurrosta ajavat kasvava energiakysyntéajtuuan energian teknologioiden
laskevat kustannukset, modulaarisuus ja skamlauus, uusiutuvan energiakayton
makroekonomiset hyodytinvesbijien riskitietoisuus, uusiutuvan energian houkuttelevat
liketoimintamahdollisuudet, tuuli- ja aurinkoresurssienlahes tasainen jakautuminen
planeetalla, kasvavietoisuusplaneetanymparistontilastg ymparistéliikkeetja tiukentuva
ympaéristdainsaadantoMonet tarkastlluista skenaarioistunnistivat aurinkeja tuulivoiman
keskeisen roolin tulevaisuuden kestavien energiajarjestelmien tukirarfdegraaarity joissa
tuuli- ja aurinkovoimaolivat suurimmassa roolisstyttivat myos asetetut kestavyyskriteerit
parhaité. Tulevassa tutkimuksess&nergiaskenaarioiden lapindkyvyytta voi parantaa
iimoittamalla tyon tilaajan, selventamalla rahoituksénaisanallaselkeasti kaytgt |ahteet ja
tiedon kasittelyn sekd tutkimallamiten variaatiot kustannusoletuksissa ja teknologioiden
kaytoonotossa vaikuttavat lopputulokseen
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Energy scenarios are used as a tool to examine credible future states and patvays.

who constructs scenariodefinesthe framework in which the possible outcomes existe

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

well thegeneral information of the study, methodology, and originality and processing of data
aredisclosed I n the thesis, sel e parend ag desitallity e ner ¢
from the societyds point of view were eval u

The global energy transition consists of changes to social conventions and economic
development in addition to technological developmEnergysolutions areeconomic and

ethical choicesuk to farreaching impacts adnergy decisioimmaking. Currently the global
energy system is mostly based on fossil fuels, wisicimsustainable over the lotgrm due

to various reasons: negative climate changgacts,negative health impactdepletion of

fossil fuel reserves, resourase conflicts with water managemamnidfood supplyloss of
biodiversity, challenge to preserve ecosystems and resources for future generations, and
inability of fossil fuels ® provide universal access to modern energy servitedear power

and carbon capture and storage cannot be regarded as sustainable energy solutidinsidue to
inherent risks and required loigrm storage.

The energy transition is driven laygrowingenergy demand, decreasing castsenewables
modularity and scalability of renewable technologies, macroeconomic benefits of using

renewabl es, investorsodé risk awareness, rene
opportunitiesalmosteven distributiorof solar and wind resources on the planet, growing
awareness of the planetds environmental st a

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

as a backbone for futur@ergy systems. The scenarios, in which the solar and wind potentials
were deployed in largest scameetbestthe set out sustainability criterim future research,
energy scenarios6 transparency can bee i mpro
study, clarifying the funding, clearly referencing to used sources and indicating processed

data, andy 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 systeomstant flow of energy

(the variations assumed negligible in this context) from the Sunda® solar energy in its
many forms: direct sunlig (heat, visible light andlwaviolet light), temperature differences
create pressure differences driving the global wind system, and ptant energy in chemical
form over decades (what we call biosspand millions of years (what we call fossil fuels). In
addition to this, some energy 1is provided
middle of the Earth created at the formation of the planet, and from radioactive decaying
processedn the planetary cycle of energy flows, some of this energy is emitted, reflected and

di ssi pat e csystent, and Somdisaycledibylivingsystems.

The human society has, in planetary scale of time, very recently started extracting these energy
flows to its own benefit-rom the invention of fire for cooking to industrial revolution, fuels
have |iterally energized our species to be
processes that the current geological era has been proposed toedbd nam Ant h[1d.p o ¢ e n
However, on the down side, it is recaggd that the human race is owxploiting 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 tefg}. One of these planetary boundaries, which

are exceeded, is the ability to absorb carbon dioxide)€@n the atmosphere, leading to an
increase in the cumulative concentration of anthropogenicitCtbe atmosphere, which is on

trackt o cause gl obal war ming associ asteesystami t h
not experienced before in the history of our specié® anthropogenic global warming
acknowledged as a fact by thegjority of scientific community[3], [4], and yet actions by
international and national politics, corporate policies, community ambith irdividual

efforts are falling short athanging the courdé].

The solutions for creating energy systems, which are not violating the planetary boundaries are
at our disposalThe remaining time frame and the scale ofgh&blem both set requirements
for these solutions, whether they are technological in nature or not. Mass production capability

(or replicability for nortechnology solutions), modularity (to scale the desired output up or

1Derived from Greek words oanthropoo, meaning Ohuman
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down based on the case applicaliand paradigmatic changée solution needs to address the

problemat handwithout creating another problem of similar kind.

The global energy systehas beeigonstantly changing, turning away from traditional biomass

at the dawn of industrializatiow fossil fuel based system of toddjhe modern renewables,

wind and solar power, which are n@uel technologies, are fundamentally different from
traditional biomass and other means of energy production, which rely on a fuel. Thus, it would
be an oversimlification 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 primagy ene
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, butaalsambination of economic,
political, institiional and sociecultural changes. Thus, understanding the global energy
transition is a multdisciplinary effort.Understanding the changing cost dynamics (which is
starting to favor modern renewables over fuels) is an important factor, but not adequate
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.&decreatetechnical andusiness related inertia resisting

any change. Personal belief systems can also be inhibitors for change, especially in case the
stakeholders exerting politi@l power or has a reputed, institutiostdtusin the society. The

limits for policy driven action i$imited by what we think is credible or conceivable to achieve.
Many energy scenarios aim to influence on decisiaking, whether the motivation is to
secure oned0s own invested assets or to advo

stakdnolders in power.

I n this thesis, the desirability of chosen
of view. Historical developments and the status quo of global energy system serve as starting
point to the research. Next, expectationer midterm are discussed, witbentified drivers

and constraintgor the orgoing energy transitionA transparency checklist isreatedfor
producingmore credible energy scenarios, and sustainability guardrails for energy sgstem

proposed and appld to the chosen set gfobal scenarios. Rather than normative rules, the
9



sustainability guardrails depicted in this thesis serve as a starting poanddbate. After all,
the energy choices shaping the future of our speciea set of ethical choés thus opinion
based and debatable, aidéally not something thashould be imposed bguthoritywithout
any democratic processr could somehow be resolved objectivdly.addition, this thesis
combines insights from several energy scenario studhies,widening the scope for covering
large amount of conceivable futures
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2 METHODOLOGY

Sections3 to 4 provide overview on theory of energy teition, use of scenario methodology
in energy modeling and decision making, status quo and ongoing trendsginliakenergy
system.Selected global energy scenarios anelyzedn Section7. In the Discussion, results
from other energy scenario reviews are compared to the findings of this et aim of
the study is to evaluate the desirability of infltishenergy scenarios, these particular studies
need to be identified and selected for further analysis.following reports and studies, which

have a global geographic scope, were included in literature revigus thesis:

1 The Energy Modeling ForufEMF) 27 Study on Global Technology and Climate

Policy Strategiefs].

Shell New Lens Scenari$g].

Exxon Mobili The Outlook for Energy: A View to 2048].

BP Energy Outlook 203[®].

Statoili Macroeconomic and energy market outlook towards 20apD

International Energy AgencyEA) i World Energy Outlook 201(.1] & Energy

Technology Perspectives 20[12], 2014[13] and 201514].

1 Greenpeacé The Energy [R]evolution 2018.5] and 201716]

Related aademic studieg17], [18]. Dissertation[18].

1 World Wide Fund for Nature InternationAV{VF) i The Energy Report: 100%
renewable Energy by 20%09].

Related aademic studyf20].

1 Stockholm Environment Institut&El) i Energy for a Shared Development Agenda:
Global Scenarios and Governance Implicati@is.

1 International Institute for Applied Systems Analydi&EA) i Global Energy
AssessmeniGEA) [22].

1 World Energy Council\WWEC) 1 World Energy Scenarios: Composing energy futures
to 2050[23]. Related academic stud4].

1 German AdvisoryCouncil on Global Change (WBGU)World in Transition:

Towards Sustainable Energy Systd@fs].

1 Providing all global energy with wd, water, and solar power, paf6] andpartl|
[27], global roadmap (201%28], related grid reliability studf29], and
supplementary materiaf30].

71 Global zerecarbon energy pathways using viable mixes of nuclear and renewables
[31].

= =4 4 -4 -9

Relevant and influential scenarios, identified during literature revienfuatheranalyzedwith

a focus on sustainabilityThe relevance and influence of the reports is deemed by own
judgement, but the studies do share some common charactemstigsof them are regularly
updated, several of them are often cited by acadendanedia, all of them try to influence on

decisionmaking by creating intervention scenarios, tusi di ng t h eactisnsaadk e h o |
11



decisionon energy matterdlost of the scenarios investigated here represent a special branch
of energy scenariofirst 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
scenariemaker and due to this reason, in this research the desirability of éimarses is put

under scrutinyThe following scenarios a@nalyzedn more detail:

Royal DutchShelt Mountairs & Ocears [7].

IEA: 2DShiRen variant (201212] & WEO 450(2015)[11].
WEC: Jazz &Symphony[23].

[IASA: GEA Efficiency, Mix and Supply22].

WBGU: Exemplary path25].

WWEF: The Ecofys Energy Scenaifit9].
Greenpeacdr]evolution & advancedr]evolution [15].
Jacobsoret al.2015 WWS[28], [30].

E e

Sustainability guardrailare derived from benchmark studies and 2080development goals

to address the desirability of the scenaribse guardails are thenapplied forthe selected

energy scenarios to evaluateether the scenarios complement or violate the selected criteria
Economic environmental andocial dimensions of sustainability ine energy scenarios are
investigatedl n t hi s study, the evaluation is base
in practice, the method could be applied in pekdying assessment in a participatory process,
where stakeholders are brought togetiitie 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 orly probable, they support informed action, and can challenge conventional wiz2jom
Scenarios have various purposes. Governneamtprepare scenarios for assessing enargly
environmental policies. Negovernmentalorganizations(NGOs) can develop scenarios to
draw attention to alternative paks. Companies can use scenario analysis to estimate market
chances, to assess risks and to assess their investi@@np. 231] The potential of Engln d 6 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
analyze a new wdB2], namely impact of nuclear weapdB$]. Pierre Wack, businessgmner

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

energy scenarid82].

3.1 Energy scenarios

Scenarios can be classified in multiple ways. Predictions and forecasts are deterministic
outcomes from a set startipgint. Explorative scenarios in turn intiggte the boundaries

within which it is conceivable that future developments odexplorative scenarios try to map

the possible pathways, whereas normative scenarios try to explain how a desired future outcome
can be reachedroyal Dutch Shell is knowfor deploying storylines, which describe how an
energy system might develop under internally consistent set of economic, social and political

assumptiong.34].

Backcasting is an alternative scenari o appr
this framework, a desired future is defined, and then a trayeisdaetermined to reach that

future. Backcasting analysis can be used for determining what policy measures would be
required to reach the desired fut{86]. Backcasting as discipline of normative futures studies

was first developed in the 1970s especially for consideration of sustaittebi@t@ves in the

energy planning37].

Usually the point of scenario analysis is to investigate a satesfarios, one of them being a
reference scenario. It is based on gxgstrends, current social sgtand level of government
intervention, which are assumed unchanged in the future. Busisessal, baseline, nen

intervention, trend and conventionaisdom are symnyms for a reference scenaribhe
13



scenario exercise usually includes contrasting alternative scenarios to a reference case, to show
how different assumptions create different outcarBesnarios can describe one target year, or
series of yewms. 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 desetop
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 outpuf83, p. 232] A transparency checklist, which could be

i mpl emented as a second At alsderariosiully, m®be¢ne nt o
proposed by Cebullg8], seeAppendixl.

If an energy model is used in scenario planning, it has to be selected according to objectives of
the exerciseOne model can be used to make several different scenarios, hptevesed

model determines the characteristics of the scenarios, and certain scenario problem requires
certain qualities from the mod@&uitable computer tools for analyzing integration of renewable
energy, for example, have been reviejj@d]. A model can be hamdafted to the scenario
planning problem. Open source energy modeling forum is an initiative whi@nlyounlocks

the data behind modeling but also thedels themselvg40].

There are several pitfalls for the scenario approach. Models that apply cost minimization are
often sensitive to small chargen cost assumptions, thus model outcomes can lead to either
too optimistic or too pessimistic outcomes for new technologies in comparison with existing
technologiesNew technological developments are often assumed too limited foitdomg
projections.The results from a scenario study can be incorrectly used, an example is that a
businessasusual scenario is interpreted as most likely outcdB8% p.236]. It has been also
reported that fossil fuel industry business
to base their strategies, whereas it is re
450, or compatible scenaripkl]. Many scenarios do not satisfy the transparency requirement.

In many cases, the underlying assumptions are not reported, or it can be unclear wiaigh data
assumed and which is resulted from model calculat@msomputer models try to capture the

energy systems more accurately, also the model complexity incrgg&gs. 236)

14



Predicting the future of the @bal energy system is impossible due to its complexity and our
incomplete informatiomboutits state and trends-urthermore, it can develop turbulently and
branch into unknown territory after critical threshol2, p.5] The model er 6 s per
limited; in the early 1980s a dramatic increase in oil prices was projected from recent trends,
instead, oil prices collapsdd3, p. 236] However, we can analya#iversealternatives with

scenario framewotkthus gain insights on possible futures, while acknowledging that the

further in time we look, the more uncertainties therd 24¢

3.2 Technological revolutions anchergy tramition

Technical change is best described by a logistic curve. At first, changes occur slowby, then
dominant design for the technology emerges and deployment of the technology enters a phase
of exponential growthThis is followed by a phase of linear growth, until the technology

reaches maturity and maximum deployment poterdambkeen ifrigurel [42].

DEﬂF&E ""."' 2 —
of ,
maturity i
and !
deployment i Clear direcion
of potential g ) for accelerated
! improvements
| and successive
i models
|
Exploratory !
improvements
{design open)
1 I T Time
. Trajectory Trajeckory
Radical .
imnowatiol defined consincted
n " and dominart
design)

Figure 1. Trajectory forindividual technology as degree of maturity and level of deployment ovef4izne. 5]
Technical innovations in individual technologiesablea technologicarevolution through
interrelations of technologies. Information technology revolution is an example of
technological revolution set in motion bgnovations in microprocessors and other semi
conductor technologiept2, p. 8] Appendix2 presents the five technological revolutions since

theend of 18 century: industrial revolution, age of steam and railways, age of steel/ electricity
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and heavy enginei@g, age of oil/ automobile andass prodction, and age of idrmation and

telecommunicationpt2, p. 12]

Three main factorsequiredfor anemergence of a new techeoonomic paradigm are low (and
decreasing) cost structure of the technology, opportunities for further innovations and superior
performance compared to other alternatif#&?, p. 14] Mass production of low cost cars,
introduced by Henry Fords regarded aa decisive factor why internal combustion technology

became the winner of automobile engine radghéearly 20" century[43].

It is argued that energy tratisn is not only technological, but alsormabination of economic,
political, institutional and soctoultural changes. Thus, the energy transition should be guided
by ethics and sustainabilitj44]. The levels in any transformation of a system are illustrated

by leverage points, through which system can be intervened and ch@mgét surface there

are the concrete aons, 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 systeorgatizes

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, atthe bottom of all system transformation, there are gimgr{or persistingjnindsets,

which arethe set of beliefs about how the world wor&]. Organizational inertia contributes

to resistance of change significantly. Historically, public institutions usually lag behind the
corpaations, due to the fact that they are less exposed to the competition in the market
economy and the paradigmatic principldgeld in public institutionsare sometimes only

changed due to growing political pressy#d2, p. 19]

One way of assessing the credibility of energy scenarios is lookirigeafccuracy and
usefuness of past energy scenarits.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 threges depicted in the scenarios, whic

is a clear sign of failure dhe 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 Foanote: 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
16



insight from the revievgtudy was that richest and broadest picture of uncertainty was captured

when multiple scenario studies from different organizations were comljtid

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. $@cond,
understand how the current state has been reachednttelying long term trends are

addressed.Hirdly, shortterm trends of the past and outlooks dershortermare discussed.

4.1 Current state
It can be seen fronfrigure 2 below that currently energy is imported from thousands of
kil ometers away to satisfy | ocal drengyamxds.

the figure below lookedrery much the same if onithe 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.

UsSA

. Canada

Latin America ) 16.4

Europe
Middle East and North Africa
Sub-5aharan Africa
Former Soviet Union
. Pacific Asia
Centrally Planned Asia
South Asia 1
Japan 5 —

Australia and New Zealand 10 [ INEREE Major world energy trade (more than 1.0 EJ)

Enargy Flow (in EJ)

[

Figure 2. Direct energy tradd22, p. 129]

About 80% of the consumed energy is derived from fossil fuels (FR)uksround halfof the
renewable energy consutign is due to traditional biomass burned mainly for cooking and
heating practiced by 2.8 bilbn people in rural areas of developing countf#q. According

to BP, theglobalprimaryenergy shares ail, natural gas, coal, nuclear, hydro, and-hgdro
renewablesn 2014 were32.6%, 23.70, 30.0%, 4.%6, 6.8% and 2.86, respectively. The

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

excludes renewable sources of hgét].

18
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Fossil fuels

78.3%
Biomass/ :
Modern renewables geotherma
solar heat
1“-1% 4.'1%
I
13% 0.8%
Wind/solar/ Biofuels
biomass/
. gecthermal
powear

2.6%
MNuclear power RE%

Figure 3. Estimated energy shares in global firakrgy consumption in 20187, p. 27]

CO, emissions constituteabout70% of total greenhousgas (GHG) emissions in 2010. The
enagy sector (electricity, heat and mobility) is a major contributor to the GHG emissions, as

seen in Figurd.

(5) 6
Sector 14% 5 5)%
B Transport
B Residential (739)6
B Other Sectors
(2)
B Other Fuel Combustion 6%
B Manutacturing, Construction and (14) @)
Industrial Process 37% 9%
. Land-Use Change & Forestry
B ElectricityHeat
B :oricuture (7)
@ 19%
-6% (L THE SHIFT PROJECT DATA PORTAL

Browne Energy and Clenate Data

Figure 4. World sectoral breakdown of GHG emissions in 2010 (Gtg(9].

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

concentrate in the consumptions centasgan be seen in Figuke

19



Figure 5. Estimation of CQemissions fronfossil fuel combustion in 20130].

4.2 Longterm energy trends

It has taken about 60 yesain the recent development of human societies and industries to
transition from one primary energy source to anofbee Figur® 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. Howeéustory suggests that by around
2030reign of oil would be challengefb1l].
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Figure 6. Structuralchange in world primary energ¥ej, [22, p. 113]

Transition to a future low carbon energy system might happen faster than commonly expected,
driven by unaffordability of resources, climate chartgehnical learning and innovation. The
concept of fAunbur nabl eogrfizedsumulativé kin@vedge onipast n o\
energy transitions can streamline future transitiorheoefits of low carbon energy are being
recognized, we now possess better models for transition analysis, and adoption of technologies
can be hastened by policyechanisms[52]. As modern renewaes, such as PV and wind

power, are mass prodiale, household uptake of individual technologiesJS [53] provides

justification for the notion that future energy transition can be rapig (see Figuré).
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Figure 7. Technology deployment of U.S. househd®i3].
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Total globally annually added power capacity, which was still active in the end of 2014, is
shown in Figure8. The first column indicates that some hydro capacity built before 1940s is

still active.The last column after 2014 is faamacities, for which installation year could not be
determined due to missingdatat can be seen that most of t«
in the 1978 and 1980s. In the past ten years, significant capacities of wind power (bright blue)
and solar N (yellow) have been installetlowever, also huge amounts of coal power has been
installed(majority of which in China and Indiagignaling a lockn to fossil fuels in the years

to come [54].
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Figure 8. Total globally annually added power capag¢i®W) still adive in the end of 201f4]. Reproduced with the
permissiorof Javier Farfan.

Installed capadies 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 tdiegp(see Figure

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

terawatt in various stages of plannidg].
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Figure 9. Coal/ thermal power plant utilization (%) in U.S., India, China and®3,)p. 5]

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

i nvestigat ed usi n[48]f@ §dbal ensrgyasdhestdtal shaael of nuckear,i e w
hydroandnomhydr o renewabl es power generation in
was aboti33% in 2014.Figurel0i s dr awn u sHormgcleds, Rcansbe speculaded
whether Harrisburg disaster in 1979 algernobyl disaster ih986 caused a slight decline in

the deployment rate of the technolpgjter which it enteredomewhatineargrowth® phase, a
growth of 3% per annum, in 199@00Q In 20007 2014,generéon of nuclear electricity has

been in declineglobal reaction to Fukushima disaster being clearly visible in 2011 power
generation dataAt the same time, the world has vassed impressive growth for wind and
solarelectricity. The average annual growth for global wind electrigéneréion has been

25% in 2000" 2014, and 45% for solar, respectively

8 Linear growth pattern means that a same quantity is addeghabefore. 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 efind, solar and nuclear electricity in 1962014[48].

If these annual growth rates were to be maintained, wind and especially PV generated electricity
would increase exponentially in the coming yeafrse implications of exponential growth can
be mind bogglingascan be illustated by usinghe Equation 1 below
Wi p OY @ § p OY Q)
, Where @ j = currentamountof electricity generated fromV (TWh)
‘0OY = annual growth rate fageneatedPV electricity
¢ = elapsed time in years since initial year
D p = current amount of electricity generated from nuclear (TWh)

oY = annual growth rate fayenerated nuclear electricity

If we assumaenitial gross generation of nuclear electricity of 2537 TWh in 2014, that
electricity produced from nuclearontinues the trend from 200 2014 ("'OY = -
0.127%), wind starts at 706 TWh with 25% annual growth, #ratsolar powestarts fron 186

TWh in 2014 andwould maintain thehistoricalannualgrowth of 459, it would take7 years

4 This is not expected by PV experts nor by the author, but it is used here totdltlsgraature 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, byend oftheyear 202) for solartechnologieso generat more electricity than nuclear.

If solar technologies would sustain that growththe year2025 they would produce BDO

TWh electricity, or five times electricity generated by nuclear tpdayseen in Figurkl The
caveat in the calculation is thtaehigh growth rates and subsequexponential growth cannot

be assumed indefinitelfhe deployment of for example solar PV can be better described by a
logistic function(seeSection?).
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Figure 11. Electricity generated from nuclear, wind and solar assuming continuation of the last ten years respegaive
growth rates. Historical values based[48], projected values based on own calculation.

At global level, the relative sharef nonhydro renewablesenewables in total, and nuclear
totalpower generatiowereat around ®%, 22.9%, and 10.86in 2014 respectivelyHowever,

the number of countries, which had a renewables (hydro excluded) share moredthgnei.0
from 20 in 2010 to 39 in 201448]. Looking at selected countries, it becomes clear that
renewable generation (hydro excluded) has gained significant shares in copotsesmixes
only recenly (see Figurel2).
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Figure 12. Renewable power generation (hydro excluded) share of total power generation in selected p&intries

Substantial amount of public R&D spending has been allocated to nuclear power in
Organisation for Economic CooperatiamlaDevelopment (OECD) countries, as seen in Figure

13. Despite the high public investments, the technology comprises only about 4.4% of global
primary energyconsumptiorf48], and has experienced even negative learning, thus becoming
ever more expensivid6], [57]. On the contrary, the R&D in PV has bemainly driven by
corporatenvestments, and has establistzacery stable longerm 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 countsién the 1970s, followeldy diffusion of PV in on

grid markets by roefop programmes and FiT laws in Japan and Germeaang/Jastly entering

the latest growth regime characterized by -grdity and fuelparity conceptg58].

Overall, public spending on energy R&Bpiked after oil price crises in the late 1970%] has

not recovered to the same level since tAdms trend has been withessed in OECD despite the
fact that about 80% of the global energy markets is unsustathadl® diminishing resources,
climate change restrictions and security problems related to nuclear [a8}veFhe 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 resourcésdtaghe fact that energy security has been guaranteed
by military interventions (and thienergy has been subsidized through military expendit{58§)
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nuclear contributes 48( 211 bnd) an%( 5 % nkemwa)bcbunties A/#rGhe

whole time periodControversially, the puldl resources put in fossil fuel R&Bave even risen

in the 2000s. As a positive note, the resources allocated to energy efficiency have increased
substantially during the same tintdistorically, public energy R&D in OECD countries has
comprised about 90% of global energy R&D investm¢b8. However, Chia 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 202CChina now invests 4 times more in clearegy per unit of GDP than

EU, being on par with per capita basis. |In

energy interconnection for utilization of clean enef§9).
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Figure 13. Public energy R&D spending in OECD countries for the years 12044[60].

In the past fossil fuel costs have beea thain component of primary energy cogtus the

costs of primary energy consumption have been following closely fossil fuel pgridedrend

is expected to change in the futufée volatility of fuel prices is implied ikRigure14. When

energy is morexpensive, the effect to the production is negative, thus GDP is restjfiited.
Future lowercarbon path shows a stable trend, where fuel costs are shifted to capacity costs,
which are expected to decrease in the fufline. exposure to price volatility can be reduced by

renewable energy sources, which are not based on fuels (excluding biohesspsts of
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energyfor nonfuel renewablesre determined by capacity and operating ¢ostsch are
highly predictable[62].
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Figure 14. Fuel costs as a perdage of Global GDF61, p. 99]

4.3 Mid-term energy tendsand outlook

Bloomberg New Energy Finance (BNEF),adunner in renewable energy market research
estimated that in 20164 GW of wind power and 57 GVof PV power were installedThe
investments to renewable power in recent years can be seen in FigWee to rapidly
improving economics, although investmentsclean power generation and energy storage
(major share going t@V and windpower) increasedylobally by only 4%, annualinstalled
capacity of PVand windpowerincreased byabout 306 compared t®014 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 yearf63].
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As seen in Figurel6, modern renewables have attracted most ef gbwer generation
investments in recent yearé\n estimated200 billion USD more is needed in annual

investments in renewable power to put the world on the agreed 2 degrees Celsius [e&thway
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Figure 16. Investments in power capacity 2002015[66].

However, he investments in fossil fuel supmystemoverall have remained aigh leve| as

seen in Figurel7. It can be conl uded t hat alt hough capasitye nt

i nvest ments are going in t hanfrasdubt@eanestimeptat i bl
as a whole signal a significant legk to the fossil fuels, leading to a pathway not compatible

with the two degrees Celsius tar@et] set inCOP 21 inParisin Decembe015.
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Carbon Tracker Initiative evaluated the unr

compared to existing fossil fuel projects and business as usual investhings creates a risk

of stranded investments for those who profit from exploiting the fossil reserves Theayme

period for the capital expenditure accounting was limited to 202625. According to the
analysis, 239 billion USD invested in exisli fossil fuel projects would be unneeded in 450
scenario, leaving those investments stranded. AB8I 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 riskl##® 2.5 to

24.2trn overthelong term[70], andUSD 4.2 tn in another assessmeoabmparable to current
manageable stock of assets bbat USD 143rn [71]. Shareholders are acknowledging the
stranded investment risk, and growing number of them are demanding full disclosure of

potental financial losses associatgt2].

Strong social movements have been initiated to accelerate the ongoing energy tréwssitfon.
December 2015assets held bjossil fuel divesting institutionsand individuals have been
estimated over 3.4 trillion US[F3]. To put this in context, World Bank estimated that financial
markets in total sized 212 trillion USD in 2010. Bonds, contracts for buying or sellitg; deb
totaled93 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 2013USD 37 billion in 2014 andJSD 41.8 billion in 201575].
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Traditionally norenergy corporates are increasingly active in renewable energy procurements.

According to TrackO initiative,72 compani es have announced
t ar gsethed long term godlr6]. In US, publicly announced renewable energy capacity
contractspurchased by corporatesse from megawatt scale in 2013 and before to gigawatt
scale in recent yearsip to 3.44 GW in 2015 The list of corporates include e.g. Gémg
Facebook, Apple, Microsoft, IKEA, Walmart and Amazpt¥]. The global corporate funding

in the solar and wind sectors caatéJSD 26 and 15 billion in 2015, resptively[78].

This reflects théact that investing in renewables is increasingly profitable business, but it also
confirms theresults from investment bankB$ research. It was estimated thadlay80% of

the value of the S&P00 listed firms is due to theintangible assetsbrand, reputation,
customer satisfaction, risk managemand environmental performandgad in the 1970s it

was the other way around; financial assets creatédd@he value of the companies, and the

rest came from intangible assgt9].

Levelisedcost of electricity for different technologies around the warld015 can be seen in

the Figurel8 below. It can be seen that there are many regions in the world where renewable
power is the leastost option. Additionally, recorded in the figure, is the shift of PV and
onshore wind.COEsto left within the yearundelining theimproving cost dynamis of the

two technologies
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Figure 18. Levelised cost of electricity for renewable and fossil technologies in 2015 in USD{B0B)h

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, sindke major share of oil is used in the mobilitycsar [81]. However,
electrification of transport would change this, thus it canekgected that the improving
economics of wind and solar powewmbined with rapid development in energy storage

be undermining also demand for oil in the futuBNEF estimates, that if current trends
continue (see Figur#9), cost of ownership of ettric vehicles(EVs) will be brought under

that of conventionaluel vehiclesin 2023[82]. The decreased revenues due to low oil prices,
lower efficiency and moreomplex value chain of internal combustion engine (ICE) cars can
further contribute to decline in ICE cd@3], and first countries (Norwa Netherlandsindia

and Austria are consideringegal restriction on ICE caif84]. Consequently, the major oil

companies have become the strongest lobby group agais$83].
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