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FOREWORD

Our energy forecast has its foundations in the expertise of the
thousands of DNV GL engineers working in both the oil and gas
sector, and in power and energy use.

REMI ERIKSEN

GROUP PRESIDENT AND CEO
DNV GL

Those colleagues assess, survey, test and verify
energy infrastructure being built now to supply
the energy the world will need in 2050. And, for
the technology not yetinstalled, we run more
jointindustry projects than any other organization
in our industries, focused on new research driving
better technology and improved process
standards.

For us, and for many of our customers, the
energy transition itself is the greatest source
of risk - and opportunity.

Our own exposure, combined with our expertise
and investments in future-looking activities, has
enabled usto create an informed outlook on the
energy transition, which | believe is worth sharing
with our customers and others who influence
policy and social decisions.

€€ Thereare many signs that the
energy industry is on the brink
of profound change.

Globally, policy developments, despite
some notable exceptions, continue to favour
renewables technology. Last year, new
renewable power capacity additions were
more than double the new power capacity
additions from fossil fuels. In capital markets,
areallocation of funds towards cleaner
technology is underway. Where is all of this
going to take us? Thatis what we aim to
answer.



There are certain trends of which we can be
reasonably certain. One of these has to do with
cost, which, like water, constantly seeks lower levels.
Animportant feature of this Outlook are cost
learning curves associated with key energy sources
-in other words, the rate at which costs decline
with each doubling of installed capacity. For
renewables and battery storage, this rate isin the
high teens, and that will force a profound change in
the world'’s energy mix in the coming decades.

But greater changes yet will emanate from
advances in energy efficiency. Driven by pervasive
electrification, especially of transport, and by
ongoing efficiency gains in other sectors, linked in
many instances to digitalization, we expect energy
intensity (energy use per unit GDP) to decrease
more quickly than the global economy will grow in
the long run. The netresult of that will be a peaking
of energy demand worldwide in the 2030s. An
energy market becoming smallerin lessthan two
decades from now makes the quest for efficiency
so much more strategicand urgent.

Naturally, the energy future is not likely to play out
exactly in line with our forecast. The unexpected
has a habit of turning up unannounced. Policy
changes and technology and cost developments
will unfold at uneven and sometimes unanticipated
speed. Thatis why we have subjected our forecast
to a number of sensitivity tests. While these adjust-
ments lead to different outcomes, noneis so diffe-
rentas to alter our main conclusion: that we have a
rapid energy transition ahead of us with electrifica-
tion and decarbonization of an ever-more efficient
energy system. We forecast a very strong growth of
solarand wind, initial growth in gas, and a decline
in coal, oil and, eventually, gas, in that order.

This isthe second year we have issued an Energy
Transition Outlook. We have updated our model

with new data and made adjustments on the basis
of feedback and experience, and the resultis a
strengthening of the conclusions we came to
last year.

In 2017, we forecast a levelling off in global final
demand after 2030; this year our forecast points
more towards a peaking of demand at a slightly
higher level than lastyear, and, from 2035, a
noticeable decline in demand to 2050. We have
extended our work into other areas as well, and
have more to say this year about effects of digitali-
zation, resource limitations, cost of infrastructure
and the role of hydrogen.

However, the future we forecastis not the future
humankind desires. Even with a peaking of energy
demand, and fast uptake of renewables and
electric vehicles, the energy transition trajectory is
notfast enough for the world to meet the ambi-
tions of the Paris Agreement. Indeed, even if all
electricity was generated using renewable
sources from this day forward, we would still
exceed the 2°C carbon budget.

A mix of solutions is therefore required, including
higher uptake of cleaner technology, more
carbon capture and furtherimprovement of
energy efficiency. In those respects, our collective
energy future enters the hard-to-forecast realm of
political will and policy.

WE LOOK FORWARD TO YOUR
FEEDBACK ON OUR 2018 OUTLOOK.

oG

Remi Eriksen

FOREWORD
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EXECUTIVE SUMMARY

HIGHLIGHTS

1. The world will need less energy from the 2030s onwards owing to rapid energy

efficiency gains; we forecast that primary energy supply will peak in 2032.

2. The world's energy system will decarbonize, with the 2050 primary energy mix

split equally between fossil and non-fossil sources.

3. Oildemand will peak in the 2020s and natural gas will take over as the biggest
energy source in 2026. Existing fields will deplete at a faster rate than the

decrease in oil demand. New oil fields will be required through to 2040.

4. Electricity consumption will more than double by mid-century to meet 45% of
world energy demand, and solar PV and wind energy will supply more than two

thirds of that electricity.

5. The energy transition is affordable. As a proportion of world GDP, expenditure
on energy will be lower in 2050 than today. Big shifts in investments are expected:
more capex will go into grids and renewables than into fossil projects from 2029

onwards.

6. Therapid transition we forecast will not be sufficient to achieve the less than 2°C
climate goal. A combination of more energy efficiency, more renewables and
more carbon capture and storage (CCS) is needed to meet the ambitions of the

Paris Agreement.

11
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EXECUTIVE SUMMARY

EXECUTIVE SUMMARY

Over the next three decades, the world’s energy system will
become substantially cleaner, more affordable, and more reliable.
Understanding this energy transition is critical for businesses,

investors, and regulators.

WHAT IS THE DNV GL ENERGY TRANSITION OUTLOOK?

A STRATEGY TOOL

Based on DNV GL's independent model of the
world's energy system, this annual Outlook aims
to assist our customers’ analysts and decision
makers, and those in other stakeholder organiza-
tionsin the global energy supply chain, to develop
their future strategic options.

Our customers own and operate assets with useful
lives that span decades —and during this period
pivotal changes in the world’s energy system

will occur. On the brink of such changes between
now and mid-century, we believe that it could

be beneficial to take stock of business strategies
and compare existing plans and investment
decisions againstthe kind of model-based
forecastthat we have prepared.

Ourfindings indicate thatimmense challenges
and opportunities lie ahead for the industries that
we serve, and we explore these further in three
‘industry implications’ supplements:

— Oiland Gas

— Maritime

— Power Supply and Use

Asthisis an annual Outlook, itis subjectto ongo-
ing refinement aimed at continually improving its
accuracy and relevance for those using itin their
own strategic projections. Thus, results may vary
from year-to-year as we incorporate new data sets
and refine our model based on contemporary
developments and improved insights.

AN INDEPENDENT VIEW

DNV GL was founded to safeguard life, property,
and the environment more than 150 years ago.
Since then we have developed a strong footing

in both the fossil and renewable energy industries,
and there, asin all otherindustries, our business
is about creating trust. This, coupled with being
fully owned by a foundation, allows us to take
anindependent and balanced view of the
energy future.

As a company, we are a world-leading provider
of quality assurance and risk management
services in more than 100 countries. Two of our
main business areas focus, respectively, on oil and
gas, and on power and renewables. However, as
the world's largest ship classification society, the
seaborne transportation of energy as crude oil,
liquefied natural gas (LNG), and coal are also
key businesses for us. In fact, around 70% of
DNV GL's business is related to energy in one
form or another.

15
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This Outlook therefore draws on DNV GL's broad
involvement across entire energy-supply chains,
spanning complex offshore infrastructure,
onshore oil and gas installations, large- and small-
scale wind, solar, storage, and energy-efficiency
projects, electricity transmission and distribution
grids, and seaborne trade in fossil fuels.

DNV GLis a knowledge-led organization, typically
spending 5% of revenue on research and innova-
tion. The core model developmentand research
for this Outlook was conducted by a dedicated
Energy Transition Outlook team in our corporate
Technology & Research unit. The team relied on
inputfrom around 100 colleagues across our
organization, as well as dozens of external experts
whose contributions we acknowledge in the
opening pages of our main report.

OUR BEST ESTIMATE

Ourintention from the outset has been to
constructwhat DNV GL sees as a central case for
‘a best estimate future’ for energy through to 2050.
This contrasts with scenario-based approaches.
Scenarios are typically set up to contrast multiple
possible futures; for example, by varying the
speed of the transition from the current energy
mix to one dominated by renewables. Amidsta
growing profusion of different energy scenarios,
many customers ask us quite simply what we think
isthe most likely case. And itis the answer to this
question that we present here.

HOW WAS THE OUTLOOK DERIVED?

MODEL-BASED

DNV GL has designed a model of the world’s
energy system encompassing demand and supply
of energy globally, and the use and exchange of
energy within and between ten world regions.
The core of this is a system-dynamics feedback
model, implemented in Stella software. The
model incorporates the entire energy system —
from source to end use —and simulates how its
components interact.

The modelincludes all the main consumers of
energy (buildings, industry, transportation and
feedstock) and all sources supplying the energy
(Figure 1). In several sectors, the model uses a
merit order cost-based algorithm to drive the
selection of energy sources. The evolution of
the cost of each energy source overtime is there-
fore critical and learning-curve effects are taken
into account. Population and economic growth
are the two main drivers of the demand side of
the energy system in the model.

Itis also important to state what we have notreflec-
ted in our model. We have no explicitenergy
markets with separate demand and supply deter-
mining prices; our approach concentrates on
energy costs, with the assumption that, in the
long run, prices will follow costs. We also do not
incorporate political instability or disruptive
actions that may revolutionize energy demand

or supply, accepting that what constitutes 'disrup-
tion'is subjective. For example, our EV uptake
model assumes a very rapid increase in the share
of electric vehicles (EVs) when cost-parity is
reached, with uptake following S-shaped growth.
Rebound effects, where prices influence future
demand, are covered to some extentin our model.



EXECUTIVE SUMMARY

FIGURE 1

High-level view of the Energy Transition Outlook Model
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The arrows in the diagram show information flows. Physical flows are in the opposite direction. Our model includes feedback loops such as that
shown between the amount of fossil fuel extraction and maritime transport(tonne-miles) as a source of demand. There are other feedback loops
notshown here, for example the positive feedback between cumulative installed capacity of renewables and the decline in their costs.
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MODEL INPUTS

REGIONAL VARIATIONS Countriesincluded in each of the 10 regions
We find it meaningful to produce notjusta global (Figure 2) generally share some energy charac-
outlook, butalso to explore regional energy teristics. Geographical contiguity informs our
transitions, including inter-regional energy trading selection of regionsin all but one case —'OECD
relationships. This provides essential insights Pacific’, which includes Japan, South Korea,
for any company which, like our own, operates Australia, and New Zealand.

internationally.

FIGURE 2

Regional map of the 10 Outlook regions
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FUTURE ECONOMIC GROWTH
PROJECTIONS

Future gross domestic product(GDP)is driven by
population and productivity growth, and is a key
driver for energy demand.

Energy forecasts often take the number of people
worldwide as a departure pointand their projec-
tions commonly rely on the World Population
Prospects published biennially by the UN's
Department of Economic and Social Affairs.

The UN has, however, been criticized for nottaking
country-specific education levels into sufficient
consideration; these data are relevant for future
fertility and mortality trends. Consequently, we
preferthe approach used by the International
Institute for Applied Systems Analysis (IIASA) at
the Wittgenstein Centre for Demography and
Global Human Capital in Austria, which specifically
considers how urbanization and rising education
levels are linked to declining fertility rates.

Using the IASA models, but adjusting for a lower
education update and faster population growth
in Sub-Saharan Africa, which lags behind other
regions in socio-economic development, gives
us a global population in 2050 of 9.2 billion.
This is some 6% lower than the 2017 UN median
forecasts. In sensitivity tests, we also run our
Outlook using the UN low and median popula-
tion forecasts.

Asthe world's regions develop, they progress first
through a phase dominated by primary economic
activities, such as agriculture, then an industrializa-
tion phase, before the service sector becomes
dominant. The potential for productivity improve-
ment diminishes through these stages. Thus, while
we see a more prosperous future planet, all regions
will experience a slowdown in productivity growth.

The dual impact of slower population growth and
less rapid expansion in productivity means that
growth in global GDP will also decelerate.

By mid-century, even today’s rapidly progressing
emerging economies will experience slower
growth as their economies gradually de-industri-
alize and become more service orientated.

The world is, however, still on track to more than
double the size of its economy by mid-century.
The historical growth rate of around 3%/year that
we have experienced since 1980 is expected to
continue towards 2030, and thereafter reduce to
around 2%/year towards 2050.

Our forecastfor global GDP isin line with recent
projections by McKinsey and PwC. The Interna-
tional Energy Agency (IEA) and BP predict higher
global economic development towards 2050, and
thatis one reason why they project greater growth
in energy use than we forecast.

LEARNING CURVE EFFECTS

The premise behind the notion of learning curves’
isthatthe cost of atechnology decreases by a
constant fraction with every doubling of installed
capacity, owing to greater experience, expertise,
and industrial efficiencies associated with market
deploymentand ongoing research and
development.

Wind and solar photovoltaics (PV) have shown
significant cost reductions and market growth in
the lasttwo decades. For wind, the historical cost
learning rate is 18% per doubling, and we expect
this to decline slightly to 16% in our forecast
period. In addition, we factor in significant, but
regionally uneven, public sector subsidies for new
capacity, atleastthrough the next decade.

For PV, the learning rate is historically 18% and



we expect this to continue and to drive down
the cost of new installations, accepting that as
installed capacity mushrooms, the rate of
doubling as a function of time will slow along
with cost reductions (Figure 3).

Notably, for systems dominated by variable
renewables, which will be the case for several
regions after 2040, storage capacity will be
crucial. We account for this in our forecast by
adding storage costs to the renewables’ installa-
tions as they begin to dominate, which happens
towards 2050 in several regions.

The learning curve for battery energy storage is
expected to at least match those for wind and solar;
andissetto 17% in our model. Consequently, we
expect strict vehicle price/performance parity
between internal combustion engine vehicles
(ICEVs) and battery electric vehicles (BEVs) by 2024.

Incentives for EV infrastructure, and for wind and

FIGURE 3

EXECUTIVE SUMMARY

PV generation, will continue — albeit at steadily
reducing levels — for the foreseeable future. But,
after a decade ortwo, depending on the region,
we see the energy transition acquiring a self-rein-
forcing momentum. This will be the main conse-
quence of interacting cost and technology
dynamics that enable low-carbon solutions to
stand on their own feet.

A mixture of forces will be at play in the coming
decades. There will be diverse political frameworks
and policy measures to achieve climate or other
policy goals and energy system change depending
on a country’s natural resource base, existing energy
system structures, and available technology. Not all
policies will seek to drive change; a cursory look at
the history of carbon pricing is enough to show opp-
osing forces atwork. Indeed, our forecast assumes
thatthe implementation of carbon-pricing schemes
will remain difficult, and hence prices are generally
likely to remain low and not exceed 60 USD/tonne
CO, (in today's money) in any region before 2050.

Cost learning curve for solar PV

Units: Unit cost relative to 2016
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DEMAND

We expect global total final energy annual
demand to be 450 exajoules (EJ) per year by
2050 compared with 400 EJ in 2016. Demand
peaksin 2035 at 470 EJ peryear (EJ/yr), then
declines slightly towards mid-century. Before the
peak, demand grows at 0.9% per year, but this
rate slowly declines due to both energy-efficiency
improvements and electrification outpacing

the continued, but slowing, growth in population
and productivity.

Atfirst glance, the final energy demand chart
(Figure 4)looks deceptively stable across major
categories of demand. Transport shows initial
growth, but plateaus atapproximately 120 EJ per

FIGURE 4

year over the period 2020-2030, before declining
to 90 EJ peryear by 2050 as mass electrification
of the road sub-sector materializes. Our analysis
indicates that uptake of EVs will follow an S-shaped
curve, that describes the diffusion of technological
innovation - examples of which include the rapid
adoption last decade of flatscreen TVs, or, last
century, the rapid transition from propeller to jet
engines for larger aircraft. The manufacturing
sectorin our demand curve grows at first while
later levelling off, whereas the energy demand
from buildings continues to grow slowly through-
outthe forecast period.

World final energy demand by sector

Units: EJ/yr
oo Transport
I Buildings
e El Manufacturing
B Non-energy
e Other

200
100
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WHAT IS AN EXAJOULE (EJ)?

The oil and gas industry normally presents its
energy figures in millions of tonnes of oil equiva-
lents (Mtoe), while the power industry uses tera-
watt-hours (TWh) and sometimes petawatt-hours
(PWh) to describe large amounts of electrical
energy. The Sl unitfor energy is, however, joules,
or exajoules (EJ) when it comes to national or
global energy statistics; this is also the unit that
we have chosen to use in this Outlook.

So, whatis a joule? In practical terms, one joule
can be thought of as the energy needed to lift
a 100 g smartphone 1 metre vertically; or the

. RN T

- " EXECUTIVE SUMMARY.

amount of electricity needed to power a single . L
watt LED bulb for 1 second (1 Ws). In other words,

ajoule is a very small energy unit, and when |
talking about global energy we use EJ, which is

the same as 10" J, or a billion billion joules.

In this Outlook, the conversion factors
we use are:

1EJ
1EJ

23.88 Mtoe
277.8 TWh

T 23
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TRANSPORT

The total transport demand grows from 110 EJ
today, peaking at 118 EJ in 2026 and then reduces
to 90 EJ in 2050, declining from its present 27%
of total energy demand to 20% in 2050.

Road transport dominates transportation energy
use. The timepointat which half of all new light
vehicles (i.e. cars) sold are EVs will be 2027 for
Europe, 2032 for North America, OECD Pacific,
Greater China and the Indian Subcontinent, and
2037 forthe rest of the world (Figure 5). The yearin
which half of all new cars sold globally are EVs is
2033. The pace of change is dictated by falling costs.
Recentrapid advances in heavy vehicle electrification
- especially in the bus and city municipal segment
- leads to swift uptake of electricity here also, and
half of the maximum modelled uptake of 80% is
reached just after 2030 in Europe and Greater
China, followed five years later by North America
and OECD Pacific. Hydrogen is likely to grab a
small share of this market towards mid-century.

FIGURE 5

EXECUTIVE SUMMARY

We expect growth in the maritime sector to
recover by 2020. Despite an expanding fleet,
energy demand in shipping is relatively flat at
11 to 13 EJ peryear for the entire period, as
improved engine efficiency, advanced hull
designs, slow steaming methods, and new hull
coatings all improve efficiency. To meet the
IMO'’s new requirements for a 50% reduction
in absolute emissions by 2050, the fuel mixin
shipping changes dramatically. By 2050, biofuel
will dominate followed by oil and natural gas,
with electrification for some short-sea vessels
and modest use of hydrogen.

Although the size of the aviation sector is expec-
ted to grow significantly, more efficient aircraft
designs and engines will see energy demand
largely flatten from 2030, with biofuels taking a
40% share of the fuel mix. We expect electrifica-
tion of airtravel to be still in its infancy by 2050.
Rail electrification will continue, but rail remains
asmall sub-sector.

Market share of non-combustion light vehicles by region

Units: Percentages
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BUILDINGS

Buildings consumed 29% of the world’s energy

in 2016, which amounts to 114 EJ/year. This share
will grow by 0.5-1% annually, with the more vigorous
growth occurring at the start of the forecast period.
Overall energy use by buildings will reach 145 EJ/
yearin 2050 (Figure 6). There are likely to be signifi-
cantchangesin energy use by sub-sectorsin the
buildings category - namely, space heating, space
cooling, water heating, cooking, and appliances &
lighting. Urbanization and rural electrification in
the developing world will resultin a significant rise
in energy demand for appliances & lighting, and
space cooling. This rise in demand will occur even
though energy drawn by space heating will remain
relatively stable, and despite the energy savings
that will resultfrom the switch to cooking with gas
and electricity in the developing world. Continued
digitalization of industry and society will see an
increased need for data centres and computers,
but this will accountfor only 3 EJ or 2% of building
energy demand by 2050.

FIGURE 6

MANUFACTURING

The manufacturing sector'’s energy demand will
advance by 1.1% per year to peak at 160 EJ in 2039,
and then decline slightly towards 2050. Correlated
with global and regional GDP growth and regional
changes in the size of the secondary sector of the
economy, the global production of base materials
will increase by 68%, from 29 to 51 billion tonnes,
while output by weight of manufactured goods
rises 130% from 13 to 30 billion tonnes during the
forecast period.

Due to improved energy efficiency and increased
recycling, energy demand from the manufacturing
sector grows much more slowly, and even stabi-
lizes after 2040. There is rapid displacement

of coal by gas and electricity as energy carriers.
Nevertheless, the dependence of China and India
on coal, even in later decades, means the transition
there will be slower; and, given their size, these
two economic giants influence the global picture.
This is despite the significant growth in China'’s

World buildings sector energy demand by end use
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tertiary or service economy, which will assistin
reversing the overall growth trend.

The sector non-energy use, which includes feed-
stock for lubricants and plastics, asphalt, and
petrochemicals, currently consumes 8.8% of the
energy, and its share will slowly reduce overthe
forecast period to 6.6% in 2050. The final category,
labelled "Other”, is split between agriculture,
forestry, military, and some other smaller categories.

SUPPLY

Our forecast shows an even more dynamic
transition on the supply side of the equation, as
electrification of industry and society accelerates
towards 2050, and the primary supply mix changes
dramatically with the influx of solar PV and wind,
and the reduction in coal, oil, and - later - also gas.

FIGURE 7

ELECTRICITY

There is strong electrification across all demand
categories, and we forecast global electricity
supply to rise rapidly by 160% from 25 petawatt-
hours peryear (PWh/year)in 2016 to 66 PWh/year
in 2050, thereby increasing its share of total
demand from 19% to 45%.

Our model allows all potential electricity sources
to compete on cost, which means that renewables
also compete with each other. Renewables will
increasingly dominate world electricity generation
—with solar PV capturing a 40% share and wind
29% (Figure 7) by 2050. 80% of wind power will
be onshore, but offshore wind will also be an
important generation source. With this high
amount of variable power, stability in the power
network system will become crucial. The need
for a comprehensive power system with increased
connectivity, flexibility, storage, and demand-
response will become more obvious, and is a
topic we address extensively in our Power Supply

World electricity generation by power station type
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and Use supplement. Electricity from thermal
coal power stations will peak just after 2020,
and gas-fired power generation will do the
same in 2035.

HYDROCARBON PEAKS

Looking beyond electricity to the whole energy
system, we foresee large shifts in the supply of
primary energy (Figure 8). Oil and coal currently
supply 29% and 28%, respectively, of global

energy supply.

Oil will peak in the 2020s, and gas will pass oil in
2026 to become the largest energy source. The
fossil share of the global primary energy supply
will decline from its current position of 81% down
to 50% in 2050. Biomass and hydropower will

FIGURE 8

increase slowly throughout the forecast

period, but nuclear will grow firstand peakin the
mid-2030s. Solar and wind will increase rapidly
throughout the forecasting period, representing
16% and 12%, respectively, of the world primary
energy supply in 2050. Hydrogen, either in fuel
cells for transportation or spiked into the natural
gas supply, is entering the energy mix in a few
regions, but we expect uptake to be low, and to
representonly 0.5% of the energy mix by 2050.

Consequently, as hydrocarbons peak, emissions
from global energy use will peak, as illustrated
in Figure 9. The cumulative carbon emissions
from fossil fuel combustion from 2016 to 2050
are 972 Gt of CO,,

World primary energy supply by source
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The key resultfrom our model of final demand peaking in 2035

and then slowly declining means the global primary energy supply
required to satisfy demand will peak even more prominently within
our forecast period. Final demand drops by only 17 EJ (0.25%/year)
fromthe peakto 2050, while primary supply drops by 76 EJ (0.7%/

30

year)due toreduced losses in power generation. DNV GL is
aware thatthere are various ways to account for primary energy,
with potential to alter this picture. This is addressed in the main
reportfactbox on Energy counting in Chapter 4.



ENERGY EFFICIENCY

Energy efficiency is a defining feature of the
energy transition. Our Outlook shows that the
rapid changesin the energy system are related
to large alterations in energy efficiency. The
world’s energy intensity — units of energy per
unit of GDP — has been declining by, on aver-
age, 1.1% per year for the last two decades.
We calculate that this will double, to an average
annual decrease of 2.3%. The main reason

for thisisthe accelerating electrification of the
energy system, as outlined above. Simply put,
using electricity rather than fossil fuels is much
more efficient, with lower heat losses.

This situation is accentuated by ever-more solar
PV and wind generation capacity being installed,
with only negligible energy losses. This effciency
trend will be further boosted by EVs becoming
mainstream in automotive markets, as they
consume about a quarter of the energy

FIGURE 9

EXECUTIVE SUMMARY

used by ICEVs; and the annual energy
efficiency improvementin the road sectoris
boosted by strong electrification, to 3.4% per
year over the forecast period.

The othertransport sub-sectors, and the buil-
ding and manufacturing sector, will electrify
more slowly than the road sector; hence they will
not experience a similar additional boostin
energy efficiency. Nevertheless, the average
annual energy efficiency improvements vary
between 0.9 and 2.0% per year for these
sectors as well.

Our forecast ramp-up rates of energy efficiency
are not only dependent on new combustion
systems, battery developments, and other engi-
neering innovations like 3D printing, butalso on
automation and digitalization as key enablers
of improvements in manufacturing processes,
and in the design and operation of buildings.

World energy-related CO, emissions from fossil fuels

Units: GtCO,/yr
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2018 HIGHLIGHTS - WHAT'S NEW?
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In this 2018 edition of the ETO, we have refined our model further,
taking into account new and more accurate sources for our model,
as well as changes over the past year, including recent technology
advances, revised government targets, evolving regulatory
regimes and standards, additional external advisor opinions,
customer and user feedback, and the actual historical develop-

ments and figures available.

With this updated input, the details in the Outlook
have, as expected, changed slightly. Improving
our model has resulted in the updated demand
and supply pictures already presented.

Overall, the results described are similar to those
from ETO 2017, including the main conclusion
-namely, alevelling offin final demand after 2030
and a peaking of primary supply to satisfy that
demand (Figure 10). That being said, in this 2018

FIGURE 10

version of our Outlook, electrification is a little
more aggressive (rising to 45% of energy demand
by carrier, versus 40% in our 2017 project) - and
total energy demand is slightly higher (6%) in 2050.
Demand also grows more quickly in the first 15 years
of our forecast period.

In this (2018) edition of our Outlook, energy
demand for buildings by 2050 is largely
unchanged, but with more nuanced results;

World final energy demand by carrier
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manufacturing demand has increased somewhat
owing to refined modelling that correlates
manufacturing production with the secondary
economic sector; and transport energy demand
has declined slightly with increased uptake of
electricity in parts of the heavy vehicle segment.

The 2050 energy mix forecastin ETO 2018 broadly
resembles lastyear's forecast, with the share of
coal alittle higher, oil a little lower, and the fossil
fuels and non-fossil categories each accounting
for half of total energy supply. Due to higher coal
and gas use, the forecast cumulative CO,
emissionsto 2050 is 10% higher than what

we forecast a year ago.

In this, the second edition of our Outlook, we have
extended our energy-system model in several
areas, including details on grids and grid costs, an
analysis of the role of hydrogen and an assess-
ment of the impact of digitalization on the
transition.

REMAINING UNCERTAINTIES

The deterministic character of a forecast, as
opposed to a scenario, may give the impression
thatthe uncertainties associated with a ‘best esti-
mates’ future are small. On the contrary, there
are large and significant areas of uncertainty
regarding the pace and nature of the energy
transition.

Ourmain ETO reporttherefore includes sensiti-
vity analyses that highlightissues that are both
uncertain and important. We also analyse uncer-
tainties associated with assumptions that place our
Outlook at odds with other forecasts.

Forexample, should the UN medium case for
population growth prove to be correct, then the
global population will be 6% higherin 2050 than
we have assumed. Our model suggests that
energy demand will consequently rise by slightly
less (5%) than population growth, split fairly
evenly between all energy sources, although
solar PV growth benefits more than others.

€€ Our Outlook includes sensitivity
analyses that highlight issues that
are both uncertain and important.

We find a similar sensitivity in productivity
assumptions, where higher or lower productivity
growth rates do not produce considerable
changes in the pace of transition or in the energy
mix. A modestincrease in regional carbon
prices will not alter energy demand much, but
there will be a change of the energy mix and
asignificant reduction in emissions. The most
dramatic changes in energy use come from
improvements in energy efficiency.

The largest changes in the energy mix come from
changing cost-learning rates for renewables.

Behavioural changes affecting, for example, the
rate of uptake of EVs and electrification of build-
ings, are also important and can shift the pace of
transition considerably.



RESOURCE LIMITATIONS

The electrification of industry and society will,

of course, increase demand for associated
resources, such as aluminium and copper, as well
as lithium and cobalt. Most base metals are in
plentiful supply, and recent concerns over lithium
reserves have faded with the discovery of more
ore deposits. There are plans to increase produc-
tion, and although 13% average annual growth

in supply is required to meet the energy transition
that we forecast, we believe thisis achievable.
Cobaltresources remain a concern, but new
battery technologies will need to evolve to add-
ress this, along with increased exploration and
more sustainable extraction of cobalt reserves.
Despite possible constraints, these are likely, in our
view, to be overcome by technological develop-
ments, and resource limitations will therefore not
impose insurmountable roadblocks for the
transition we forecast.

k€ Resource limitations will therefore
not impose insurmountable
roadblocks for the transition we
forecast.

We have investigated space constraints on the
energy industry that we envisage by 2050, and do
not find this to be a significantissue, althoughit
varies by region. The amount of agricultural land
required to host onshore wind and solar will not
represent a significant loss, especially as land can
often continue to be used for farming within wind
projects. Using arable land for biomass produc-
tion will need careful husbandry to ensure that it
does notdisplace food production orresultin
the destruction of natural habitats.

EXECUTIVE SUMMARY

BREAKTHROUGH TECHNOLOGIES

Overthe next 32 years, we may see breakthrough
technologies that will significantly influence our
energy future. These include nuclear fusion, super-
conductivity, and synthetic fuels, or radical new
PV or battery technologies. As we are focusing on
our best estimate, our forecast does notinclude any
quantification of these hard-to-predict wild cards.

We do, however, discuss and quantify develop-
ments in hydrogen, which is seen by many to have
game-changing potential. However, our modelling
does notsupport hydrogen as a game-changer;
high costs of storage and efficiency losses during
multiple conversions will likely limit the uptake of
hydrogen to just half a percent of global annual
energy use by mid-century.
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ADDITIONAL INFRASTRUCTURE REQUIREMENTS

Given the energy transition we envision, where
electricity takes an increasingly large share of the
mix, and where gas isthe dominant energy carrier,
itisimportantto understand the infrastructure
required to connect supply and demand.

There will be continued need for new pipelines
joining additional gas fields to existing gas grids,
and some large trunk pipelines connecting
regions will be built. However, in this year's Out-
look we focus on the rapidly expanding LNG trade,
which will be driven largely by North American
shale gas exports and Middle East oil producers’
strategic emphasis on gas exports. We see a
tenfold increase in liquefaction capacity in North
America and a near doubling of capacity in the
Middle East and North Africa. The largest expan-
sion in regasification facilities to receive this gas
will happen in China and India, as well as signifi-
cant uptake in Sub-Saharan Africa.

FIGURE 11

Our forecast for growth in electricity demand
signals the need for a massive increase in the
capacity of electricity grids (Figure 11). New
renewables sites are often remote from existing
generation, so that many connecting grids will
need strengthening. Furthermore, ageing grids
in North America and Europe require modernizing.

China and India dominate the expansion of
power grids, their geographic scale also driving
the need for ultra-high voltage grid systems for
long-distance transmission. Section 4.4 in the
main reporton grids details the capacity require-
ments, associated grid capital expenditure (capex)
and operational expenditure (opex), voltage
levels, and line types (e.g., AC vs. DC), needed
for each region. Ourforecast of increased capa-
city of variable renewables also requires greater
energy storage capacity and new technologies to
address grid-stability issues when renewable
power sources replace thermal power stations.

Capacity of power lines by region
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DIGITALIZATION

Digitalization is an integral part of the present
energy system, and an importantinstrumentfor the
energy transition. Improved control systems, for
example, driven by data from embedded sensors
across the entire energy system — from generation
through transmission and distribution and in end-
users’ plants and machinery — are critical to enabling
the energy transition we envision. The power
systemis in the midst of digitalization; an example
being demand-response, where cost-based rules
may benefit both the thrifty consumer, as well as
society which will see less need for upsizing the
grid as electricity demand increases.

Digitalization also allows for higher asset utilization,
improved energy efficiency, and the ability to
implement new business models. Digitalization’s
impactis spread throughoutthe energy system,

FIGURE 12

and its influence will grow with increasing applica-
tion of advanced computational approaches such
as machine learning.

As an example, reduced energy demand due

to digitalization (in the light vehicle sub-sector) is
shown in Figure 12. Digitalization enables both
automated driving, and ride sharing, which allows
for higher asset utilization, as privately driven cars
are replaced by communal ones that may be
used an order of magnitude more intensively.
This results in a smaller vehicle fleet with faster car
renewal. There are benefits in this for traditional
combustion vehicles, which will see new fuel-
efficient cars entering the fleet sooner. But for
the same reason, the conversion to electric
propulsion will also accelerate.

The effect on digitalization on the global light vehicle energy demand
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FUTURE INVESTMENTS & COSTS

Given the scale of change, could the energy
transition place an unbearable financial burden
on society? We do not believe this to be the case.

Looking at energy-financing needs, we calculate
investment in fossil fuels by considering upstream
and power-related investments for oil, gas, and
coal. We estimate annual global expenditures for
fossil fuels to drop significantly from around USD
3.4 trillionin 2016 to USD 2.1 trillion in 2050. Non-
fossil energy expenditures will exhibit a reverse
trend, more than tripling from USD 0.69 trillion in
2016 to USD 2.4 trillion in 2050. Power grid expen-
ditures will increase from USD 0.49 trillion in 2016
to USD 1.5 trillion in 2050.Global energy expendi-
tures will increase 33%, from USD 4.5 trillion in
2016 to USD 6.0 trillion in 2050. But as GDP will
grow by 130% over the same period, the energy
fraction of GDP will decline from 5.5% in 2016 to
3.1%in 2050 as shown in Figure 13.

FIGURE 13

EXECUTIVE SUMMARY

Capital expenditure (capex) on both renewable
generation and grids is accelerating, and will
surpass new investmentin the fossil sector by
2029 onwards. By 2050, 47% of the global energy
expenditures will be capex for renewables and
grids, up from 17%in 2016.

The energy transition may still be financially
challenging, given the heavier capex load from
renewables and grids, but our forecast suggests it
is unlikely to prove financially disruptive. If we
chose to maintain the percentage of global GDP
going to energy expenditure, then there isample
scope to accelerate the pace of change.

Energy expenditures as fraction of world GDP
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All industries will be affected by the energy transition, not least
those where DNV GL has a particularly strong footprint.

Our forecast has majorimplications for the oil and
gasindustry, and for the power generation and
associated infrastructure industries, and espe-
cially the renewables sub-sector. The shipping
industry will feel the impact as energy-related
cargoes evolve and change over time. A full
discussion of our forecast and its ramifications for
these sectorsis the subject of the three detailed
supplements to the main ETO report.

HIGHLIGHTS ARE AS FOLLOWS:

POWER SUPPLY AND USE

Major changes involving established energy
industry players will spread and deepen. Estab-
lished electricity utilities and electricity suppliers
are looking for new roles and business models,
and facing new competition from oil and gas
companies moving into their sectors.

Dominantvariable renewables will be a major factor
in electricity markets and regulation. Solar and wind
-supplying more than two thirds of world electricity
by 2050 - will drive changes to electricity market
fundamentals. This requires major regulatory inter-
vention: regulatory inertia may be the dominant
limit on rates of expansion. Variability on seasonal
timescales will be critical in the higher latitudes.
Variable renewables also drive 'sector-coupling’,
the use of surplus renewable electricity to produce
hydrogen or other gasses or liquids, also offering
opportunities for storage on longertimescales.

There will be difficulties allocating risks during
massive expansion of electricity networks.
Timescales for planning and constructing electricity

networks may require network operators to make
decisions amid considerable uncertainty. Regula-
tors will need to make decisions about the optimum
allocation of risks and costs of stranded assets.

OILAND GAS

Significantinvestmentis on the horizon for gasin
the lead-up to mid-century. Gas will rapidly
overtake oil to become the world'’s primary energy
source in 2026. It will then remain in pole position
inthe lead-up to mid-century. By 2050, gas will
form a quarter of the global energy mix.

While demand for hydrocarbons will decline from
the mid-2020s (oil) and mid-2030s (gas), we expect
industry activity to remain strong for decades to
come. New fields will be required long after the peak
demand years have passed, in order to continue
replacing depleting reserves. These resources may
be increasingly developed from smaller, more
technically-challenging reservoirs, with shorter
lifespans than those currently in operation.

Inthe midstream & downstream gas industry, we
will see increasing emphasis on decarbonising the
gasesthatwe use. Greater penetration of greener
gases such as biogas and hydrogen are expected
by the mid 2020's.

Enhanced focus on digitalization is now needed to
support a faster, leaner and cleaner oil and gas
industry of the future. The industry mustkeep a
cap on costs to compete, and we believe that the
industry’s digital transformation will play a signifi-
cantrole in achieving this.



MARITIME

Shipping will continue to grow, with an expected
rise of nearly a third in seaborne-trade towards
2030, and with increases in tonne-mileage over
the forecast period for all trade segments except
crude oil and oil products. The largest relative
growth in trade is for gas and container cargo, for

which we see a tripling and doubling respectively
by 2050.

Asthe global energy landscape changes, the
pressure will continue to build on shipping to cut
its emissions. Shipping will be forced to lower its
environmental impact leading to a more demand-
ing operational framework, higher expectations
and higher costs. IMO's recent GHG goals for

2050 call for the whole shipping industry to
step up and push for solutions to solve these
challenges.

The challenge of decarbonization means the
maritime industry must look to alternative low
carbon or no carbon fuels. A wide range of
energy-efficiency measures, alternative fuels and
other emission-reduction technologies will be the
focus of first research, then piloting, and finally for
full scale implementation, changing the shipping
fleet as we know it today. As the impact of the
changes is difficult to assess, maritime assets
should have a flexible “carbon robust” design.
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DECOUPLING

Historically, population growth and economic
growth have led to a similar pattern of expansion
in energy use. Our model predicts, however, that
energy use will decouple from carbon emissions in
the coming decades, and that energy demand
and supply will peak and slowly decline, despite
a continuation in population and economic
growth (Figure 14). This disconnectis linked to
accelerating energy efficiency gains on a global
scale. These are largely driven by electricity’s
increasing share in the energy mix, with a large
proportion of it coming from renewables.

CLIMATE CHANGE

DNV GLs vision is to have a global impact for a safe
and sustainable future. Thus, we supportthe Paris
Agreement, and the efforts of almost all the
world’s countries to limit global warming to well

FIGURE 14

IMPLICATIONS FOR SOCIETY

below 2°C above pre-industrial levels. However,
our Outlook does not see the world on track to
meet the Paris Agreement climate goals. It may
have been more reassuring to produce a scenario
that points to a future where the risks and impacts
of climate change are significantly reduced, and
where dangerous anthropogenic interference
with the climate system is avoided; butthatis not
what we forecast.

Despite our Outlook being one of the few which
predicts that humanity’s energy demand will peak
within the next few decades and that we will
collectively start using less energy, the emissions
associated with our forecast still do not bring the
planet within the so-called 2°C target.

Although we stopped the run of our model in
2050, CO, emissions to the atmosphere will
continue long after this. Simple extrapolation
suggests that the first emission-free year will

Relationship between world population, GDP, energy supply and emissions
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be 2090. This produces an overshoot, beyond
the so-called 2°C carbon budget of some 770
gigatonnes of CO,, illustrated in Figure 15.
With an overshoot of such magnitude, the
question inevitably arises: whatis the level of
global warming associated with our forecast?

We have reservations about citing a definitive
warming figure, because there are considerable
uncertainties associated with such calculations.
Some are energy-related uncertainties, including
the inherent uncertainties in our forecast. Others
are non-energy related.

They include future agriculture, forestry, and
other land use (AFOLU) emissions, unknown
climate tipping points, and other non-linear earth
system reactions — for example, methane stored
in permafrost —that are beyond the scope of
this Outlook. In addition, there is the ongoing
discussion of the planet’s climate sensitivity and
the size of the carbon budgets as such.

FIGURE 15

Nevertheless, we hazard an estimate that our
forecast points towards 2.6°C planetary warming
by the end of the century.

Our prediction of failing to meet the climate
targetforces us to explore ways in which we
might ‘close the gap’ between our forecast and
the kind of future envisioned by parties to the
Paris Agreement. For example, a much-higher
carbon price may stimulate decarbonization of
the energy mix and more carbon capture and
storage, or further policy support could boost
the growth of renewable energy.

1 Only a combination of extra-
ordinary measures brings the
Paris Agreement within reach.

However, our main conclusion is no single measure
can close the gap, only a mixture of extraordinary
measures working in synchrony will enable us to
reach the Paris Agreement on climate action.

Carbon emissions and budget
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SUSTAINABLE DEVELOPMENT GOALS

The UN Sustainable Development Goals (SDGs)
on Climate Action (#13), Life Below Water (#14),
and Life on Land (#15) set the planetary bound-
aries for all other SDGs. Succeeding with a rapid
energy transition that decouples CO, emissions
from economic development s the key to fulfil-
ment of all the goals that constitute the UN's
Agenda 2030. This ambition must be balanced
with SDG #7, ensuring access to affordable,
reliable, sustainable, and modern energy for all.

The future we forecast is one where humanity's
energy use peaksin 2032, and then slowly dec-
lines towards 2050. We foresee this happening,
even as the world makes steady positive progress
with SDG #7, addressing the energy poverty that
afflicts more than one billion people today. Energy
demand declines mainly because the energy
intensity of economic activity is decelerating; less
energy is required per person. Note however, that
itisfinal energy demand that reduces, notthe
services it provides; for example, a family may
install several solar-powered LED lights, replacing
asingle kerosene lamp. The resultis much more
light, with orders of magnitude less energy used.

We forecast that SDG target 7.3 — doubling the
rate of improvement in energy efficiency by 2030
—will notbe met, butwe are approaching the right
levels. Our forecast of 2.0% annual reduction in
energy intensity peryearin 2015-2030 is not a
doubling of the historic 1.3% per yearin 2000-
2015. The SDGtarget 7.1: "By 2030, ensure univer-
sal access to affordable, reliable and modern
energy services”, will largely be metfor all regions
except Sub-Saharan Africa regarding

EXECUTIVE SUMMARY

access to electricity, while access to modern
cooking and modern water heating will improve,
but will not be universal across Sub-Saharan Africa,
the Indian Subcontinent, and South East Asia.

Despite these near-misses in the run-up to 2030,
we emphasize, once again, that energy efficiency
isthe defining feature of the coming energy
transition. Over the next few decades, the role
played by energy efficiency will be even more
decisive than shifts in the mix of energy sources.
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INTRODUCTION

This publication presents DNV GL's outlook through to 2050 for
the entire world energy system, and includes regional outlooks
for 10 global regions. Together with this main publication, we
have issued three supplementary ‘Industry Implications’ reports,
examining in greater depth the implications of our forecast

for the following sectors:
—Oiland gas
— Maritime

— Power supply and use

ABOUT DNV GL

DNV GL was founded more than 150 years ago to
safeguard life, property, and the environment.
Today, we are a world-leading provider of quality
assurance and risk managementin more than
100 countries.

DNV GL has a strong footing in both the fossil and
renewable energy industries, with around 70% of
our business related to energy in one form or
another. This, we think, brings a balance to our
view on the energy future, and the fact that we are
fully owned by a foundation means that our
outlookisindependent of shareholders’ interests.

This Outlook draws on DNV GL's broad involve-
ment across entire energy supply chains, spanning
complex offshore infrastructure, onshore oil and
gasinstallations, large and small- scale wind, solar,
and energy efficiency projects, and electricity
transmission and distribution grids.

The energy transition is unfolding as a daily
reality for many of our customers. In some
sectors and industries such as power supply and
in road transport, the transition is already
advancing rapidly. In others, it is slower, and
there are also sectors where the future trends
are notyetvisible.

DNV GLis involved across this continuum of
change, with advanced R&D and specific projects
atthe forefront of the transition. As technical
advisors, we help our customers to manage the
transition to a safe and sustainable future. In
many other areas, we work to safeguard existing,
established businesses. We are a knowledge-led
organization, typically spending 5% of revenue
on research and innovation.



DNV GLis in the business of building trust, not
only into systems and processes, but between
parties. Given the urgent need for the global
economy to decarbonize, much is riding on the
pace and outcome of the energy transition in
terms of enterprise risk, technical risk, and societal
risk. DNV GL thus feels compelled to contribute,
where we can, to rational, informed discussion of
the energy future in the coming decades.

INTRODUCTION CHAPTER 1

‘ ‘ This Outlook draws on DNV GL's
broad involvement across entire
energy supply chains.
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OUR APPROACH

This Outlook gives an independent view from
DNV GL of what we consider our best estimate
forthe future - or the central case - for energy
demand and supply as it unfolds to 2050.

DNV GL forecasts one likely future. This contrasts
with the more common scenario-based
approach used by many energy analysts, involv-
ing the presentation of two or more internally
consistentand plausible descriptions of possible
future states of the world's energy system.
Scenarios can usefully illustrate the effect of
different assumptions and the uncertainty
inherentin projections, but they often are not
intended to reflect the forecasters’ best esti-
mates. Where one has a proliferation of scenar-
ios, asis the case with the energy transition, each
additional scenario may add to the perceived
uncertainty and cause confusion.

To avoid such confusion, we have decided to focus
on asingle outlook which we judge to be our
best estimate, based on extensive research and
modelling. We also perform sensitivity analyses
to determine how predictions are influenced by
various factors. This approach has the advantage
of revealing critical assumptions and highlighting
which results are more or less sensitive to uncer-
tainties. The latter isimportantwhen forecasts are
to be used as a basis for decision making.

As a leading risk management firm, DNV GL, has
along history of constructing evidence-based
and model-driven projections. Given our wide
exposure to the energy industry - from well (or
wind farm) to socket -our customers have looked
to us for our best estimate of the energy future.
And addressing that question is what we have
attempted to do with this Outlook, which is based

on our own extensive modelling efforts. We
reiterate, therefore, that in this publication we
present a forecast of the world’s energy system
through to 2050, not a range of scenarios.

Of course, we are aware that the future energy mix
will not be exactly as we describe it here, and we
therefore acknowledge significant uncertainties
in our forecast. To assess theirimpact, we have
subjected our forecast to sensitivity tests. In
Chapter 4, we show how adjustments are made to
main assumptions to test sensitivities. Over time,
we will extend these sensitivity tests to allow for
fruitful discussion of alternative views.

k€ inthis publication we present a
forecast of the world's energy
system through to 2050, not a
range of scenarios.

The core model development and research for this
Outlook has been conducted by a dedicated team
in our Energy Transition research programme, part
of the Group Technology and Research unit. The
team has worked with around 100 colleagues
across our organization, and dozens of external
experts, on topics such as technology, economics,
and policy, and on theirinterconnectedness.

A FOCUS ON TRANSITION

This Outlook considers the energy system from
source to end-use. It thus encompasses the entire
energy system and how its components work
together. Itincludes all main consumers of energy
— buildings, industry, and transportation —and
all sources supplying the energy. We focus on



technologies already in use and for which we have
been able to calibrate uptake - and decline - rates,
and how these are interlinked. Some of these
technologies are not yet firmly established, but,
in our estimation, show many signs of becoming
mainstream. We are more cautious with the
consideration and inclusion in our model of
uncertain, potentially breakthrough technologies.

Our forecast reveals a mixture of continuity -
forexample the importantrole of natural gasin the

world’s energy system through to 2050 - and change.

The mostimportant characteristic of the transition
is decarbonization, with renewable energy adding
to and, overtime, replacing fossil energy.

INTRODUCTION CHAPTER 1

Other changes are unfolding in parallel to the
renewable energy transition, and we include these
inthe term ‘energy transition’ as used in this outlook:

— The world is electrifying

— Inthe oil and gas industry, shale-based produc-
tion is fast becoming dominantin North America
and is spreading internationally

— Off-grid and mini-grid systems are developing
locally, adding to the existing connected grid
system, and a more distributed power system
isemerging

WHAT IS NOT COVERED BY THE DNV GL OUTLOOK?

— The focus of this Outlook on long-term transition
means short-term changes — both cyclical
and one-offimpacts, for example from policies,
conflicts, and strategic moves by industry
players — receive less attention, and are
generally not covered.

— The Outlook presents regional energy costs as
unitvariable costs and levelized cost of electric-
ity (LCOE). It also presents break-even costs for
oil and gas development. Butthe Outlook does
notreflect fluctuating energy prices caused by
demand and supply imbalances, which, in the
real world, and at certain times, may be quite
differentfrom costs.

— The Outlook is built up by energy demand and
supply considerations focusing on yearly
averages. This approach does notin itself fully
reflect the differential nature of variable energy
sources. We do not model daily or seasonal

variations, nor do we model grid stability or
other short-term renewable energy dynamics.
Instead, we add storage and back-up capacity
to energy value chains with large shares of
variable renewables. We regard the costs

of these additions as part of the overall cost

of renewables.

— Technologies which in our view are marginal

are typically notincluded, butwe doinclude
those new technologies which we expectto
scale. Breakthrough, emerging technologies
are discussed, but notincluded in the model
forecast. The exception is hydrogen, which is
modelled and discussed.

— Changing consumer behaviour, evolving travel

and work patterns, social media and other
sociological trends are discussed, but are only
included and quantified in a few areas in our
forecast.
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DRIVERS AND BARRIERS

We present here our selection of key drivers

of the energy transition, as well as barriers
hindering the transition. These opposing forces
suggest that the transition will not occur without
friction, or, as Austrian economist Joseph
Schumpeter (1942) termed it, “creative destruction”
when new technologies diverge from and
destabilize old.

So much for the nature of the transition; what
aboutits pace? There are ardent proponents of
both a slow and a fasttransition, and both camps
cite historical evidence to validate their posi-
tions. Our view is that the historical evidence is
inconclusive - and that the coming transition is
likely to be experienced as both fastand slow;
thatis to say, the pace of change will vary by
sector and geography.

k€ The coming transition is likely
to be experienced as both
fast and slow.

A confluence of factors - policy, technology and

economics -is propelling the pace of the transition.

The UN Sustainable Development Goals and
the Paris Agreement have unquestionably
created a shared sense of mission. A global
mindset has set most governments and many
businesses on the same course. The transition is
increasingly seen as a strategic opportunity for
business and as a pathway for sustained
economic growth. The energy transition is
increasingly being viewed as a shift from a
centralized to a more decentralized energy
value chain enabled by advancesin technology
and the digital revolution.

The cost learning curves associated with renewa-
ble energy technologies are crossing performance
and costthresholds, triggering widespread global
uptake. We caution, however, that costis notthe
sole arbiter of change.

Digital technologies, emerging from outside the
domain of energy industry, are altering the
competitive landscape and affecting all energy
sectors, and the interactions between them. The
digital revolution imparts a synergistic boost to
the transition - enabling smarter management of
many complex systems, efficiency and productiv-
ity gains in industry, facilitating the influx of
renewable power and siphoning customers away
from traditional firms with the rise of self- or locally
generated power.

Digitalization is at the heart of whatthe Global Future
Council on Energy has called the ‘innovation
tsunami’, which”... has the potential to wash overthe
world's energy systems ... some firms and industries
fear survival while others foresee riding these
powerful waves into new markets” (WEF 2018a).

There is solid evidence for rapid change in end use
technologies. EVs, with hardly any vehicle diversity
inthe beginning of the decade, have seen a
proliferation of light vehicle models, now rapidly
encompassing heavier vehicles. Our view is that
EV adoption will follow the so-called S-curve
pattern, with significant potential for disruption -
reducing the demand for oil, stimulating electrifi-
cation and driving down vehicle and battery costs,
as well as energy storage costs.

Developmentsin e-mobility, solar PV and wind are
consistent with what Professor Andrew Hargadon
(2015) at UC Davis Graduate School of Management



callsa’Long Fuse, Big Bang’ technological dynamic
-summarized in the statement: “Things take longer
to happen than you think they will and then they
happen faster than you thought they could.”

There are anumber of barriers that prevent change,
and hamper or delay the energy transition giving
elements of the transition a 'long fuse".

New energy technologies rise in the face of legacy
systems, competing with powerful industry players
and energy infrastructures that have stood the test
oftime and have a built-in resilience in the form of
increasing returns to scale on the physical infra-
structures as well as the organisations that perpetu-
ate them (Unruh et al. 2006). New entrants must, in

INTRODUCTION CHAPTER 1

parallel, scale production, maintain reliability and
profitability, while facing uncertainties from
competitors, investors and consumer choices to
unknown rules of the game and public policies that
are predictably unpredictable (C2ES 2011).

There are therefore many drivers and barriers
influencing the energy transition, and they create
uncertainty. The drivers and barriers described in
the rest of this chapter reflect our currentthinking;
they are likely to play out differently, and thatin turn
will influence the pace of the transition and hence
our forecast. Irrespective of accuracy, we believe
repositioning and re-invention are the watchwords
for navigating the unfolding energy transition.
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POLICY AND GOVERNANCE DRIVERS

ENERGY SECURITY

The combination of energy efficiency, techno-
logy advances, and the falling costs of rene-
wables, provides governments with mature,
affordable, and clean options for energy
security.

— Renewables largely exploit domestic wind, solar
and hydro resources and, to the extent they
substitute imported fossil fuels, renewables
improve security, create employmentand
reduce exposure to price hikes and foreign
exchange requirements and fluctuations.

GOVERNMENT POLICY AND THE COURTS
Nearly all countries have national policies on
decarbonization and the energy transition. In
addition, court systems will play a role in climate
and energy policy and the implementation

of policy commitments — both concentrating
attention and propelling transition.

— All Paris Agreement signatories or ratifiers have
atleast one law addressing climate change or
the transition to a low-carbon economy.

— More than 170 countries have renewable
energy targets, and nearly 150 have enacted
policies, incentives and mandates to catalyse
investments. At least 128 countries have
policies for renewable power, 70 for transport
and 24 for heating and cooling, and 57 coun-
tries have 100% renewable electricity targets
(IRENA 2017, REN21 2018)

— Improving energy efficiency and demand
response programmes also helps energy
security by reducing demand and import
requirements.

— Distributed energy systems and renewables
matched with flexibility and storage options
offer a decarbonized pathway to energy
security, and are more resilient to extreme
weather events and other grid disruptions.

— Policy and government support will continue
to be instrumental to increasing technology
uptake and bring low carbon options to cost

parity.

— The falling costs of renewables will give
governments reassurance thatfiscal incentives
should be designed only temporarily.

— Arise in litigation cases - filed by NGOs,
individuals, and subnational governments -
will push courts to examine whether govern-
ments and corporations/major carbon emit-
ters should be held accountable for climate
change related damages. This may resultin
international ambitions and obligations
being broughtinto domestic courts (LSE-
Grantham 2018, Renssen 2016).
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CITIES LEAD THE WAY

Urbanization is a global trend and cities are
front-line players in the energy transition,
as implementers of green solutions to
pressing problems.

— Urban areas consume about 75% of globall
primary energy (UN-Habitat 2018) and will
attemptto tackle urban air quality, congestion
delays, and health impacts in order to attract
people and investments.

ECONOMIC AND MARKET DRIVERS

COST CURVES DIVERGE
The long-term cost curves of extractive fossil
energy and renewables will cross and diverge.

— Aswind and solar PV scale up rapidly, their costs

will keep falling.

— In contrast, fossil producers have traditionally
picked the ‘easiest barrelsfirst’, and may also be
limited by restrictions on extraction.

CORPORATES SETTING TARGETS

Energy is climbing up the corporate agenda, and
major energy users and companies are choosing
to power their operations with clean energy.

— Companies will setmore ambitious targets for
the share of renewables in their energy supply,
and for responsible corporate sourcing.

— Buyer alliances will engage with utilities and
developers to advance renewable energy
purchase agreements (WRI2017).

INTRODUCTION CHAPTER 1

— They will act as testbeds for energy innovation
and experimentation from which best practices
and solutions will diffuse, through global
networks such as C40 and the Covenant of
Mayors, and scale up to the national level
(DNV GL 2018f, HBS 2018).

— Leadingcities are pursuing improved energy
efficiency in buildings, smarttechnology, and
infrastructure. They encourage zero-emission
transportand set climate-neutral targets.

— Oiland gasindustry cost reductions, driven by
learning curves shaped by technology develop-
ments and digitalization gains, and lower-cost
unconventionals, will delay the divergence.

— Members of the RE100 initiative are from both
mature and emerging economies. The trend is
expected to diffuse, following the manufactur-
ing and operations sites of global corporates.
Apple'sannouncement of a USD 300M Clean
Energy Fund to boost the use of renewable
energy inits supply chain in China, is one
example.
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SHIFTS IN INVESTOR AND INSURANCE FOCUS

An increasing number of investors and insurers
are backing away from high carbon sectors,
citing risks of being locked into stranded energy
or low return assets.

— Changesto regulations and emerging clean
technologies are likely to reduce the value of
carbon-intensive assets.

— Financial liabilities for abandonment and clean-up
of renewables sites are lower than for fossil and
nuclear energy sites.

SOCIAL / SOCIETAL DRIVERS

LOCAL ACTION

The local benefits of a more renewable, often
decentralized energy system are numerous and
sufficientto trigger local action.

— Local authorities will play a key role in enacting
energy efficiency standards, setting building
codes, planning for district heating and cooling
systems, and transitioning public car fleets.

— Public concerns about air quality from
transportand industrial pollution along with
the water demands of thermal power plants
and unconventional hydrocarbons will force
local authorities to accelerate the transition
to cleaneralternatives.

— Distributed affordable energy from nearby
renewables creates local economic oppor-

— Assessing and pricing environmental risks is
mainstreaming. Green finance, climate-aligned
bonds and sustainable investing reached USD
229 trillion atthe start of 2016.

— Forthese sources of green finance, investment
in renewable energy is the most common use of
funds - and allocations to green buildings, energy
efficiency and low carbon transportare increasing
involume (Climate Bonds Initiative 2018).

— Insurance companies are taking steps to
manage carbon-related sustainability risks
(Insurance Journal 2018).

tunities, health and environmental benefits,
gives communities power over energy, and
reduces outlay on sourcing and transporting fuel.

— Energy projects that unlock local potential will
foster civicengagement and acceptability, with
increased local employmentin the energy
industry helping stabilize communities.

— Socially-conscious millennials will dominate
workforces during the 2020s, and will seek
outresponsibly-sourced products and pursue
opportunities in ‘good causes’ atthe
local level.
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HYPER-TRANSPARENCY

Pressure is rising to assign all costs —economic,
environmental, social — to energy and fuels,
assisting renewables in challenging fossil energy.

— Enabled by the ICT revolution, groups and
individuals demand greater disclosure,
accountability, and incorporation of social and
environmental impacts into corporate activities
and decision making.

— Innovations in data gathering (satellite and
sensors), ‘'datafication’ of corporate ESG
(environmental, social and governance)

TECHNOLOGY AND INNOVATION DRIVERS

RAPID TECHNOLOGICAL PROGRESS
Technological progress raises productivity,
increases energy efficiency and changes the
dynamics of supply and demand in energy sectors.

— Learning rates and improved technologies
continue to bring down the cost of renewables,
without even considering the societal costs of
fossil energy. The same dynamic characterizes
the shale revolution.

— Different sizes of units, scales of deployment,
and chemistries in energy storage technologies
will continue to evolve, enabling dispatchable
renewable power systems and improving the
driving ranges of electric vehicles (EV).

— The complementary effects of ever-increasing
deployment, continued innovation (e.g. the
Mission Innovation, 2018) and material
advances, will stimulate technological
learning rates and further cost reductions.

INTRODUCTION CHAPTER 1

performance and the growing sophistication of
valuation techniques are revealing the value
implications of sustainability performance/
investments in unprecedented ways.

— Digital ledgers such as blockchain technology
will enable accountability by tracking the origin
and movement of products and recording
transactions transparently and reliably.

— The ability of consumers to access more reliable
data onthe impacts of products and services
willimpact purchase decisions.

— Initiatives like The Breakthrough Energy
Coalition - a group of more than 20 billionaires
investing in early-stage clean tech - pointto a
more active R&D and innovation arena with
private sector engagement.

— Increased computational power enables more
simulation in design resulting in better systems
in operation and increasing feedback from
operations to create better next-gen products.

— Deployment of Industry 4.0 technologies will
lead to energy efficiency gains and energy
savings in manufacturing.
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OPPORTUNITY AND INNOVATION IN CLEAN TECH

Recognition of the value at risk from climate
change (EIU 2015) combined with the documen-
tation of enormous economic opportunities is
pushing a shift from the “brown to the green
economy” as coined by UNEP (2011).

— Nations and communities increasingly
promote clean tech innovation addressing
climate change, energy security, social
wellbeing, environmental health, and to
boost economic competitiveness.

— The UN Sustainable Development Goals (SDGs)
are getting down to business with SDG-related
market opportunities forecast to be worth at

THE WAVE OF DECENTRALIZATION
Atrend towards decentralization of the energy
systemis strengthened by advances in technology.

— High shares of variable renewables, grid-scale
storage and an ever-increasing number of
distributed assets are being commissioned.

— Digital technologies supportthe decentraliza-
tion through analysis of large amounts of sensor
data and determination of optimal settings for
the control software systems.

— In mature energy systems, end users become
an active part of the energy sector with smart
homes and appliances, EVs, domestic storage,

least USD 12 trillion a year in business revenue
and savings, of which USD 4.3 trillion are in
energy and materials (BSDC 2017). More capital
is becoming available because the economic
opportunity is measured.

Company-level engagements in environmental
and social issues are a powerful opportunity to
differentiate, innovate, and drive corporate
growth. Industries that alleviate unsustainability
by reducing use of energy, raw materials, and
water, will be favoured by markets.

and in-house electricity generation enabling
themto sell back any surplus to the grid.

In developing regions, distributed renewable
energy solutions (standalone and mini-grids)
— particularly significant for regions such

as Sub-Saharan Africa and India — will be
incrementally added to enhance energy
access, also enabling the leapfrogging of
under-served energy communities over
traditional centralized systems.
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(®» DIGITAL TECHNOLOGY AND BUSINESS MODELS

The merger of operational technology with service offerings, becoming owners of large-
information technology is cross-cutting and scale renewable plants, and investing and
affects all energy supply and demand sectors. operating the grid infrastructure to turn the
threat of revenue erosion from loss of kilowatt
— Digital technologies will be key to effective hour sales into opportunity (Fratzscher 2015).

asset management with smart grids enabling
the balancing of demand and supply. ICT will
support optimization of generation, energy-
consuming devices and demand management
based on energy price signals and the physical
state of the grid.

— The digital wave will increase asset utilization
and optimization in all sectors, and will drive
sharing models and automation in the transpor-
tation sector, which in turn will lead to a reduc-
tion in energy demand.

— Many utilities are likely to use digitalization to
reinvent their business models toward tailored

ENVIRONMENTAL DRIVERS

(» APLANET TURNING ON US

The planetitself will force change. Deteriorating — Costs associated with the effects of climate
environmental conditions and extreme weather change will strain public budgets. Business
events will force a rethink in land use decisions and as-usual economic and technological trends
investments in energy supply or infrastructure. will increasingly create turbulent conditions

for government, business and society alike
— Scientificevidence is robustregarding the (Randers 2012).

realities of global challenges. Two thirds of
ecosystems worldwide are degraded and
in decline, and human activity oversteps
recommended safe planetary boundaries
(Steffen etal. 2015).

— Decision makers will be forced to move
resource managementto the centre of
decision making to preventthe rush
towards planetary resource limits.

— Aplanet being pushed to the edge will
inevitably become less hospitable to human
livelihood, economic developmentand
business operation (Lambertini 2017).
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POLICY AND GOVERNANCE BARRIERS

INTERMITTENT PUBLIC POLICY AND FOCUS
Long-term investment requires stable political
targets and schedules for the energy transition
and related support.

— Regulatory environments are uncertain, with
frequent rollbacks in public policy and election
cycles restricting planning horizons.

— Voters and politicians are geared to short-term
benefits, and inward orientation and populism
obstructinterconnected markets and the rapid

OUTDATED ELECTRICITY MARKET DESIGNS
The organization of the electricity sector varies
significantly around the globe, but one feature
tends to be common: market designs are
tailored for a different era, when centralized
electricity generation provided significant
economies of scale.

— Decentralized generation requires arrange-
ments for decentralized decision making.
There is an urgent need for more market and
less central planning and decision making in
the electricity sector.

— In orderto balance the electricity system, we
need to unleash currently under-utilised
sources of flexibility. Markets for flexibility, that
efficiently reward resources for stabilising and
optimizing network operation are emerging in
Europe and the US.

travel of best practice, and also puta brake on
energy system change to safeguard current
jobsinfossil energy.

— Unstable enthusiasm for technologies, coupled
with lack of institutional support during difficult
development phases before technologies reach
market competitiveness, hinder transition
efforts and undermine the credibility of policy
makers.

— Volatility of prices is a key enabler for innovation
and actions to cope with volatility in supply.
Merit-order wholesale markets must be
supplemented with additional markets with
finer granularity in time and space.

— Market design must provide transparentand
efficient price signals and promote contracts
for efficient risk sharing.
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ECONOMIC AND MARKET BARRIERS

SUBSIDIES AND LACK OF EXTERNALITY PRICING

Addressing climate risk, and advancing the 2017), including undercharging for costs such as
energy transition, requires an end to fossil fuel global warming impacts and air pollution.
subsidies and a price on carbon (IMF 2015). Yet
entanglements of government, businesses and
individuals with the productions and consump-
tion of fossil fuels is stalling reform.

— Fossil fuels still receive four times the subsidies
givento renewables (IRENA, [EA and REN21,
2018).

— The inadequate pricing of fossils fuels distorts
— A 2016 study estimated thatimplied global fossil competition between energy technologies.
fuel subsidies were USD 5.3 trillion per year,
representing 6.5% of global GDP (Coady et al.

SHORTAGE OF SKILLS

There is a widespread skills shortage of engineers ~ — There is a particular need for qualified engi-
and techniciansin all parts of the renewable neersin energy technologies, and similarly for
energy industry. Human capital development will skilled craft workers for project development,
be critical to keep up with the energy transition. construction, and installation, and also for

operation and maintenance activities.
— Lack of skilled workers prevents positioning in,
and deployment of, clean energy technologies,
and hinders rapid transfer to new geographical
areas where skills are not available.

— Educational and training systems need to
respond swiftly to the emerging requirement
for particular skills for the energy transition.

SHORT-TERM THINKING

Businesses display short-term thinking linked to — High upfront capital costs and capital-intensity
quarterly performance reporting and shareholder in renewables, and perceived performance
primacy. risks, translate into perceptions of riskiness.
This results in access to capital being more
— Actions maximizing value and share prices today difficultand expensive, particularly in
disregard future risks and costs to repair the developing countries.

damage resulting from environmental problems. : . . -
9 d P — Uncertainty risks due to discontinuity of support

— Financial short-sightedness creates hurdles, as schemes and lack of long-term policy visibility
do cost structures. translate into risk premiums (Hu et al. 2018).
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SOCIAL AND SOCIETAL BARRIERS

PUBLIC OPPOSITION
Community acceptance is vital for energy
projects in many countries.

— Renewable energy projects are notimmune to
public opposition on various grounds: land use,
related grid expansion, trade-offs between
economic benefits and environmental costs,
visual amenity, biodiversity, or just plain ‘not-in-
my-backyard".

— Public opposition results in costs, delays, and

cancellation of projects.

— Similar concerns exist for nuclear power and

unconventional oil and gas. Winning community
consentand publicacceptance can bea
challenge.

INSUFFICIENT AWARENESS DESPITE INFORMATION OVERLOAD

A deluge of misinformation and disinformation

inhibits fact-based decision making.

— When energy leaves the pump, socket, or gas
source, consumers are typically unaware of the
environmental and climate-change conse-
quences of buying and using it.

TRANSITION HEADACHES

Structural shifts in energy systems carry
transition costs and affect careers, entire
industries, and their supply chains.

— Lack of effective relocation, retraining, and
transition programmes in response to job
losses in fossil-fuel dependent communities
can hinder political and public supportforthe
energy transition.

— Some authority figures deny climate change or

say it has nothing to do with human activity.

— The Internet enables knowledge sharing but

spreads disinformation and sows doubt about
climate change and renewable energy. Trustin
information is low: dispelling myths is difficult.

TECHNOLOGY AND INNOVATION BARRIERS

— Infrastructure constraints such as insufficient

upgrades to transmission and distribution
grids hinderintegration of renewables.
Absence of charging infrastructure obstructs
EV uptake.



INNOVATION GAPS

There are inherent uncertainties in the stages of
technical development from R&D to market
scaling.

— The potential and perceived value of new
energy technologies is affected by public policy,
consumer preferences, and market acceptance
of competing alternatives.

— Companies and individuals are risk-averse and
avoid making decisions until performance and
technology are proven and costs have fallen.
Zero-emission vehicle adoption, for example, is
hindered by high ‘off-the-shelf costs’ in most
countries, lack of charging stations, and
scepticism about driving range compromising
ease-of-use.

LOCK-IN INERTIA

Change is difficult. Finding alternative invest-
ment options for the trillions of dollars invested
in the established energy industry is challeng-
ing; concerns regarding asset stranding could
lead to lobbying efforts that may hamper
switching to cleaner alternatives.

— Entrenched positions on fossil fuel extraction,
centralized energy systems, and other vested
interests, both industrial and unionized labour,
will prefer the status quo, rendering the timing
of the transition uncertain.

INTRODUCTION CHAPTER 1

— Critical areas and gaps by sector, application,
and technology still need to be overcome,
while governmentspending in energy R&D has
declined. From growing steadily between the
mid-1990s until 2012, almost returning to the
levels of the post-oil crisis peak of 1980, public
energy R&D budgets has declined overall since
2012. In IEA member countries, energy's share
of spending declined from over 10% in the early
1980s to about4%in 2015 (UNFCCC 2017, IEAs
RD&D database 2018).

— Inertia is amplified by the ‘ecosystem’ of
workers, research efforts, funding and support-
ive public administrations which makes existing
systems less responsive to outside pressures
and change.
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THE SUSTAINABLE DEVELOPMENT GOALS

— The 17 Sustainable Development Goals (SDGs),
adopted by UN and 193 nations in September
2015 describe in detail the future humanity
wishes to achieve by 2030.

— Two of the goals (#7 on Affordable and Clean
Energy and #13 on Climate Action) deal directly
with energy, but many of the other goals involve
aspects of energy and energy transition,
including the challenges of energy poverty, with
close to one billion people lacking access to
electricity, and around 2.3 billion people without
access to modern cooking facilities.

— DNV GL delivered a detailed study of the
SDGs in the report “Future of Spaceship Earth”
(DNV GL 2016). One of the report’'s conclusions
was that climate action is a prerequisite for
reaching many of the other goals, and that
succeeding with a rapid energy transition is the
single mostimportant action that humanity can
undertake in its questto achieve all 17 goals. The
co-benefits of an energy transition for other

THE 17 SUSTAINABLE DEVELOPMENT GOALS

SDGs targeting renewable growth, good health
and wellbeing are significant.

In this year’s Outlook, we have quantified
energy access as part of our assessment, finding
thatthat the world makes progress but does not
manage to meetthe goal in all regions by 2030.
This is detailed in the Infographic on Energy
Access in Section 4.1.

The SDGs have gained considerable
government and private sector momentum,
where business can contribute to the new
development agenda by way of sustainable
business solutions. As such, the SDGs play an
importantrole in the energy transition. Individual
goals and targets for areas like economic
growth, deforestation, biodiversity, sustainable
transportation and availability of agricultural
land are all importantinfluencers on the energy
future. Balancing priorities will shape national
energy strategies and decisions on energy
solutions.
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COP21 AND THE PARIS AGREEMENT

— Atthe 21st Conference of the Parties to UNFCCCin
Paris in December 2015, 193 countries agreed on
what s being called the Paris Agreement. On the
4th of November 2016, the agreement entered into
force. The Paris Agreementis complicated inthe
sense thatthe sum of what the individual countries
promise to doin their pledges (the Nationally
Determined Contributions) s collectively far from
sufficient to meet the target of: “holding the
increase in the global average temperature to
well below 2°C above pre-industrial levels and
pursuing efforts to limit the temperature
increase to 1.5°C above pre-industrial levels”.

— The Agreement contains a plan to renew and
increase the pledges every five years, in the hope
that humanity will approach the target overtime.

— In order to ensure full operationalization of the
Paris Agreement by 2020, the parties agreed

thatthe Paris Agreement rulebook would be
agreed upon during COP24, December 2018.

INTRODUCTION CHAPTER 1

— In our assumptions and model, we have put

some weight onthe NDCs. They are, after all, the
stated intention of sovereign nations. Moreover,
our earlier analysis (DNV GL 2016) shows that the
sum of pledges will in themselves be delivered
by means of the on-going momentum in the
energy transition. Unlike the IEA's New Policies
Scenario (NPS), however, we do not envisage a
future where all countries deliver on their
pledges. Some countries — e.g. China and India
— are likely to overfulfil their current pledges.
Other countries have conditional pledges that
will not easily be met. The present NDCs also
have the limitations that they generally stop at
2030, while our forecast continues to 2050.

Despite these caveats, the Paris Agreement and
the NDCs do constitute a very important
framework for understanding and deriving
government policy and will provide relevant
signals to market.
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2.1
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TEN REGIONS

This Outlook divides the world into 10 geographical
regions. They are chosen on the basis of geographical
location, resource richness, extent of economic
developmentand energy characteristics.

Each region’sinputand results are the sum of all
countries in the region. Typically, weighted
averages are used; countries with the largest
populations, energy use, and so on, are assigned
more weight when calculating averages for
relevant parameters.

FIGURE 2.1.1

Prominent characteristics of certain countries -
nuclear dominance in France, for example - are
averaged over the entire region. In some cases,
we comment on this. More detailed country-
specificissues may be included in future analyses.

Detailed discussions, results, and characteristics
of regional energy transitions are included in the
regional sections in Chapter 5 of this Outlook.

North America (NAM)
B Latin America (LAM)
Europe (EUR)
B Sub-Saharan Africa (SSA)
Middle East and North Africa (MEA)

B North East Eurasia (NEE)
B Greater China (CHN)

B Indian Subcontinent (IND)
B South East Asia (SEA)

B OECD Pacific (OPA)



2.2 POPULATION

Atypical energy forecast starts by considering the
number of people that need energy. Although
energy consumption per person varies consider-
ably, and will continue to do so, everyone needs
accesstoitin one form or another.

The most frequently used source for population
data and projections is the UN Department of
Economic and Social Affairs (United Nations
2017), which publishes its World Population
Prospects every other year. The forecastin the
latest update, in June 2017, runs to 2100, and
although the UN does notitself produce energy
outlooks as such, its population projections are
often used to cover the population dimension
of such forecasts.

Entities that separately produce population
forecastsinclude the US Census Bureau and

the Wittgenstein Centre for Demography

and Global Human Capital in Austria. The
Wittgenstein Centre goes beyond the UN's
analysis to also consider how future education
levels, particularly among women, will influence
fertility. As noted by Lutz (2014), urbanization in
developing countries will reduce fertility rates;
having many children is a greater economic
burden in cities than in traditional, rural agricul-
tural settings. Furthermore, evidence reveals that
higher levels of education among women give a
lower total fertility rate (Canning et al. 2015).

In Sub-Saharan Africa (SSA), the reduction in
fertility is slower than in other parts of the world.
In some countries, the rate of decline has even
slowed recently.

CONTEXT AND BACKGROUND CHAPTER 2

SSA lags other world regions in the expansion of
education and in socio-economic development.
However, we assume that eventually, although
lagging the rest of the world, urbanization and
improved education levels of women will also
accelerate the decline in fertility rates in Africa.

Itis likely that SDG#4 Quality education and
SDG#5 Gender Equality will give further impetus
to female education, which again gives many
other co-benefits. Consequently, we follow the
Wittgenstein Centre's fast-track education
assumptions for all regions except SSA, where a
constantenrolmentratio is chosen.

The Wittgenstein Centre also uses several
scenarios related to the five different ‘story lines’
developed in the context of the Intergovernmental
Panel on Climate Change, IPCC (van Vuuren et al.
2011). The IPCC calls these story lines Shared
Socioeconomic Pathways (SSPs). In this Outlook,
we follow the central scenario (SSP2) for popula-
tion, and use it as a source of inspiration for other
forecastinput.

The combination of SSP2 and the education
assumptions described above lead to our 2050
population forecast of 9.2 billion, with Africa
still contributing to limited global population
growth of 0.3% per year by mid-century. As a
sensitivity testin Section 4.9, we have also run
our Outlook using the UN’s median and low
population forecasts.
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HOW MUCH ENERGY DOES THE AVERAGE PERSON NEED?

In 2014, the US Department of Energy released an
engaging podcast ‘Direct Current’ addressing the
issue of how much energy the ‘average person’in
the US consumes (US DoE 2014). The answer they
gave was some 157 gigajoules (GJ) of energy
consumed per US citizen per year, which the
podcasters then converted into the energy
equivalent of burritos, sticks of dynamite and even
the amount of energy required to send ‘Marty’ in
the film Back to the Future back into time. They also
noted that, “If coal powered everything, every few
days you would consume your body weightin coal”.
Importantly they compared energy consumption
acrossthe various states, finding that Alaskans had
the highest per capita energy use per year (the
energy equivalent of 70,228 burritos per year)
compared with sunny California

(at 24,418 burritos).

The World Bank also publishes a list of countries
by energy consumption per capita (World Bank
2016). They measure notjustthe end-use
consumption of energy, e.g. for transport and
heating, but all the energy required as input to
produce fuel and electricity for end-users - in
other words, the total primary energy supply per
person. Forthe USAin 2016, the World Bank cites
afigure of 290 GJ per person peryear - very close
to our own figures.

Butthe question we address here is: how much
energy does a person actually need?

Inits 2016 study, “A better life with a healthier
planet”, Royal Dutch Shell PLC estimated thatin
orderto have a decent quality of life, a person
requires accessto 100 GJ of energy per year.

With a global population of 7.5 billion, thatimplies
a global energy consumption of 750 exajoules (EJ)
peryear. However, we estimate global energy
consumption in 2016 to be 400 EJ, implying that

a greatmany people lack access to sufficient energy
- especially considering that some nations, like the
US, consume well above average. According to
the UN, one billion people lack access to electric-
ity, and more than three billion still cook with dirty,
inefficientfuels.

What gives reason for optimism is that, owing to
rapid efficiency gains, a decent quality of life will
be sustained by a lotless energy by 2050. In fact,
we place this figure ataround some 70 GJ per
person per year. Nevertheless, we acknowledge
thataccess to clean and affordable energy for
all (SDG#7) remains a formidable challenge.

2016 2050

100 GJ/year 70 GJ/year
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PEOPLE, ENERGY AND GDP ACROSS
OUR 10 OUTLOOK REGIONS

This illustration shows, for each region considered in this

Outlook, a comparison between population, per capita
energy use and GDP (2016 and forecast figures for 2050).

Population
(millions)

Energy use
(Gigajoules
per person)

GDP per person
(USD2005ppp/

person-year)
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2.3 PRODUCTIVITY

FIGURE 2.3.1

Annual GDP per capita growth as a function of a country’s level of economic development

Units: Percentages/yr
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Productivity isthe output achieved per worker and is
measured in Gross Domestic Product(GDP) per
capita. We have assumed that the currentemploy-
mentfraction does notchange, and consequently
output per capita is a very close proxy for productiv-
ity, as documented e.gin (DNV GL 2016). While the
productivity growth of a poor nation tends to increase
asitbecomes more prosperous, productivity growth
of an advanced economy slows down as its standard
of living improves, as shown in Figure 2.3.1.

The dynamics of productivity growth are straight-
forward: Anincrease in standard of living in a
poor country comes first from productivity
improvements in the primary sector, and then
from productivity improvements in the second-
ary sector, when an increased share of GDP is
devoted to industrialization. In both sectors, the
move from manual to industrial processes carries
vast potential for productivity improvements.

However, mature economies employ increasing
shares of their GDP in services (the tertiary
sector). Although services such as financial
services and health care benefit from technology
uptake, productivity improvements tend to

FIGURE 2.3.2

CONTEXT AND BACKGROUND CHAPTER 2

increase quality rather than the amount of output.
This implies that productivity growth will slow
down as economies approach maturity.

We base our productivity assumptions on the trend
shown in Figure 2.3.1, where we assume regions will
converge to growth rates indicated by the linein 15
years'time. As we consider it likely that high income
regions with dominanttertiary sectors will also
manage to have some productivity growth, we have
amended the forecastand truncated the trend line
at0.5% peryear productivity growth for standard of
living higherthan 45,000 USD/person-year.

Greater China's productivity growth has been much
strongerthan the trendline in Figure 2.3.1 suggests.
However, we forecastthat it will slow down towards the
trend overthe next 15 years, justasthose regions below
the trend line will catch up with it over the same period.

Figure 2.3.2 shows the resulting productivity
forecast. We find productivity growth in OECD
and Greater China regions slowing down, while
other developing economies will experience
higher growth, buttheir growth will also slow
down as their economies mature.

GDP per capita by region

Units: 2005 USD ppp/person-yr
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2.4 GROSS DOMESTIC PRODUCT (GD#P)
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GDP isthe product of population and GDP/capita.

Unlike population statistics, there is no central or
main source for global GDP forecasts. The IMF and
World Bank, much quoted sources for economic
growth, produce only short-term forecasts
covering the nextfew years, and have no 2050
forecasts. We therefore produce our own GDP
forecasts, based on the productivity figures
outlined in the previous section.

There are multiple ways to measure the gross
domestic product of a country. To allow compari-
son between regions and over time, we use real
GDP data that are adjusted for differences in cost
of living between countries (purchasing power
parity). Our historical GDP data is from Gapminder
(2014), a comprehensive data source for various
globalindicators, and is given in international USD
in 2005 prices.

Using the methodology above, multiplying
regional productivity dynamics with respective
population forecasts, we see a 130% global
increase in global GDP from 2016 to 2050 (CAGR
2.5%/yr), reaching USD 190 trillion by mid-century.
The growth rate is not constant, but reduces over
time, as shown in Table 2.4.1.

TABLE 2.4.1
Ten year GDP growth rates

Average GDP Global GDP at
Period growth in the end of the period

period [%/yr] [USD tn/yr]
2010-2020 3.2 93
2021-2030 2.9 125
2031-2040 2.3 156
2041-2050 2.0 190

Our forecast for Global GDP is in line with
recent projections by McKinsey (2015) and

PwC (2017). Some energy forecasters, however,
use higher GDP growth figures, resulting in
higher energy consumption estimates. The
difference is partly due to them using the UN
median population forecast, which is 9.8 bn for
2050, 6% higher than our population forecast.
Moreover, a stronger beliefin a reversal of the
well-established decline in productivity rates in
the OECD, explains why others typically end up
with higher GDP figures in 2050.



2.5

CONTEXT AND BACKGROUND CHAPTER 2

TECHNOLOGY AND COST

LEARNING CURVES

Technology is central to enabling us to meet
the world's energy and development needs,
and influences both energy supply and demand.
Although new technologies hold the potential
for decreasing energy use, the converse is

also possible.

The premise behind the notion of ‘learning curves'’

is thatthe cost of atechnology decreases by a
constant fraction with every doubling of installed
capacity, owing to the growth in experience,
expertise and industrial efficiencies associated
with market deployment and ongoing R&D.
Astheinstalled base increases, the learning rate
as a function of time will abate.

Wind and solar PV have shown significant cost
reductions and market growth in recentyears, with
investment unit costs declining rapidly, and show-
ing little signs of slowing down. Germany, Denmark,
and Spain as early movers in wind, and Germany,

the US, and Japan in solar, carried a considerable
load of the early learning curve dynamics. Their
advances have helped to mature the technology
and the industry, and those countries have in turn
gained, through renewable technology deploy-
ment, an important source of clean energy and
employment. Electric vehicles (EVs) and battery
technologies are also areas that hold considerable
downward cost potential, with the latter also
assisting renewable power proliferation.

Overthe lastfew years, exploration and drilling in
the oil and gas industry have also experienced
rapid downward cost trends, notably in shale
technologies. While the 2014-2017 oil price drop
itself has accelerated this dynamic, technological
advances have also made considerable impact.
Parts of such technologies may also spread to
related production processes, positively influenc-
ing cost dynamics in conventional and offshore oil
and gas production.
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Technology needs market exposure to demonstrate
and develop its commercial potential —the classic
chicken-and-egg dilemma. Entrant technologies
frequently need an initial boost, and thatis a
rationale for policy measures aimed at triggering
investments flows and hence learning curve
dynamics. However, the need for policy measures
to supportdevelopment and deployment for these
technologies will change and diminish overtime,
and be dynamically adjusted to reflect maturity
and cost-competitiveness levels reached.

Othertechnology areas, such as carbon capture
and storage (CCS) and hydrogen, are still atan
early state of deployment, and will require massive
technological learning and scale-up. CCS requires
coordination, policy signals, and supportschemes
to stimulate investments, launch projects, and
supportlearning curve developments.

WIND POWER

Humanity was harnessing wind energy well before
the industrial revolution, butwind as an energy
source was largely forgotten until three decades
ago, when the energy security, climate, environ-
mental and health disadvantages associated with
conventional fuel combustion began to be more
fully appreciated. Since then, OECD governments
have favoured solar and wind-based power, both
onshore and offshore. In the latter case, there has
been a symbiosis with offshore wind and offshore
oiland gastechnology developments.

As of today, the wind power industry has evolved
to a pointwhere itisincreasingly less reliant on
preferential treatment for its sustainable future.
History has shown significant stability in cost
learning rates, measured in the rate at which costs
decline as accumulated production doubles.
The market for wind technology is global, and
therefore the cost learning rates are identical

across regions while the resource will depend on
the actual location. The historical costlearning
rate for the base turbine and associated technol-
ogiesin onshore wind has been around 18%.

In line with the views of several wind experts,

we expectthe future learning rate to be 16% per
doubling of installed global capacity through to
2050 (Wiser etal. 2016a) as a factor that applies to
most of the unitinvestment costs, while for unit
operation and maintenance costs, onshore wind
will experience two thirds of that rate (11%), and
offshore wind slightly higher with three quarters
(12%) of the investment cost learning rate. Over
and above the learning curve effect, we also
factor in significant public sector support that
lowers the installation or use costs for new wind
installations

Future cost dynamics are presented in Figure 2.5.1
and Figure 2.5.2 indicating that onshore wind in
2050 will be available at about two thirds of the
current costs. Yet, these figures only tell part of the
story. Just as offshore oil and gas has flourished
in a world with cheaper onshore production, we
forecast offshore wind to grab a sizable portion
of the growing wind market. First, the average
capacity factor is much higher offshore so the
difference is much less in term of levelized cost of
electricity (LCOE) than in installed cost. However,
as noted in the technology-specific discussions in
Chapter 4, offshore wind connection costs are
often subsidised by the rest of the power system
and/or by other regulatory mechanisms that
favour offshore.
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FIGURE 2.5.1

Onshore wind average unit investment cost, before support

Units: USD/kW installed
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FIGURE 2.5.2

Offshore wind average unit investment cost, before support

Units: USD/kW installed
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SOLAR PV

We have averaged all types of PV technologies and
installation categories, such as utility, commercial
and industrial, as well as residential power systems
into one. Of its various integrated hardware
elements, solar PV panels have been experiencing

the fastest decline in unit costs. Past cost learning
rates have been 18% (Sivaram & Kann 2016).

We forecast this cost learning rate to continue,
and are using 18% all the way through to 2050.
Extrapolating from insights in related technolo-
gies, we have applied this rate to investment/unit
installation costs, with operating costs experienc-
ing a learning rate which is half of that, i.e. 9%.
Figure 2.5.3 shows the resulting PV instalment
costs.

Even with peaking plants, demand-response, and
other arrangements to stabilize the power system,
a system dominated by variable renewables
(which will be the case for several regions after

FIGURE 2.5.3

2040), needs storage capabilities. We account for
this by adding storage costs to the renewables
installations as they are added to the grid. This
means that, although the cost of the technology
itself declines, the experienced wind and solar PV
unitinstallations costs would increase in several
regions after 2040. In addition, there is a host of
other measures to ensure flexibility and balance,
such as battery storage, bespoke oil and gas
fuelled backup power plants, and increased
connectivity through grid fortification to ensure
that electricity can be dispatched from areas with
abundant supply to those in demand. These
amendments to the power system are however
typically 'socialized’ as system costs and borne by
all, notany of the specific power providers.

ELECTRIC VEHICLES

Compared with internal combustion vehicles
(ICEVs), battery electric vehicles (BEVs) have
smaller, simpler, lighter weight (although batter-
ies are heavy), and thus less expensive electric

Solar PV average unit investment cost, before support

Units: USD/kW installed
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engines. We are assuming average light vehicle
batteries to store 30 kWh, and heavy vehicles
200 kWh. Consequently, current unit costs of
BEVs are significantly higher than for a similar
range ICEV model. Battery cost learning rates of
about 20% have recently been observed for
doubling accumulated global capacity. We expect
this rate to continue. Fuel cell electric vehicles are
anothertype of EV. These have more complex
drive trains, and we do notforecastthem to be cost
competitive for light vehicles. Yet we do foresee a
long-haul niche for them in regions where their
energy carrier, hydrogen, will see a supply chain
emerging for the heating of buildings.

OIL AND GAS EXTRACTION

Extraction of oil and gas is subject to two counter-
acting cost forces. As in the sectors described
above, extraction is subject to costlearning as
production volumes increase. Disruptive technolo-
gies with significant potential for cost reduction
also come into play occasionally, with shale oil and
gas as prime examples. However, oil and gas are
finite resources, and, as with any extractive industry,
the counteracting force is one of increasing costs as
production empties reserves. The lowest hanging
fruittends to be picked first, and the chase for the
otherresources, typically, starts later. To take the
offshore oil example: only now, with the North Sea
fieldsinthe phase of being depleted, is the chase
forresources in the cold climate Barents Sea and
further offshore commencing. Ever-improving
technologies also contribute to this move towards
more distantand challenging conditions.

Based on DNV GL sector and technology-specific
expertise, the expected net result of opposing
forcesin all regionsis a decline in investment costs
per barrel of oil and cubic meter of gas. This does
notrepresentindividual fields, butthe average
dynamics of an entire region.

CONTEXT AND BACKGROUND CHAPTER 2

Although oil extraction costs differ significantly
acrossthe world, cost learning rates do notand
are applied uniformly. Differences between
production technologies exist, however:
Emerging technologies, such as unconventional
oil production, have seen their costs decline
rapidly by 20% per capacity doubling within
North America. Such technologies, with related
know-how, can be transfered to other regions
and it can be expected thatimprovements will
continue unabated. Offshore oil is more mature
and has less potential for further improvements,
and we have estimated a cost decline per capacity
doubling of 12% globally, whereas conventional
onshore production —typically the cheapest
technology in all regions —is estimated to fall by
10% per capacity doubling.

Gas extraction is also subject to net learning rates,
and estimates of 10%, 15%, and 30% respectively
for conventional onshore, offshore, and unconven-
tional onshore production have been applied.
LNG liquefaction and regasification plants play an
increasing role in our estimate, driven also by
cost considerations

In our companion publication for Oil and Gas
(DNV GL 2018b) we give more detail on oil and gas
extraction.

CARBON CAPTURE AND STORAGE (CCS)
Long seen as an essential decarbonization
factor, carbon capture and storage (CCS) has
yetto play any transformational role. CCS tech-
nologies are still awaiting an initial push in the
form of government support for pilotinstallations
and storage infrastructure. But as there finally are
several such pilot plants and storage plansin the
pipeline, we forecast a dozen or so to come to
fruition before 2025.
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CCSis used fortwo purposes. Currently, most
applications resultin enhanced oil recovery and
this is profitable in regions with significant carbon
costs for oil producers. The climate benefits in such
cases are a side-effect. The second application of
CCSiswhenitis used solely to reduce the carbon
footprint of large point sources in fossil energy
production and in industrial processes. Emerging
technologies for re-use of CO, to produce
building materials-, or chemicals are being
discussed, but are currently not a key factor.

Estimating learning curves for CCS is not straight-
forward, owing to limited capacity additions.

We have therefore studied a similar capture
technology, that of sulphur dioxide and nitrogen
oxide control technologies at coal-fired power
plants. These have shown cost learning rates of
11% for capital costs, and 5% for operation and
maintenance costs (Rubin etal. 2015).

FIGURE 2.5.4

We expectincreasing average carbon pricing
across all regions (Figure 2.6.1), but carbon prices
are lower than the CCS costs for the first decades
(Figure 2.5.4). Towards the end of the forecast
period, these costs and carbon prices will
approach each other, and CCS uptake will start
increasing rapidly. The effect on climate-influenc-
ing emissions will not be felt before the end of this
forecast period. But since its growth curve is so
steep, it bodes well for CCSiin later periods. CCS
uptake is extremely sensitive to carbon prices.
Increasing them by 33%, expands uptake
seven-fold as we show in this report’s sensitivity
discussion (Chapter 4). In a separate study of
what it would take for EU to comply with the
Paris Agreement, a carbon price doubling to
EUR 90 per tonne is sufficient to reach 100%
CCS uptake in Europe (WindEurope 2018).

CCS Costs, assuming limited uptake

Units: USD/tCO,

2020 2030

2040 2050
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GOVERNMENT AND POLICY IN THE
ENERGY TRANSITION

Governmentaction and policies are a crucial and
integral part of the world energy system, affecting
how the energy transition unfolds. Predicting
policy over the coming decades s tough inaworld
dominated by short political attention spans and
election cycles. We look first at the context that
will shape decisions and investments to spur the
transition, then highlight five dynamics of the
visible hand of governments. Carbon pricing and
fossil fuel subsidies are then discussed as key
factors in determining the competitiveness of
energy solutions. Sectoral policy dynamics are
discussed in Chapter 4 addressing both supply
and demand.

DNV GL's understanding of policy and its implica-
tions for the energy transition is informed by our
work with governments and regulators in helping
to shape better policies, and our advisory work
with industries on how to respond to such policies.
We have also been helped by the expertsin our
Energy Transition Collaboration Network.

We foresee further intensification in efforts
promoting decarbonization and structural
changesin the energy sector. Decarbonization
overlaps with the goal of reducing local air
pollution, a pressing social, political and
economic concern across the globe. Clean air
policies are familiar in Europe; major European
cities like Rome, Paris, Copenhagen, London and
Madrid have announced or consider diesel bans
and internal combustion engine (ICE) restrictions
by 2020 and onwards. Britain, France, Norway
and the Netherlands have announced their
intention to end sales of ICE vehicles between
2025 and 2040. Chinais reducing coal use near
Beijing and other cities, and developing a plan to
ban the production and sale of ICE cars, and

restricting car use in cities. New Delhi and Mexico
City have followed suit. Energy policies every-
where are rooted in domesticissues and public
concerns thatare both local and global.

We recognise there will be setbacks and regula-
tory failures as well as push-back from vested
interests that for ideological or financial reasons,
seek the dismantling of environmental regulation,
andto influence policies in their favour. Still we see
economics and technology advances as progres-
sively driving the transition, which combined with
the impetus by business and investments towards
low-carbon solutions are propelling a dynamic
that policy making can delay but not stop. The
global energy transition has taken hold. Hence
overall, we foresee a world with policies and
governmentaction atthe global, regional, national
and local levels providing direction, promoting
research, innovation and investment, and stimulat-
ing job creation, market development and the
uptake of clean energy technologies - consistent
with environmental and economic objectives.

CLIMATE CHANGE ON THE GLOBAL AGENDA
Governments are well underway with implement-
ingthe first set of the Nationally Determined
Contributions (NDCs) outlining the strategies for
emissions reduction and adaptation efforts to
meet the objectives of the historic 2015 Paris
Agreement and framework for action. While the
US announced its intention to withdraw from the
Agreement, we see no indication that others will
not uphold their pledges. The EU and China have
stepped up their climate action leadership, and
more collaboration to further the clean energy
transition is in the works (Guerra 2018); also, the
follow-up climate change summitin Paris marking
the second anniversary of the Paris Agreement
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- One Planet Summitin December 2017 - hosted
an array of business, international organisations
and political leaders that are engaged and moving
forward. Upholding pressure and progress on the
completion of the Paris Agreement rulebook’ will
be importantto ensure that emission reduction
pledges are implemented as planned, and to
prevent lax interpretations of pledges.

Though current state pledges are insufficient

to limit warming in line with the goals of the
Agreement (UNEP 2017) and are typically only
defined until 2030, we expect NDCs to influence
energy policy beyond then, especially as new
NDCs will be submitted for the post-2030 period.
Some nations will strengthen their contributions
over time, as the Agreementintends with the
timeline for the ratchet mechanism starting in
2018 to prepare for the next round of pledgesin
2020.IRENA(2017) concluded that renewable
energy targets in NDCs are often less ambitious
than targets that countries have already estab-
lished in national energy plans and strategies.
We expect countries to progressively reflect their
national renewable energy targetsin their NDCs.
Analysis and tracking of NDCs will be ongoing to
ensure progress, and to preventthe backpedal-
ling of governments from commitments.

CONNECTING CLIMATE AND SUSTAINABLE
DEVELOPMENT GOALS

Climate and sustainability goals, and economic
growth or prosperity, are interdependent and will
increasingly be pursued together. Emerging
economies continue to embrace sustainability as
itunderpins growth and development. Conse-
quently, we foresee developing and emerging
economies adopting less resource-intensive
development models than those historically
pursued by industrialized countries. This is
enabled by technological progress — the combi-

nation of energy efficiency and falling costs of
renewable energy technologies, meaning that
the provision of energy services requires less
primary energy, and the share of renewables in
the supply of primary energy grows. Policies will
seekto link the two and leverage their synergies,
helping to decouple economic growth from the
growth in global energy demand and emissions.
Countries not entrenched in a fossil fuel energy
system or depending on revenue from traditional
energy sources are better placed to see economic
benefits from developing renewable energy-
related business.

Domestic policies will become more geared to
developing energy systems that optimize benefits
such as energy provision, job creation, air quality
and health. This will be supported by development
partners and financial institutions, private and
governmental, incorporating sustainability criteria
ininvestment decisions. Recently, the European
Commission has proposed regulation to ensure
the financial sector contributes towards combat-
ing climate change, and that asset managers and
institutional investors disclose how environmental
risks are factored into investment decisions
(European Commission 2018). We have also seen
that attention to the financial impacts of climate
risks have come to the fore with the recommen-
dations of the Financial Stability Board's Task
Force on Climate-Related Financial Disclosure

— considering physical and economic losses from
unmitigated climate change butalso the climate
policy and transition risks that increase the risk
of economic dislocation and asset stranding
(Campiglio etal. 2018). Climate-related financial
risks and opportunities will continue the ascent
onthe agenda of the financial world. Risks will

be priced, managed and will influence the cost of
both financing investments and mandates on
funds. This in turn will affect the deployment of



capital and blended finance with an expected
upswing in allocations to clean sectors, thereby
accelerating decarbonization and the transition.

Countries will seek a reliable supply of energy as
part of meeting development needs and safe-
guarding economic growth. The energy trilemma
demonstrates a need for policy to balance
requirements for security of supply, affordability,
and sustainability. The universal aspiration to
deliverthe UN 2030 Agenda and Sustainable
Development Goals is expected to continue
guiding politically-focused efforts, supported by
innovative business solutions and technology
developments. Achieving SDG goal #7 —to ensure
access to affordable, reliable, sustainable and
modern energy for all — becomes even more
realistic with cost reductions. Cheaperwind and
solar energy, coupled with smartinfrastructure
and storage technology, willimprove the econom-
ics of sustainable energy paths. We expectthat at
the national level, there will be growing policy
effortto link NDC and SDG plans and actions on
the ground. Issues will be addressed in tandem to
realize positive synergies, and balance competing
priorities such as species and habitat protection,
water for multiple uses, land use for food- and
energy production.

SECURITY OF SUPPLY

Energy policies have always been tightly linked
to access to natural resources, and to their
implications for economic development,
technology opportunities, and foreign affairs. In
modern times, few countries have had indigenous
energy supply and fossil energy resource bases
large enough to secure energy self-sufficiency.

Some dependence onimports has been common.

Given awareness of geopolitical risks and fears
of disruption to energy supply, diversification
and energy security will remain key concerns
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and drivers of policy. This is seen in fast-growing
economies such as China and India, due to the
sheer pace of growth in demand, butalso in the
European Union where over half of energy needs
are met by imports. The rapid expansion of the
LNG market allows the EU to draw upon global, as
opposed to regional, supply of gas, and infrastruc-
ture projects such as the Southern Gas Corridor
have the goal of reducing Europe’s dependency
by expanding the number of supply sources.

Security of supply and putative job preservation
are used as arguments for continued exploita-
tion of domestic fossil fuel endowments such as
coal resources, as seen for example in the case of
Poland and the EU Commission’s acceptance of
state aid to coal power and recently in the US with
policy efforts by the Trump administration to keep
coal power up and running. However, energy
importdependence will increasingly be alleviated
by the growing decentralization of energy
systems. We forecast new energy sources, with
advancementsintechnology, to be produced
locally to progressively reduce importreliance
and create jobs. Denmark’s drive for wind energy,
UK offshore wind ventures, Mexico’s clean
energy generation targets, and Chile's effortto
reduce dependency on oil and coal and exploit
abundantsolar and wind energy, illustrate this.

Energy systems will increasingly rely on
renewables — with flexibility and storage options
to accommodate short-term volatilities in supply —
which by their physical nature will be mostly indige-
nous. In other words, "home grown'as relying
predominantly on sun and wind thereby allowing
countriesto escape the price, foreign exchange, and
political volatilities commonly associated with
hydrocarbons extracted from a limited array of
geologically advantaged countries.
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CRITICAL SUPPORTING RESOURCES

The rise of renewable energy is raising concerns
aboutthe materials critical to exponentially
growing technologies and infrastructures,

such as wind, solar, batteries, electric vehicles,
and grids. We expectthat more global coordi-
nation across industry players, traceability of
materials along value chains as well as techno-
logy developments will emerge to overcome
bottlenecks and balance supply with the
demand needs of the energy transition, while
also addressing the political, social and environ-
mental challenges linked to the production of
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e.g. metal ores. We discuss the potential for
resources limitations to influence the pace of
the energy transition in more detail atthe end of
this chapter.

SEIZING THE POTENTIAL

New technologies and models of economic
activity will also sway the agendas of policy
makers. The change from linear to circular
material flows through a combination of
extended productlife cycles, intelligent product
design, reuse, recycling and remanufacturing
(IRP UNEP 2017), are all instrumental strategies to




reducing environmental and resource pressures,
and with implications for the energy sector.

Forexample, increasing the share of secondary
production (from recycled metals) in the total
supply of metals (as opposed to primary produc-
tion from ores) reduces energy use substantially.
Hence, we see that circularis merging with the
decarbonization- and energy transition agendas.
China andthe EU, already have circular economy-
related roadmaps and legislation; we expect that
policy attention and efforts will grow, also helped
by analyses like the Circularity Gap report(2018).

Technological advances in combination with
business model changes will continue to transform
the energy sector. For example, in buildings, with
digitalization and 'smart’ energy management
systems, in manufacturing with the impact of
circular strategies; in power with the role of digital
technology inintelligently managing power
systems, and in mobility being hit by concurrent
major shifts - sharing, autonomous, lightweight
materials, together with the switch to EVs.
Common to all is that the speed of uptake will

be mediated by the behaviour of consumers

and regulatory frameworks set by governments,
affecting development, testing and deployment,
and as such, the future shape of the energy system.

HOW DO WE SEE THE POLICY SPACE
UNFOLDING TOWARDS 2050?

Atthe country level, diverse institutional environ-
ments, political economies and governance styles
as well as varying economic maturity and priori-
ties, will resultin a wide range of approaches
adopted by major economies in the world towards
energy transition and decarbonization. This
diversity will pose a challenge to effective
cross-border coordination at the scale needed.
The energy sector will continue to be heavily
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influenced by policy, though decarbonization in
the energy system will become progressively less
dependent on public policy and supportas
technology advances and wind and solar costs
continue to decline. The energy transition that we
foresee is rapid and disruptive. Governments
would be well advised to plan proactively for a
future transitioning away from fossil fuels, facilitat-
ing an orderly transition and ensuring that commu-
nities and the people affected are properly
supported and retrained, with a view to energy
segments on the rise as the engines of job creation.

The pace ofthe energy transition will also be
affected by the political feasibility of dealing with
barriers to the uptake of competing innovative
technologies —for example lock-in effects, both
technical inthe form of incumbent systems and
physical infrastructures along with the political
cloutofthe incumbentindustry. Considering the
high dependence of the global energy system on
fossil fuels - from energy intensive industries to
households — carbon pricing and fossil fuel subsidy
reform are essential for decarbonization and for
addressing negative impacts, such as on health
dueto air pollution. That governments properly
manage the fiscal gains of these policies to smooth
impacts, such as through compensated retraining
programmes, or targeted short-term assistance to
affected low-income households, will be vital to
build support.

k€ The energy transition we foresee is
rapid and disruptive. Governments
would be well advised to plan
proactively.
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THE VISIBLE HAND OF GOVERNMENT - FIVE DYNAMICS

1. Anew phase of government facilitation:
Regulatory approaches will evolve to cope with
features of novel technologies. These will seek to
accommodate;

— the growing share of renewables and decentral-
ized components;

— new business models such as for shared, autono-
mous mobility or circular value chains; and

— the fundamentally different characteristics of
future energy systems, such as offshore grids
and interconnection, which need coordinated
network planning.

Policies supporting and capitalizing on electrification
will vary, but seem to be shifting towards hesitant
reliance on market forces. Regulatory bodies will
evolve electricity market designs for the required
system integration and to manage variability in
power systems that comes from greater reliance on
variable wind and solar. This involves valuing
flexibility, adjusting demand to better follow supply,
and also providing a stable investment environment
for flexibility resources and new energy technolo-
giesthatare more capital intensive. Governments
willincreasingly facilitate such shifts and are likely to
harness resources beyond the public sectorto
enhance the effectiveness of innovation and
transition efforts, and to mobilize private capital.

2. Multiple objectives motivate transformation of
energy systems:

Policy decisions on energy will not be straightfor-
ward. The main, often competing, considerations
willinclude:

— security of energy supply,

— technology, innovation and industry development,

— job creation or destruction,

— improvements to local livelihoods and health,

— conservation of the natural environmentand
scarce resources,

— climate change mitigation and adaptation, and

— not least, costto the end consumer.

Energy policy measures, planning and target-set-
ting will continue to attempt to balance trade-offs
and/or win-wins between these multiple objectives.

3. Positioning and competitiveness:

Driven by the decarbonization agenda and the
goals of the Paris Agreement, governments
worldwide will juggle the competitiveness of
domesticindustries and the need to promote
secure, affordable and sustainable energy mixes.
Public stimuli will take many forms in a race to lead
in clean energy technologies and capture positive
economic spin-offs through establishing indus-
tries, building competences, and exporting
technology. Maximizing industrial opportunities in
atransforming energy technology landscape will
be a dominant aspiration for governments.

4. Government ‘push’:

Governmentwill be geared towards stimulating the
private and academic sectors to ‘push’ or originate
new technology alternatives and solutions, and
investments in energy efficiency improvements and
infrastructure. Examples of technology-push
instruments are: energy technology plans, financing
mechanisms such as reduced taxes, loan guaran-
tees, direct publicfunding and capital grants to R&D



activities. The share of government energy R&D
spending on mitigation technologies, such as
renewables and energy efficiency, has risen
significantly while the shares going to nuclear and
fossil fuels have fallen (UNFCCC 2017). Support of
collaborative arenas will also remain important. Asan
example, the 2015 launch of the Mission Innovation
initiative, involving 22 nations and the EU, is commit-
ted to doubling publicinvestmentin clean energy
R&D over five years to accelerate innovation.

5. Government ‘pull”:

Governments will seek to stimulate new energy
technologies and low-carbon solutions by pulling
through demand to encourage uptake and
deployment, thereby stimulating market- as well
as job creation. Examples of technology-pull
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instruments are: renewable obligations, capacity
targets and auctions, feed-in tariffs/premium
payment, vehicle fleet efficiency standards,
consumer-oriented labelling, and public procure-
ment policies — which will remain important for
investments in new markets and for energy access.

Supportwill be progressively phased out as
technologies mature and become competitive.
Renewable energy technologies are becoming
less dependent on supportand more immune to
unpredictable government policies. This applies
especially to the power sector. In others - notably
buildings (heating, cooling) and transport — policy
will continue to play a key role in accelerating the
uptake of technologies and new practices.

89



DNV GL ENERGY TRANSITION OUTLOOK 2018

90

CARBON PRICING

For many years, many actors in government,
academia, and civil society have advocated
carbon pricing that both reflects the true societal
costs of energy and emissions, and is setat a
level high enough to influence investment and
consumption decisions, but to little effect up
until now. Carbon pricing is difficult to sell
politically, and it raises concerns about the
competitiveness of domesticindustry. Nonethe-
less, carbon pricing continues to gain traction, as
seen atthe One Planet Summitin Paris where
leaders and countries across the Americas vowed
to step up carbon pricing and launched the
Carbon Pricing in the Americas cooperative
framework. We expect similar initiatives to spread
globally with guidance provided by the Paris
‘rulebook’ on the operationalization of Article 6 -
carbon market provisions — of the Paris Agreement.
Onthe other hand, we think it unlikely that the
impact of the initiatives will be such that the costs
of climate change will be borne fully by emitters.

As of the first half of 2018, 45 national jurisdictions
and 25 cities, states, and regions were pricing
carbon or had carbon pricing initiatives sched-
uled forimplementation. The relatively brief
history of carbon pricing shows a tripling in
coverage over time from 5% of global emissionsin
2005 to 15% in the beginning of 2018 (7.4 GtCO,e),
and coverage will be raised to about 20% with
scheduled initiatives (World Bank et al. 2018).

In other words, 85 % of global emissions are
presently unpriced, and about three quarters of
the emissions that are covered by a carbon price
are priced below USD 10/tCO,. Hence the status
of achievement on carbon pricing is modest, and
in stark contrast to the recommendations of the
High-Level Commission on Carbon Prices,

which concluded that the explicit carbon-price
level consistent with achieving the Paris

temperature target be at least USD 40-80/tCO,

by 2020 and USD 50-100/tCO, by 2030, provided
asupportive policy environmentis in place (CPLC
2017).

With 88 countries, representing 56% of global
GHG emissions, stating the intent to utilize carbon
pricing as a tool to meet commitments to the Paris
Agreementin their nationally determined contri-
butions (World Bank et al. 2018), we expect that
countries will continue to pursue a mix of emission
trading schemes, taxes or hybrid approaches
imposed on different parts of their energy sectors.
However, there will be great variation in terms of
the values and sectoral applications, and regions
will move atvaried speeds, mediated by the
national and economicinterests linked to existing
technical systems, and energy resource endow-
ments (Bang etal. 2015).

The competence and experience gained from
carbon pricing systems will increase and supporta
more effective policy response. Already there has
been significant learning across emission trading
schemes to avoid repeating mistakes made by
others (Wettestad et al. 2018). As an indicator of
climate action, carbon prices will slowly escalate
from today’s symbolic level (not referring to the
levels of the Nordic countries and France that have
more substance) but are not expected to reach a
consistent price level to stimulate emission
reductions in line with the Paris Agreement, such
asthrough rapid implementation of CCS.

With modest price signals and little predictability
in terms of future carbon pricing policies/level,
we foresee a continued reliance on other policies
(performance standards, mandates, technology
investments, renewable support) to achieve the
desired level of emissions reduction.



The political effort to strengthen the carbon-
related price signals will also be supplemented by
voluntary corporate actions. Many corporations
already have internal investment guidelines
incorporating higher future carbon prices to

integrate climate risk into business planning
(CDP 2017).

In ourforecast, we have — based on the above —
included the average carbon prices to be applied
per region. These will be significant but will remain
lowerthan USD 60/t CO, before 2050 (Figure
2.6.1). We further discuss our model’s results for
carbon pricesin the sensitivity section in Chapter 4.

REMOVAL OF FOSSIL FUEL SUBSIDIES
Subsidies, taxation and other policies favouring
production and consumption of fossil fuels have
contributed to their establishment and expansion.
Fossil fuel support artificially lowers the price

of fossil fuel energy - by lowering the cost of
production or by lowering the price paid by

FIGURE 2.6.1
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energy consumers - thereby distorting the
competition between energy technologies and
directing investments and decisions towards
carbon-intensive modes of production and
consumption. This delays the energy transition.
Supportto fossil fuels runs counter to decarboni-
zation policies, and is counterproductive to efforts
to tackle local air pollution and other
environmental damage resulting from their
production and use.

Measures and definitions of ‘fossil fuels support’
vary, but generally consist of the following
categories:

— Production measures that make it less costly
for producers to develop resources; examples
include tax breaks for capital investment,
publicfinance specifically given to fossil fuel
production and investment by state-owned
enterprises (SOEs).

Carbon price by region
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— Consumption measures that reduce the price of
energy to consumers, and it could, for example,
be through government controls on the price
of petrol/gasoline and diesel. The aim of these
subsidies is often to increase energy access
by lowering transport, heating, lighting and
cooking bills.

- Externalities that constitute supportto fossil
fuels to the extent that they fail to factorin the
full cost of fossil fuel production and use into
the price of fuels/energy, such asincreased
health care costs due to poor air quality.

Depending on how ‘subsidies’ are defined,
estimates of annual global fossil fuel support
range from USD 373-617 billion (OECD 2018) to
USD 5.3 trillion, the latter representing 6.5% of
global GDPin 2015 (IMF 2015, Coady et al. 2017,
Asmelash 2017). The lower estimate largely only
incorporates consumption support while the
higher estimates include consumption and
production support as well as the cost of exter-
nalities. The International Monetary Fund (IMF)
goes beyond the consumption and produc-
tion-side subsidy definitions arguing that the cost
of carbon and environmental damage should be
included in the definition of fossil fuel support.

Momentum for fossil-fuel subsidy reform has
been building foryears, but despite long-standing
pledgesto phase-outfossil fuel subsidies,
repeated since 2009 and the Pittsburgh Declaration
ofthe G20 countries to rationalise and phase-out
of subsidies’, there is a failure to match words with
action. Lack of transparency and different country
definitions of support are challenging progress
and common steps for reform. Currently, the only
legally binding definition of subsidies, accepted
by 164 WTO Member States including all G20
countries, is the Agreement on Subsidies and

Countervailing Measures (ASCM) of the World
Trade Organisation. ASCM defines a subsidy

as a financial contribution by a government that
confers a benefitto the recipient (WTO 1994

in Asmelash 2017).

Given the centrality of G20 countries in putting
the topic on the global agenda, and since G20
countries account for 80 percent of the world’s
total primary energy consumption and 82
percent of global energy-related CO, emissions
(Roehrkasten et al. 2016), phase outand action
by this group of countries will remain important.
We see signs that the matter will be advanced by
smaller groups of like-minded countries, such as
through The Friends of Fossil Fuel Subsidy Reform
(FFFSR).

In our forecast, fossil fuel supportis not modelled
explicitly due to the lack of common definition of
subsidies, and limited transparency in historical
data. Eliminating fossil fuel subsidies faces strong
opposition from both consumer and producer
beneficiaries, who often carry political weight
(WEF 2018b). However, we foresee that preferen-
tial treatment of fossil fuels will decline. It will be
phased out atavarying pace globally owing to
diverse motives and domestic economicfactors,
such asfiscal deficits, climate change goals,
differing public views on urban pollution, and as
the continual reduction in the cost of renewable
energy technologies make publicfinance
supportforfossil fuel options increasingly unjusti-
fiable. A gradual, regionally specific, phasing out
of subsidies in the various sectors is therefore
taken into accountin our forecast.
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RESOURCE LIMITATIONS

Exponential growth in renewables, EVs and an
electrification of energy demand will combine to
significantly change the energy industry land-
scape. Is this change possible and will there be
enough physical resources available? We have
investigated physical land mass demands from
our Outlook, and the associated requirements
for potentially scarce materials linked to expo-
nentially growing technologies.

The ETO Model derives oil and gas output from
considerations that duly reflect resource reserves
and their depletion. However, the model assumes
no constraints on the availability of other raw

materials needed to supportthe energy transition.

We therefore, developed a separate model
assessing the demands from exponentially
growing technologies like wind, solar PV, battery
storage and electric vehicles.

MATERIALS

Several recent studies have pointed to raw
materials that risk depletion (Arrobas et al. 2017,
UNEP 2016, HCSS 2017, Olivetti 2017) when
transitioning into a less carbon intensive future.
Using those findings, we then used a risk based
approach based on conservative estimates: For
those cases where demand might challenge raw
materials supply, we have evaluated the resource
in more detail.

Demand for rare earth metals, as well as nickel,
manganese, chromium and copper will grow
significantly in the future. However, based on
existing and evaluated reserves (USGS 2018), our
analysis suggests that there are sufficient reserves
to supportour projected growth.

However, lithium and cobalt could be in critically
shortsupply in the near term driven by exponen-
tially growing demand from battery storage

technologies. Both metals are currently usedin
cellular phone, laptop and other mobile device
batteries. In our forecast, lithium and cobalt are
key materials for the development of grid
storage and a core component for batteries in
EVs. However, we also see a potential competing
future demand from drones, robots, sensors and
other devices supporting the loT, which has not
been evaluated.

Lithium production must grow by at least 13%
annually to supportthe demand forecast until
2050. The industry appears to be supporting the
growth with several large-scale mining projects
announced for the immediate future, and existing
reserves are capable of supporting demand in the
longerterm.

Cobaltis a more challenging story: Even accounting
for future battery chemistries using 30% less
cobaltfrom 2025, 9% annual growth in cobalt
supply will be needed to meet our forecast.
Demand justfrom EVs and grid battery storage
would equal the total 2016 supply levels already in
the mid 2020s and then continue to rise over the
coming decades. As cobalt is mostly a by-product
of copper and nickel production, the expansion
of those metals will heavily determine availability
in the future. The largest recognised cobalt
reserves are in the Democratic Republic of Congo
(over 50%), so there is significant political risk,
increased exporttaxes and supply chain break-
downs from this dominant supplier, alongside
sustainability, social and environmental supply
chain challenges.

Since the battery industry is well aware of future
cobalt constraints, intense research is ongoing
to further reduce cobalt intensity of batteries.
Tesla claims to have significantly reduced cobalt
use intheir batteries. This, in addition to the
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possibility of new battery technologies, such as
solids state or super capacitors, lead us to believe
thatthere will be solutions to the cobalt challenge,
and thatlack of cobalt or other raw materials will not
be aroadblock for the forecast energy transition.

COMPETITION FOR LAND AND OCEAN
UTILISATION

In the future, with a growing population, there will
be a pressing need for housing, food, recreational
space and infrastructure. This raises the question
of whether society can afford, or even have the
available space to develop, solar PV farms, wind
turbine arrays and significant biofuels production
competing with food production.

We have used a conservative value of 30 - 50 MW
of solar PV panels per each square km. Our
65-fold increase from 2016 to 2050 implies a
global solar PV capacity of 19.1 TW. Of these
around 30% will be placed on buildings. The
remaining 70%, or 13.3 TW, will occupy 0.3% of
global land area, about 400,000 square km.
Breaking this analysis down, we see that often the
competition is between agricultural or arable
land (used for only growing crops and not animal
grazing) and energy projects; in this case our
estimates show 0.8%/2.9% respectively would be
necessary for solar PV as a fraction of available
agricultural/arable land.

We do not consider these figures overly challenging;
there are often possibilities to use the PV farms for
pasture or grazing between the panels when
space is anissue, to place the PV farms on arid and
desertlands, to place it offshore (as done e.g. on
Indian lakes), or double occupancy placing it at
pavements or roads. Regionally we find that the
Indian Subcontinent, using almost 2% of total
land mass, will have the biggest share of solar PV
per available land. Between 3.5% and 4.6% of

agriculture and arable land will be used for solar PV.
Even though these figures are higher than the
global average, they are of similar size as land use
for urban areas. So, although challenging to
develop we believe this to be feasible, taking the
solutions mentioned above into account.

Wind turbine capacity will grow 15-fold to 2050
and requires space in-between each turbine in
order to operate efficiently, avoiding wake for
adjacentturbines. This meansthat onshore
turbines, even though projected to need an area
of 2 million square km, are compatible with crop
growing, grazing and forestry and not simply
arid or desertland. While cognizant of the
challenges of urban populations and their
concerns on visual and noise pollution and
conflicts with nature conservationist, we believe
our forecast of 6.1 TW onshore wind to be feasible.

Placing wind turbines several kilometres from
shore can make them more accepted, at least by
urban populations. In our forecast, we have also
investigated the impactregionally of our forecast
quantity of offshore wind.

Region Greater China, for example, needs approxi-
mately 20% of its coastline populated with wind
turbine arrays. The configuration would require a
50-km-deep array of 25 modern 10 - 15 MW
offshore wind turbines installed along parts of the
coastline. In North America, there would be about
4% of the east and west coast populated with
wind turbines arrays. Mass installation of offshore
wind will clearly need coordination with fishing,
shipping and other offshore economic and
recreational activities, although there are also
co-benefit proposals such as marine farming and
artificial reefs within wind arrays. Based on our
forecast, we do not think the amount of installed
wind onshore or offshore poses an insoluble



challenge, assuming proper stakeholder involve-
ment, similar to other large scale infrastructure
installations.

BIOMASS VERSUS FOOD

Biomass used for energy (principally transport) is
often a direct competitor with food production.
Biofuels have a wide range of sourcing materials
from corn and sugar cane to waste materials from
the agriculture and forestry industries. In the
future, offshore production is also likely.

We have used current second and third genera-
tion biofuel types to evaluate the land needed to
supply the anticipated amount of energy sourced
from biofuels in 2050 for the transport sector.
Since the production and yield of biofuelsis local,
andthe values vary greatly between regions and
even within each region, itis difficult to arrive at
accurate average numbers. However, using
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conservative figures, we have estimated that the
potential land massin 2050 needed would be
around 0.5 - 1 million square kilometres or 0.8% of
global land area. The most critical region seems
to be Greater China with anticipated significant
growth in biofuel demand. The necessary area to
produce biofuels to support Greater China would
be 237,000 km2 or approximately 2.5% of their
total land area. This might be a challenge, but
biofuel can easily be traded globally, and we
expect more constrained regions to import from
other regions with less constraints.

Future generations of biofuels using, for example
algae, will need to meet tougher sustainability
criteria and produce a higher amount of energy
per square kilometre than current levels.

unnmzw
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RESOURCE LIMITATIONS?

We expect exponential growth in renewables, EVs
and grid storage. These changes combined will
significantly change the energy industry landscape.
Will sufficient physical resources be available?

soLAR X 65

— 65-fold increase of global PV capacity to 19 TW by 2050
— 30% of installed capacity on buildings
— 70% or 13.3 TW will occupy 0.3% of global land mass

winb X 15

— 15-fold increase to 7.2 TW
— Onshore wind occupy 2 million square kilometres

(can fit together with crop growing, grazing and arid lands)
— Offshore wind will need increasing share of shorelines

BIOMASS

— 0.5to 1 million km? land mass needed to support transport with biofuels

— Production and yield of biofuels are local and values vary greatly from regions and
within each region influencing the result

— Ocean biomass and algae could increase supply significantly

LITHIUM

— 13% annual average growth to supply growing battery demand
— Industry responding with mining projects
— Existing reserves capable of supporting long term demand

Apart from cobalt, there appears to be sufficient resources to supply the materials and
land area necessary for the forecast energy transition.

There will be temporary local and global supply bottlenecks, and prices will be affected
on a short to medium term basis. However we believe these will even out over time.
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COBALT

— 9% annual average growth to supply growing battery demand
— EV and Grid storage demand reach global capacity of supply in 2025
— Forecast demand outstrips all terrestrial reserves available by a factor of 4

Cobalt - running the numbers

Mined | 111,000 tonnes in 2017

Reserves Il 7.700,000 tonnes

Resources (land)” |} I 25 000,000 tonnes
Applications _ 31,000,000 tonnes total demand EV and Grid storage

Resources (sea)” | 20,000,000 tonnes

*Reserves: are an inventory of economically extractable commodity based on current prices and technology available.
**Resources: are the total amount of possible to extract material currently identified.
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METHODOLOGY

Our Energy Transition Outlook Model (ETOM) s a system dynamics
simulation model that reflects relationships between aspects of
the world energy system, and informs expert opinion on the
energy system’s past and future. Its data and logic enables the

forecastin this report.

Each sector of the energy system (see Figure 3.1)
is modelled by modules representing:

— final energy demand (buildings, manufactur-
ing, transport, feedstock and other),
— energy supply (coal, gas and oil production),

— transformations (power generation, oil
refineries, hydrogen production),

— and other relevant developments (grids, CCS,
energy markets, trade volumes, emissions).

The modules exchange information about demand,
cost, trade volumes and other parameters to provide
a coherentforecast. A detailed documentation of
the modelis provided elsewhere (DNV GL 2018d).

BEYOND 2050

Our Outlook and model forecast stop at 2050.
Looking 32 years into the future involves large

uncertainties which increase with longer horizons.

We are confident that the decarbonization and
electrification megatrends will continue after
2050, gradually shifting energy to renewable
sources. Longer horizons increase the probability
of technological breakthroughs or scaling of
sources that we do notyet understand.

MODELLING PROCESS

The equations and parameters inthe ETOM are
based on academic papers, external databases,
commercial reports and expertjudgement within
and outside DNV GL. Examples of external
databases used include IEA Energy Balances,
IRENA Capacity & Generation Database, Platts
World Electric Power Plants Database, and
Clarkson's Shipping Intelligence Network.
Forreliable forecasting, we have run dozens of
workshops and discussions with DNV GL industry
experts. Nearly 100 people have been involved
in this work, acting as conduits to historical data
sources in the many domains, quality assurers of
model sectors and interrelationships, and as
expertassessors of end results.

Consequently, this Outlook does notinclude
any forecast or quantification of what may
happen beyond 2050. The only exception has to
do with climate implications, where we give an
indication of the global temperature increase in
2100 if our 2050 forecast proves correct.



TIME SCALE

The ETOM covers the period 1980-2050.
Historical simulation outputs are used to test
the model's ability to replicate historical
developments, and hence increase the
credibility of our forecast.

The ETOM is a continuous-time model with years
asthe base time unit: itis designed to reflect
dynamics happening only atthe yearly scale or
longer. Dynamics such as within-year seasonality
of energy demand, and daily changesin re-
newable electricity production, are implied in
annual parameters and not directly reflected in
the model.

Timescale isimportantin interpreting the model
results. With the ETOM deliberately ignoring
short-term fluctuations occurring over months or
even a few years, the Outlook has low reliability
over shorter time periods. For example, while
readers can confidently compare the average
growth rate of gas demand over 10-year intervals,
analysing the rate for 2019-2020 in isolation
would notyield meaningful insights.

GEOGRAPHICAL SCALE

The spatial resolution of the model is limited to 10
world regions. Regions interact directly through
trade in energy carriers, and indirectly by affecting
and being influenced by global parameters, such
as the cost of wind turbines, which is a function
of global capacity additions. Although we do not
explicitly model each country or state within
regions, we account for variability through statisti-
cal distributions of the parameters we are using.
Forexample, the investment cost of a biomass-
fired power station in Europe is modelled as a
normally distributed parameter to reflect differ-
ences between countries and sub-technologies.
This allows the model to reflect that capacity

METHODOLOGY CHAPTER 3

additions might occur in some countries despite
the possibility that the average cost of a given
technology may be uncompetitively high.

MODELLING PRINCIPLES

All models are abstractions of reality that focus
more on certain features of the real system than on
others. Our main priorities when designing the
ETOM were to include three key characteristics of
the world energy system: interconnectedness,
inertia, and non-linearity.

Interconnectedness is the mostimportant of
these. What happensin solar PV technology
influences power generation demand for coal,
which in turn affects shipping volumes for bulk
carriers, and oil demand for the maritime sector.

Inertia is presentin all parts of the energy system
—from household appliances to oil refineries —and
slows energy transitions. Also, many processes are
non-linear: a unitincrease in a factor does not
always have the same effect on another variable.

One important distinguishing property of the
ETOMisthatitis notan equilibrium model.
Many econometric models assume equilibrium
conditions, such as supply and demand being
equal all the time. The ETOM explicitly reflects
the delays in reaching a desired state, and is
consequently able to forecastthe path and speed
of energy transitions.

Our model does not assume optimality or ration-
ality as a prerequisite. Its methodology is strongly
influenced by behavioural economics, where,
given the particularities of a given decision
situation, decision making can be predicted
(Thaler 2015), but the decisions themselves are not
necessarily rational in the utility-maximizing sense
of the term. Fortunately, we have much historical
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evidence as to how decision makers tend to react
under varying conditions of, for example, energy
abundance or shortfall.

The ETOM is not stochastic, but deterministic.
We have used past data and our best judgment to
provide expected values for all input parameters,
and each run of the model gives an exact output
asthereisnorandomnessin the model. Of
course, there are multiple sources of uncertainty
inthe outputs, and the ETOM cannot provide
confidence levels for these. To partially address
this, we run sensitivity tests to understand how
model results change when selected input
parameters are adjusted. Furthermore, some
assumptions we make may be controversial, or
differ from those presented in other forecasts. In
such cases, itis can be useful to discuss the
associated sensitivities.

In this Outlook, we are transparent in our assump-
tions, inputs and models. Although the exact
calculations emerge from a complex model and
therefore are notamenable to simple hand-
checking with a calculator, we are clear about the
parameters used and how they are related. Our
aimisto presenta transparent model, nota black
box. In that way, we believe that it simplifies
discussion of the results, and if one wishes to test
the consequence of an alternative assumption or
disagree with a value chosen, thatis easily done.

MODEL STRUCTURE

The world energy system is a collection of inde-
pendentand linked physical flows and decision
making. A high-level depiction of the ETOM is
provided in Figure 3.1. In each of 10 regions, we
establish five demand sectors: transport, build-
ings, manufacturing, non-energy and others —
each with sub-sectors. Population and
productivity are the main drivers of energy

demand. Others, such as household size, heating
and cooling degree days are also used.

DEMAND DRIVERS

We use policy and behavioural effects explicitly,
as inthe effect of increased recycling on plastics
demand; and, implicitly such as the impact of
expected electricity prices on electrification of
heating. Generally, we estimate sectoral energy
demand in two stages. First, we estimate the
sectoral ‘output’, such as passenger-kilometres of
transport, tonnes of manufacturing, and useful
heat for water heating. Then, we use parameters
on energy efficiency and energy mix dynamics to
forecastthe final energy demand by sector and
by energy carrier.

Our forecasts for the energy efficiency and
energy mix of the demand sectors are derived
from extrapolating past usage trends into the
future. These trends have been subject to expert
judgementin our workshops, and adjustments
have been made where deemed appropriate.
Factors considered during those sessions
include: our understanding of the role of govern-
ments and policy, reflected in Chapter 2 and
technology-specific sections in Chapter 4; and,
publicized energy sector efficiency and decar-
bonization plans, like future fuel standards for
vehicles.

k€ We are clear about the parameters
used and how they are related.
Our aim is to present a transparent
model, not a black box.
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FIGURE 3.1

High-level view of the Energy Transition Outlook Model
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The arrows in the diagram show information flows. Physical flows are in the opposite direction. Our model includes feedback loops such as that
shown between the amount of fossil fuel extraction and maritime transport (tonne-miles) as a source of demand. There are other feedback loops
notshown here, for example the positive feedback between cumulative installed capacity of renewables and the decline in their costs.
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FROM PRIMARY ENERGY SUPPLY TO

FINAL ENERGY DEMAND

An energy carrier is either a substance ora
phenomenon that can be used to produce
mechanical work or heat or to operate chemical
or physical processes (ISO 1997). Our ETOM
encompasses 10 energy carriers:

Primary energy sources:

— Biomass (including wood, charcoal, waste,
biogases and biofuels)

— Coal(including peat and derived fuels)

— Directsolar (thermal energy from solar water
heaters)

— Direct geothermal

— Off-grid photovoltaic (electricity from solar
panels not connected to the grid)

— Natural gas, including natural gas liquids;

- Oil

Secondary energy sources:
— Electricity

— Direct heat (thermal energy produced by power
stations)

— Hydrogen

We model the flow of energy carriers from primary

energy supplytofinal energy consumption, whichisthe
pointwhere energy carriers are in their final tradable
form. This means, for example, that we account for how
much fuelis used by vehicles, but do not calculate the
mechanical work done by these vehicles.

Amongthe 10 energy carriers we model, seven
are also primary energy sources, i.e. they can be

used without any conversion or transformation
process. The others — electricity, direct heat,

and hydrogen —are secondary forms of energy
obtained from primary sources. We model

the conversion of primary energy sources to
electricity and direct heatin the power generation
module. Hydrogen is modelled separately.
Figure 3.2 shows the global energy flows for
2016 and 2050.

TRANSFORMATIONS

We place special emphasis on electricity genera-
tion, both because itis one of largest energy
carriersinfinal energy demand, and also because
of its prominence in the energy transition. Using 14
different power station types, we employ a cost-
based selection algorithm to forecast changesto a
regional electricity mix. As our estimate of the
required additional electricity capacity is based on
increased electricity demand and estimated
capacity retirements, we determine the mix of
capacity additions based on a probabilistic model
that makes use of the levelized cost of electricity.

Inthe model, the lower cost will win, though we
acknowledge thatin the real world other factors are
atplay, such as geopolitics, and energy and job
security. Yet, because we use statistical distribu-
tionsto reflect notjustthe average cost, butthe
varying costs within a certain technology and
region, capacity additions do not only come from
the lowest average costtechnology, but from a mix.

We explicitly estimate the effect of renewable
subsidies, carbon price, and the cost of CCS if it
becomes economical, as well as the additional
cost of batteries for variable renewables. We also
recognize that capacity additions happenona
very differenttimescale. Putting rooftop solar PV
in place might have a decision cycle of lessthan a



year, while new nuclear capacity may take more
than a decade between firstinitiatives and full
operation.

The role of direct heatis a diminishing one. Conse-
quently, we use a simple extrapolation to estimate
regional mixes of direct heat supply. Hydrogen is
introduced as a new energy carrier in this year'’s
model and is expected to have a growing share
towards 2050 in some regions. As very little datais
available, we use inputfrom DNV GL experts to
forecastthe demand sectors where it will become
significant. We assume that hydrogen will be
supplied by electrolysis relying on electricity
curtailment from variable renewables and dedicated
fossil fuel-based hydrogen production facilities.

FOSSIL FUEL PRODUCTION

When it comes to the supply of energy from
primary sources, the ETOM focuses on the produc-
tion of oil, natural gas, and coal. For oil and gas, we
again use a cost-based approach to determine
regional production dynamics. On the crude oil
supply side, we model production capacity as a
cost-driven global competition between regions
and inthree field types: offshore, onshore, and
unconventional. Since transportation is typically
lessthan 10% of the final crude oil cost, we use total
breakeven prices of prospective fields to estimate
the location and type of future oil production.

We model regional gas production slightly
differently from crude oil. We first estimate the
fraction of gas demand to be supplied from the
region’s own sources. This varies between regions
due to economic, geographic, and political
differences, and overtime. Then, to determine the
development of new fields, constrained by resource
limitations, we setthree field types to compete on
breakeven prices on a regional scale. Regional
refinery capacities are also part of the ETOM.

METHODOLOGY CHAPTER 3

Coal production is modelled by distinguishing
between hard coal and brown coal. Each region’s
hard coal supply reflects its mining capacity,
which expands as demand increases and is
limited by its geologically-available reserves.

For brown coal, we assume most regions to be
self-sufficient.

TRADE

Trade, and especially seaborne trade of energy
carriers, is an important component of the
ETOM. For crude oil, the gap between aregion’s
production and refinery input determines the
surplus for export or a deficit to be met by imports,
which is mainly transported on keel. For natural
gas, any shortfall in meeting demand from
regional production is allocated to exporting
regions according to their current shares as gas
trading partners. Intra-regional trade is deter-
mined as a constant multiplier of regional gas
demand. For coal, as for natural gas, we assume
a stable mix and shares of trade partners.
Regions with domestic shortfallsimport coal from
exporting regions. Our manufacturing sector
provides a baseline for non-energy commodity
trade of raw materials and manufactured goods.

CONTINUAL IMPROVEMENT

The structure and input data of the ETOM are
continually updated to: provide a more complete
and accurate representation of the world energy
system; generate new outputs relevant to our
stakeholders; and, to reflect recent changesin
the energy sector. The most significant changes
tothe ETOM since our 2017 Outlookinclude new
modules to represent power grids and LNG
terminals; improved modelling of the demand
for manufactured products; detailed representa-
tion of end uses in the buildings sector; and new

energy carriers in the form of hydrogen and
off-grid PV.
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FIGURE 3.2

Global flows of energy carriers from primary energy supply to final energy demand, in 2016 and 2050
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>> The three main drivers of the energy transition - electrification, decarbonization, and energy
efficiency - are evident in this comparison of energy flows for 2016 and 2050. In 2050, less fossil fuels
go directly into final demand sectors and much more primary energy is devoted to the generation

of electricity - where there is an overwhelming share of non-fossil sources. This creates a more efficient
energy system with less energy lost as heat in power generation and in final demand sectors.
With ongoing efficiency gains in end use application (linked mainly to digitalization) the result

is less energy used overall.
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THE ENERGY TRANSITION

The most pronounced characteristic of the energy transition today
is decarbonization. Electrification is also a megatrend and is part of

the same decarbonization shift.

In addition to these major shifts, there are several
other less pronounced changes taking place, such
asthe shale revolution in hydrocarbon extraction.

In the sections that follow, we presentthe results
from our forecast, highlighting both the absolute

figures of future energy demand, supply, and
production, and also focusing on the transition
itself. Towards the end of the chapter, we discuss
uncertainties and sensitivities in our forecast
and quantify the impacts of key changes in

our assumptions.

MEASURING ENERGY; JOULES, WATTS AND TOES

EJ, TWh or Mtoe? The oil and gas industry
normally presents its energy figures in tonnes of
oil equivalents (toe), while the power industry
uses kilowatt hours (kWh). The Sl system’s main
unitfor energy, however, is joules, or rather
exajoules (EJ) when it comes to the very large
quantities associated with national or global
production. EJ is the primary unit we use in this
Outlook.

So, whatis a joule? Practically one could think of a
joule asthe energy needed to lifta 100 g smart-
phone 1 meter up; orthe amount of electricity
needed to power a 1-watt LED-bulb for 1 second
(1 Ws). In other words, a joule is a very small energy
unit, and, when talking about global energy, we
use EJ, being 10'8J, or a billion billion joules.

Another way of understanding energy quantities
is to estimate the energy needed per person. The
presentamount of primary energy used per
person annually averages 78 gigajoules (GJ, i.e.
billion J). Shell (2016) expects that 100 GJ of
primary energy per person is whatis needed to
support a decent quality of life. In the much more
efficient energy system of the future, we think 100
GJisnotneeded; as an example, we forecast
Europe's average primary energy use to be 83 GJ
per person in 2050.

In this Outlook, we use J or EJ as the main unit of
energy, butin afew places, we use Wh, or Mtoe.
The conversion factors we use in this document are:

1EJ = 277.8 TWh
1EJ = 23.88 Mtoe
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ENERGY DEMAND BY SECTOR

In our forecast, we see a world where energy
demand will peakin the forecast period, a very
distinct characteristic that we have not seen since
the dawn of the industrial revolution.

In 2016, total final energy demand was estimated at
403 exajoules (EJ); we forecast an increase to 468 EJ
by 2035, thereafter slowly reducing to 451 EJ in 2050.

Asindicated in Figure 4.1.1, the world's energy demand
rose by 35% over the last 15 years. However, in the
coming 15 years we forecast energy demand to
increase by just 15%, and thereafter level offand startto
decline. This profound demand down-shiftislinkedto a
deceleration in population and productivity growth,
andto an accelerating decline in energy intensity.
Section 4.6 gives more details on energy efficiency.

Figure 4.1.1 furtherillustrates how the world's
energy use is currently splitin roughly equal shares

FIGURE 4.1.1

between three dominantsectors: transport(27%),
buildings (29%), and industry/manufacturing (31%).
Inthe decadesto come, manufacturing and
buildings will grow both in absolute and relative
terms, to 34% and 32% shares in 2050, respectively.
The energy demand of the transport sector peaks
alreadyin 2026 and will then startto decline as
electrification of the road transport sector material-
izes, bringing the sector’s share of energy use down
t0 20% in 2050. The non-energy use sector, which
includes feedstock for lubricants and plastics,
asphaltand petrochemicals, currently consumes
8.8% of the energy, and its share will slowly decline
over the forecast period to 6.5% in 2050.

These four categories are described in detail in the
coming sections. The final category, labelled
“other”, is split between agriculture, forestry,
military, and, together with some other smaller
categories, is not further discussed in this Outlook.

World final energy demand by sector
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100
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4.1.1 TRANSPORT

Transportenergy demand today is dominated by road
transport, followed by aviation and shipping, and this
picture does not change significantly over the forecast
period. The total transport demand is growing from
110 EJ today, peaking at 118 EJ in 2026 and then
decliningto 90 EJin 2050, asillustrated in Figure 4.1.2.

ROAD TRANSPORT

In this section, we set forth our thinking behind our
estimates of the future size of the global light-and
heavy-vehicle fleet, our understanding of the
impact of policies and technology on new patterns
of ownership and use, and the impetus behind the
rapid electrification of road transport worldwide.

Historically, the global demand for vehicles
has correlated well with GDP, albeit with
regional differences: As GDP increased, so
did vehicle density. Yet we forecast that future
mobility, including the use of private cars, will

FIGURE 4.1.2

change - butthe pace and nature of that change is
a key question. We see the future growth as being

dampened by a multitude of factors. These factors
include acceleration in the following areas:

— Measures to curb pollution and congestion
in large cities

— Afocus (across all sectors - government,
business and civil society) on sustainability

— Urbanization effects with less transport needs

- Digitalization that enables both less commut-
ing, as well as automation and increased
communal use of light vehicles through access
and sharing models.

These factors, especially the battle against air
pollution, are likely to make future car use

and ownership less attractive, stifling individual
ownership growth in emerging economies.

World transport sector energy demand by sub-sector
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Ownership diffusion will not track rising living
standards as closely as seen in OECD countries
in previous decades.

Forroad transport, we differentiate between light
and heavy vehicles, but combine passenger

and cargo transport within each of the two forms.
There are currently one billion light vehicles.
Extending historical growth trends, incorporating
regional differences, and adjusting for the limiting
factors above, indicates that there will be some 1.6
billion light vehicles by mid-century, 200 million
less than would have been the case withoutthe
dampening factors.

For heavy vehicles, we do not expect the same
limiting factors to apply, and our forecast shows an
increase from 270 million heavy vehiclesin 2016 to
530 million in 2050.

We forecast an acceleration of communal driving
schemes, with taxis and ride-sharing augmented by
autonomous cars from 2025, once the technological
and legislative challenges are overcome. With taxis
and ride sharing, cars are typically used many hours
per day and drive five times longer than the stand-
ard, non-communal cars-i.e., our reference vehicle.
Autonomous cars are expected to be used 50%
more than the reference, both for communal and
non-communal cars. The reference vehicles have
differing annual mileage across the regions, but
typically are inthe 10,000 to 25,000 km/year range.

Communal vehicles are likely to have the fastest
uptake in urban areas, while the rural districts are
more challenging. The fraction of communal
vehicles is forecast to grow to 23% in OECD
countries, butreach a full 30% in emerging and
developing economies, already by 2040. But
since, on average, they drive five times longerthan
private cars, their main impact on energy use will

THE ENERGY TRANSITION CHAPTER 4

be the fact thatthey contribute to faster vehicle
rejuvenation and energy efficiency through more
speedy fleetturn-around.

Zero-emission vehicles (ZEVs), already preferred,
will continue to be promoted heavily, particularly in
cities, and aided by public procurement policies.
Big players, such as India and Europe, are aiming for
total transition of their fleets to ZEVs within decades.
Several countries anticipate ZEVs capturing 100%
of the new-sales market by 2030. China’s current
five-year plan subsidises ZEV uptake.

Supported by a multitude of sources (e.g. BNEF
2016, McKinsey 2017, IRENA 2017), we expect EVs
to reach cost parity with conventional light vehicles
(based onfull lifecycle costs, including fuel and
maintenance)in 2024. Key questions at present
concern the extent to which charging infrastructure
can keep up, whether range restrictions of EVs
influence buyer preferences asthe average range
improves, and whatlocal and national policies will
be applied to increase uptake in the shortterm.

These initial factors will, however, rapidly pale into
insignificance once EVs break through the cost parity
level. The effect of cost reduction will be felt evenly
across the world, but charging infrastructure will be
rolled outatvarying speeds across world regions.

In line with new product diffusion theory (Rogers
1976), we expect uptake of EVsto follow an S-shaped
curve, reflecting the adoption of new products and
technology. We have used a version mathematically
described by the Bass Diffusion Model (Bass 2004).
Digital cameras, and mobile phones are buttwo
recentexamples of S-shaped market growth. Our
forecastis thatthe 50% pointwhere half of all new
cars sold are EVs will be reached in 2027 for Europe,
2032 for North America, OECD Pacific, Greater
China andthe Indian Subcontinent, and 2037 for the
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restofthe world, asillustrated in Figure 4.1.3. The
main reason for the lag is associated with the
challenge of infrastructure keeping pace with
developments, but countries such as India, which
have declared ambitious policies, will, atleast partly,
succeed intheir high ambitions. In sum, the year
when EVs are 50% of global new car sales s, in our
estimation, 2033.

With an average vehicle life time of 10 to 18 years,
depending on region, it will take two or more
decadesto phase out combustion vehicles
entirely. In 2040, half of the light vehicle fleet will
be electric, and by 2050, only 21% of the energy for
light vehicles will come from oil, with 2.0% and
2.5% coming from gas and biofuels respectively,
and 75% from electricity. With a similar, but slightly
slower transition to electric drive-trains for heavy
vehicles, this is the main driver behind declining
global oil demand - a downward trajectory
starting in less than ten years from now.

For heavy vehicles, the transition will take longer

FIGURE 4.1.3

asthe fleetis more diverse, and saturate at 80%
of the fleet, as certain vehicles have high require-
ments for power and range. Buses and heavy
vehiclesin urban areas do not have the same
challenges, and the uptake of EVs for this sub-
sector will start earlier. Municipal buses will be at
the forefront of electrification, as electric urban
transport benefits doubly from zero road emis-
sions and ample grid capacity (BNEF 2018).
Heavy trucks have less to gain from electrification.
We lag the half of maximum uptake (i.e. 40%) year
for heavy vehicles by 3 years from the light vehi-
cles, exceptfor Greater China where we foresee
simultaneous lightand heavy vehicle uptake in
their aggressive transition policies. Owing to the
different characteristics affecting uptake, the
resulting S-shaped growth is less steep than for
light vehicles, as illustrated in Figure 4.1.4.

Half the sales of heavy vehicles will be EVsin 2037,
and by 2045, halfthe heavy vehicles will be EVs.
The overall number of vehicles in our forecastis
illustrated in Figure 4.1.5.

Market share of non-combustion light vehicles by region
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FIGURE 4.1.4

Market share of non-combustion heavy vehicles by region
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Fuel consumption is dominated by long-distance
trucks, by 2050, 49% of heavy vehicles fuel will still
be oil, 4.4% will be gas, and 6.4% biofuel, while the
36% share of electricity and 4.3% hydrogen in the
fuel mix will be increasing rapidly. That 36% will
punch above its weight and will power 63% of
heavy vehicles - anillustration of the superior
energy efficiency of electric vehicles.

Lighthydrogen-fuel-cell electric vehicles (FCEVs)
are already being built, and while they have
superior fuel economy compared with combus-
tion engines, we foresee them as maintaining a
substantial fuel economy handicap compared to
battery electric vehicles (BEVs), inhibiting mass
adoption. Yet, hydrogen as an energy carrier has
far higher energy density than batteries, and so,
for asizable fraction of the fleet and in regions
where we foresee a heat-driven hydrogen distri-
bution network in use (Europe, North America,
OECD Pacific and Greater China), we forecast a
FCEV uptake of 5-13% of all heavy vehicles in 2050.

RAIL TRANSPORT

Many of the world’s railways, particularly commuter
networks and high-speed links in Europe, Japan,
and elsewhere, are already electrified. However,
many long-haul transcontinental lines rely on
diesel-hauled trains. We predict that electrification
will only increase gradually in rail transport, driven
partly by governments, but mainly by economics.

Rail transport, used for both passenger and cargo
transport, is the little brother of the transportforms.
We have used a relatively simple correlation between
GDP and passengertransportfor each region, and
continued thistrend using our GDP estimates. The
same is done for freight transport. Under these
assumptions, total passengertransportwill increase
from 3.5 trillion passenger-km/yearin 2016 to 10
trillion passenger-km/year in 2050, and tonnes

transported increase from 11 trillion tonne-km in
2016 to 24 trillion tonne-km in 2050. The Indian
Subcontinentis the leading region for passenger
transportand Greater China for freight, and both will
remain so throughoutthe forecast period.

Energy intensity is calculated using a continuation
of historical trends of energy used per passenger
and pertransported tonne, on a regional basis.
Thisincludes considerations of changes in aver-
age distance travelled, as well as the 2.6% annual
average energy efficiency improvement of the
trains to 2050. The total energy use of rail will
remain stable from 2015 to 2050, ataround 2.0 EJ/
year, despite both passenger and freight trans-
port more than doubling.

The energy mixforthe rail transportsectoris
currently 39% electricity, 57% oil, and 4% coal.
Most new railways built, including high-speed
lines, are electric, while some existing railways are
undergoing electrification. Electricity will increase
throughoutthe forecast period, as will biofuel use,
which will replace 10% of oil used by 2050. The 2050
energy mix for rail transport will be 55% electricity,
40% oil and 4% biofuel, and coal declines to zero.
Natural gas will continue to play a marginal role,
though importantin niche applications.

AVIATION

Aviation demand, measured in number of passen-
gertrips, has been increasing steadily and will
continue to do so throughout the forecast period.
Aviation demand correlates well with GDP on a
regional basis, a dynamic we see holding into the
future. Growth is faster in developing than in mature
economies, but North America will remain the
region with most aviation in 2050. Globally, the total
number of air passengers will increase from 3.6
billion passenger-trips in 2016 to 8.8 billion passen-
ger-trips in 2050. These numbers obscure contrary



trends - connectivity and virtual meetings will
reduce travel even as more people have the ability
and meansto travel. Freight planes are modelled
as a constant multiplier on passenger trips.

The energy efficiency of aviation will continue

to improve steadily; the higher efficiency of new
aircrafts is the mostimportantfactor. In our
forecast, energy efficiency is trend extrapolated
from the fraction of aviation sector's energy use
to the per passenger trip on a regional basis.
This includes consideration of changes in average
distance travelled; longer routes may outweigh
the improvements of reduced consumption per
kilometre. The total energy use of aviation will
increase from 12 EJin 2015 to 15 EJ in 2050.

Aviation currently has few alternatives to oil.

The emerging blending of biofuels will grow
stronger, as local requirements to shift to biofuel
will spread. Inthe coming decades, we expect
few realistic large-scale alternatives to oil or
biofuel. Since there are few other low-carbon
alternatives, aviation and maritime sub-sectors
are likely to be prioritized sectors for biofuel, and
we forecast a scale-up of the biofuel share of
aviation fuel mixto 15% in 2040 and 41% in 2050,
which amountto 47 and 136 million tonnes per
year, respectively. As explained in Section 2.7, the
growing biofuel demand of the transport sector
can be metwithoutrisking food shortages, thanks
to new generations of biofuels with higheryields
and international trade.

Electric aeroplanes with batteries are currently in
theirinfancy. We expect that, by 2050, they will
be used atscale on the shortest routes, repre-
senting 3% ofthe fuel use in 2050, as the shortest
routes do not contribute much to overall consump-
tion (but will propel more than twice that share
of passenger-kilometres due to higher energy
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efficiency of electric engines - even accounting
for higher weightand less payload).

MARITIME TRANSPORT

In maritime transport, GHG regulations have been
more challenging to putin place than regulations
limiting the health-damaging emission of sulphur
dioxide and nitrogen oxide gases. The Interna-
tional Maritime Organization (IMO) seeks to lead
the global approach through a comprehensive
strategy for reducing GHG emissions from ships,
and hasrecently (April 2018) adopted a new
GHG-reduction strategy to reduce total GHG
emissions from shipping atleast by 50% in 2050.
Further, we believe that regional policies will be
important for restricting heavy fuels and promot-
ing alternative fuels and power. Local pollution
reduction policies and subsidies in decades to
come will supportand drive initiatives for harbours
and land-based infrastructure to offer shore-
based power supply.

Most of the world's transport by volume and weight
is seaborne, as in terms of costs and emissions per
tonne-mile, shipping is by far the most efficient.
Outside of a limited number of trunk oil and gas
pipelines, the world's fossil fuels are typically totally
dependent on marine vessels for their transporta-
tion. In our analysis, fossil fuel shipping demand is
derived from the difference between regions’
demand and supply of oil, gas and coal.

Furthermore, we forecast the demand for bulk
transport (except coal) using manufacturing of
base materials, and container demand results
from the amount of manufactured goods. Looking
ataverage transportdistances, only small varia-
tions are expected over the forecast period.

As world trade volumes increase over the nexttwo
decades, so will tonne-miles needed to ship the

117



DNV GL ENERGY TRANSITION OUTLOOK 2018

118

cargo; trade volume changes are far more dynamic
than average distances as shown in Figure 4.1.6 and
4.1.7 below. In the Maritime industry implications
report(DNV GL 2018c¢), more details of each ship
type and changesin trade are given.

Shipping consumes a significant share of the
world's oil, currently about 6.7%. As a sector,
maritime is hard to electrify, but a drive to make
the industry more environmentally friendly will
lead, in our estimate, to 1.4% hydrogen (typically
for cruise liners, and coming with ‘clean energy’
certification), 5.2% electricity (much of it used
while ships are in ports, and for very short routes),
25% gas, and 37% biofuel in the shipping fuel mix
by 2050 (slightly smaller than the share of biofuels
in aviation), with variations for different ship types.
The remaining 32% will come from oil.

FIGURE 4.1.6

Shipping will also become more effective, with
improved planning, hull, engine, and fuel manage-
ment projected to produce an average of 20%
reduction in fuel consumption per tonne-mile over
the period.

Total energy demand for shipping is forecast to
grow slowly from 12 EJ currently to a peak of 13 EJ
in the mid-thirties back to 12 EJ by mid-century.
The recently agreed-upon IMO mandate to reduce
GHG emissions from 2008 to 2050 by 50% will be
fully met, as we show in the companion maritime
forecast(DNV GL 2018c).

Looking attransportas awhole, the energy mix
changesare huge, asillustrated in Figure 4.1.8. The
2050 transportenergy mix is 41% electricity, 38% oll,
15% biomass, 5% natural gas and 1.6% hydrogen.
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FIGURE 4.1.7

World seaborne trade in tonne-miles by vessel type
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World transport sector energy demand by carrier
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4.1.2 BUILDINGS

Buildings consumed about 29%, 118 EJ, of the
world's energy in 2016 (Figure 4.1.9). The energy
was used for cooking, heating, cooling, lighting,
and household appliances. About three-quarters

of this energy is consumed in residential buildings.

In the future, a larger share of energy demand
growth will come from commercial buildings, due
to the developments described below.

For residential buildings, we estimate final energy
demand for five end uses: appliances and lighting,
cooking, space cooling, space heating, and water
heating (Figure 4.1.10). We allocate all cooking-
related energy use to residential buildings,
assigning none to commercial buildings. As direct
historical data are not available forend uses, the
relevantfigures presented in this reportare own
estimates based on four IEA reports: Energy
Balances (2018), Energy Technology Perspectives
(2016, 2017), and Energy Access Outlook (2017).

FIGURE 4.1.9

Figure 4.1.11 describes drivers of the energy
demand for five end uses in residential buildings
and fourin commercial buildings, as modelled in
the ETOM. From historical data, we estimate final
energy demand by first establishing relationships
between external drivers and end-use demands.
We then use our efficiency-improvement projec-
tions to predict levels of final energy use.

Floor areais one of the mostimportant drivers for
buildings energy demand. Table 4.1.1 presents
residential and commercial floor area in 10
regions. While Greater China remains the region
with largest floor area to mid-century, Sub-Saha-
ran Africa shows the largest percentage increase
in both categories.

Change in world buildings sector energy demand by building type
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TABLE4.1.1

Floor area of buildings by region
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Residential (1000 km?2) NAM LAM EUR SSA MEA NEE CHN IND SEA OPA TOTAL
2016 22.5 141 20.3 10.8 12.7 6.8 41.8 18.0 121 7.4 166.4
2030 25.6 17.6 22.7 16.5 18.8 7.7 57.5 25.6 18.1 9.1 219.2
2050 29.3 25.2 26.1 30.9 30.6 10.1 61.7 34.4 25.3 10 283.6
Commercial (1000 km2) NAM LAM EUR SSA MEA NEE CHN IND SEA OPA TOTAL
2016 8.2 1.2 6.6 0.3 19 1.2 9.0 0.8 1.3 3.5 34.2
2030 11.6 1.6 8.3 0.6 3.1 1.1 20.8 1.8 3.0 4.7 56.6
2050 15.5 3.2 11.6 1.7 6.8 1.2 31.0 4.4 7.2 5.8 88.5

FIGURE 4.1.10

World buildings sector energy demand by end use
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FIGURE 4.1.11

Drivers of the energy demand for residential (top) and commercial (bottom) buildings

Space heating

Cooling demand demand

Hot water Cooking
demand demand

Appliances Cooling
electricity use electricity use

Commercial floor area,
GDP from tertiary sector,

GDP from CDD, Insulation

tertiary sector

Coolingdemand

Data centers

.

Appliances Cooling

electricity use

electricity use

CDD - Cooling Degree Days , HDD - Heating Degree Days

122

Cooling efficiency

Traditional
biomass use

Energy carrier
use for heat

Commercial floor area,
HDD,
Insulation

Commercial
floorarea

Space heating Hotwater
demand demand

Modern heat Energy carrier
efficiency use for heat



APPLIANCES AND LIGHTING

Residential appliances and lighting encompass
everything from reading lights, phone chargers,
and computers, to refrigerators, washing
machines and dryers. Appliances and the services
they provide evolve; butinstead of separately
modelling the evolution of equipment and its
efficiency, we directly estimate the electricity it
uses, a requirement dominated by appliances.

Despite improvements in the energy efficiency
of appliances and lighting, historical evidence
suggests that, as GDP per capita increases, the
electricity per person used for appliances and
lighting increases. For people on lower incomes,
this shift may happen when disposable income
rises enough to afford, say, a washing machine
instead of washing clothes by hand, or a televi-
sion. Atthe other end of the scale, increased
income may manifestitself through buying a
home entertainment system or keeping porch
lights on all night.

We therefore estimate residential appliances’
energy demand as a function of regional GDP,

adjusted for a 0.6%/year efficiency improvement.

FIGURE 4.1.12
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Due to lifestyle differences, the income elasticity
of such demand is by far the strongestin North
America, which leads us to use a higher ‘appli-
ances electricity demand per unit GDP" multiplier
for this region.

Commercial buildings” appliances and lighting
energy demand is a function of a region’s GDP
contribution from the tertiary sector, services. As
income per capita increases, the tertiary sector’s
share in GDP tends to rise. Consequently, the
appliances energy demand of commercial
buildingsincreasesin all regions, atvarying rates.
We also expectthe electricity consumption of data
centres and computers, which together constitute
about 4% of commercial buildings’ electricity
demand (IEA 2017b), to increase by 4% annually
(Sverdlik 2016), reaching 3 EJ/year, or 6% of
commercial buildings’ energy demand in 2050.
We forecast thatthe combined appliances and
lighting energy demand for residential and
commercial buildings will double between

2016 and 2050 (Figure 4.1.12). Three regions,
Greater China, the Indian Subcontinentand

North America, will account for half the growth.

Appliances and lighting energy demand by region
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SPACE COOLING

We estimate space cooling to account for only
4.6% of buildings’ energy demand in 2016. We
forecastthatits share will increase to 12% by
2050 (Figure 4.1.10), splitroughly equally
between residential and commercial. Demand
for space-cooling energy is shaped by:

— increasing air-conditioner market penetration
driven by rising standards of living and an
increase in cooling degree days;

— increasing air-conditioner usage per unit of floor
area, as more people need and can afford to
air condition more space in their homes, and
forlonger;

— improvements in building envelope insulation
that reduce the loss of cool airinside buildings;

— and, by increased efficiency of air conditioners.

FIGURE 4.1.13

The increase in final energy demand for space
cooling - due to increased floor space and greater
air conditioning use, with market penetration
averaging more than 85% globally - will exceed
savings from insulation and improved equipment
efficiency. The result will be a netincrease of 11
EJ/year (Figure 4.1.13). This is despite an average
efficiency improvement of 71% and an 17%
reduction in energy losses over the period 2016-
2050 due to insulation.

These trends will affect the geographical distribu-
tion of cooling demand. North America accounts
for about 40% of global electricity demand

for cooling now. In 2050, about 30% of cooling
demand will come from Greater China, and
another 46% from regions dominated by countries
thatare currently non-OECD.

Change in world final energy for space cooling
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SPACE HEATING

Space heating is a more mature market than space
coolingin terms of market penetration and
potential efficiency gains. To understand the
dynamics of energy demand for space heating, we
need to make a distinction between final energy
and useful energy. Final energy is the energy
content of the fuel used for heating. Itis the
amount of energy reported to be used for build-
ings or any other demand sector. Useful energy
is the amount of heat received after accounting
forlossesin conversion and distribution in the
building. Think of an apartment building using a
gas boiler for space heating. Final energy isthe
energy content of the natural gas purchased from
the local distribution company; useful energy
isthe heatthatthe apartmentreceives from its
radiators after some is lostin the boiler and piping.

With increasing population and floor area, useful
heatdemand for space heating continues to grow
towards 2050 (Figure 4.1.14). Two other drivers of
thistrend are increased insulation and decreased

FIGURE 4.1.14
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heating degree days due to climate change,
without which useful heat demand would be
13% and 6% higher respectively.

The ratio of useful to final energy demand shows
the average efficiency of installed heating
equipment. This efficiency varies widely
between technologies, from less than 10% for
traditional, open wood-burning to more than
300% for heat pumps.

With continued improvements in individual techno-
logies, and a shiftto more efficientand cost-effective
technologies, the average efficiency of space
heating will increase from about 61% in 2016 to more
than 90% in 2050. Consequently, the final energy
demand for space heating will decline after 2030,
reducing from 45 EJ/yearto 40 EJ/yearin 2050. As
market penetration and income are not as significant
in space heating as in cooling, the regional split of
demand will remain stable, with North America,
Europe, North East Eurasia and Greater China
constituting around 70% of the final energy demand.

World final and useful heat demand for space heating
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WATER HEATING

Hot-water usage per person varies greatly worldwide.
In developed regions, hot-water tanks are frequ-
ently used continuously to serve multiple needs,
from daily showers to washing machines and dish-
washers. In some less developed countries, water
is heated on demand by inefficient methods and only
for basic needs. For residential buildings, GDP per
capitaisthe single biggest driver of hot-water
demand per person; colder climates also drive
usage. The water heating demand of commercial
buildings - about 10% of global final energy used
for water heating - is driven primarily by floor area.

Globally, we forecast that useful energy demand
for water heating will grow from 8.9 EJ/yearin
2016 to 13 EJ/yearin 2030 and 19 EJ/yearin
2050. The average efficiency of water heating
will increase from 46% in 2016 to 59% in 2030
and 77% in 2050. Figure 4.1.15 shows the resulting
final energy demand for water heating and its
regional breakdown.

FIGURE 4.1.15

COOKING

Energy demand for cooking is driven mainly by the
number of households, butthe average number of
people in households also plays a part. The global
average household size is currently about 3.5
people. We estimate that a typical household of
3.5 people needs 2.1 GJ/year of useful heat for
cooking, using 2014 estimates for final energy use
for cooking (IEA 2017d) and an average global
energy efficiency of 15%. We then adjust this
number for household size, where one additional
person creates an additional 300 MJ/year of useful
heat demand. By 2050, the average household
size is expected to decline to 2.4 (Urge-Vorsatz et
al. 2015), which will reduce per household
useful-energy demand for cooking to 1.8 GJ/year.
Taking all these factors into account, global total
useful energy demand for cooking will rise from
4.4 EJ/yearto 6.9 EJ/year between 2016-2050.

World final energy demand for water heating by region
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While cooking made up 29% of the global final
energy demand of residential buildings in 2016, its
share is expected to reduce to below 18% by 2050
because of large efficiency improvements.
Globally, 31% of the population use traditional
cooking methods, burning biomass (animal waste,
charcoal, wood) with efficiencies of around 5-10%.
This involves about 2.3 billion people, with the
majority in Sub-Saharan Africa and the Indian
Subcontinent. By 2050, this number will decline
34%, bringing large efficiency improvements that
will be further boosted by switching from coal to
gas or gas to electricity everywhere.

POLICY ISSUES

For buildings, energy-efficiency improvements
typically have a short payback time, but develop-
ers and retrofitters frequently fail to implement
them. Smarter energy policies will continue to
target this short-sightedness; the potential gains
to society are too positive to ignore. Developing
countries will seek to reduce the burning of solid
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biomass for cooking, and the local use of kero-
sene, a major health hazard responsible for more
deaths than any disease. Co-evolution of rising
living standards, electrification, and improved
bioenergy use is atthe heart of the energy transi-
tion. Itis the raison d'étre of the USD 100bn Paris
Agreement Green Climate Fund targeting devel-
oping countries. This Fund, and similar knowl-
edge- and financial-transfer mechanisms, will
contribute significantly to the transition to more
environmentally- and climate-wise cleaner fuels.

ENERGY MIX

We analyse the energy mix of buildings by two
broad groups of end uses: space cooling together
with appliances and lighting, which use electricity;
and, heat-related end uses (space heating, water
heating and cooking) with a mix of energy carriers.

For many of world's regions, the energy source for
space cooling and appliances and lighting is
simply electricity from grid-connected sources.

A = T,

o v —
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Exceptforin Sub-Saharan Africa and the Indian
Subcontinent, more than 0% of people can
already access such power. Forthe othertwo regions,
where the electricity load is low and the cost of grid
connectionis high due to large distances, off-grid solar
PV systems will be an economically feasible alternative
for afraction of the population. This applies mostly
forappliances and lighting rather than space cooling.

Nonetheless, global off-grid solar PV demand will
reach only 1.1 EJ/yearin 2050, meeting 27% of
Sub-Saharan Africa’s space cooling, appliances,
and lighting energy demand, and 5% of the Indian
Subcontinent’s. More information about electricity
access is presented in the Energy Access factbox
andinthe regional sections of this report.

Electrification and less biomass use are the two large-
scale transitions evident for other end uses. As
alternative fuels become available and affordable,
there will be switching from traditional cooking and
water-heating methods. By 2050, people lacking
accessto modern cooking and water heating will

FIGURE 4.1.16

constitute only 13-14% of the world population.

The decline of biomass in space heating, water
heating, and cooking is mostly matched by
increases in electricity and direct solar thermal,
i.e. solar water heaters (Figure 4.1.16). This does
not mean that all people thatabandon biomass
will immediately move to electricity, many of
them will move to natural gas, making itthe
largest single source of energy for these three
heat-related end uses.

Energy supplied from solar water heaters will
roughly double between now and 2050, due mostly
to developments in Greater China, North America,
Europe, Indian Subcontinent, the Middle East and
North Africa (Figure 4.1.17).

Hydrogen will also appear as a new energy source
for heat-related end uses of buildings in four regions
where available gas distribution networks make it
aviable alternative (Figure 4.1.18). This is further
described inthe infographic on hydrogen.

World final energy demand for space heating, water heating and cooking, by energy carrier
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FIGURE 4.1.17

World solar thermal energy demand in the buildings sector

Units: EJ/yr

NAM
LAM
EUR
SSA

MEA
NEE
CHN
IND
SEA
OPA

1980 1990 2000 2010 2020 2030 2040 2050

FIGURE 4.1.18

World hydrogen demand in the buildings sector
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ENERGY ACCESS

UN Sustainable Development Goal #7 is to
‘ensure access to affordable, reliable, sustainable
and modern energy for all'. As these four
dimensionsindicate, energy access has multiple
facets, each of which lies on a continuum. For
example, reliability of access could range from
having intermittent power for a few hours per day,
and with unpredictable blackouts and brownouts,
to having essentially 100% electricity supply
year-round. So, itis not easy to measure energy
access, yetalone try to classify populations as
being ‘with’ or ‘without'it.

The IEA defines energy access as ‘a household
having reliable and affordable access to both
clean cooking facilities and to electricity, which is
enough to supply a basic bundle of energy
services initially, and then an increasing level of
electricity over time to reach the regional average”.

The IEA's Energy Access Outlook (2017) report
considers a basic bundle of energy services to
mean at least several lightbulbs, ‘task lighting’
such as aflashlight, phone charging, and a radio.
It defines access to clean cooking facilities as
access to, and primary use of, modern fuels and
technologies, including natural gas, liquefied
petroleum gas, electricity, and biogas, orimproved
biomass cook stoves, as opposed to the basic
biomass cook stoves and three-stone fires used
in developing countries.

In terms of electricity access, two regions with low
access to electricity will benefit from leapfrogging
opportunities of off-grid PV systems. In Sub-Saha-
ran Africa, the share of population using off-grid
PV as the electricity source will exceed 50% by

THE ENERGY TRANSITION CHAPTER 4

2050. In the Indian Subcontinent, due to lower cost
of grid access and higher penetration levels of
grid-connected electricity already available, the
share of off-grid PV will reach around 30%.
Off-grid PV is described in more detail under PVin
the energy supply section of this chapter, and in
the Sub-Saharan Africa regional description
(Section 5.4).

When it comes to accessing both modern cooking
and water heating, the world will not achieve
universal access to modern fuels (we also include
some non-clean fuels such as coal and oil in the
modern fuels definition). In 2050, 300-400 million
people in Sub-Saharan Africa will still be relying

on traditional biomass for their cooking and water
heating needs. In the Indian Subcontinent, the
share of population without access to modern
water heating will shrink markedly from 29% to 8%;
but progress in access to modern fuels for cooking
will be slower.

1 Off-grid PV presents Sub-Saharan
Africa and the Indian Subcontinent
with ‘leapfrogging’ opportunities.

Looking atthe more specificand 2030-focused
SDG target 7.1: “By 2030, ensure universal access
to affordable, reliable and modern energy
services”, this will largely be metfor all regions
except Sub-Saharan Africa for access to electricity,
while it will not be met for either Sub-Saharan
Africa, Indian Subcontinent or South East Asia

for accessto modern cooking and modern

water heating.
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FIGURE 4.1.19

Energy access: progress across five regions
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4.1.3 MANUFACTURING

In this Outlook, the manufacturing sectoris an
aggregation of all related activities in the extrac-
tion of raw materials - excluding coal, gas, and oil
-and their conversion into finished goods. We
analyse the sector as two categories:

— Base materials such as chemicals and petro-
chemicals; iron and steel; non-ferrous materials,
including aluminium; non-metallic minerals,
including their conversion to cement; paper,
pulp, and print; and, wood and its products.

— Manufactured goods including construction
equipment; food and tobacco; electronics,
appliances and machinery; general consumer
goods; textiles and leather; and vehicles and
othertransport equipment.

FIGURE 4.1.20

FUTURE OF MANUFACTURING

SUPPLY AND DEMAND

Thereis historical evidence thatthe industrial (second-
ary)sector of aregion evolves as the standard of living,
as measured by GDP per capita increases. As this
gauge of income per person increases, a region
transitions from an agrarian economyto an industrial
one, and then becomes based on services (tertiary).

Whereas the Indian Subcontinent, South East
Asia, and Sub-Saharan Africa display growing
secondary sector shares in GDP, the trend is
much more marked in the remaining regions -
notably so in Greater China - whose economies
are transitioning to domination by service sectors
(Figure 4.1.20). The consequence is that the
monetary value of global manufacturing output
will grow more slowly than GDP.

Share of secondary sector in GDP as a function of GDP per capita
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Figure 4.1.21 shows how manufacturing-sector
GDP translates to physical output. Historically,
there has been a steady increase in the ratio
between the weight of manufactured goods and
the unit of manufacturing revenue. The main driver
of this has been the shift of manufacturing to
low-cost regions, such as Greater China, which
deliver more output per dollar. As standards of
living rise in less-wealthy regions, this trend will
level off.

Continually improving efficiency in the use of
materials in manufacturing is already well-estab-
lished, and charts as a steady decline in the
amount of base materials needed for each kilo-
gramme of manufactured goods. We predict that
this trend will continue uninterrupted, reducing
the requirement for base materials, partly because
of circular economic processes and partly based
on continual changes in types of manufactured
goods thatare produced.

FIGURE 4.1.21
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Thus, during the 2016-2050 period, while the
output by weight of manufactured goods rises
130% from 13 to 30 billion tonnes, the global
production of base materials will increase just
68%, from 31 to 51 billion tonnes (Figure 4.1.22).

The regional demand for manufactured goods is
assumed to be proportional to each region’s GDP.
Consequently, Greater China, Europe, Indian
Subcontinent, and North America will be the
largest consumers of manufactured goods.
Regions producing larger proportions of world
manufacturing are also those that show larger
sharesin demand for base materials.

The share in global manufacturing production for
each region is directly related to the GDP of the
secondary sector (forecast as shown in Figure
4.1.20) and the weight of manufacturing output
persales dollar from manufacturing.

Trends of the unit value of manufacturing, and the ratio of manufactured goods to base materials

Weight of manufactured goods per unit GDP from industry in kg/$ (left axis)

I Ratio of base materials to manufactured goods weight (right axis)
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FIGURE 4.1.22

World manufacturing output by sector

Units: Gt/yr
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Figure 4.1.23 shows our forecast for the total manu-
facturing production of regions, and the netimports
required to meetdemand; or, net exports (indicated
by a negative value) if there is more than enough
regional production to meet regional demand.

We see Greater China remaining the largest
manufacturer and net exporter. Regions such as
the Indian Subcontinent, Latin America, Middle
Eastand North Africa and Sub-Saharan Africa

THE ENERGY TRANSITION CHAPTER 4

also increase manufacturing output between
2030-2050, but with the exception of MEA, these
regions are netimporters by 2050. The recent
trend of production moving to ever cheaper
countries, is being partly countered by automa-
tion and robotization making manufacturing less
dependent on labour cost. This will influence the
future location of manufacturing. Large global
initiatives, such as China’s “One Belt, One Road”,
will also play a role.
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ENERGY DEMAND FROM THE
MANUFACTURING SECTOR

The manufacturing sector is the largest consumer
of energy. In 2016, 125 EJ of final energy was
consumed by the sector, representing 31% of
global final energy demand. We forecast the
manufacturing sector’s energy demand will rise
by about 28% until the early 2030s, then flatten at
around 160 EJ/year towards 2050. This slowdown
happens despite continued increases in manufac-
turing output (Figure 4.1.24) and is due to contin-
ual improvements in energy efficiency.

Based oninternal and external expert judgement,

we forecast a range of energy-efficiency improve-
ment rates, varying between regions to reflect

FIGURE 4.1.24

policy and technology differences between them.
Energy-efficiency improvements of 35-50% are
forecast over the period 2016-2050, giving
average annual improvements of 0.9-1.2%. These
figures also include effects of increased recycling,
which will translate to a global average of 0.2-0.3%
energy-efficiency improvement per year for base
materials production.

Manufacturing will change further as we enter
the so-called fourth industrial revolution, involv-
ing increased automation. Customization and
efficiency will likely improve as part of this, both
for production of base materials and for manufac-
tured goods. Thisisincluded in the efficiency
factors used in the model.

The decoupling of manufacturing energy demand from manufacturing output and GDP
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The evolution of the energy mix in the manufac-
turing sector is dependent on technology
innovation, resource availability, and policy and
economic incentives. We estimate this mix
through an adjusted continuation of linear
trends for the various energy sources, separated
for base materials and manufactured goods in
eachregion.

In manufacturing, decarbonization is, and will
remain, high on the agenda in OECD countries.
R&D and investment supportfor cleaner produc-
tion processes will continue. Chinese and Indian
policy efforts will help to shift energy use towards
electrification and boosting energy efficiency.
Policies in OECD nations will later spread to

FIGURE 4.1.25
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emerging economies to boost decarbonization.
Current UN schemes to promote such transfers
will intensify.

Overall, the share of electricity will increase from
26%in 2016 to 52% in 2050. For manufactured
goods, the share of electricity rate will rise from
33% to 55%, while growing from 22% to 50% for
base materials. New technologies such as electric
arcfurnaces also contribute to energy efficiency
improvements discussed above. The changesin
energy mix over the Outlook period are shown in
Figure 4.1.25.

World manufacturing sector energy demand by carrier

Units: EJ/yr
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4.1.4 NON-ENERGY USE (FEEDSTOCKS)

In 2016, 7.5% of global primary fossil fuel supply
was used as feedstock, mainly in the petrochemi-
cal sector. Some 30% of total feedstock is used to
produce plastics; the rest goes to making cosmet-
ics, fertilizers, paints, and other chemicals. Note
that coal used in steel production is notincluded
under feedstock use, but under manufacturing
energy use. As petrochemical production is
included under base-material production, we
calculate the demand for feedstock in each region
based on the feedstock intensity per thousand
tonnes of base material produced. The feedstock
intensity is based on historical data and is adjusted
towards the future to account for increased plastic
recycling. We estimate the global recycling rate to
improve modestly, from around 11%in 2016 to
16% in 2050. Although recycling rates in regions
like Europe and the OECD Pacific are increasing
considerably, the global growth rate is relatively
modest as plastic production will see the largest

FIGURE 4.1.26

growth in regions where recycling rates are lower.
Chemical recycling initiatives may change this
dynamic considerably, and we pointto early
developments in this field as one of the trends to
watch in the nextfive years (see Chapter 6).

The resulting feedstock use is almost flat until the
early 2030s, then declines by 20% by mid-century
(Figure 4.1.26). Bio-based feedstocks have the
potential to reduce fossil fuel demandsin the long
term, although they will need strong policy
supportto take off and grow.

The share of natural gas as a feedstock is forecast to
grow in North America, Europe, and the Middle
Eastand North Africa, while oil will continue to
provide the major share of feedstocks globally.
Coal will remain an important feedstock in Greater
China, with coal-gasification capacity growing.

World non-energy use of energy carriers in manufacturing

Units: EJ/yr
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4.1.5 FINALENERGY DEMAND FROM ALL SECTORS

By combining the various energy-demand and
energy-mix values of each of the energy sectors,
we forecastthe world's final energy demand by
energy carrier, as illustrated in Figure 4.1.27. ‘Final’
energy here means energy delivered to end-use
sectors, excluding losses and energy used by the
energy sectors themselves.

The ongoing transition is dramatic in relation to
the growing dominance of electricity in the mix. In
2016, electricity represented 19% of the world's
final energy use, butin 2050 it will represent 45%
of final energy use, growing from 75 EJ/year to 205
EJ/year. The annual average growth in electrifica-
tion in our forecastis 3.0% per year, which is the
same rate of growth that we have experienced
since 1990.

The reason for a robust continuation of electrifica-
tion is that electric systems have small losses

FIGURE 4.1.27

compared to fossil and biomass-fuelled systems,
and when technological progress makes electric-
ity available in ever new applications, more and
more users will make the switch. Furthermore,
there are new applications requiring energy - e.g.
modern communication appliances and air
conditioning - where there are few or no alterna-
tives to electricity. And finally, more ambitious
decarbonization policies favour electricity,
especially the fraction generated by renewable
low-emission energy sources.

As total demand will startto reduce, electricity will
replace coal, oil, and - later - gasin the final energy
demand mix. For coal, oil, gas, and biofuel,
additional energy use from electricity production
and direct heat will be added to the total supply
figures, as described in the next chapter. The
electrification trend is clear across all the regions
in our Outlook, as we explain below.

World final energy demand by carrier
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4.2 POWER SUPPLY
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The world's energy mix has been predominantly fossil based for
more than a century. A combination of socio-economic forces is

reducing this dominance.

While, as we have shown in Section 4.1, there will

be some rather dramatic shifts in forecast demand
inthe nextthree decades, the transition underway
onthe supply side will be even more pronounced.

The world's energy system has relatively little
elasticity: overall energy supply is largely deter-
mined by overall energy demand. Our Energy
Transition Outlook model (ETOM) therefore
assumes that supply meets demand throughout
the forecasting period, 2016-2050.

Before presenting an overview of total energy

supply, we firstlook more closely at our forecast
forthe supply of electricity and direct heat.

FIGURE 4.2.1

4.21 ELECTRICITY

On the basis of both slowly increasing energy
demand and rapid electrification, as described in
Section 4.1, we forecast global electricity demand
toincrease by 165%, from 23 petawatt hours per
year (PWh/year)in 2016 to 61 PWh/yearin 2050
(Figure 4.2.1). As a proportion of final energy
demand, electricity increases from 19% to 45%
overthe period.

World electricity demand by sector
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ELECTRICITY GENERATION

Adjusted for transmission losses (which reduce
from 8% to 7% of generation in our model), global
electricity generation is expected to increase from
25 PWh/yearto 66 PWh/year over the forecast
horizon.

We forecast how this electricity demand is met by
14 power station types: coal-fired, coal-fired CHP
(combined heatand power), gas-fired, gas-fired
CHP, oil-fired, nuclear, hydro, biomass-fired,
biomass-fired CHP, solar PV, solar thermal (CSP),
onshore wind, offshore wind, and geothermal.

Nuclear and all the renewable power sources,
exceptfor biofuel-fired power stations, produce at
the stipulated capacity factor unless excess supply
requires curtailment. The capacity factors of the
thermal power stations are determined using a
merit order algorithm that matches the probability
distribution of regional electricity load with the

FIGURE 4.2.2
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probability distributions of variable costs of
power-station types. Figure 4.2.2 shows world
electricity generation by power-station type.

In our ETO model, we also implement a gradual
shift from using variable costs to accounting for
the levelized costs of electricity (LCOE) in the merit
order when the share of variable renewables
increases. Thisis to reflect future changesin the
market mechanism. Finally, we include an effect
from variable renewable penetration to curtail-
ment of variable renewables. In regions with
available infrastructure suitable for hydrogen, the
curtailed electricity is assumed to provide energy
to produce hydrogen through electrolysis.

The decrease in costs for wind and solar is steep.
Asthe levelized costs of electricity for these
sources are competitive and often lower than
alternatives, they will dominate capacity additions
in the yearsto come, particularly after 2025.

World electricity generation by power station type

Units: PWh/yr
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CAPACITY ADDITIONS

Our Energy Transition Outlook model (ETOM)
takes a probabilistic approach to estimating
capacity additions from different power-station
types. Atany pointintime, we first estimate the
required total capacity additions based on the
available annual generation and the peak
electricity demand of the region (assumed to be
50% above the average load), plus a safety
margin. Then, we use the average LCOE for a
power-station type - and its variance due to
geographical, technological and temporal
variations in the cost-to determine the probability
that a power-station type can provide the
cheapest electricity. This determines the share of
power-station type in the capacity additions.

In calculating the LCOE, we use a dynamic
expected capacity factor. The levelized costs of
thermal power stations reflect expected
increases due to declining capacity factors, as
well as the cost of any carbon price or carbon
capture. We also take into account: the cost of
required flexibility in terms of battery storage for
variable renewables; subsidies for renewables,
with varying policy effects between regions; and,
learning rates in technology costs. The discount
rate we use is 7% for the North America, Europe,
and OECD Pacificregions, and 8% for all others.

Increased penetration of variable renewables
requires increased flexibility in the power system.
There are various flexibility options with different
costs, response times, and scalabilities, including
battery storage, demand response, flexible
power stations, increased interconnection
capacity, pumped hydro storage, and renewa-
ble curtailment.

In our model, we consider five of these options.
First, we add additional ‘backup’ capacity in terms
of gas-fired and oil-fired power stations to meet
the peak load demand, when the share of variable
renewables in the regional generation mix
increases. In doing so, we assume that:

— variable renewables’ capacity contributes only
5% towards peak load.

- starting from 25% variable renewable penetra-
tion, we curtail solar and wind generation, with
amaximum of 24% at 100% penetration.

— 10% of battery capacity of EVs is available to
provide flexibility to the power system.

— dedicated battery storage is added where
flexibility from EVs is not sufficient. For exam-
ple, at 50% penetration, 250 megawatts (MW)
of battery-power rating is required for every
gigawatt (GW) of variable renewable capacity
for a discharge duration of 52 minutes.

— grid capacity is reinforced to cope with an
increased share of variable renewables in the
energy mix.

Existing plants are retired on reaching end of life.
We assign an average lifetime of 40 years for coal
power plants, 30 years for oil and gas power
plants, 60 years for nuclear power plants, and 200
years for hydropower plants. In addition, a 20-year
lifetime is used for wind-turbines and 25 years for
solar PV panels.

Figure 4.2.3, and its accompanying Table 4.2.1,
show the dynamics of installed capacity through
to 2050. The majority of gas-fired and oil-fired
capacity additions is the "backup’ capacity to
meetthe peakload.
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TABLE4.2.1
World installed electricity capacity in 2016 and 2050

Installed capacity (GW)

2016 2050
Coal-fired 1955 1506
Gas-fired 1647 4376
Oil-fired 512 2845
Nuclear 420 502
Hydropower 1209 2343
Biomass- fired 377 1061
Solar PV 290 18 895
Solarthermal 5 30
Onshore wind 452 6146
Offshore wind 14 1034
Geothermal 15 20

FIGURE 4.2.3

World electricity capacity additions
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TRENDS TOWARDS 2050

Coal use in power generation increased rapidly
during the decade to 2014, growing from 30% to
40% of electricity generation. Coal’s share will
soon decrease rapidly to hitonly 4.7% in 2050, as
the absolute level of electricity production from
coal also declines significantly. The increasing
share of variable renewables and rising carbon
prices makes many coal-fired power stations, and
otherthermal power plants, redundant. This
decreasesthe average capacity factor (i.e. utiliza-
tion) of thermal power stations in many regions.

Gas has maintained a power mix share of about
20%, and will continue to grow on a par with
electricity production, maintaining its share until
2030. Towards 2040 its use will continue to grow,
butata lower rate, and will then decline to only
8.6% of the electrical power mix in 2050. Most of
the gas and oil-fired capacity additions are due to
increased peaking capacity demand as a result of
high variable renewable (solar and wind) penetra-
tion. These peaking capacity plants are only
economical for a low fraction of time.

Despite the global reduction in nuclear electricity
generation after Fukushima in 2011, nuclear power
will show a small and steady increase until the early
2030s, with new capacity additions, with only a few
exceptions, largely in China and Indian Subconti-
nent. As older plants in Europe and North America
are decommissioned, global electricity genera-
tion from nuclear power stations will be reduced
to current levels by 2050. In relative terms, nuclear
reduces its share from 11% today to 3.8% in 2050.

Hydropower includes dammed, run-of-the-river,
pumped-storage, small, micro and conduit
hydropower stations, as well as those exploiting
tidal and wave energy. Hydropower generation has
been growing quite rapidly over recent decades
and we forecast that this will continue until 2030
at2.3% per yearthen reduce to 0.8% per year until
2050. Growth in hydropower will be outpaced by
the other generation types, reducing its share in
the global electricity mix from 16% now to 14%
in 2030 and 10% in 2050.

The contribution of solar PV and wind to the power
mix has been increasing quickly, butfrom a very
low base. These two renewable sources will
continue to grow rapidly, making a considerable
impact over the Outlook period to 2050. By then,
they will dominate world electricity generation,
with solar PV at 41% and wind at 30% of the mix,
with one fifth of wind power being offshore.

With this high amount of variable power, the
stability of the electricity system will be chal-
lenged. We do not model stability and short-term
variationsin our ETOM, butin the companion
report Power Supply and Use (DNV GL 2018a),
the feasibility of the (regional) power mix is
commented upon in more detail. In Chapter 2, we
also describe ourinvestigation into the impact of
resource limitations on the uptake of renewables
and conclude thatthere is no significant obstacle.

Capacity developments of non-fossil energy
sources are further discussed in the Primary
Energy Supply section below.
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4.2.2 DIRECT HEAT

We define direct heat as the thermal energy
produced by power stations for selling to a third
party, as in the case of district heating, or by
industries (auto-producers) for their own use
supporting their primary industrial activity. As the
use of direct heatin manufacturing reduces, the
direct-heat demand will decline from 11 EJ/yearin
2016 to 4.5 EJ/yearin 2050 (Figure 4.2.4). The
historical anomalies are due to switches between
fuels and sectors reported in the energy accounts,
especially around the fall of the Soviet Union.
Accounting for losses in distribution, global direct

148

heat generation will correspondingly move from
13 EJ/yearto 5.6 EJ/year over the same period
(Figure 4.2.5).

As of 2016, coal and gas were providing 43% and
45%, respectively, of global direct heat supply. By
2030, coal will be replaced by biomass-fired technol-
ogies that mostly use municipal and industrial waste
asfuel, bringing the share of coal down to 26%. In
2050, biomass will provide 35% of direct heat, while
coal's share reducesto below 4%. In the meantime,
the share of gas will increase to 61%.
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FIGURE 4.2.4

World direct heat demand by sector
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FIGURE 4.2.5
World direct heat generation by power station type
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4.3 PRIMARY ENERGY SUPPLY
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In the energy system, there are considerable losses. They occur
mainly when converting one energy form to another - such as heat
losses in a power plant or a combustion engine - but also when
transporting energy, such as electrical power losses in grids.

There are several ways to measure energy, and in
the factbox Energy counting, we explain the
various methods and the Physical Energy Content
Method that we use in this Outlook.

World primary energy consumption is considera-
bly higherthan final energy consumption because
italso accounts for energy lost when providing
electricity from burning fossil fuel, biomass, and
heat. Conversion losses exceed 100 EJ peryear
when transforming coal, gas, oil and nuclear heat
into electricity. Our forecast also includes signifi-
cant grid losses between where power is
produced and where itis consumed, along with
other losses in the energy system. Finally, primary
energy also includes the energy sectors’ own use
of energy.

The historical (estimated from IEA 2017) and
forecast world energy supply from various primary
energy sources are shown in Figure 4.3.1 and
Table 4.3.1.

Akey result from our study, as shown in Figure
4.3.1,isthat global primary energy supply will
peak within the forecast period. This will occur
even though the global population and economy
will still be expanding by mid-century, albeit both
ataslower rate than now. The world will be
producing more, butit will do so with less energy.
Owing to the steady electrification of the world
energy system and cumulative advances in energy

efficiency, we will need less energy within a few
decades.

Our forecast shows thatthe world's annual primary
energy supply, currently 581 EJ, will grow 11% and
reach a peak of 662 EJ in 2032, thereafter declin-
ing gradually to some 586 EJ in 2050, almost
exactly the same as now.

In this section, we describe the outlook for the
various primary energy sources, presented as
both consumption and production figures.
Typically, a fraction of biomass and fossil fuels are
produced in one region and consumed in another
and will be exported there on keel or through
pipelines. While electricity is often traded within
the regions we have delineated, we have assumed
no inter-regional electricity exports, as it seldom
crosses the regional boundaries.

Playersin the energy industry have the challeng-
ing task of ensuring both short-term and long-
term supplies of energy. As energy sources are
depleted, and because resources and assets have
limited lifetimes and then retire, capacity additions
are typically necessary, even if demand for the
energy source in question isin decline. Our
Outlook model addresses capacity additions and
retirements of all types of power generation. It also
includes capacity additions and retirements for oil
and gas fields, and for coal mines. Oil and gas
fields have depletion factors that depend on field



type, being typically 5-7% per year for oil fields

and 6.5-8% per year for gas fields. The lifetimes for

oil and gas wells, when new capacity must be

TABLE4.3.1

World primary energy supply by source (EJ/yr)

2016
Coal 163
Qil 168
Natural gas 140
Nuclear fuels 30
Geothermal 3
Biomass 56
Hydropower 14
Solarthermal 2
Solar PV 1
Wind 3
Total 581

FIGURE 4.3.1

2020

157
169
150
36
3
59

2030

140
164
182
44
4
66
20
3
19
18
660

2040

9
130
179

41

69
23

55
40
639

2050

60
86
149
28

67
24

96
68
586
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added to continue production, are 30 years for

conventional onshore, 20 years for offshore, and

10 years for unconventional onshore.

Share
2050
10%
15%
25%
5%
1%
1%
4%
1%
16%
12%
100%

World primary energy supply by source
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ENERGY COUNTING: IS PEAKENERGY COMING SOON?
YES, BUT IT DEPENDS ON HOW YOU COUNT ENERGY

Several ways of calculating primary energy exist,
each producing a different energy mix because it
assigns a different efficiency to each energy
source. The differences are most pronounced
when measuring primary energy from non-com-
bustibles such as renewables.

The primary energy of combustible sources such
as fossil fuels and biomass is commonly defined as
the heating value of combustion (or enthalpy).
There is often polarized debate over calculating
primary energy for non-combustible sources such
as nuclear or renewables. One view is that renewa-
bles are 100% efficient because the input energy

- solar, forexample - is neither captured nor
extracted as such and is assumed to be outside
the boundary of the energy system. Other analysts
assign a low conversion efficiency because, for
example, solar panels convert only a small
percentage of the solar energy reaching them.

These differences are apparentin the three key
primary energy methods. (A fourth method
called Resource Content Method also exists,
assigning efficiency factors for solar and wind,
butthis method is not used by any of the larger
forecasters).

The three key techniques:

— The Direct Equivalent Method distinguishes
between combustion and non-combustion
electricity generation. It assumes that electricity
generated from all non-combustion energy
sources - including nuclear, solar thermal and
geothermal - is primary energy.

— The Physical Energy Content Method distin-
guishes between thermal and non-thermal
sources of electricity. It assumes that the thermal
energy generated from nuclear fuels, geother-
mal sources and solar heat, and fossil fuels, is the
primary energy, while electricity from non-ther-
mal sources - such as wind, solar PV, and hydro-
power - is primary.

— The Substitution Method computes the primary
energy content of non-combustion sources by
asking how much fossil fuel would be necessary
to generate the same amount of electricity. This
method then ‘substitutes’ the efficiency of an
average hypothetical combustion power station
for the efficiency of non-combustion sources.

We use the Physical Energy Content Method in
our Outlook because this approach is in line with
organizations such as Eurostat, IEA, and OECD,
which allows for easy comparison with other
reference forecasts. Also, the conversion of
individual categories (gas, oil, solar PV, wind etc.)
is directly comparable to the ‘tradeable energy’
metric familiar to oil and gas, and power, produc-
ers. Put simply, atonne of crude oil is tradeable,
half a day of sunshine is not, but half a day’s
electricity generation from a solar PV panel is
tradeable. The tradeable-energy metricis both
measurable and has a clear economic value as
the coal, gas, oil, and power thatis produced or
sold.

Detailed conversion factor methods of our
counting method and more details of the
alternatives are provided in (DNV GL 2018e).



HOW WOULD OUR FORECAST DIFFER IF WE
USED AN ALTERNATIVE METHOD?

Using one primary energy method over another
significantly impacts energy forecasts. When the
renewable share of the energy mix was low, this
hardly mattered. As renewables’ share is now

FIGURE 4.3.2
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growing rapidly, and will continue to do so,
different methods produce different results, and
itbecomesimportantto understand the varia-
tions. Figure 4.3.2 illustrates how the main
Outlook results for primary energy demand will
change if we use another counting method.

Primary energy supply curves using three methods corresponding to the same final energy demand forecast
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43.1 COAL

In some coal mining areas, policies will continue to
reflect concerns for employment, potentially
delaying regional decarbonization due to contin-
ued use of indigenous coal resources in domestic
energy supply. As for oil and gas, these concerns
will likely reduce over time.

World coal consumption increased rapidly in the first
decade of this century, driven mainly by strong
demand growth in China. Consumption has,
however, flattened and is set for continued decline in
most of the world, reducing coal demand from 163
EJin2016to 68 EJin 2050, when itrepresents 10% of
world's energy use. The decline in the first 10 years is
minor, with global coal consumption hovering just
below its 2014 peak year.

FIGURE 4.3.3

The predicted decline in coal consumption shows
large regional variations. Consumption in OECD
countries is already in fast decline, driven by a
combination of climate-policy targets and region-
ally-dependent loss of cost competitiveness to
gas-based power and renewables. This trend will
continue. A surge in coal competitivenessin
Europe lately is expected to be an anomaly,
especially in the gas-abundantfuture we see
unfolding. Greater China accounts for almost 60%
of global coal consumption today, but Chinese
consumption of this energy source has stabilized.
Figure 4.3.3 indicates a rapid decline in Chinese
use of coal from aboutyear 2030; and, in the
mid-2040s, it will be overtaken by the Indian
Subcontinentas the largest coal consumer.
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Many of the world's large regional coal consumers
have significant domestic coal resources and
source their production from their own region.
The share of coal thatis transported between
regions s limited, and the regional coal produc-
tion overview resembles the coal consumption
overview.

Presently, coal is mainly used in power stations,
with manufacturing the second largest sector
(Figure 4.3.4). The decline in consumption by 2050
will take place in all sectors: 58% in manufacturing,
and 69% in electricity generation, for example.
Investors will continue to be concerned by depre-
ciated coal-fired power station stranded assets. It
remains to be seen how governments will deal
with this issue and alleviate the associated
economic pain.

FIGURE 4.3.4
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Coal demand is distributed among two catego-
ries in our analysis, where hard coal production is
four times higher than for brown coal (Figure
4.3.5). South East Asia and Europe are the main
producers of the former and Greater China and
Indian Subcontinent of the latter. The leading
regions today will also lead in the future, except
when it comes to hard coal. The tonnage of total
coal produced in the Indian Subcontinentis
currently less than 20% compared with the figure
for Greater China. However, the Indian Subconti-
nentisthe only region where coal output will
increase every year in our Outlook: it will produce
twice as much coal as Greater China by 2050.

World coal demand by sector
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FIGURE 4.3.5

Brown coal production by region
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43.2 OIL

Oil and gas extraction will find it increasingly
difficult to attract preferential policy treatment as
governments target emissions reduction and
divertattention to non-carbon energy technolo-
gies. Carbon risks and concerns about stranded
assets will increasingly grab the attention of policy
makers. Stranded assets are those that are losing
value or becoming liabilities before the expected
end of their design or economic lives due to
economics, innovation, or regulation. Employment
fears will extend the continuation of pro-extraction
policies; butthese concerns will likely reduce over
time as the economy transforms with the transfer of
skillsets and expertise to other industry areas.

World oil consumption has increased slowly over
the last decades. However, we forecast a shift as
oil consumption will inch upwards for a few years,
to peak over the next decade and thereafter start
a steady decline to halfits peak level in 2050, as

FIGURE 4.3.6
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illustrated in Figure 4.3.6. Oil's share of the overall
energy demand will then have reduced from the
present 29% to 15% in mid-century.

North America is currently the region with the
largest oil consumption. Greater China will over-
take itin 2023. All regions will experience lower oil
demand towards the end of the Outlook period
(for Sub-Saharan Africa, the demand is essentially
flat from 2040), driven mainly by EV uptake.

Transportisthe main consumer of oil and will
continue to be so (Figure 4.3.7). The electrification
of transportation will largely be in the road
segment, where a dramatic increase in EVs will
significantly reduce oil consumption. Aviation and
shipping will use oil for longer; in these segments,
oil use will meet competition from biofuels for
decarbonization rather than from electrification.

Crude oil demand by region
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FIGURE 4.3.7

World oil demand by sector
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By 2050, oil use in transportation will be lessthan a
third of its 2021 peak. Butin some regions, other
sectors’ use of oil will remain constant. Conse-
quently, the share of non-transport consumption
in oil demand use will increase from about a
quarterin 2016 to two-thirds in 2050.

The Middle Eastand North Africa region will
continue to dominate the supply picture (Figure
4.3.8), as the cheapest oil resources with the
easiest access are located there. North America
will remain a growing producer for the next two
decades, with shale oil taking a larger share in
total production. The relative roles of the three
dominant production regions will hold in a period
of halving oil output, as Middle East and North
Africa production is twice that of either North
America or North East Eurasia today, and will
still be soin 2050. Latin America will also
increase production, helped also by a nascent
shale industry. In the remaining regions, produc-
tion will decline.

FIGURE 4.3.9
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Separate forecasts for offshore oil, onshore

oil, and unconventional oil are included in our
supplementary publication on the implications
of the energy transition for the oil and gas industry
(DNV GL 2018b).

As can be seenin Figure 4.3.9 the annual rate of
oil capacity additions will reduce considerably
over the forecast period, but new oil fields are
required until the 2040s to replace depletion of
existing fields. Geopolitical concerns at sub-re-
gional levels will increasingly play a role. Amid
declining consumption in the future, we see little
scope for adding capacity in high-cost areas,
such asinthe Arctic. After 2040 we will likely enter
a period where new oil fields are not required to
replace depleted fields. Whether there will be
potential to optimize the world'’s oil resources on
a global scale and stop new developmentsis a
complex political-economicissue.

Crude oil production capacity additions by region
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4.3.3 NATURAL GAS

Natural gasis frequently seen as a bridge fuel. It
has significant environmental advantages over oil
and coal, both in terms of GHG and particulate
matter emissions. Consequently, itis favoured by
policy makers for urban transportation. For
example, compressed natural gas is mandated
for auto rickshaws in India. In the future, we see

a strong and growing role for natural gas for
fuelling bespoke peaking power plants, in support
of renewables. In the long term, gas will encounter
ever-increasing competition from renewables;
so, only by capturing emissions along its value
chain will it be able to maintain its role as a major
energy carrier.

FIGURE 4.3.10
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The world's gas demand has doubled over the last
30 years. It will continue to increase strongly until
2030 and will then eventually peak in 2034 at 186
EJ/year, which is 33% higher than today's level.
Thereafter, gas consumption will decline towards
2050to a level 6% greater than today, as illustrated
in Figure 4.3.10, its share of the overall energy
demand will increase from the current 24%,
reaching a peak of 28% in the mid-2030s, and be
back at25% in 2050.

Natural gas demand by region

Units: EJ/yr
200

150

100

50

1980 1990 2000 2010

NAM
LAM
EUR
SSA
MEA

NEE
CHN
IND
SEA
OPA

2020 2030 2040 2050

161



DNV GL ENERGY TRANSITION OUTLOOK 2018

162

Regional annual production rates and trends
illustrated in Figure 4.3.11 will not change dramati-
cally. Several regions, notably North America,
have seen increasing gas production levels in
recentyears (we discuss this in more detail in our
Oil & Gas companion report- DNV GL 2018b).
Also, Middle East and North Africa, and North
East Eurasia, show steep rises until the
mid-2030s, thereafter experiencing a gradual
decline.

Gas use will continue to grow earliest and strong-
estinthe power sector, where it will peakin 2034
atlevels two-thirds higher than today (Figure
4.3.12). A similar peak will be seen in gas use for
transportation, but at far-lower consumption
levels. The use of gas in buildings will remain
essentially flat, while manufacturing gas use
appears to increase throughout, with a forecast
peak mid-century.

FIGURE 4.3.11

Separate forecasts for offshore gas, onshore gas,
and unconventional gas are included in our
supplementary report on the implications of the
energy transition for the oil and gas industry (DNV
GL 2018b).

The annual rate of gas capacity additions, illus-
trated in Figure 4.3.13, will increase over the next
decade, thereafter reducing back to a pace similar
to that of today. The regional variations are
relatively small, with the dominant contributions
coming from Middle East and North Africa, North
America, and North East Eurasia.

Natural gas production by region
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FIGURE 4.3.12

World natural gas demand by sector
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Natural gas production capacity additions by region
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4.3.4 NUCLEARPOWER

Nuclear power is environmentally ambiguous. Itis
advocated in the context of climate change
mitigation to meet future energy demands without
emitting carbon dioxide (CO,), other GHGs, and
particulate matter, and can reduce or eliminate
dependence on oil. Societal acceptance varies
across regions, however; witness the opposition
following the Fukushima disaster in Japan in 2011.
Willingness to accept risk and carry costs - includ-
ing for treating and storing nuclear waste, and
decommissioning - will continue to vary in coming
decades. Increasing competition from renewable
energy technologies as a faster-to-market option
for meeting growing energy demand in develop-
ing countries could be a game changer for nuclear.
Added to environmental risk, it will reduce
willingness to treat relatively expensive nuclear
power preferentially, as has been the case in
several markets until now.

World nuclear power output has grown almost
fourfold since 1980. Figure 4.3.14 shows our
forecast that before the peak in 2035, output will
increase by two-thirds compared with today. By
mid-century, itfalls back to 2.6 PWh/year, 10%
above current production. Due to the calculation
method, where the heat content of nuclear fuel is
considered as primary energy, a large proportion
of the primary energy content of 28 EJ is lost in
electricity production as the efficiency is only 35%.

North America and Europe are the two most
nuclear-dominant regions today and will be joined
by Greater China as a major nuclear power within a
decade. Figure 4.3.15 illustrates that new nuclear
will be built mostly in Greater China. In fact, no
other region will add net new capacity in the
future, and even China will see retirements
exceeding capacity additions after 2041. Atthat
time, Greater China's nuclear power output will be
seven times higherthanin 2016.



FIGURE 4.3.14
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Nuclear electricity generation by region
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Nuclear capacity additions by region
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4.3.5 HYDROPOWER

Hydropower is at a policy crossroads as planning
permissions for large dams must be balanced with
protection of biodiversity and the livelihoods of
residential communities. We expect broader
environmental concerns to gain primacy in the
hydropower debate, but countries will still want to
exploitthis formidable source of reliable renewa-
ble power. Variable renewable energy sources
(VRES) will be a strong competitor for hydropower
in large parts of the world. VRES will cause average
electricity prices to decline, creating a harsh
conditions regionally for hydropower. There is,
however, an upside in services from hydropower in
the form of flood damping, energy storage, and in
balancing variable solar and wind generation. All
things considered, we predict policy continuity for
hydropower projects. In the initial decades, large
hydropower developments will be supportedin
developing economies due to robust new demand
for electricity.

Hydropower will be increasingly valuable for
balancing load and generation, both for short-term
daily variations and for medium-term seasonal
variations. 'Pumped hydro’, which increases
reservoir volumes by harnessing surplus solar and
wind energy to pump water back up to the reser-
voir, will be increasingly important. However, not all
hydropower production is suitable for this.
Pumped hydro requires new investments and
involves energy losses; so, many areas will continue
with traditional hydropower, both traditional
reservoirs without pumping facilities, or run-of-
river hydro.

World hydropower production has doubled during
the last 30 years, and Figure 4.3.16 illustrates our
prediction that it will continue to grow throughout
the Outlook period. Towards 2050, most of the
suitable resources in prime locations will be
developed, and production will startto level off,
providing 6.6 PWh/year or 11% of the world’s
electricity atthe end of the forecast period.

Latin America, Greater China, North America, and
Europe are the largest hydropower producing
regions today. Greater China will continue to grow
steeply, and Latin America will also increase during
the firstfive years. The growth in Sub-Saharan
Africa will occur slightly later during the forecast
period.

Figure 4.3.17 shows how installation of hydropower
capacity will peak around early 2030s, with South
East Asia leading. Laterin the period, additions will
be ata much lower level, with Latin America and
South East Asia attracting the greatest levels.



FIGURE 4.3.16
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Hydropower electricity generation by region
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FIGURE 4.3.17
Hydropower capacity additions by region
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4.3.6 BIOMASS

Biomass is currently the largest source of renewable
energy. Its carbon neutrality is debated, as
described in discussion on biofuels in Section 4.8,
where we provide a more comprehensive comment
on biomass assumptions and sustainability. Loss of
biodiversity tends to follow aggressive deforesta-
tion, for example. Consequently, policies tend to
focus on better use of biomass residues and waste,
hitherto leftto rotand produce methane, a signifi-
cantsource of GHG. Supportfor such efforts will
increase in many regions.

Biomass can take several different forms; for
example, wood or charcoal used for heating and
cooking, gas produced from waste, and liquid fuel
produced from crops. We do not differentiate
quantitatively between the various biomass forms,
but use the gross energy output from its combus-
tion as a metric. We do not model the sector’s
capacity otherthan in power generation, where
we explicitly follow the building of biomass-burn-
ing power plants.

The world's use of biomass has grown 53% over
the last 30 years. Figure 4.3.18 indicates that the
growth will continue for the next two decades,
thereafter levelling off. Although biomass has
seen its share in energy supply declining until now,
agradual increase in its consumption implies that
its current share of 10% will grow to about 11% in
2050. World biomass consumption is predicted to
stay high, but will change composition considera-
bly, from past poor efficiency associated with
basic biomass use (for example, in cooking) to
greater shares being derived from waste genera-
tion and modern crop-based biofuel.

In some regions, biomassis currently the domi-

nantenergy source in residential buildings. This
will change, butdirect biomass use will remain a
considerable energy source in some regions.

Biomass contributes 6.4% of the energy mixin
manufacturing, and this will decline to 4.1% in
2050, again with large regional variations (Figure
4.3.19). In electricity production, biomass usage
will increase by 150%. However, the share is still
small and will keep stable ataround 2% of the
global energy mix until 2050, but with large
regional variations.

Transport's use, in the form of liquid biofuels, will
experience the highest sector growth. Itis setto
increase by 280%, and will grow to be one of the
major energy sources used for transport, espe-
cially in aviation and shipping. The major driver for
this growth will be decarbonization policies,
driven by CO, pricing. The regional composition
will not change dramatically over the forecast
period in our Outlook.
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FIGURE 4.3.18

Biomass demand by region
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FIGURE 4.3.19
World biomass demand by sector
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4.3.7 SOLARPHOTOVOLTAIC

Solar PV has seen more rapid cost reduction than
any other energy source over the last decade. Its
initial uptake frequently reflects preferential
treatment such as feed-in and net tariffing. Such
supportis unsustainable when solar PV grows in the
coming years. Furthermore, it will not be needed.

Increasingly, policies will require VRES to bear
more of their own cost burdensto ensure reliable
power systems. We see a bright future for small-
scale local solar PV in housing and industrial
facilities, generating electricity at the point of
consumption, and thereby avoiding transmission
losses and the need for infrastructure investment.
We forecast thattoday’s policies will remain in
force, maybe even increasing incentives in some
regions over the coming decade. We expect
preferential treatment to decline beyond 2030 in
most regions, and by 2040 in all, as solar PV
becomes entirely cost competitive, even when

FIGURE 4.3.20

storage and other costs are included. The market
designin large parts of the world, typically
designed for a dispatchable electricity world, isin
flux. As we explain in our companion report
(DNV GL 2018a), policies will have to accommo-
date a radically different generation system.

The rapid cost decline has resulted in solar PV now
being the fastest-growing form of energy. However,
itstarted from a very low base. Despite the strong
rise over the last 10 years, itaccounted for only 0.2%
of world energy consumption in 2016. From 2016 to
2027, solar PV generation will increase by one order
of magnitude, and then by almostanother order of
magnitude by 2050, asiillustrated in Figure 4.3.20.
This will bring generation up to 27 PWh/year (97 EJ/
year), producing 40% of the world's electricity and
16% of its energy supply. While 27 PWh/year is
connectedto a grid in one form or another, 0.3
PWh/year is totally off-grid. Off-grid is a concept we

Solar PV electricity generation by region
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have modelled only in the two regions with the
lowest levels of energy access in 2016; the Indian
Subcontinentand Sub-Saharan Africa. The uptake
of off-grid solarin these regions is driven by the
increasing cost competitiveness of a solar PV-bat-
tery combination versus grid extension and off-grid
diesel generators. Long distances from the grid and
low household consumption make it difficult for
policy makers to justify economically central-grid
extension to distant regions. Small-scale, off-grid
solar can play a significantrole in these regions,
thus increasing electrification rates. The regional
description of Sub-Saharan Africain Section 5.4
gives more details of off-grid solar.

All regions, except North East Eurasia, achieve
considerable solar PV generation in our forecast.
Greater Chinais already (2016) overtaking Europe
asthe largest producing region, and will remain so
for the entire forecast period, while the Indian
Subcontinent will, within the next decade, take
over as the second largest region.

FIGURE 4.3.21
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Newbuilds of solar PV obviously reflect those
areas that will produce the energy. All regions
except North East Eurasia will add a significant
share of solar PV capacity. As illustrated in Figure
4.3.21, the absolute levels of installations will
gradually increase to around 500 GW in 2030 and
1,000 GW towards the end of the period, around
10 times the currentinstallations. Total installed
capacity in 2050 is estimated to be 19 terawatts
(TW), of which 7 TW s in Greater Chinaand 5 TW
inthe Indian Subcontinent. The ETOM does not
model offshore solar PV separately, but we can say
that offshore solar PV is an opportunity near cities
and for countries with high population densities.

As elaborated in our supplementary report, Power
Supply and Use (DNV GL 2018a), we find that these
high growth rates are consistent with the indus-
try's capacity to expand, but we also elaborate on
the challenges this creates for governments,
regulators, and network operators.

Solar PV capacity additions by region
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4.3.8 SOLARTHERMAL

Solarthermalis used here as a placeholder for both
solar water heating and for concentrated solar
power (CSP), the latter being used only for power
generation. Solar water heating has increased
recently butis forecastto flatten out atabout 1.5
EJ/yeartowards 2050.

As solar PV and wind costs continue to decline,
CSP costs will not do so to the same degree. In
addition, although some local uptake is expected
-forexample, in the Middle East and North Africa
and Latin America - solarthermal is expected to
provide only around 1.0 EJ/year of primary energy
supply in 2050, a level similar to off-grid solar PV.

CSP, which includes the heating of liquids, involves
implicit energy storage. This adds a dispatchable
elementto its electricity. Yet the technology remains
so expensive that combinations of VRES and other
storage and flexibility enhancements will provide less
costly solutionsto the VRES intermittency challenge.

4.3.9 WIND

Wind power shares some challenges with hydro-
power: loss of visual amenity and threats to wildlife.
Nevertheless, we foresee policies favouring
offshore wind strengthen in countries with limited
land areas, and bypassing community opposition.
Onshore wind will be more cautiously supported in
some developed countries lacking the energy
hunger of developing nations. As wind power
spreads, costs will continue to decline for decades.
Consequently, public subsidies will be reduced
and disappear in many regions.

In our ETOM, we consider offshore and onshore
wind separately. Although they are combined here,
the splitis evident under electricity generation,
and in our companion reporton Power Supply and
Use (DNV GL 2018a), where offshore and onshore
wind generation and production are analysed in
more detail.

Wind generation has been growing steeply over
the lastfew years, but from a very low base, and
represented only 0.6% of the world's primary
energy supply in 2016. Nevertheless, wind will
continue to grow steeply, increasing tenfold in the
next 20 years, and thereafter rising sharply towards
the end of the forecast period. Asiillustrated in
Figure 4.3.22, wind generation will represent 19
PWh/year (68 EJ/year) by 2050, 12% of the world's
total primary energy demand and 29% of electric-
ity production.

All regions will have considerable wind generation
by 2050, with Greater China being by far the largest
with 6 PWh/year, followed by Indian Subcontinent,
and North America.

Wind installations are led by Greater China, and,
compared with solar PV, are lower at the start of the
forecast period but highertowards the end. As
illustrated in Figure 4.3.23, annual capacity
additions will reach 300 GW/yearin 2030 and 500
GW/yearin 2050, about ten times their 2016 levels.
As explained in our companion publication
(DNV GL 2018a), predicted growth rates are high,
butare consistent with the industry’s ability to
expand. The total installed wind capacity in 2050
is 7 TW, with around one third being in Greater
China. The companion publication also goesinto
the details of offshore wind and onshore wind, as
the ETOM forecasts each separately.



FIGURE 4.3.22
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Wind electricity generation by region

Units: PWh/yr
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FIGURE 4.3.23
Onshore and offshore wind capacity additions by region
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4.3.10 GEOTHERMAL

Geothermal is a small energy source, accounting
foronly 0.5% of the world's energy use in 2016. A
case could be made for oil and gas majors to
explore geothermal projects as strategic synergies
drawing on their drilling and large-project capabili-
ties. Inthe absence of developments in this vein, or
of other breakthroughs, little new developmentis
expected, and geothermal energy will continue to
be small throughoutthe Outlook period. Itis
largestin South East Asia and North America.

4.3.11 OTHER

Other energy forms, such astidal and wave energy,
are not quantified as part of the energy mix, butare
discussed in Section 4.8 on technologies and their

levels of maturity.
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4.4 eENERGY INFRASTRUCTURE

With regards to energy infrastructure we have chosen to focus on
electricity transmission and distribution grids and on LNG terminals.
These reflect the growth necessary to facilitate electricity’s increasing
share of the supply mix, as well as gas becoming the dominant fossil
fuel, with associated increased trading via the medium of LNG.

441 GRIDS

The energy transition entails a strong growth of
electricity use. In our analysis, electrification
implies 162% growth in electricity generation to
2050. Further, the move from a fossil based
‘conventional’ power production systemto a
system with orders of magnitude more (variable)
renewables has implications for the grid. In our
Power Supply and Use report (DNV GL 2018a), we
define the many types of grid, including where
cables are drawn (overhead, underground and
underwater) and five classes of voltage that goes
through them, and whetherthe currentthrough
themis direct or alternating.

Solar PVis frequently used close to where it is
generated, and some argue thatthe netresult of
the electricity transition to renewables would
entail less relative grid need because of this
increased decentralization. However, there is also
the opposite effect, that the many decentralized
power sources will benefitfrom connectionsin
times of surplus electricity, so asto sell it to the
grid. We find this second effect much stronger and
the grid expands faster than electrification and so
- using our integral metric of gigawatt-kilometre
(GW-km) - grows by 254% to 2050. The reason is
thatvariable renewables are a particularly strong
force for grid growth; a grid is needed that can
handle its intermittence (the peak-to-average

transmission load is far higher than for traditional
generation), and thus dispatch power from areas
thatare in electricity surplus to areas that find
themselves in shade and/or devoid of wind. Even
with much fortified battery storage, peak shaving
from demand response, and peaking plants,
variable renewable energy sources (VRES) will
benefit from being able to dispatch surplus
electricity to faraway places. The expansion of the
grid is shown in Figure 4.4.1, and the main expan-
sion happensin Greater China and on the Indian
Subcontinent. Further refinement of these results
is given in the Power Supply and Use report

(DNV GL 2018a). One interesting development
discussed there isthe rapid increase in the use of
direct current(DC) power lines beyond 2030.

Global grid costs reflect the mixture of grid
additions that come from the exponential growth
in VRES supply as shown in Figure 4.4.2. Such grid
reinforcements are negligible today, but will take
off within a decade, and amount to about a sixth of
the combined grid operational expenditure (opex)
and capital expenditure (capex) costs by 2050.
Note that after 2045, the grid starts to mature:
capex costs are declining sharply, reflecting less
demand-related grid capacity additionsin such a
slow grid-growth environment.
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FIGURE 4.4.1

Grid capacity by region

Units: PW-km
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FIGURE 4.4.2

World grid cost by driver

Units: Bn$/yr

1,500 i Due to demand
I Due to supply

Il Dueto
: | VRES-related
1,000 z , reinforcement

500

0
1980 1990 2000 2010 2020 2030 2040 2050

176



4.4.2 LNGTERMINALS

In 2016, global natural gas liquefaction capacity
was about 310 Mt/year. This will grow quickly to
plateau at about 707 Mt/year in 2040. Middle East
and North Africa is currently where the main
capacity resides. However, as shown in Figure
4.4.3, by 2040 North America will have grown from

FIGURE 4.4.3
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almost zero today to almostrival the capacity

of the Middle East and North Africa. This reflects
the phenomenal growth in North American gas
output, where net additions will come almost
solely from shale gas production.

LNG liquefaction capacity by region
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Global regasification capacity will also surge,
doubling its capacity to 1390 Mt/year in 2050.
Currently, OECD Pacific has about 40% of the
global regasification capacity, almost all of which
isin Japan. Asillustrated in Figure 4.4.4, most
regions will experience significant regasifica-
tion-capacity growth in the period. Chinese
capacity will increase more than four-fold,

to about 280 Mt/year capacity, a level rivalling
that of Sub-Saharan Africa and OECD Pacific.

FIGURE 4.4.4

In comparing liquefaction and regasification
capacities, the latter is about twice the size of the
former. This partly reflects unitinvestment costs,
which are five times higher for a liquefaction plant
than for a regasification plant. Thus, it is economi-
calto have lower average annual capacity utiliza-
tion, i.e. higher redundancy for regasification
plants.

LNG regasification capacity by region
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EFFECTS OF DIGITALIZATION ON
THE FUTURE OF ENERGY

Digitalization is not a new phenomenon, but it is accelerating
across all industries and intensifying as an integrated part of the
energy system and the energy transition.

Althoughitis not possible to state precisely how
digitalization will contribute to increasing the pace
of the transition by a specific factor, this chapter
includes a general overview of the effects of
digitalization, and provides some specific exam-
ples of these.

Digital technologies will make power systems
around the world more connected, intelligent,
efficient, reliable, and sustainable. Smart grids are
already improving the safety, productivity,
accessibility, and sustainability of power systems,
allowing utilities to deliver energy at the right time,
inthe right place, and atthe lowest cost. In the
nextfew years, emerging technologies, like data
analytics, artificial intelligence, mobile- and
cloud-based systems, and blockchain, will add
layers of software and applications on top of the
grid, making the grid ever smarter. This will bring
more predictability and scalability, and new
business models and services to grid operators,
while also driving change in markets, businesses,
and employment. As new business models are
emerging, others may be on their way out.

Digitalization will lower costs of monitoring and
control of all kinds of energy generation (fossil,
nuclear, and renewables). In transmission and
distribution networks, digitalization will help
realize efficiency gains and a lower level of losses,
for example through remote monitoring of assets,
allowing them to be operated closer to their
optimal conditions.

In asset-intensive energy value chains, digitaliza-
tion will drive improved planning and more
efficient predictive maintenance of assets, leading
to lower investment requirements and operating
costs.

Inthe power sector, digitalization is an important
enabler of the energy transition. Smart metering
and demand response will better match power
demand and supply. This partly compensates for
the variability of renewable power sourcesandisa
key to our forecast of double-digit capacity
growth of solar PV and wind power.

Onthe effect of demand response, we find a likely
annual reduction in peak-to-average electricity
demand of 4% by 2050. Our expectation was that
this would improve the competitiveness of
variable renewables and boost their uptake.
However, with less peak demand, the total need
for capacity will decline. This will reduce additional
uptake of capacity, i.e. reduce the need for new
renewables - a result thatinitially seemed coun-
ter-intuitive in our model, butlogical in hindsight.

In electricity also, better and fully digital monitor-
ing and subsequent management of grid capacity
utilization will significantly reduce power losses.
Thus, by 2050 such losses will decline by 25% from
today’s rate to only 3% in the most grid-efficient
region (OECD Pacific) and 13% in the region with
the highestlosses (Indian Subcontinent).
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Although ever-faster computers and other digital
devices typically see declining energy use per
computational operation for every new genera-
tion, the growth in volume is so strong that their
total energy consumption will still increase. A
particular case in pointis bitcoin and other
computationally intensive cryptocurrencies.
Although next generation cryptocurrencies may
be less computationally intensive, their prolifera-
tion will rely on power-consuming cooling.
Similarly, the move to cloud-based solutions is
also dependent on mountains of computing
power, with corresponding electric-cooling
needs. Although Moore's law enables computing
power to grow much faster than corresponding
energy needs, we forecast that recent energy
consumption growth rates of about 4%/year
(Sverdlik 2016) will be sustained. We thus expect
a quadrupling of energy used for computational
purposes to 2050.

FIGURE 4.5.1

Digitalization will also impact transport. We have
already witnessed ride-sharing with companies
such as Lyftand Uber, both totally dependent on
Global Positioning System (GPS) solutions match-
ing vehicles with nearby transportation needs.
Maritime transportation will experience better
fleet utilization through similar applications. The
short-term energy savings will be substantial.

Less common is the discussion of longer-term
effects: greater asset utilization will shorten asset
life expectancy and thus influence replacement
rates towards faster asset renewal and uptake of
new and ever-more energy-efficienttechnologies.
This will be somewhat offset by the fact that
greater asset utilization will also reduce the size of
asset fleets, which will require less resource and
energy use in their production.

The effect of digitalization on the global light vehicle fleet
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The combined effect onthe light vehicle fleet of both
increasing car-fleet automation (partially or fully
replacing the driver with a robot and sensors)and
widespread ride-sharing is an example of increased
asset utilization. As explained in more detail in
Section 4.1 on road transport, the effect of digitaliza-
tionis about halfa billion fewer light vehicles on the
roadin 2050, asillustrated in Figure 4.5.1.

Increased asset utilization will resultin fewer vehicles,
their average lifetime will shrink, and new and more
fuel-efficient cars will be introduced faster. More
rapid fleet rejuvenation results in a slower growth in
energy consumption, as shown in Figure 4.5.2.

The improved availability of automated ride-shar-
ing may, however, have unintended energy
side-effects. Endpointaccessto electricand
automated cars, as currently piloted in many
European cities, might not only replace ener-
gy-consuming passenger car use with energy-sav-

FIGURE 4.5.2
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ing trains; it might also reduce walking and the use
of energy-saving buses.

In maritime transport, we foresee a similarincrease
in fleet utilization. Better planning will reduce
average sailing distances for a shipload by 3% from
2016 to 2050. More importantly, better information
aboutwhen avessel can on-and offload will
significantly reduce time in port, and thus resultin
growth in fleet utilization by 11% over our forecast-
ing period. In practice, part of this will be countered
by slow steaming when possible, and also by
relatively smaller fleets. All things considered, these
trends pointto an increased likelihood of achieving
the IMO's target of reducing shipping GHG emis-
sions by at least 50% over the period 2008-2050.

Inthe sections on the energy demand from
buildings, we explain in greater detail about the
energy requirements from data storage and
communication.

The effect of digitalization on the global light vehicle energy demand

Units: EJ/yr
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ENERGY EFFICIENCY

ENERGY INTENSITY

Energy efficiency can be measured in several 4.6.1 shows how the annual improvement rate will
ways, but we have focused on the world's energy vary, with continued high improvements, but
intensity - units of energy per unit of GDP. This has highesttowards the end of the forecast period.
been reducing on average by 1.1% per year for two This average energy intensity rate is a result of a
decades. This decline has notbeen smooth, with combination of sector-specific energy-efficiency
spikes along the way. A case in pointisthe large inputs provided to the model.
reduction in energy intensity over the last five
years, mainly driven by developmentsin China, The main reasons for accelerated intensity
where the economy continued to grow while improvements are faster electrification of the
growth in energy use slowed down considerably. energy system and the increased share of renewa-
blesin the power mix. In a steadily electrifying
Over our forecast period, for which we foresee a energy system, efficiency is greater and losses
130% increase in global GDP and a 1% increase in less, so less energy is needed to produce the same
overall primary energy consumption, energy services. As the renewable share of electricity
intensity more than halves from 7.1 MJ/USD in accelerates, energy intensity benefits from smaller
2016 to 3.1 MJ/USD in 2050. Thus, we forecast a losses in power generation. The acceleration in
shiftfrom an historical annual improvement rate in energy efficiency is underway: developments over
energy intensity of 1.1% per year to an average of the lastfive years prefigure our forecast for the
2.3% peryear over the Outlook period. Figure Outlook period.
FIGURE 4.6.1

World energy intensity
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Based on our results, the third measure of UN
Sustainable Development Goal (SDG) #7 - to
double the rate of improvementin energy
efficiency - will not be met, although we are
approaching those levels. More specifically,
our estimates do not see the world more than
doubling its energy efficiency to 2030, as our
forecast 2.0% peryearimprovementin 2015-2030
is close to, but not double, the historic 1.3% per
yearin 2000-2015.

Over recentdecades, developed countries have
decoupled economic growth from increased
energy use. More recently, China has followed
suitasitenters a new stage of development. In
our Outlook, the world follows the same overall
trend, although some of the poorest regions will
still be growing their energy use atthe end of
the forecast period.

SECTORAL ENERGY EFFICIENCY

Table 4.6.1. shows forecast energy-efficiency
trends by sector, aggregated from regional
estimates for each sub-sector.

Road transportwill see a significantincrease in
energy efficiency, with the dual effect of steadily
improving efficiency for combustion cars and
introduction of highly efficient EVs. The average
energy use per kilometre driven reduces linearly
by 3.4%/year over the forecast period, giving a
total reduction in energy use per km of 70% over
the forecast period. This is obviously only possible
if our forecast fleet electrification materializes, as
the electric engine has far higher efficiency than
the combustion engine. In aviation and maritime,
there are also considerable efficiency gains of
2.0%/year per passenger trip and 1.0%/year per
tonne-mile, respectively.

TABLE 4.6.1 ENERGY EFFICIENCY IMPROVEMENTS BY SECTOR

SECTOR SUB-SECTOR SECTORAL OUTPUT ENERGY USED IMPROVEMENT
PER YEAR

(2016-2050)
2016 2050 2016 2050 G
Transport Road 25T km 57T km 85 EJ 62 EJ 3.4%
@‘ Aviation 3.6G pass-trips 8.8G pass-trips 12 EJ 15EJ 2.0%
o0 Maritime 55T tonne-miles 76T tonne-miles 11 EJ 11EJ 1.0%
Buildings Space heating 19EJ 2.5EJ 45EJ 40 EJ 1.2%
Space cooling 0.5EJ 2.6 EJ 5EJ 17 EJ 1.5%
Water heating 0.9 EJ 1.9 EJ 19 EJ 25EJ 1.5%
E Cooking 1.5EJ 2.3EJ 24 EJ 16 EJ 2.4%
Appliances & lighting 1.2 EJ 29EJ 24 EJ 47 EJ 5.5%
Manufacturing Base materials 31G tonnes 51G tonnes 79 EJ 77 EJ 1.6%
“I! Manufactured goods 13G tonnes 30G tonnes 46 EJ 79 EJ 0.9%

* CAGR: compound annual growth rate

Sl prefixes G (giga-): a billion, T (tera-): a trillion, E (exa-): a quintillion
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Energy use in buildings will increase by 23% from
2016 to 2050 while end-use services grow by
102%, so that energy efficiency rises 1.5% per year.
The biggest efficiency improvement s in cooking,
with an average improvement rate of 2.4% per
year, mostly thanks to transition from traditional
cooking. Water heating and space heating will
experience growth rates of 1.5%/year and 1.2%/
year, because of electrification, fuel switching, and
technological improvements. The efficiency
improvementin space cooling is expected to stay
strong, with an average improvement rate of 1.5%/
year. Finally, the overall efficiency improvement of
appliances and lighting is expected to be 0.5%/
year, although the rate for lighting on its own is
believed to be much higher. These figures reflect
many factors, including the fact that some of the
economic growth will be used forimproving

THE ENERGY TRANSITION CHAPTER 4

comfort; through air conditioning and new
appliances, for example. Nevertheless, the main
driver for efficiency improvement the use of more
efficientenergy sources, such as electricity
replacing the inefficient use of biomass for
cooking and heating.

Energy use for production of base materials is
almost flat, while outputincreases by more than
60%, representing an annual efficiency gain of
1.6%. The efficiency improvement of manufac-
tured goods production is less, at 0.9%/year, but
this includes a change in composition of manufac-
tured goods. This occurs as increased wealth and
new technologies push towards more produc-
tion-intensive electronics and other appliances
requiring more energy to produce than say,
textiles, furniture, or general machinery.
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ENERGY EXPENDITURES

THE GLOBAL EXPENDITURE PICTURE
Energy has a price tag. Two critical questions are
whether the projected transition is an expensive

one; and whether the total expenditures are
affordable.

We calculate fossil expenditures by considering
upstream and power-related capital expenditure
(capex)and operating expenditure (opex) for oll,
gas, and coal. For non-fossil energy expenditures,
we calculate capex and opex related to power
stations. "Power stations” here is used as a term that
includes wind parks, solar PV -including everything
from rooftop to utility scale parks - dammed or
run-of-the-river hydropower stations, nuclear
plants, and solar thermal and geothermal plants.
Grid costs are not attributed to either fossil- or
non-fossil, and consist of expenditures related to
power lines, substations, and transformers.

We forecast global fossil expenditures to drop
significantly from around USD 3.4 trillion in 2016 to

FIGURE 4.7.1

USD 2.1tn in 2050 (measured in 2005 US Dollars).
Non-fossil energy expenditures will exhibit a
reverse trend, more than tripling from USD 0.69tn
in 2016 to USD 2.4tn in 2050. The

year 2044 will be the last when fossil energy
expenditures will be higher than non-fossil
expenditures. Due to rapid electrification of the

energy system, grid expenditures will increase
from USD 0.49tn in 2016 to USD 1.5tn in 2050.

Global energy expenditures will increase by 33%,
from USD 4.5tn in 2016 to USD 6.0tn in 2050. But as
GDP will grow by 130% over the same period, the
energy fraction of world GDP will decline from 5.5%
in 2016 to 3.1%in 2050, as shown in Figure 4.7.1.

14 By 2050, capex for renewables
and grids will be 47% of global
energy expenditures, up from
17% in 2016.

Energy expenditures as fraction of world GDP
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FIGURE 4.7.2

World energy capex by source
Units: Bn$/yr

Fossil energy

I Non-fossil
energy
— BN Grid
k
2015 2020 2025 2030 2035 2040 2045 2050

FIGURE 4.7.3

World energy opex by source
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Figure 4.7.2 shows that fossil capex will peakin
2020. By 2034 non-fossil capex will be larger than
fossil capex. Grid capex will also increase, although
ata slower pace than non-fossil capex.

Fossil opex will peak nine years later than capex, as
shown in Figure 4.7.3. Opex for non-fossils and
grids will increase, but unlike capex they will never
surpass or come close to fossil opex.

POWER EXPENDITURES

Power capex is calculated by multiplying capacity
additions for each electricity source, with the unit
investment cost. Figure 4.7.4 provides the global
power capex by power station type.

Global capexin renewable power has lately been
USD 250-300 billion (in 2005 USD) annually, with the
lion's share going to wind and solar. Capex in fossil-
based power has been USD 150-250bn annually, with
the largest share going to new coal plants.

FIGURE4.7.4
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We forecast the world's electricity output to
almosttriple by 2050. However, power-station
capex will grow even more, as expenditures
associated with wind and solar - still experiencing
declining unit costs - are mostly capital expendi-
ture. Fossil power stations, in contrast, have
substantial operating costs that are reflected in
their LCOE, notably the fuel costs of the coal, gas,
and oil thatthey burn. Figure 4.7.5 shows how
global power-station opex startto decline beyond
2032 as the share of renewables in the power mix
increases. Gas and coal will remain responsible for
most of the power-sector opex, even by 2050,
when their role in power generation is significantly
reduced.

Figure 4.7.6 considers in more detail the regional
outlook for capexin renewable power stations.
Greater Chinais by far the largest regions in terms
of renewable power-station capex, passing USD
200bn/year by 2024.

World power station capex by power station type

Units: Bn$/yr
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FIGURE 4.7.5

World power station opex by power station type

Units: Bn$/yr
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GRID EXPENDITURES

Due to rapid electrification of the global energy
system, the infrastructure for supply must grow
disproportionally, as VRES require grid reinforce-
ments and must respond to higher peak loads.

Figure 4.7.7 shows the growth in grid expenditures
for different types of voltage levels. These repre-
sentaverage values from a global perspective,
and differ slightly by region: UHV is ultra-high
voltage; eHV, extra-high voltage; HV, high voltage;
MV, medium voltage; and LV, low voltage. The
faster growth in expenditures on LV and MV power
lines beyond 2030 is the result of the rapid growth
in VRES supply, of which a significant share will not
require a connection to higher-voltage transmis-
sion lines. Electrification of heatis another key
driver here.

FIGURE 4.7.7
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As can be seen from Figure 4.7.8, Greater China
and the Indian Subcontinent will be responsible
for 40-50% of global grids capex. Towards to the
end of the century, capex starts to decline dueto a
slowdown in manufacturing electrification rates.

By 2038, Greater China will reach its peak of
power-grid capex at USD 300bn. Grid capex on
the Indian Subcontinent will also reach USD
300bn, but only in 2050. Power-grid opex will be
significantly lower than capex, as can be observed
in Figure 4.7.9, with the largest growth in Greater
China and the Indian Subcontinent.

World grid expenditures by voltage level
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FIGURE 4.7.8

World grid capex by region

Units: Bn$/yr
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FIGURE 4.7.9
World grid opex by region
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4.8 TECHNOLOGIES AND THEIR MATURITY

The production, use, and carbon intensity of the energy system will
be dependent on the development of energy technologies. In this
section, we describe carbon capture and storage (CCS), biomass,
emerging PV technologies, nuclear fusion, and ocean energy.

In our companion publications, we provide more technologies. Such advances could occur within
details on industry-specific technologies. For nuclear fusion, superconductivity, synthetic fuels
example, energy storage, a key technology for or other unknown areas. We have not accounted
the energy transition, discussed in detail in our for such breakthroughs in our Outlook, and do not
Power Supply and Use report (DNV GL 2018a). discussthem in detail here. We do, however,

include two emerging technologies that do not
We base our forecast on proven technologies that have wide prevalence today: CCS and hydrogen.
have a certain maturity and commercial readiness We include these in our model to understand their
for practical operation. Overthe course of the next interplay with other parts of the energy system
35years, we are likely to see breakthroughsin new driven by market mechanisms.
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HYDROGEN

Hydrogen (H,) is already produced for various
applications, notably in the manufacture of
fertilizers from fossil sources, primarily natural gas.
Indeed, the production of H, by electrolysis driven
by hydropower was the basis of the growth of
Norway as an industrial society (Ursta et al. 2012).
YetH, use as an energy carrieris only justemerg-
ing. Several trends are contributing to this. One is
increasing deployment of intermittent renewable
energy sources, such as wind and solar PV. There
will be times when supplied power will exceed
underlying demand, and so prices will be very low.
Battery storage, grids that connectto faraway
places and users, as well as demand response will
be used, and electrolytically-produced H, will
complement this picture. This relatively cheap H,
from electrolysis will play a key role in H, becoming
an energy carrier by itself.

A second energy-supply change is the emer-
gence of cost-effective removal of carbon
dioxide (CO,) in the steam methane reforming
(SMR) process, whereby natural gas is converted
to hydrogen. This process lends itself well, and
some argue better than gas-fired power plants,
to CO, removal.

Decarbonization of energy use is another driver
for hydrogen as an energy carrier. We forecast
significant uptake of H, in heavy vehicles, for
example. Such use typically represents a halving
of energy use per kilometre, compared with
fossil combustion. If the manufacture of the H,
thus used is emission-free, so is the propulsion.
Moreover, the fuel-cell combustion afforded by
H, is also free of local emissions. Both the global
and local emission aspects also count currently

when shipowners contemplate H, use for short-
haul ferries.

Though a fuel cell electric vehicle (FCEV) is more
efficient than traditional petrol or diesel vehicle
propulsion, itis still not as efficient as a battery
electric vehicle (BEV). Furthermore, FCEVs still
require many moving parts, reducing the
technology’s advantage over conventional
vehicles. Hence, we forecast a much more
aggressive uptake of BEVs than of FCEVs, as all
sales of light vehicles and short- to medium-haul
heavy transportation will be battery electric by
2050. Butthe much higher energy density will
afford H, a decarbonized niche in long-haul
vehicle transportation.

Similarly, we foresee decarbonization of fossil
heating, notably natural gas, by piping H, through
existing gas infrastructure. The switch from
distributing natural gas to H, is by no means trivial.
Hydrogen combustibility is very different from that
of natural gas, optimal piping is different, and
appliances need to be replaced in homes. Heat
processes in industrial sites will need to be rede-
signed, and equipment and machinery exchanged.

As H, is still an embryonic energy carrier, itis
hard to validate our assumptions about future
cost (reductions) and uptake. Our analysis has
limited the uptake because we believe that three
criteria must be met simultaneously for a region
to embark on the H, journey:

— The existence of a recent, high-quality distribu-
tion system for natural gas that can also be used
for hydrogen



— Assignificant use of natural gas for heating

— Adecarbonization push, as evidenced by
expected growth of carbon prices.

We see four regions as meeting these criteria. In
addition to the OECD-regions of North America,
Europe, and OECD Pacific, parts of Greater China
will also field a combination of H,-based heating
in buildings (including hot water, space heating,
and cooking), and H,-fueled long-haul vehicle
use. Penetration will typically be in the 5-15% of
energy consumption range in the relevant
regions and sub-sectors. In addition, ships will
also use H,, but shipping penetration will be even

FIGURE 4.8.1
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lower. Based on DNV GL's Low Carbon Pathways
model (2017), we forecast H, to reach a 3% share
for short-sea shipping by 2050 (see DNV GL
2018c for the details of maritime fuel mix projec-
tions). As we show below, however, the H, growth
from 2040 to 2050 is significant. In line with
others (Shell, 2018), we would have forecasted a
significant growth in H, production and use
towards 2100. Over a longer timeframe, however,
we would have had to investigate the conversion
of industrial heat processes from fossil to H, or
electric sourcing. We do not think such technolo-
gies will be implemented until the end of our
forecast period.

World hydrogen energy demand

Regional share in 2050 Units: EJ/yr
IND 0.9% EUR 39.5%
OPA10.9%
NAM 21.7%
CHN 24.9%
2020 2030 2040 2050
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CARBON CAPTURE AND STORAGE

Carbon Capture and Storage (CCS) reduces
emissions from large point-sources in energy
production from fossil fuels and can capture CO,
from industrial processes with high emissions as
part of their production, such as the steel, iron, and
cementindustries. The development and use of
CCStechnology will depend on technical,
economic, and policy incentives.

Combining the learning curves with currentand
upcoming plausible policy incentives, we forecast
aglobally installed capacity sufficient to capture
0.31 Gt CO, in 2050, corresponding to 1.5% of the
global emissions that could potentially be

FIGURE 4.8.2

captured. As described in Section 4.9, the uptake
of CCSis sensitive to carbon prices and policies
directed to reduce cost and increase implementa-
tion of CCS projects. Deployment will depend on
growth in cumulative installed capacity, which will
reduce costs through learning and scale effects.
However, CCS will need an initial push to support
pilotinstallations, which, combined with an
increasing carbon price, will enable the growth
take off after 2040, as indicated in Figure 4.8.2.

In our companion publication on Oil & Gas
implications (DNV GL 2018b), we have included
more details on CCS from the technology point of
view, and more detailed results on CCS uptake.

Carbon emissions captured by region

Units: MtCO,/yr

2015 2020

2025 2030
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BIOMASS

Biomass used for energy production can take several
differentforms. Examples include wood or charcoal
used for direct heat and cooking, gas produced from
waste, and liquid fuel produced from crops, algae, or
genetically-modified organisms.

The debate on biomass encompasses several
dilemmas. Biofuels potentially contribute to food
scarcity when productive agricultural land is used
to produce energy crops, and biofuel can also
potentially create local air pollution whenitis
burned. We forecast biofuel uptake to be limited
to instances where energy uses are difficult to
decarbonize through electricity, such asin
aviation, deep-sea shipping, and long-distance
trucking.

Combustion of biomass, including biofuels, is
considered carbon neutral, and thus we count no
carbon emissions from this. Thisis in line with
Intergovernmental Panel on Climate Change
assumptions where carbon contained in biomass
is eventually absorbed from the atmosphere by
photosynthesis if the burned plants are replaced
with new plants.

THE ENERGY TRANSITION CHAPTER 4

Biomass used in the future will be different from
today, and third and fourth generations of biofuels
are likely to be subjected to close examination
before they are approved for use, and labelled as
sustainable and carbon neutral. Between now and
2030, itis likely that biofuels produced from
unsustainable sources will be used, while the next
generation of biofuels is being developed.
Although this is a concern, this is accounted for
under agriculture, forestry, and other land-use
emissions. We therefore maintain the view that
biomass, including biofuel, is carbon neutral, but
we will follow the subject closely and update our
calculations if research concludes otherwise.
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EMERGING PHOTOVOLTAIC TECHNOLOGIES
Solar PV technology has matured significantly in
the last decades. There has been a lot of focus on
the reduction in price, buta related and relevant
developmentisthe increased efficiency of
capturing sunlight. Initial efficiencies were below
10% inthe 1970s and have now moved to about
45% for some multijunction cells. Recent develop-
mentsin emerging PV technologies could trans-
form the outlook and potential for solar PV to take
an even bigger share of the global energy market.
Forinstance, perovskite cells have been incorpo-
rated into solar cells only since 2009, but have
moved quickly into high efficiencies. A point of
additional relevance for the energy transition is
thatthese cells can be produced at lower cost,
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printed thinly on materials, and can be manufac-
tured at much lower temperatures compared to
most common crystalline cells. Perovskite cells
also use abundantand commonly available raw
materials. While no industrial-grade perovskite
solar PV cells yet exist, there is a lot of focus on
being able to solve the major challenge of stability
and durability. If these challenges can be over-
come, then the technology holds transformational
potential for rapid deployment at terawatt scale.
As we note in our Chapter 6 - 'The Next Five Years'
-developmentsin perovskite technology should
be monitored closely for forecasting purposes.
The image below is of Oxford PV's 156 mm x 156
mm perovskite-silicon tandem solar cells at the
company'’s industrial pilot line, Germany.




OCEAN ENERGY

Several technologies for capturing energy from
the oceans are currently being pursued (OES
2018), such as:

— Wave energy (shore line and open-sea devices)
- Tidal energy (stream and range devices)

— Ocean currents

— Oceanthermal energy

— Reverse osmosis

These technologies have been demonstrated, but
none has progressed sufficiently to push the
technology cost/learning curve down to a level at
which ocean-energy technology has achieved
significant deployment. During the period
covered by this Outlook, one or more of these
technologies may achieve a breakthrough such
thatthey become cost competitive. However, to
have any material impact on our predictions for
our forecast period, they would have to grow at
faster rates than other renewables, which is
unlikely. They are often confined to areas where
conditions are particularly favourable to the
technology’s operation, which makes the solution
cost effective, but notenough to scale. Thus, we
estimate that the global contribution from emerg-
ing ocean-energy technologies will be very small,
andthey are notincluded in our forecast.
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NUCLEAR FUSION

For several decades, nuclear-fusion technologies
have been discussed as a potential breakthrough,
carbon-free nuclear energy source. Several
promising research projects currently focus on
smaller fusion systems being piloted. None has
progressed very far, and no plant has yet
produced more energy than is required to initiate
and sustain a fusion reaction.

The potential lies in high power-generation
density and uninterrupted power delivery with a
small carbon footprint. The availability of fuel -
primarily deuterium - is almost limitless. Itis
believed that atleast 10 years are needed before a
breakthrough may be achieved, and hence there
is a minimum of 20 years before such solutions
could scale. Our nuclear forecast are therefore
confined to traditional fission technologies.
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4.9 FORECAST SENSITIVITIES
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We acknowledge that the energy future that unfolds may be
different from the one we envisage. We have consequently
analysed how our forecast will deviate from the base-case
prediction under differing parameter assumptions.

The assumptions analysed are summarized in
Table 4.9.1 below, where we sort uncertainty into

three classes: macro, technology, and behavioural.

Our description of sensitivities is limited to the
nine model inputs that we emphasize in bold text.
The choice is based on a combination of quantita-
tive significance and qualitative assessment of the
uncertainty of the modelinputs.

Our approach isto vary assumptions by increasing
or decreasing them by a third (33%), except for
population, for which we use two UN forecasts for
comparison. The 33% has been chosen as avalue
thatis large enough to have a significantimpact on
model outputs, while still being within a realistic
uncertainty range. We do nottest multiple
sensitivities at the same time as the permutations
are too numerous.

As a reference for this chapter, Table 4.9.2 summa-
rizes several important model outputs from our
Outlook. In later tables discussing sensitivities, we
presentthe table values as percentages repre-
senting the fraction of deviation from the base
case by the end of the reference period.

Forsome parameters, a 33% variation compared
with the base assumption is more likely than for
others. The absolute changes, therefore, say more
aboutthe model sensitivity to changes in assump-
tions than about which parameters are most likely
to alter the transition that we currently forecast.



TABLE 4.9.1
Model inputs sensitivity test

Macro

Population
Productivity
Carbon price
Renewables subsidies
Coal price

Share of secondary sectorin
economy

TABLE4.9.2

Energy efficiency

Learning rates: oil and gas

Learning rates:
batteries, solar, and wind
Learning rates:
carbon capture and storage

Plastics recycling

Energy Transition Outlook 2018: Our base forecasts

Final energy demand (EJ/year)
Electricity

Primary energy supply (EJ/year)
Coal

Crude oil

Natural gas

Nuclear

Biomass

Hydropower

Solar photovoltaic

Wind

CO, emissions (Gt/year)

CCS (tonnes CO, removed and stored)
Fraction of emissions captured

EV share lightvehicles

EV share heavy vehicles

2016
403
75
581
163
168
140
30
56

14

1

3

36

21 million
0.1%
0.1%
0.1%
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Behavioural

Electric vehicle uptake

Electrification rates
Lifetime of power plants
Lifetime vehicles

Lifetime buildings

Lifetime building equipment

2050
451
205
586
60

86
149
28

67

24

96

68
20
300 million
2.6%
88%
62%
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MACRO ASSUMPTIONS

POPULATION

The 2017 UN update on populationincludes a
median forecast of 9.77bn people in 2050.
However, as explained in Section 2.2, our base
case foresees a lower population than this, at 9.18
billion people. The difference is due mainly to our
belief thatincreased female education and
urbanization will lower fertility rates faster than in
the UN forecast. The UN further provides a low
projection for each country in the world, and these
add up to 8.75 billion in 2050. In our view, the UN'’s
median forecastis a high one. Therefore, we test
the UN low projection as our low case and the UN
median projection as our high case.

TABLE4.9.3

— ETO low case: Population grows to 8.75bn
in 2050 (UN low estimate)

— ETO base case: Population grows to
9.18bnin 2050

— ETO high case: Population grows to 9.77bn
in 2050 (UN median estimate)

Asseenin Table 4.9.3, a 4.7% reduction in popula-
tion by 2050 will resultin a 5% lower energy
demand, and this decrease will be split quite
evenly between all energy sources, except for
nuclear and hydropower. This is because not all
regions’ populations are adjusted with the same
rate and regions’ energy mixes vary. A 6.4%
increase in population results in 5% more energy
demand by 2050. Solar PV is twice as sensitive
(+9%) as most other power station types.

ETO Model Sensitivity to Population (as deviation from base case)

Low Case 2050 High Case 2050
Final Energy Demand -5% +5%
Electricity -5% +5%
Primary Energy Supply -5% +4%
Coal -5% +3%
Crude oil -5% +4%
Natural gas -5% +4%
Nuclear 0% +1%
Biomass -6% +4%
Hydropower -2% +0%
Solar PV 7% +9%
Wind -4% +4%
CO, emissions -5% +4%

>> Bigger or smaller populations will result in an energy system demanding proportionally more or less

energy, respectively, but will not change the pace of transition or the energy mix significantly.



PRODUCTIVITY

Besides population, productivity is the main driver
for economic activity, as itis the output achieved
perworker, measured here in GDP per capita. Our
base-case forecast predicts GDP/capita growth
rates to decrease as the GDP/capita of respective
regionsincreases. Thereis a decline in productiv-
ity growth as there are larger possible automation
and other productivity gains within the primary
and secondary sectors than in services, the tertiary
sector. Overthe forecast period, the tertiary
sector's share of economy will grow faster in more
regions, with correspondingly slower GDP growth.

— ETO low case: Regional GDP/capita forecast is
33% lower than base case by 2050

— ETO base case: Regional trends (Figure 2.3.1,
page 74)

TABLE4.9.4
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— ETO high case: Regional GDP/capita forecastis
33% higherthan base case by 2050

Asseenin Table 4.9.4 below, a 33% reduction in
productivity growth compared with our base-case
estimate leads to a 6% reduction in energy
demand by 2050. Crude oil use is 8% lower than in
our base case, which could be explained by fewer
people globally being able to afford car owner-
ship. Solar PVis the energy source mostimpacted
by the lower demand for electricity. Productivity
growth being 33% higher than base case will have
the opposite effect; it will increase energy demand
by 6% and primary energy supply by 7%. Again,
solar PVis very sensitive to a GDP/capita increase,
growing a full 13% in the high case.

ETO Model Sensitivity to GDP/capita (as deviation from base case)

Low Case 2050
Final Energy Demand -6%
Electricity -8%
Primary Energy Supply -6%
Coal -7%
Crude oil -8%
Natural gas -5%
Nuclear -1%
Biomass -1%
Hydropower -1%
Solar PV -12%
Wind 7%
CO, emissions (Gt/year) -7%

High Case 2050
+6%
+8%
+7%
+8%
+8%
+5%
+1%
+2%
+1%
+13%
+7%
+7%

>> The effects of a change in GDP/capita growth are like those seen for population, with lower or higher
growth resulting in an energy system that demands a little more or less energy respectively, but will not
alter the pace of transition or the energy mix in unexpected ways.
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SHARE OF SECONDARY SECTOR IN ECONOMY
There are large differences in energy use between
different sectors within the economy. The second-
ary sector isthe most energy intensive, requiring
large amounts to produce industrial goods. We
assume a decreasing share of the secondary
sector as a region becomes richer. In our model,
we expect this trend to continue and henceforth to
impactall regions accordingly. This shift can be
seen already in the Greater China region, where
the secondary sector declines in relative terms as
the tertiary sector grows.

— ETO low case: Regional share of secondary
sector forecastis 33% lower than base
case by 2050

— ETO base case: Regional trends
(see Figure 4.1.20, page 134)

— ETO high case: Regional share of secondary sector
forecastis 33% higherthan base case by 2050

TABLE4.9.5

Asseenin Table 4.9.5, a reduction in the share of
the secondary sectorin the economy will have a
large impact on energy demand and CO, emis-
sionsin 2050, as compared to the base case. There
will be significantly lower demand for fossil fuels,
especially coal and natural gas, which are the most
important energy sources in industry. A higher
share for the secondary sector will have the
opposite effectand leads to the forecasting of a
much more energy-intensive world by 2050. The
mostsurprising finding is that solar PV is, again,
very sensitive.

CARBON PRICE

The world might be more concerned with emis-
sions as policy makers pursue a climate change
outcome of ‘well below 2°C". If so, carbon prices
could grow faster than we assume. We therefore
investigate the sensitivity of the energy system to
higher-than-expected growth rates of regional
carbon prices. In the same way, we also testfor a

ETO Model Sensitivity to Share of Secondary Sector (as deviation from base case)

Low Case 2050 High Case 2050
Final Energy Demand -14% +14%
Electricity -14% +13%
Primary Energy Supply -13% +13%
Coal -15% +15%
Crude oil 1% +11%
Natural gas -15% +15%
Nuclear -2% +2%
Biomass -8% +8%
Hydropower -2% +2%
Solar PV -21% +22%
Wind -11% +10%
CO, emissions -14% +14%

>> A 33% shiftin size of secondary sector is considered a large shift, and it is not surprising that this will
cause large changes and can alter the pace of the energy transition.
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situation in which climate change is lessimportantto base-case carbon prices, coal use will be only
regional leaders, and decrease the expected trends. 4% lower, but CO, emissions decrease by 9%.
Thatis the result of a large increase in CCS
— ETO low case: Regional carbon price forecastis capacity, capturing a higher proportion of
33% lower than base case by 2050 emissions. The amount of carbon captured

shows large variations with carbon price. In the

-ETOb :Regi [trend Fi 2.6.1
Obase case: Regional trends (see Figure 2.6.1, low case, itis only a twelfth of the amount

page 91) capturedinthe base case. Inthe high case, itis
— ETO high case: Regional carbon price forecastis seven timesthat which is captured in the base
33% higherthan base case by 2050 case. ltis worth noting thata 33% changein
carbon price is notseen as a large deviation,
Asseenin Table 4.9.6, modestly lower or higher and thata much larger deviation could happen.
carbon prices will notimpact energy demand by In Chapter 8, we discuss how a doubling of
the end of our reference period. There is an carbon price would not be enough to close the
important change in the energy mix, however. In gap towards 2°C, but it would certainly have a
the case of lower than expected carbon prices, large influence on the energy mix and overall
coal use will be 8% higher and CO, emissions 4% emissions.

greaterthanin the base case. With higher than

TABLE 4.9.6
ETO Model Sensitivity to Carbon Price (as deviation from base case)

Low Case 2050 High Case 2050
Final Energy Demand 0% 0%
Electricity 0% 0%
Primary Energy Supply 0% +1%
Coal +8% -4%
Crude oil -1% +2%
Natural gas +1% 0%
Nuclear -1% +1%
Biomass -4% +4%
Hydropower -1% +1%
Solar PV -3% +2%
Wind +1% -1%
CO, emissions +4% -9%
CCS(intonnes of CO,) -92% +600%
o Lamasions cspred 92 o49%

>> The effects of a modest change in regional carbon prices will not alter energy demand much, but
there will be a change of the energy mix.
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TECHNOLOGY

ENERGY EFFICIENCY

Our base case foresees significantimprovements
in energy efficiency; for example, in vehicles,
ships, trains, airplanes, buildings and the manufac-
turing sector. In our sensitivity test, we have
systematically decreased orincreased these
different energy efficiency improvements moving
towards the end of our reference period.

— ETO low case: Regional energy efficiency
forecastis 33% lower than base case by 2050

— ETO base case: Regional energy efficiency
trends (see Table 4.6.1, page 184)

— ETO high case: Regional energy efficiency
forecastis 33% higherthan base case by 2050

Asseenin Table 4.9.7, energy efficiency is hugely
important for total energy use. This is partly
because itapplies to many different sectors within

the economy. Final energy demand increases by
32% when we vary our assumption for growth in
energy efficiency by 2050 by reducing it 33%
compared with the base case. This also means that
there will be more demand for all types of energy,
exceptfornuclearand hydropower. In the case of
higherthan expected energy efficiency, the effect
is not symmetrical; we will only see a 17% decline in
final energy demand. This asymmetry can be easily
explained by means of a simple calculation. For any
process, decreasing the energy efficiency by a
third, will resultin an energy use thatis 4/3 times the
original energy use. However, the energy necessary
when the energy efficiency is increased by a third is
only 2/3 times the original. So, while the energy
demand increases by 25% in the first case, it
decreases by 50% in the second. Since we only
gradually adjust the energy efficiencies towards a
33% change in 2050, the overall effects are smaller.
It should be added thata 33% adjustmentin energy
efficiency is large and would require a significant
change in assumptions from our base case.

TABLE 4.9.7
ETO Model Sensitivity to Energy Efficiency (as deviation from base case)
Low Case 2050 High Case 2050

Final Energy Demand +32% -17%
Electricity +35% -18%
Primary Energy Supply +30% -16%
Coal +25% -13%
Crude oil +26% -13%
Natural gas +31% -17%
Nuclear +4% -3%
Biomass +29% -16%
Hydropower +5% -4%
Solar PV +53% -27%
Wind +29% -15%
CO, emissions +27% -14%

>> If the energy efficiency improvement s increased by another 33% compared to our current forecast,
the world will need 17% less energy by 2050. Although this will have a very significantimpact, the energy

mix would not change considerably.
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CCS LEARNING RATES

CCS uptake is low in our Outlook, and itis relevant
to ask whatitwould take to increase it. There is
considerable uncertainty regarding cost-learning
rates for CCS. Except forthe oil and gas sector’s
reinjection of CO, into wells to increase production,
most CCS capacity is in pilotinstallations. As with
othertechnologies, costs will decline as cumulative
installed capacity increases, due to learning effects.
In our base-case forecast, we have calibrated CCS
learning rates based on historical data on related
technologies for the removal of sulphur dioxide
(SO,) and nitrogen oxides (NO,).

In our sensitivity test, we have decreased and increased
base-case CCS learning rates for both capital and
operating and maintenance (O&M) related costs.

— ETO low case: Cost learning rates 33% lower
fromthe year 2018

TABLE4.9.8
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— ETO base case: Capital cost learning rate of 17%
and O&M cost learning rate of 6%

— ETO high case: Costlearning rates 33% higher
fromthe year 2018

Asseenin Table 4.9.8, the model outputs are not
sensitive to lower learning rates, which islogical as
the technology already struggles to become
competitive with currentlearning rates. Higher
learning rates do not alter energy demand
towards 2050, although there is a small change in
the energy mix, with coal use increasing by 3%.
This coal use happens in parallel with a 7% reduc-
tion in CO, emissions.

The amount and proportion of CO, captured is
greatly affected by CCS costlearning rates,
capturing as little as a fifth and as much as seven
times more than in our base case when we vary our
assumptions as described.

ETO Model Sensitivity to CCS Learning Rates (as deviation from base case)

Low Case 2050 High Case 2050
Final Energy Demand 0% +1%
Electricity 0% +3%
Primary Energy Supply 0% +1%
Coal 0% +1%
Crude oil 0% 0%
Natural gas 0% 0%
Nuclear 0% 0%
Biomass 0% 0%
Hydropower 0% 0%
Solar PV 0% 0%
Wind 0% 0%
CO, emissions +1% 7%
CCS(intonnes of CO,) -80% +600%
Fraction of total emissions captured -80% +5929%

compared to base case

>> Higher CCS learning rates would increase the capture of CO, dramatically, but starting from a low

level, the impact on overall emissions is limited.
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BEHAVIOURAL CHANGE

ELECTRIFICATION RATES OF BUILDINGS
AND MANUFACTURING

There is significant potential inimproving energy
intensity through electrification. Although itis less
thanthrough a decarbonized power mix, even
without renewables penetration, it will lead to a
lower-carbon footprint, health benefits, and reduced
emissions. There could be stronger drivers for faster
electrification than we envisage in our forecast; for
example, if wholesale electricity prices are reduced
as aresult of the larger volumes of zero marginal-cost
renewables and electricity becomes more competi-
tive against natural gas or coal. On the other hand,
the uptake of electricity that we forecast might meet
resistance. It could be argued thatthe base case is
uneconomic because, for example, it puts a signifi-
cant proportion of gas grids to households out of
business. Similarly, electrification of manufacturing
might not be technically or economically viable for

TABLE4.9.9

large-scale industrial processes. If so, electrification
rates could be significantly lower.

— ETO low case: Regional electrification forecast s
33% lower than base case by 2050

— ETO base case: Regional Electrification trends (see
Figure4.1.16 and 4.1.25, pages 128 and 139)

— ETO high case: Regional electrification forecast s
33% higherthan base case by 2050

Asseenin Table 4.9.9, lower or higher electrification
rates do not have a significantimpact on energy
demand and use in our model. In reality, there would
certainly be animpact on demand because ofthe
higher efficiency of electricity compared to fossil
fuels, butthisis notreflected here because we model
the share of energy carriers independently from
energy-efficiency gains. Inthe test results, we do,

ETO Model Sensitivity to Electrification of Buildings and Manufacturing

(as deviation from base case)

Low Case 2050 High Case 2050
Final Energy Demand +1% -1%
Electricity -15% +15%
Primary Energy Supply 0% 0%
Coal +11% -11%
Crude oil +4% -4%
Natural gas +12% -12%
Nuclear -3% +2%
Biomass +2% 2%
Hydropower -3% +2%
Solar PV -23% +24%
Wind -12% +11%
CO, emissions +9% -9%

>> Higher electrification rates in buildings and manufacturing would increase the pace of the energy transition and
alterthe energy mix, so that by 2050 much more natural gas and coal will have been replaced by solar PV and wind.



however, see a significantimpact on the energy mix.
In a future with low electrification of buildings and
manufacturing, there will be much more demand for
fossil fuels, most notably natural gas and coal. In
contrast, a future with high electrification will see
much faster uptake of renewables, especially solar
PV and, to alesser extent, wind.

UPTAKE OF ELECTRIC VEHICLES

The most dramatic decarbonization of the energy
system will occur through the conversion of road
transportto electric propulsion. In our base case,
we forecast 50% of new light vehicles to be electric
in Europe by 2027. North America, Greater China,
Indian Subcontinentand OECD Pacific will follow
by 2032 and the rest of the world by 2037. For all
regions, we forecastthe EV share of heavy vehicles
to reach 50% three years later than for light
vehicles. There is, of course, the possibility that
EVs will take off more slowly than we expect. Many

TABLE4.9.10
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consumers may remain sceptical and play down
the known costadvantages, while emphasizing
charging challenges and performance disadvan-
tages, such as much-longer charging times and
shorter ranges than for petrol vehicles. On the
other hand, the share of EVs in vehicle markets
could potentially reach 50% earlier than we
assume. That could be the result of public policies
in which only zero-emission vehicles will be
allowed after a certain year, orimplementations
following policy ambitions to a higher degree than
we have anticipated.

— ETO low case: In all regions, the market share of
EVs reaches 50% by 2037 for light vehicles, and
in 2040 for heavy vehicles

— ETO base case: Regional trends for when the
market share of EVs reaches 50% (see Figure
41.3and4.1.4, pages 114 and 115)

ETO Model Sensitivity to EV Uptake (as deviation from base case)

Low Case 2050 High Case 2050
Final Energy Demand +1% -2%
Electricity 2% +2%
Primary Energy Supply +3% -3%
Coal +5% -5%
Crude oil +12% -15%
Natural gas +4% -4%
Nuclear +4% -3%
Biomass +4% -3%
Hydropower +2% +1%
Solar PV -9% +10%
Wind 0% -2%
CO, emissions +6% 7%
EV share lightvehicles -14% +12%
EV share heavy vehicles -20% +20%

>> A slower uptake of EVs will first and foremost influence the consumption of oil and it will lower the

pace of electrification and decarbonization in the transport sector.
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— ETO high case: In all regions, the market share of
EVs reaches 50% by 2027 for light vehicles, and
in 2030 for heavy vehicles

Asseenin Table 4.9.10, a slower uptake of EVs
leads to slightly higher energy demand by 2050,
and 12% greater oil consumption, than in our base
case. It could be added that a slower uptake, or an
uptake where the entire fleet will never be
converted to EVs are considered possible by some
other forecasters. Thisis nottested here.

VEHICLE LIFETIME

Vehicle lifetime is an importantindicator of the
amount of inertia in the road transport system. In
our forecast, for differentregions and car types, it
will take 12-18 years for a vehicle to be replaced.

— ETO low case: Vehicle lifetime 33% less than
base case from the year 2018

— ETO base case: Regional lifetimes for vehicles

— ETO high case: Vehicle lifetime 33% higher than
base case from the year 2018

Asseenin Table 4.9.11, a lower lifetime would lead
to a significantincrease in the share of EVs, both
for heavy and light vehicles, and would reduce oil
consumption. A higher-than-assumed lifetime
would have an even higher, but negative, impact
on EV uptake, most notably the light ones, and oil
consumption could be 10% higher than in our
base case by 2050.

TABLE 4.9.11
ETO Model Sensitivity to Vehicle Lifetime (as deviation from base case)
Low Case 2050 High Case 2050

Final Energy Demand -1% +2%
Electricity +1% -2%
Primary Energy Supply -2% +2%
Coal -2% +1%
Crude oil -9% +10%
Natural gas -2% +2%
Nuclear -1% +1%
Biomass 2% +2%
Hydropower 0% 0%
Solar PV +4% -3%
Wind 0% -1%
CO, emissions -4% +4%
EV share lightvehicles +8% -11%
EV share heavy vehicles +8% -8%

>> The lifetime of vehicles is an important mediating factor that could impact how fast the road transport
sector can be electrified. New technologies such as autonomous vehicles and ride-sharing, could lead to

fasterfleetturn-arounds due to higher car usage.



SUMMARY OF SENSITIVITY ANALYSIS
Although some changesin our assumptions could
slow down the pace of transition, none of the
sensitivities discussed can alter the main conclu-

sion, thata rapid energy transition is underway
with electrification and decarbonization as key

THE ENERGY TRANSITION CHAPTER 4

pillars. The transition will lead to a very strong
growth of wind and solar, and a decline firstin coal
use, and later oil, then natural gas.

The climate implications of the model sensitivities
are discussed in more detail in Chapter 8.
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WE ANALYSE 10 GLOBAL REGIONS

REGION

North America (NAM) B North East Eurasia (NEE)
B Latin America (LAM) B Greater China (CHN)
B Europe (EUR) B Indian Subcontinent (IND)
M Sub-Saharan Africa (SSA) B South East Asia (SEA)

Middle East and North Africa (MEA) B OECD Pacific (OPA)
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'EEFEPEY

The US and Canada are mature, highly industrial-
ized economies. Playing a key role in world
economics, the region'’s policies have global
impact; italso plays a leading role in energy
technology innovation and is a large provider of
funds worldwide.

Shifts in US federal policy have created uncer-
tainty over future energy developments, environ-
mental protection, and central government
supportfor climate change mitigation.

Inthe US, owing to an absence of supportive
federal regulations, the energy transition is driven
forward by global energy-efficiency trends,
technological developments, and pioneers atthe
subnational level.
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Decentralized decision making by US individual
states, Canadian provinces, and some large cities is
equally importantin determining the rate and
direction of the region’s energy transition. These are
maintaining strong climate policies and have
publicly linked recent extreme weather events and
droughtto climate change. Hurricanes Harvey, Irma,
and Maria revealed the scale of damages and costs.

Various energy transitions are unfolding:
adoption of renewable energy, retrenchment of
fossil fuel usage, and the emergence of abundant
unconventional hydrocarbon production. Energy
intensity is improving and the region is decarbon-
izing the energy sector at a healthy pace. Green-
house gas emissions (GHGs) have fallen partly due
to substituting gas for coal.
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THIS REGION CONSISTS OF
CANADA AND THE UNITED STATES (US).

' SNAPSHOT FORECAST
e B sl L 15016) (2050)
ey !'_-;-':!:-1 = T I R
POPULATION 359 MN 440 MN
GDP  16.0 TNUSD 25.2 TN USD
GDP/PERSON 44,500 USD 57,400 USD
PRIMARY ENERGY USE 107 EJ 60 EJ
PRIMARY ENERGY USE/PERSON 297 GJ 136 GJ

All GDP figures in the report are based on purchasing power parity and in international USD 2005
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As shown in Figure 5.1.1, North America’s primary
energy consumption has been declining since
2014 and will continue to do so towards 2050,
when the region’s energy use will be some 43%
lower than today. The reduction is the result of
energy efficiency improvements in the transport
sector (62% reduction in energy demand between
now and 2050) and a continued shift of the
economy towards the tertiary sector, with a 58%
reduction in manufacturing energy demand. The
demand for energy in buildingsincreases only
modestly over the reference period.

Coal use will continue to decline asitbecomes
increasingly uncompetitive as a fuel for power
generation. Natural gas from domestic shale will
continue to gro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>