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FOREWORD

Looking beyond today’s high energy prices to see what the longer-term
energy future holds is difficult. That is what this Outlook does. Our forecast
considers the demand shock of the pandemic and the supply shock that
came with Russia’s invasion of Ukraine and concludes that those developments
exertlittle long-term influence over a transition that will be rapid and extensive.

The presentturbulence in energy markets is notinconse-
quential, however. Europe will transition to a renewables-
dominated power system more rapidly, but higher
energy prices may dampen investmentin clean energy
elsewhere. These two effects tend to offset each other
globally over time. Supply-chain disruptions will continue
inthe shorter term, delaying the global EV ‘milestone’
(when the EV share of new vehicle sales surpasses 50%)
by one yearin our forecast —to 2033. But here too there
are compensatory developments, where high prices will
encourage energy-saving behaviouramong power
consumers. For aviation, we also forecast a permanent
reduction of 7% in annual passenger trips due to
pandemic-related changes in work habits.

This year, our forecast sees non-fossil energy nudge
slightly above 50% of the global energy mix by 2050.
The principal underlying dynamicis rapid electrification,
with supply climbing from 27 PWh/yr now to 62 PWh/yr
in 2050. We detail how this leads to enormous energy-
efficiency gains in power generation and end-use.

We are entering a prolonged period where efficiency
gainsin our energy system outstrip the rate of economic
growth. Over the long term this means the world will
spend significantly less on energy as a proportion of GDP.
Intheory, that should provide policymakers with confi-
dence to accelerate the transition.

Bold and brave policy choices are critical in the face of
climate change. This year, for the firsttime, we include

our ‘Pathway to Net Zero' alongside our ‘best estimate’
forecastforthe energy transition. Put another way,

we compare a forecast that we think will unfold with a

pathway that we hope the world will embrace. Even
under a netzero pathway we think it infeasible for the
world to completely discontinue fossil-fuel use, which
is why you will find a 13% fossil share in the energy mix
in our Pathway to Net Zero in 2050. That overshoot

in fossil use will require huge expenditure on carbon
capture and removal efforts in the 2040s - running

to USD 1 trillion per year.

Deglobalization is much talked about. However, the
energy transition is likely to see unprecedented regional
and cross-industry cooperation — for example within
hydrogen ecosystems or the creation of green shipping
corridors. DNV will, as an independent provider of
technical expertise, strive to catalyse such cooperation
wherever we can.

I hope you find this Outlook a useful strategy and
planning tool, and, as ever, | look forward to your
feedback.

. W

Remi Eriksen
Group President and CEO
DNV

Highlights

HIGHLIGHTS

SHORT TERM

High energy prices and a greater focus on energy security due to the war in Ukraine will not slow
the long-term transition

— Europe aims to accelerate its renewables build-out to achieve energy security

— Inthe rest of the world, tackling high energy and food prices may shift decarbonization down the list of priorities
inthe shortterm

— The long-term influence of the war on the pace of the energy transition is low compared with main long-term
drivers of change: plunging renewables costs, electrification, and rising carbon prices

COP26 and the IPCC have called for urgent action which has not materialized: emissions remain at record levels
— Emissions mustfall by 8% each year to secure net zero by 2050
— Opportunities for intensified action abound - the transition is opening up unprecedented opportunities

for new and existing players in the energy space

LONG-TERM FORECAST

Electricity remains the mainstay of the transition; it is growing and greening everywhere

— With an 83% share of the electricity system in 2050, renewables are squeezing the fossil share of the overall
energy mix to just below the 50% markin 2050

— Despite short-term raw material cost challenges, the capacity growth of solar and wind is unstoppable:
by 2050 they will have grown 20-fold and 10-fold, respectively

Hydrogen only supplies 5% of global energy demand in 2050, a third of the level needed for net zero

— Pure hydrogen use scales in manufacturing from the early 2030s and in derivative form (ammonia, e-methanol
and other e-fuels) in heavy transport from the late 2030s

— Green hydrogen from dedicated renewables and from the grid will become dominant over time;
blue hydrogen and blue ammonia retain important roles in the long term

PATHWAY TO NET ZERO

We are heading towards a 2.2°C warming; war-footing policy implementation is needed to secure net zero by 2050
— Massive, early action to curb record emissions is critical; the window to act is closing
— No new oil and gas will be needed after 2024 in high income countries, and after 2028 in middle-

and low-income countries.

Net zero means leading regions and sectors have to go much further and faster

— OECD regions must be netzero by 2043 and net negative thereafter; China needs to reduce emissions
to netzero by 2050

— Renewable electricity, hydrogen and bioenergy are essential, but insufficient: almost a quarter of net decarbonization
relies on carbon capture and removal combined with land-use changes (reduced deforestation).
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Highlights - short term

High energy prices and a heightened focus on energy
security due to the war in Ukraine will not slow the
long-term transition

Europe is likely to accelerate its energy transition during
and after the war in Ukraine. There will be a rapid phase-
out of imported Russian fossil fuel sources and rising to
the top of the agenda will be energy security, which
hinges on a renewables-dominated energy system and
measures to accelerate energy efficiency. Energy security
and sustainability thus pull in the same direction. Afforda-
bility is a major short-term concern with record high
prices for natural gas and electricity. The policy response
focuses on diversification of supply initially, giving some
fossil sources a short-term boost, but the main policy
thrustis to achieve energy independence for Europe
earlier, based primarily on renewable energy.

Outside Europe, and particularly in low- and middle-
income countries, high energy and food prices plus the
looming risk of global recession have shifted attention to
short-term priorities. Long-term climate change invest-
ments and actions like electricity infrastructure build-out
are likely to be postponed. High-priced LNG could make
for a short-term coal resurgence, and although renewables
are local and support domestic energy security, domestic
coal could find favour over imported gas.

The net effectis that, due to short-term pressure, there is
reduced likelihood of extraordinary action being taken to
reach a net-zero future; however, the steady pace of the
financially-driven energy transition will continue. Short-
term commodity costincreases and the war in Ukraine
will not put the brakes on the big drivers of the transition
like the plunging costs of renewables, electrification, and
rising carbon prices.

COP26 and the IPCC have called for urgent action which
has not materialized: emissions remain at record levels

At COP26, UN Secretary Anténio Guterres stressed the
urgency of immediate action on global warming, calling
ita Code Red for humanity. His warning has been
amplified by the successive AR6 reports from the IPCC.
COP26 saw agreements on importantissues like coal
phase-down, methane reduction, and land-use
changes, butthat sense of urgency has generally not
been reflected since then in national policy plans or
actions.

Global GHG emissions reduction of some 8% every year
is needed for a net-zero trajectory. In 2021, emissions
were rising steeply, approaching pre-pandemic all-time
highs, and 2022 may only show a 1% decline in global
emissions. That makes for two ‘lost’ years in the battle
againstemissions.

The lack of action is attributed to a weakening global
economy amid inflation challenges. However, our
analysis points to enormous opportunities inherent

in decarbonization for both companies and nations.
Renewables expenditures are expected to double over
the next 10 years to more than USD 1,400 billion per
year, while grid expenditures also are likely to exceed
USD 1,000 billion per yearin 2030. We show that
building out renewable technologies does not come
ata green premium, butrather as a green prize. Owing
to the considerable efficiencies linked to electrification
and the plunging costs of renewables, the world will be
spending far less on energy as a proportion of GDP by
2050. There is scope for accelerated action, and for
private sector frontrunners to run well ahead of antici-
pated governmental support.

Highlights - long term

Electricity remains the mainstay of the transition;
itis growing and greening everywhere

The strongest engine of the global energy transition is
electrification, expanding in all regions and almost all
sectors, while the electricity mix itselfis greening rapidly.
Electricity production will more than double, with the
share of electricity rising from 19% to 36% in the global
energy mix over the next 30 years. In addition, electricity
will take over and dominate hydrogen production.

The share of fossil fuels in the electricity mix reduces
sharply from the present 59% to only 12% in 2050.

Solar PV and wind are already the cheapest forms of new
electricity in most places, and by 2050 it will grow 20-fold
and 10-fold, respectively. Solar PV takes a 38% share of
electricity generated in 2050 and wind 31%.

Nuclear will only manage to slightly increase present
production levels due to its high costs and long lead

times; its share of the electricity mix will therefore decline.

The strong growth of renewables in electricity is the main
reason why the fossil-fuel share of total energy use in
2050 is pushed to just below the 50% mark.

FIGURE 1

Highlights

Hydrogen will be only 5% of global energy demand
in 2050, a third of the level needed for net zero

Hydrogen is inefficient and expensive compared with
direct electricity use butis essential for decarbonizing
hard-to-abate sectors like high-heat processes in manu-
facturing, and maritime transport and aviation. However,
the global uptake of hydrogen as an energy carrier sees it
supplying only 5% of energy demand in 2050, a third of
the level needed in a net-zero energy mix.

Hydrogen will scale in the manufacturing sector from
the early 2030s in the leading regions. In heavy trans-
portlike aviation and maritime, we will see the hydrogen
derivates ammonia, e-methanol and other e-fuels
starting to scale in the late 2030s. We see a more limited
uptake of hydrogen in heavy, long-distance trucking,
and in the heating of buildings in areas with existing gas
distribution networks, but almostzero use in passenger
vehicles. Green hydrogen from dedicated renewables
and from the grid will dominate hydrogen production;
blue hydrogen remains important, for example in
ammonia production. The number of hydrogen initia-
tives in hard-to-abate sectors is growing rapidly, but few
have reached final investment decision.

FIGURE 2

World grid-connected electricity generation
by power station type

Units:PWh/yr

1990 2000 2010 2020 2030 2040 2050

Wind B Bioenergy I Gas-fired
Solar Geothermal WM Oil-fired
Bl Hydropower B Nuclear Hl Coalfired

Historical data source: IEA WEB (2022), GlobalData (2022)

World production of hydrogen and its derivatives
for energy purposes by production route

Units: MtH/yr

2020 2025 2030 2035 2040 2045 2050

Bl Dedicated renewable Grid-connected
electrolysis electrolysis
Bl Fossil-based with CCS
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Closing the gap to 1.5°C

In this year's ETO, DNV has added a Pathway to Net
Zero scenario that outlines what needs to be done by
2050 for the world to close the gap from the most likely
2.2°Ctrajectory to the agreed 1.5°C future.

How big is the gap?

Global CO, emissions were 38 Gtin 2020 and by 2050
the annual emissions gap is 22 Gt CO, with cumulative
emissions resulting in about 0.2°C difference.

ENERGY
TRANSITION
OUTLOOK
2022

PATHWAY TO
NET ZERO
EMISSIONS (PNZ)

A globaland regionalforecast to 2050

Closing the gap to 1.5°C

Between 2050 and 2100, the ETO projection is that net
annual emissions reduce slowly from 22 Gt towards 0,

while the PNZ has net-negative annual emissions from
2050.

In 2100, the emissions gap is 7 Gt CO, of negative
emissions, corresponding to around 0.7 °C temperature
difference and 1,050 Gt of cumulative CO, emissions.

How to close the gap?
The gap must be closed by a combination of:

— Reduced combustion of fossil fuels, replacing
coal, oil and gas with renewables and nuclear
— Energy efficiency improvements
— Carbon capture and removal, including net
negative emissions from:
— Bioenergy with CCS
— Directair capture
— Nature-based solutions (e.g. reforestation)

Change in global surface temperature relative to 1850-1900

Units: °C 22 GtCO, 0 GtCO,
emissions emissions
-------------- Bl ETO forecast:
________ Most likely heading
_ _V_ Ll towards 2.2°C
- c"_’, i ETT A- -------------------- .
L B Pathway to net zero:
Le* A future designed
-7 to reach 1.5°C
: Hl Observed historical
38 GtCO; 0 GtCO; -7 GtCO; temperature increase
emissions emissions emissions
2000 2020 2050 2100

Historical data source: IPCC AR6 WGI (2021)

Highlights

Highlights - Pathway to Net Zero

We are heading towards 2.2°C warming;
war-footing policy implementation is needed
to secure net zero by 2050

The Paris Agreement aim of limiting global warming to
1.5°Cis still possible, butthe window to actis closing.
Securing 1.5°C without atemporary carbon overshootis
already out of reach. DNV's ETO forecast of the 'most
likely' energy future — one driven by market forces and
often dilatory climate policies — results in 2.2°C warming
by the end of the century.

On their own, technological and market developments
are insufficientdrivers of the change needed for net zero;
war-footing-like policy implementation with massive
early action across regions and sectors is needed.
Low-income regions need dedicated technology and
financial assistance to transition at the required rate.

No new oil and gas will be needed after 2024 in high-in-
come countries and after 2028 in middle- and low-income
countries. However, renewables need to triple and grid
investment rise more than 50% over the next 10 years.

Net zero means leading regions and sectors must
go below zero before 2050

Different regions and sectors have different starting
points and capabilities, and if the world is to reach net
zero in 2050, leading regions and sectors have to go
much further and faster. OECD regions must be net zero
by 2043 and net negative thereafter via carbon capture
and removal. China needs to reduce emissions to zero by
2050, while the remaining regions all reduce emissions
significantly, but do not reach net zero by mid-century.

Some sectors, like power, will reach net zero before
2050, while other sectors, like cement and aviation,
will still have remaining emissions. Maritime needs a
strengthened IMO strategy to reduce emissions by
95% by 2050.

Renewable electricity, hydrogen and bioenergy are
essential, butinsufficient: almost a quarter of net
decarbonization relies on carbon capture and removal,
including CCS from power and industry, direct air
capture, and nature-based solutions.

Leading regions have to transition faster and reach net zero earlier

2050 Energy-related CO, emissions after CCS and DAC

Units: GtCO,/yr

0.5 0.5 0.5 0.4 0.3
Sub-Saharan Indian Middle East North East Latin
Africa Subcontinent & North Africa Eurasia America

OECD £ North
Pacific Hicpe America
-0.3 -0.4 -0.2

0.3 0.0
South East Greater

Asia China
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About this Outlook

This annual Energy Transition Outlook (ETO), now in its
6th edition, presents the results from ourindependent
model of the world's energy system. It covers the period
through to 2050 and forecasts the energy transition
globally and in 10 world regions. Our forecast data may
be accessed at eto.dnv.com/data.

More details on our methodology and model can be
found on page 342. The changes we forecast hold
significant risks and opportunities across many indus-
tries. Some of these are detailed in our supplements:

— Maritime forecastto 2050
— Hydrogen forecastto 2050

AllETO reports are feely available on www.dnv.com.
In addition, we draw our readers’ attention to ongoing
insights into the energy industry published by DNV,
which include our most recent Insight report,
Future-proofing our power grids.

Our approach

DNV presents a single ‘best estimate’ forecast of the
energy future, with sensitivities considered in relation to
our main conclusions. However, this year, we include our
'Pathway to Net Zero Emissions’ scenario (Chapter 8),
which is effectively a ‘back cast’ of what we consider to
be afeasible, albeit challenging, pathway for the world
to achieve netzero emissions by 2050 to secure a 1.5°C
warming future. We believe readers will find it useful to
explore the dimensions of the gap between our ‘best
estimate future’ and our net zero pathway scenario.

Foundational aspects of our approach are illustrated
opposite. These include the fact that we focus on long
term dynamics, not short-term imbalances. However,
given the scale of the impact on energy supply and
demand of both COVID-19 and Russia’s invasion of

Ukraine, we describe how we take these developments
into consideration in Chapter 1.

Independent view

DNV was founded 158 years ago to safeguard life, prop-
erty, and the environment. We are owned by a foundation
and are trusted by a wide range of customers to advance
the safety and sustainability of their businesses.

70% of our business is related to the production, genera-
tion, transmission, and transport of energy. Developing
an independent understanding of, and forecasting, the
energy transition is of strategic importance to both us
and our customers. This Outlook draws on the expertise
of over 100 professionals in DNV. In addition, we are very
grateful for the assistance provided by a number of
external experts. All contributors are listed on the last
page of this report.

PoarssanN

Our best estimate,
not the future we want

A single forecast, not scenarios

11

Continued development
of proven technology, not
uncertain breakthroughs

Long term dynamics,
not short-term imbalances

Main policy trends included;
caution on untested
commitments, e.g. NDCs, etc.

Behavioural changes: some
assumptions made, e.g. linked
to a changing environment

ETO Model

Our analysis covers the period 1980-2050, with changes
unfolding on a multi-year scale thatin some cases is
fine-tuned to reflect hourly dynamics. We continually
update the structure of and input data to our model. The
most significant changes to the model since our 2021
Outlook are listed on page 343.

Introduction

The figure below presents our model framework. The
arrows in the diagram show information flows, starting
with population and GDP per person, while physical flows
are inthe opposite direction. Policy influences all aspects
of the energy system. Energy-efficiency improvements in
extraction, conversion, and end use are cornerstones of
the energy transition.

ETO model framework

| l
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ENERGY DEMAND

The shock to energy demand caused by the pandemic was a forceful
reminder that understanding the nature and dimensions of energy
demand is fundamental to any energy forecast. This chapters covers
developments in the four sectors responsible for almost all energy
demand: transport, buildings, manufacturing, and feedstock. Part of our
analysis involves a consideration of effects of the pandemic and Russia’s
invasion of Ukraine on energy demand.

Historically, energy demand has grown in lockstep with
GDP - population growth and improvements in standards
of living — moderated by efficiency improvements. Global
population growth is slowing down and is expected to
reach 9.4 billion people in 2050. Economic growth will
continue, and the size of the global economy in 2050 will
be USD 300 trillion, with an average growth rate of 2.5%
from 2019 to 2050. Further details on population and
economic growth are included in the annex of this Outlook.

More and wealthier people imply ever-more energy
services —fortransportation, housing, consumer goods
and so on. Thisleadsto increased energy demand, unless
countered by strong efficiency gains.

FIGURE 1.1

The effect of energy efficiency

Inthe coming three decades this counterforce will, indeed,
be strong, and we forecast that massive efficiency gains,
particularly those enabled by electrification, will offset the
population and economic growth propelling demand for
energy services. Putanother way, a burgeoning middle
class will drive ever-higher demand for energy servicesin
the form of a growing car fleet, more buildings with more
cooling requirements, appliances, and so forth. But, owing
to compounding efficiencies, the world will be using
progressively less primary energy to satisfy the rising
demand for energy services. We forecast, therefore, that
final energy demand will, in fact, level off just below 500EJ,
alevel only 13% higher than today.

World final energy demand by sector

Units: EJ/yr

Transport
Buildings
Manufacturing
Non-energy
Other

2030 2040 2050
Historical data source: IEAWEB (2022)

Inthe years between 2035 to mid-century, final energy
demand varies by less than 1%, meaning itis virtually flat,
asillustrated in Figure 1.1.

Itis nota given that energy demand will remain flat after
2050. Once most energy services are converted to
electricity, which automatically improves energy efficiency
in most sectors, energy demand may startto increase
again. This could well be countered by an eventual decline
in the global population and a world economy dramati-
cally hobbled by the effects of global warming. Post 2050,
rising energy demand will almost certainly not be accom-
panied by rising emissions.

‘Final’ energy in this Outlook and as shown in Figure 1.1,
means the energy delivered to end-use sectors, excluding
losses and excluding the energy sector’s own use of
energy in power stations, oil and gas fields, refineries,
pipelines, and similar infrastructure.

Sectoral shifts

Global energy use is relatively equally distributed across
the three sectors of transport, buildings, and manufactur-
ing, with a modest growth expected in buildings and
manufacturing, and a small decline in transport overthe
coming decades.

ﬂﬁ_ In buildings, energy use will grow particularly in
space cooling, and in appliances, whereas in space

heating, efficiency gains and new technologies like heat
pumps will reduce energy needs. Most of the growth will
occur in commercial buildings. In total, buildings will
collectively consume 23% more final energy in 2050 than
in 2021.

M In manufacturing, substantial energy-efficiency
gains, including increased recycling, will balance the
growth in demand for goods, such that manufacturing
energy use will grow by 14% to 2035 and thereafter
remain flatto 2050. The feedstock sector will see energy
demand grow by 17% and peak in the mid-2030s,
reducing slowly thereafter owing to increased recycling
and efficiency gains.

-.'_a Although transport services will grow signifi-
cantly, overall energy demand in the transport sector will

Energy demand CHAPTER 1

reduce over the forecast period. This is strongly associ-
ated with the switch from internal combustion to battery
electric engines, with half of the world's fleet of passenger
vehicles electrified by 2043. Efficiency gains in the road-
transport subsector will more than counterbalance growth
in energy demand in aviation. This trend will also be
helped by the maritime subsector undergoing significant
efficiency gains thatlead to a peakin its energy use in the
mid-2030s, despite growth in the size of the world fleet.

Regional developments

Although global final energy demand will level off, this is
notthe case for all the regions. In Europe and OECD
Pacific, energy demand has already peaked, while in many
ofthe middle- and low-income regions, energy demand
will continue to increase through to 2050, as illustrated in
Figure 1.2. Greater China's share of global energy demand
isat25%, but will reduce to about 20% in 2050, while the
Indian Subcontinent will overtake North America asthe
second largestenergy consuming region in 2040.

Energy carriers

Energy demand by carrier is summarized in Section 1.6.
[tisin carrier form thatthe story of the energy transition is
most apparent. Historically, energy carriers have shifted
gradually from solids to liquids; in recent decades, there
has been a partly shift from liquids to gases. The coming
decades are characterized by a shiftto electricity.

FIGURE 1.2

Final energy demand by region

Units:EJ/yr
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MEA
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1990 2000 2010 2020 2030 2040 2050

Historical data source: IEA WEB (2022) 17
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The Russian invasion of Ukraine

Atthe time of publication, Russia continues to wage war
on Ukraine. Devastating consequences are being felt
mostly in that country, but the reduction in commodities
output, notably cereal, oilseed and potash for fertilizers
is deepening worldwide food insecurity — already
impacted by climate change and COVID-19 before the
invasion. The war has also sent shockwaves through
world energy markets, due to OECD-led sanctions
against Russian energy exports, that are likely to have
considerable long-term consequences even after what
now looks to be a protracted war is over. Some 40% of

European gas consumption has been covered by
Russian exports in recent years. Terminating this source
of supply —in line with EU plans — before 2025, will lead
to large changesin not only the European arena, but
also globally. In the shortterm, energy efficiency and
the LNG trade will be the main beneficiaries of a choking-
off of Russian gas exports. Butin the longerterm, the
combined effect of higher gas prices, and policy
support —including tough mandates — for renewable
energy, will hasten the European energy transition.

Ourinitial assessment(DNV, 2022) showed that, relative
to our pre-invasion forecast, sanctions on Russian energy
exports and its consequences will reduce overall
European final energy demand. Since then, the war on
gas has become even stronger, and we now find European
2030 gas consumption to be 26% lower, and European
2030 energy related CO, emissions to be 8% lower, than
we found a year ago.

Despite the fall in European gas demand, global gas
shipments (LNG and LPG — measured in tonne-miles) will
expand by 12%, as empty gas pipelines from Russia will
be replaced not only by piped gas from the North Sea
and Middle East/ North Africa to Europe, but notably by
North American shale and Middle East gas — on-keel.
The North East Eurasia region, where Russia is the major
economy and fossil energy producer, will see its gas
output reduced by one third in 2030 compared to last
year's forecast. Its gas exports will be cut in half, but even
its domestic gas demand will decline as its economy
suffers from sanctions, and export products such as
fertilizers that use fossil fuels are also affected.

We assume that sanctions against Russia remain predom-
inantly a western policy tool. With low transport costs, oil
trading patterns will shift. Compared to our 2021 ETO,
North East Eurasia’s oil production in 2026 will decline by
17%to 12.6 Mbpd. Compared to 2021 levels, this repre-
sents a 12% decline, as we discuss further in Section 9.6.
However, global adjustments will ensure that the region
will be less affected in the longer run. Thus, in 2050, the
lingering effectwill only be a 4% decline in the region'’s
oil production: some oil exports will be subjected to
successful embargo, with previous importers of Russian
oilimporting from elsewhere. Russian exports that used
to go to Europe and North America will be diverted to
new consumers, principally those regions crowded out
by the western demand seeking to replace Russian oil.
Such Russian oil will be traded at a discount.

Though clearly material in the short term, and with
Europe inching towards a faster transition, it must be
noted that over a three-decade perspective to mid-
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century, the impact of the present war on the energy
transition will be vastly outweighed by other factors like
carbon price developments and the declining costs of
renewables and storage. A critical issue for Europe in its
pursuit of energy independence will be its ability to
fast-track the permitting of new, multinational renewables
projects, where issues like the impact on biodiversity of
these large projects require an efficient, coordinated
approach.

Over a three-decade perspective to
mid-century, the impact of the present

war on the energy transition will be vastly
outweighed by other factors like carbon
price developments and the declining costs

of renewables and storage.

Ukraine and Russia are key producers for many critical
minerals for the energy transition. Both western sanctions
and Russian trade war policy tools limit such exports.
This means less availability of materials and higher costs.
These higher costs will lead to more exploration and
production elsewhere in the medium term. However, in
the meantime, they imply higher battery, wind turbine,
and solar PV costs amplifying pandemic-related supply
chain challenges. These factors contribute to a slower
transition speed, but are counteracted by emerging
energy independence policies, particularly in Europe,
that lead to faster uptake of renewable energy sources.

The regional transition stories in Chapter 9, notably for
North East Eurasia and Europe, provide more details
and data on the energy implications of the invasion and
related western sanctions on Russian energy exports.
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The pandemic and energy

This Outlook is being released almost 3 years after the
SARS-CoV-2 virus was first detected in Wuhan, People's
Republic of China. Although the risk remains of the
emergence of an immunity-evading variant, much of the
world, with the notable exception of China, isnow on a
path to COVID-19 as an endemic. However, the pandem-
ic's social and economicimpact endures.

The presentinflationary environment, although exacer-
bated by the war in Ukraine, is strongly linked to the
pandemic stimulus packages putin place by govern-
ments which have driven unemploymentto near record
lows in many OECD countries, coupled with supply-chain
disruptions related directly to COVID-19, and wild swings
in consumer spending habits as a consequence of
lockdowns.

Stimulus packages have also gone directly to energy
sector activities. Our previous Outlooks (DNV 2020, DNV
2021) forecast stimulus packages for fossil end renewable
industries to be balanced, producing a neutral effect from
the pandemic overthe longer term. What we see now is
that because fossil energy production, especially shale
developments, has shorter time delays than the expan-
sion of wind and solar supply chains, fossil energy has
been the main beneficiary of support schemes, and only
6% of stimulus has gone towards greening and carbon
emissions reduction (Nahm etal., 2022). A case in point

is Norway's stimulus package. With an oil and gas sector
directly providing 17% of GDP (Hernes et al., 2021), and
network effects of a similar scale, support packages
favoured fossil industries, keeping workers and engineers
active, leading to higher oil and gas production than
otherwise would have been the case.

As noted on the page 8-9 timeline, the global GDP
negative effect of COVID-19 was 6% in 2020. Note,
however, thatthough economic growth in 2021 was
strongerthan forecast pre-COVID-19, and 2022 growth
will be stronger than expected three years ago, the net

effecton accumulated GDP over the last three years has
been negative. IMF (2022) and World Bank (2022a)
forecasts have substituted our own macroeconomic
projections through 2027, and leave them slightly lower
(1.5%) than our pre-pandemic economic projections.
This difference is kept through to 2050 and contributes
to dampen energy demand, but only marginally.

Supply-chain disruptions will delay the
transition in the short term but the pandemic

lowers some energy demand permanently.

Other developments will also leave permanent
pandemic scars. That COVID-19 caused havoc across
global supply chains, already made vulnerable by ‘justin
time’ policies, is now well established. However, more
consequential for the long term is how businesses have
begun responding. There is evidence that while many
companies have invested in smarter analytics and more
diverse sourcing to de-risk their supply chains, the
overwhelming response has been to pursue near-
shoring or localization plans for supply chains
(McKinsey, 2022). Re-shoring means lower efficiency

in the use of resources and thus lower GDP-growth,
now factored into IMF forecasts, and consequently

less demand for energy-related services.

The aviation and buildings sectors will see permanent
changes. Reflecting IATA and other forecasts, ETO
assumes that leisure air travel will rebound to pre-covid
growth rates in 2024. By contrast, with the pandemic
advancing the practice of virtual collaboration, business
travel will reduce permanently to 80% of its pre-covid
path. As leisure travel counts for two thirds of air travel,
however, the airline industry will experience a drop off

in air travel of only 7%. A similar, but weaker effect will
be found in real estate. Home office use will remain
higher than pre-covid forecasts and the people working
from home will demand more space there. Home office
expansion will dampen commercial and office space
demand. Bigger homes and smaller offices will tend to
cancel outand so the net permanent effect on energy
demand is marginal.

Rivalry between the major trading blocs created global
challengeslong before the COVID-19 pandemic and the
Ukraine war. Yet both events have exacerbated the
deglobalization trend. Less trade will impact world GDP

Business travel will be permanently impacted by COVID-19, remaining 20% lower
throughout our forecast period relative to pre-pandemic projections.
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negatively. Supply chains, notably for some critical metals
will experience increased vulnerability. Disruptions are
likely to have a greater influence on production of batteries,
solar panels, and wind turbines than on the production
of fossil fuels. However, our analysis shows that for most
critical resources, such disruptions will eventually be
circumvented by alternative chemistries (for batteries),
new sites of production (for batteries, solar panels, and
wind turbines), and new materials. Yet, in the short run —
to 2030 — supply-chain disruption effects will delay the
transition. For example, we now expect the timing of the
‘yardstick’ measure for EV uptake (i.e. when EVs constitute

50% of new car sales)to be delayed by another year, to 2033.
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1.2 TRANSPORT

Oil for transport

53 Mbpd* 29 Mbpd*
89% oftransport 51% of transport
demand demand

*Mbpd = million barrels per day of crude oil.

FIGURE 1.3

Current developments

The transport sector has seen pandemic-associated
reductions in energy demand in all subsectors — air, road,
rail, and at sea — albeit with significant differences. In 2020,
the combined demand across these sectors fell by more
than atenth (11%). Aviation, which experienced the highest
percentage reduction, almost halving from 2019 to 2020,
has notyet fully recovered and will not do so in our forecast
period because business travel is expected to remain
lower than the pre-pandemic level. By contrast, energy
demand for maritime transportation fell by 4%, rail by 5%
and road by 7%.

In 2020, transport was responsible for 26% of global final
energy demand, supplied almost entirely by fossil fuels.
Figure 1.3 shows that 89% of transport energy use is oil,
with natural gas and biofuels taking 6% and 4% shares,
respectively, and electricity 1%. At present, the energy

World transport sector energy demand by carrier

Units: EJ/yr
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mixes in aviation, maritime and road almost mirror that of
the global transport sector, whereas rail energy is mainly
from electricity.

To reduce local air pollution and global emissions, natural
gas and biofuels — either pure form or blended with
gasoline and diesel —were introduced decades ago.
Greater China and North East Eurasia have a leading
natural gas share (8%)in road transport. All regions, except
Middle East and North Africa, have biofuel-blend
mandates or give biofuels preferential treatment. Biofuel
mandates are prime examples of the role of public policy
intransportfuels. Decarbonization and fuel efficiency are
interlinked —some regions, notably Greater China and
OECD countries, use a mixture of push-and-pull policy
measures to achieve decarbonization ambitions. We
envisage public policy targeting and banning emissions
continuing for at least another decade, supported by
significantindustrial and consumer approval.

Overtime, though, technology cost-learning dynamics will
make such policies superfluous — at least in road transport,
which accounts for almost 75% of transport-energy use.

Energy demand CHAPTER 1

Vehicle manufacturers are increasingly overhauling their
strategies to cope with the looming market dominance of
EVs. For almostall use cases, EVs will soon become more
cost effective than internal combustion engine vehicles
(ICEVs). EVs typically have less than a third of the energy
consumption of ICEVs, and lower maintenance costs.
However, removing EV supporttoo soon will reverse
EV-uptake dynamics (Testa and Bakken, 2018). If one
factorsin both direct and indirect subsidies, EVs have
already reached cost parity with ICEVs in most world
regions, and sales will accelerate as an ever-larger range
of models enters the market.

Removing EV support too soon will reverse

EV-uptake dynamics.

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) based on m? of gas and barrels of oil, whereas the
power industry uses kilowatt hours (kWh). The main
unitfor energy, according to the International System
of Units (SI), is, however, joules, or rather exajoules (EJ)
when it comes to the very large quantities associated
with national or global production. EJ is therefore the
primary unitthat we use in this Outlook.

So, whatis a joule? Practically, a joule can be thought of
asthe energy neededto lifta 100 g smartphone one
metre up; or the amount of electricity needed to power
a 1-watt LED bulb for 1 second (1 Ws). In other words,

ajouleis avery small unit of energy, and, when talking
about global energy, we use EJ, being 108 J, or a billion
billion joules.

While we use J or EJ as the main unit of energy, in a few
places we use Wh. For measurements of quantities of
energy production, we use tonnes, m3, and barrels.

For ease of comparison, conversions are:

1EJ=277.8 TWh
1EJ=23.88 Mtoe
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Image courtesy: Volvo Trucks.

FIGURE 1.4

Road vehicle density by region

Units: Vehicles per person
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Vehicle fleet size, categories and dynamics

Standard of living (GDP/person) drives vehicle density
(vehicles per person). Regionally, this relationship is
influenced by geographical, cultural, technological,
infrastructure and environmental factors, and by the
availability of alternatives to road transport. To predict
future developments in vehicle density, we have fitted
historical datato a Gompertz-curve (a type of S-shape
curve), asillustrated in Figure 1.4.In some regions this
is supplemented by expert opinion, enabling us, for
example, to adjust for the effects of policy support for
alternatives to road transportation.

We break down the road transport sector into three
categories: passenger vehicles, commercial vehicles,
and two-and three-wheelers. ‘Passenger vehicles'’
encompasses all vehicles with three to eight passenger
seats; thus, itincludes most taxis, but excludes buses.
Other non- passenger vehicles with at least four wheels
are considered ‘commercial vehicles'. These tend to be
a significant fraction of road vehicles in less-developed
countries; but, as these nations become more prosperous,
the passenger-vehicle share of the fleetincreases. We
expect this trend to bottom out within the next few
years, however.

FIGURE 1.5
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Taxis represent a significant fraction of today’s global
passenger-vehicle fleet. In the coming years however, a
number of structural changes must be taken into account
in calculating the overall size of the car fleetand, impor-
tantly, aggregate vehicle kilometres. Communal use of
passenger vehicles is typically more prevalentin low-
income regions. Because platform-based ridesharing
services can offerimproved services at higher efficiency
and lower costs, this segment will continue to grow. A
reduction in private ownership will ensue, especially in
high-income regions. In addition, we assume automated
vehicles, which we will see increasingly towards mid-
century, are driven 50% more, and shared vehicles five
times as much, as conventional, privately-owned vehicles.
The latterisin line with the fact that taxis typically drive five
times as much as privately-owned passenger vehicles.
Consequently, an automated, communal vehicle will be
driven 7.5 times as much as a non-automated private
vehicle. The growing use of digitally-enabled forms of
transport(automation and ridesharing) may happen atthe
expense of traditional public transportation, as well as
walking and bicycle use, but these modal shifts have not
been analysed. As we expect several factors to counter-
balance each other, we assume that aggregate vehicle-
kilometres driven will not be significantly affected by
automation or car sharing.

Development of key parameters of electric vehicles in Europe

—— Battery price
(USD/kWh, left axis)

—— Battery size

(kWh, left axis)

Total cost of EV
ownership relative

to ICE

(2020 = 100, left axis)

2010 2015 2020 2025 2030 2035

—— Range
(km, right axis)

2040 2045 2050
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Drivers of EV uptake
towards 2050

Today, new EVs tend to be priced higher than their combustion
counterparts, which is why many countries have subsidies and
incentives to supporttheir uptake. EVs will become significantly
cheaper within a decade and remain cheap. As scale
advantages for Original Equipment Manufacturers (OEMs)
erode, combustion vehicle prices are likely to rise.

Despite the fact that EVs already have much lower running cost
per 100 km, private buyers mainly look at purchase price.

As upfront costs decline and total cost of ownership (TCO)
advantages become clearer, passenger and commercial EVs
will soon outcompete combustion vehicles.

Unlike private buyers, commercial owners are strongly
motivated by TCO calculations.

Passenger vehicle cost of ownership
Units: USD/Vehicle

120k
100k
80k
60k
40k
20k

0
2015 2020 2025 2030 2035 2040 2045 2050

While EVs have already plunged through the fossil TCO line,
buyer behaviour lags cost developments as other
considerations like range and ease of charging come into play.

By 2050, 78% of all vehicles worldwide will be EVs.

This will significantly alter road transportinfrastructure.

As ever more petrol stations are transformed into EV charging
facilities, range anxiety may become an issue for combustion
vehicles drivers.
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The size of stations are relative to each other for each year, and cannot be compared visually across years.

Figures are based on OECD data, including 2021 average gasoline prices, electricity prices and vehicle costs. Vehicle operating costs include maintenance costs.

EV uptake

The uptake of EVs — passenger EVs first — will occur
rapidly. Supported by contemporary findings (Keith et
al., 2018), we assume that people choosing to acquire an
EV will base their decision on weighing costs against
benefits. Within our approach, simulated buyers have
the choice between EVs (becoming increasingly
cheaper and providing alonger range over time) and
ICEVsin the categories: passenger vehicle, commercial
vehicle, and two- and three-wheelers. Potential buyers
of passenger vehicles will consider purchase price to be
the main factor, putting less emphasis on the advanta-
geous operating costs. Owners of commercial vehicles
will give greater weight to the advantages of EV opera-
tional costs.

Currently, having too few charging stations within range
or atthe final destination (e.g. athome or atwork)is a
major barrier to EV uptake in mostregions. Significant
uptake of EVs cannot be achieved without both the
average fleetrange leaping higher and charging-station
density increasing. We assume thatthe current battery
cost-learning rate of 19% per doubling of accumulated
capacity will continue throughout the forecast period.
Consequently, vehicle prices will fall in the long run, in
contrastto a near-termincrease in the price of EVs due
to base material shortages and supply-chain problems.
In our view, higher prices will be partly mitigated by
rising competition among EV manufacturers and by
innovation such as cell-to-body and cell-to-chassis
configurations.

In Europe, the average battery size will grow from
today’s 60 kWh/vehicle to about 90 kWh/vehicle in 10
years, resulting in an expanded vehicle range and EVs
seeming even more attractive. Elsewhere, we will see
different average battery sizes, depending on regional
commuting and thus range needs.

Total cost of ownership

Total cost of ownership (TCO) is a purchase decision
construct, reflecting public policy support. Figure 1.5
shows that EV TCO will decrease only slightly between
2020 and 2025, as increasing battery sizes almost offset
lower battery costs. Moreover, material scarcity and
supply-chain constraints, including localization, will
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place further pressure on vehicle costs, but will ease
over time due to competitive forces and innovation.
After 2030, low operating costs will start to inch driving
distances upwards, which will in turn raise the TCO per
vehicle.

Current policies impacting TCO include buyerincen-
tives for passenger EVs. Per vehicle, the value of these
incentives varies from zero in low-income countries,

to afew hundred USD in others, and to more than a
thousand USD in OECD regions. Both passenger and
commercial vehicles are supported by subsidies. When
calculating the value of subsidies, we have included
significant support provided to vehicle and battery
manufacturers.

The two countries with highest EV uptake rates, China
(commercial vehicles) and Norway (passenger vehicles),
use a mixture of preferential treatment of EVs and de
facto subsidies on the buyers’ side, as shown by Testa
and Bakken (2018). In Europe current policies favouring
EVs are implemented as vehicle-emissions limits, giving
carmakers bonuses for zero-emissions vehicles, and
surtaxing fleets that exceed the target (EC, 2019).

Commercial vehicles require much larger batteries,

and we expect significantly higher and more-prolonged
subsidy levels per vehicle. We assume thatin OECD
regions, and Greater China, there will be willingness to
continue such support, which boosts commercial EV
uptake through the TCO effect by making ICEs less
attractive through higher carbon prices.

Aside from direct purchase and manufacturing subsi-
dies, a host of other preferential operating treatments
for EVs are used, including, among others, permission
to drive in bus lanes, free parking, and low-to-zero
registration costs or road taxes. Exceptin a few oil-rich
countries in Middle East and North Africa (Mundaca,
2017), directfossil-fuel subsidies are not widespread.
On the contrary, road taxes are prevalent across the
world and, in OECD countries, typically also include an
explicit carbon tax element (OECD, 2019). We foresee
increasing tax and carbon-price levels to reflect local
air-pollution prevention, and efforts to limit congestion
and GHG emissions.
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Relative utility: EVs and ICEVs

In considering the relative utility of EVs compared with
ICEVs, we assume four factors, of different weight, to be
important:

— Recharging/refuelling speed
Charging/fuelling stations within range
— EVconvenience

— EVfootprintadvantage

The EV footprint advantage reflects the value, if any,
assigned to low-emission electricity as fuel and the
associated sustainability gains. However, even EVs
powered by electricity generated from a high-fossil
energy mix have superior lifetime carbon efficiencies
than size-equivalent ICEVs (ICCT, 2018). Comparing the
utility of EVs and ICEVs across the four factors listed
above, EV-uptake rates are significantly slower for
commercial than for passenger vehicles — despite
prolonged subsidies being expected.

Figure 1.6 reflects our forecast that EVs will reach 50% of
new passenger vehicle market share in Greater China and
Europe inthe late 2020s, in the early 2030s in OECD
Pacificand North America, and globally by 2033. This

FIGURE 1.6

milestone is central in our forecast and has not changed
significantly between our Outlooks over the last five years.

In low-income regions, uptake will come later as early
uptake is hindered by a low density of charging infra-
structure and by the dearth of subsidies. However, even
in the region of slowest uptake, the 50% milestone will be
reached by mid-century. By 2050, hardly any ICEVs will
be sold in Greater China and Europe; sales of ICEVs will
continue elsewhere, notably accounting for 30% of new
passenger vehicles sales in North East Eurasia at that
time.

Electrification will be more prolonged for commercial
vehicles. The world is splitinto frontrunner regions and
laggards regarding uptake of commercial battery-
electric vehicles (BEVs). Greater China will see a 50% sales
share for commercial BEVs within five or so years, with
Europe following two years later, while North East Eurasia
will not see a 50% splitin sales within our forecast period
(Figure 1.7).

Figure 1.8 shows our combined forecast for vehicle

numbers, including two- and three-wheelers, with
demand attenuated by an increase in both car sharing

FIGURE 1.7
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and automation. The passenger vehicle fleet climbs from
1.2 billion cars today to slightly above 2 billion in 2050,
with the ICEV share falling precipitously from 97% to

less than 25% by mid-century. Almost the entire fleet of
two- and three-wheelers will be electrified by 2040, while
EV uptake in commercial vehicles clearly lags develop-
ments in the other two categories.

We foresee that fuel-cell electric vehicles (FCEVs) will
only play arole in road transport after 2030. These will
account for up to 7% of the commercial EV fleet in China
by 2050, with modest single digit shares in the other
regions where hydrogen uptake is supported by respec-
tive policies. The cost and energy-efficiency disadvan-
tage of fuels cells compared with BEVs will prevent their
large-scale uptake in all but one market segment -
heavy, long-distance commercial vehicle transport.

But even in this category, a significant share will be taken
by battery electric trucking, sharing the market for non-
fossil transport with FCEV-propelled trucking. This
segment will also continue to use combustion technolo-
gies, although it should be noted that this also allows

for biofuel use. Whereas policy supportis essential for
hydrogen uptake in the demand sectors, and some
countries, such as Japan and South Korea, strongly

FIGURE 1.8
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supportthe uptake of FCEVs as part of their automotive
emission-reduction plans (see Chapter 9 for more
details), there are still significant barriers hindering a
stronger uptake of hydrogen in road transport. There

is a significant energy loss (by a factor of two) when
converting power to hydrogen. Additional well-to-
wheel efficiency reduction happens when hydrogen is
converted to electricity in the vehicle. Consequently,
FCEVs can only reach an overall well-to-wheel efficiency
of 25% - 35%, significantly lower than the 70% - 90%
range for BEVs. Furthermore, FCEV propulsion is more
complicated, and thus more costly, than that of BEVs.
Forthese reasons, most major vehicle manufacturers
appear to be introducing solely BEV models.

Two- and three-wheelers are a form of transport repre-
senting only marginal energy use in mostregions — except
in Greater China, the Indian Subcontinent, and South East
Asia. Consequently, we have modelled vehicle demand
and electrification of two- and three-wheelers in those
three regions only, limited to those vehicles requiring
registration (electric bikes are categorized as household
appliances rather than road vehicles). We forecast rapid
electrification in this segment — already more than a third
of all Chinese two- and three-wheeler sales are BEVs.

World number of road vehicles by type and drivetrain

Units: Billion vehicles
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Conclusions

Despite the dampening effect on demand due to car
sharing and automation, the size of the global passenger-
vehicle fleet will increase by about two thirds by 2050. As
noted previously, vehicle-kilometres will also rise, more
than doubling by mid-century. A similar dynamicis
anticipated for commercial vehicles, though growth will
be slightly lower, with the fleet size expanding about 50%
towards 2050.

Importantly, the expansion of the world'’s passenger and
commercial fleet over the next three decades will not
resultin a similar pattern of growth in road-sector energy
demand. In fact, quite the opposite: road-sector energy
demand will be considerably lower in 2050 than itis
today, principally because EVs are three to four times
more efficientthan vehicles with combustion engines.

In 2050, electricity is one third of energy
demand in road transport, but powers

nearly 80% of the global vehicle fleet.

FIGURE 1.9

Figure 1.9 shows that while over three quarters of vehicles
globally (78%) will be EVs in 2050, they will constitute just
about 30% of the road subsector’s energy demand, with
hydrogen FCEVs taking a further 3%. Mostly through
mandated blend rates, 3% of this sub-sectoral energy
demand will come from biofuel. The smaller part of the
vehicle fleet still reliant on fossil-fuel combustion will be
responsible for the lion's share of energy consumption.
Fossil fuel oil constitutes close to 60% of the global road-
subsector's energy demand in 2050, with natural gas at 4%.

Sensitivities

New chemistries and configurations could drive the
already high cost-learning rates (CLRs) for batteries even
higher. A 50% higher battery CLR (27% instead of 18%)
resultsin 150 million more passenger vehicles (+11%) and
85 million more commercial vehicles (+50%) by 2050,
powered by batteries atthe expense of combustion
vehicles.

Subsidy levels for passenger and commercial EVs, which
are assumed to be substantial, have a considerable
effect. Cutting them by 90% from the base case, will
resultin six million fewer passenger EVs in 2050. Subsi-
dies are even more important for commercial vehicles,

World road subsector energy demand by carrier
and split between ICEs and EVs
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and, doubling them from our base case, will bring much
faster uptake — some 35 million more commercial EVs.
Note, however, that the main conclusion is that EV uptake
overtime is not insensitive to subsidies, with support given
during early market uptake being the mostimportant.

Our sensitivity analysis indicates that were manufacturers
to install larger batteries in their EVs, this would be
detrimental to short-term sales, if battery costs per kWh
remained the same. For example, a 25% increase in
battery sizes would lead to a 11% reduction in global EV
stock and 22% fewer EV sales in 2025. The long-term
impact, however, would be negligible.

Auviation

Prior to the pandemic, civilian aircraft consumed almost
9% of the world's oil, and that share was growing. Driven
by rising standards of living, global aviation had tripled in
the firsttwo decades of this century, revealing a clear
relationship between GDP growth and the number of
people thatfly, and the number of flights they take. By
2050, we will see annual global passenger flights growing
to 10.2 billion flights (Figure 1.10), 130% higher than
pre-pandemic levels. The strongest growth will occurin
Greater China, followed by South East Asia.

FIGURE 1.10

Air passenger demand by region of origin
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The growth in passenger trips occurs despite COVID-19,
which really put the brakes on air travel, which more than
halved from the onset of the pandemic. The rebound has
been slower compared with other sectors. While we do
notforesee a permanent effect on leisure travel, the
pandemicintroduced new work patterns that will have a
long-term impact — re-basing business travel down 20%
through our forecast period.

Efficiency, as measured in energy use per passenger km,
will continue to improve due to efficiency gains in aircraft
and engine technology, better routes and operational
patterns, and some gains in higher load factors and larger
planes. Annual efficiency improvements will slow from
1.9%/yeartoday to 1.2%/year in 2050 but cumulatively
they will lead to fuel use increasing by only 40% (Figure
1.11) despite a 140% rise in the number of flights. The
number of cargo flights will also increase, but aviation is
and will continue to be dominated by passengerflights.
Today, cargo trips represent 15% of global aviation energy
use (WEF, 2020), and we keep this fraction constant for all
regions and throughout the forecast period.
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Fuel mix

From atechnology standpoint, aviation has relatively

few options to replace oil-based fuel and is frequently
termed a hard-to-abate sector. Yet, with a limited set of
stakeholders, and aninternational governance structure
enabling decision-making, it could be relatively easy to
implement and monitor the uptake of technologies and
fuelsthat emitless GHGs. However, even if alternatives to
fossil fuels progress in the future, they are still prohibitively
expensive and less readily available in terms of supply and
infrastructure.

Batteries weight makes electrification a realistic propul-
sion option only in the short-haul flight segment.
Deployment of electric airplanes is likely to start before
2030 on very small aircrafts with fewer than 20 passengers,
expanding in the 2030s to slightly larger short-haul
planesin leading regions. Batteries have very low
energy density, and only hybrid-electric solutions are
relevantfor medium and long-haul flights. Since only a
minor part of aviation fuel is consumed on short-haul
flights, electricity will represent only 2% of the aviation
fuel mix in 2050.

The two remaining routes investigated and expected
to change the aviation fuel mix are pure hydrogen and

FIGURE 1.11

World aviation subsector energy demand by carrier
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sustainable aviation fuels (SAF), including biomass-
based first- and second-generation fuels as well as
power-to-liquid-/ e-fuels based on hydrogen. Common
to all alternative solutions is that costs, both short-term
and towards 2050, will be higher than current oil-based
fuel. All changesin fuel and technology are therefore
expected to come as the result of regulatory and
consumer-supported forces. Examples include the
ReFuelEU Aviation initiative in the ‘Fitfor 55’ legislative
package, higher carbon pricing from removal of free
allowances to aviation in the future EU emissions-trading
scheme (EU ETS)(EC, 2021), and individual willingness
to pay for sustainable aviation.

As an aviation fuel, pure hydrogen has some advantages
over SAF. Produced from renewable sources, a hydrogen
value chain in aviation could guarantee almost zero
emission transport, assuming the produced by-products
(water vapour and NOx emissions) are treated carefully.
However, hydrogen is less suitable from a technical
perspective due to its low energy density. The tanks
needed for the large amount of hydrogen would require
a very differentairplane design with higher costs per
passenger. Furthermore, the implementation of new
designs takes atleast 20 years due to the long operating
life of aircraft. Aircraft design and infrastructure adjust-
ments, handling and safety regulation would also need
to adjustto evolve in synchrony with technology devel-
opments. All these barriers to a widespread implemen-
tation of pure hydrogen in aviation before mid-century
resultin its relatively small share of around 4% of the
subsector's energy demand by 2050.

Bio-based SAF is already implemented at small scale
because of mandatory biofuel blend rates in certain
countries and is expected to scale relatively fast given
regulatory push and consumer pull. Thus, in the short
and medium term, SAF is likely to consist mainly of
biofuels. As described in the bioenergy section in
Chapter 3.5, providing large amounts of sustainably
produced biofuel is a challenge, but aviation has fewer
decarbonization options and a higher ability to pay. We
will see small shares of e-fuels based on hydrogen in
aviation from the 2030s onwards, but, as with hydrogen
in general, significant uptake will only happen in the
2040s. Liquid SAFs from biogenic origin or renewable

power are better suited for decarbonizing aviation
because they are viable drop-in fuels, using existing
infrastructure and combustion technology.

Weighing the different advantages of hydrogen and
e-fuels against each other, we will see three times more
e-fuels —a 13% share in the mix —than pure hydrogen in
the aviation subsector, principally because as a drop-in
option, e-fuels can serve all types of flights, whereas pure
hydrogen is limited mainly to medium-haul flights.
However, oil will remain the main fuel source for aviation,
retaining a 59% share in 2050, though in absolute terms oil
use will be 26% lower than today. The efficiency gains and
the gradual change in fuel mix mean that in our forecast,
aviation will fare better longer term than the (currently
under revision) CORSIA goals of carbon-neutral aviation
growth to 2050.

Maritime

Maritime transportis by far the most energy efficient
transportation in terms of energy per tonne-kilometre.
Consequently, over 80% of the volume of internationally
traded goodsiis carried by sea (UNCTAD, 2021). Nearly
3% of global final energy demand, including 7% of the
world’s oil, is presently consumed by ships, mainly by
international cargo shipping. The IMO regulation
capping the sulfur content of ship fuel came into force
in 2020, dramatically changing the type of fuels being
used. The main shift has been to a much larger share of
lighter distillates in the overall fuel mix, or other variants
of fuels with less sulfur. However, a significant share of
marine heavy fuel oil is still being used on ships with
scrubbersinstalled.

Inthe longer run, the IMO targets a 50% absolute
reduction in CO,emissions between 2008 and 2050.
The strategy was established in 2018 and there is now
mounting pressure from regulators and parts of the
maritime industry for it to be further strengthened,
and, indeed, the IMO plans to revise the strategy.
Our analysis expects thatthe currenttarget will be
met through decarbonization involving a mixture

of improved fleet and ship utilization, wind assisted
propulsion, on-board CCS, energy efficiency improve-
ments and a massive fuel switch including conversion
from oil to gas and ammonia and other low- and
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zero-carbon fuel alternatives. Potential for electrification
in the maritime subsector is limited to shore power
when berthing and to the short-sea shipping segment.
This is because the energy density of batteries today
and in the future is likely to remain too low to play any
sizeable role in deep-sea shipping. In the shortterm,
the IMO's 2020 target for reducing sulfur emissions will
resultin anincrease in carbon emissions as scrubbers in
particular require additional use of energy that other-
wise would be used for propulsion.

A world in which GDP doubles by 2050 will see cargo
transportation needs considerably outweighing
efficiency improvements. Cargo tonne-miles will
therefore increase in almost all ship categories

(Figure 1.12), with a total growth of 35% between 2020
and 2050. The later part of the forecast period will see
growth in some categories such as gas carriers, butalso
reductions in most segments as efficiency improve-
ments equal demand growth and ongoing decarboniza-
tionis reflected in global trade patterns. Consequently,
coaltransporthalves by 2050 in tonnes, and crude oil and
oil products transportreduces by 20%.

FIGURE 1.12

World seaborne trade in tonne-miles by vessel type
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World cargo shipping is an integral part of our analysis.
Fossil-fuel demand and supply are regionally deter-
mined: any mismatch between regions is shipped from
the regions in surplus to those in deficit. There is also
considerable seaborne transport of fossil fuel within
regions. Similarly, base material supply and manufac-
tured products are shipped on keel within, and, more
importantly, between regions.

Fuel mix

Driven by the decarbonization push, the fuel mixin the
maritime subsector will change significantly over the
coming decades. It will transition from being almost
entirely oil-based today to a mix dominated in 2050 by
the use of low- and/or zero-carbon fuels (50%), natural
gas (19%, mostly liquefied natural gas) and biomass
(18%), as shown in Figure 1.13. Ammonia will have the
highestshare (35%) of low-and zero-carbon fuels and
e-fuels 15%. Electricity will have only 2% for reasons
previously explained.

WHEN TRUST MATTERS

MARITIME
FORECAST
TO 2050

Energy Transition Outlook 2022

DNV Maritime Forecastto 2050

This massive fuel switch will be supported by many
regionally imposed decarbonization efforts. In our main
ETO forecast, we use one of several scenarios analysed
within “IMO ambitions” in our Maritime Forecastto 2050
(DNV, 2022c). That report details 24 scenarios across two
maritime decarbonization pathways: IMO ambitions
complying with the current IMO GHG Strategy, and
Decarbonization by 2050 achieving net-zero shipping by
then. The report’s fuel mix information isincluded here,
converted into the main energy-carrier categories used
in this Outlook.

Rail

This subsector consists of all rail-using transportation,
including urban rail systems. In 2020, a little less than 2%
of global transport energy demand was from rail, about
0.5% of global energy demand. Passenger numbers will
more than double (+140%) globally by 2050, driving rail
travel up to 9.9trn passenger-kilometres.

Rail freighttransport grows 90% by mid-century, with
significant regional differences. The strongest growth is
expected in Greater China, where rail freight demand will
double in the nextthree decades while the equivalent
demand in Europe remains stable.

FIGURE 1.13

World maritime subsector energy demand by carrier
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For passenger transport, especially in urban areas, the
space efficiency of rail transportis superior to other
options. The ease of electrification also makesita
favourable option for transport decarbonization.

Growth can also be explained by the increasing speed
and competitiveness of high-speed trains compared
with aviation, again with decarbonization as a main
driver. The greatest passenger growth will happenin
the Indian Subcontinent and Greater China, driven by a
significant rise in standards of living, and a strong public
policy push for rail transport development. As Figure
1.14 shows, almost all passenger rail growth will be in
these two regions, with Indian Subcontinent having a
57% share in global rail passenger transportin 2050,
and Greater China 27%.

In all regions apartfrom Europe, where rail freight has
traditionally been strong, GDP growth and transport
sector decarbonization strategies are drivers of
increased rail freight volumes. Europe has seen the
greatestincrease in road-freight demand, butthe
region’s potential for further growth in rail freight is
constrained by already-crowded tracks, improved roads,
and prioritization of passenger rail transport.

FIGURE 1.14
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Energy-efficiency improvements will be strong and relate
mainly to electrification, though diesel-powered units will
also experience significant efficiency gains. As Figure
1.15 shows, we predict that current growth trends in
electrification will be sustained to meet demand for rail
transport, with the fuel mixin 2050 becoming 54%
electricity (41% today), 41% diesel, and 5% biofuel.

Hydrogen has potential to replace diesel on non-
electrified rail. Though single projects are frequently
announced, such asthe world’s largest fleet of hydrogen
trains to be operated close to Frankfurt, Germany, with a
total volume of 27 hydrogen trains, no large-scale use of
gaseous energy carriers (e.g. hydrogen) in rail transportis
foreseen. Thisis due to barriers such as limits in pulling
power for rail freight transport, a need for governmental
support, and the lack of installation of a hydrogen fuelling
infrastructure along main rail tracks.

FIGURE 1.15

Rail passengers by region
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BUILDINGS

Zero Carbon Building in Hong Kong

Despite increasing electrification and improvements in the
efficiency of thermal insulation and heating/cooling
equipment, global energy demand for buildings is setto
grow nearly a quarter (24%) in the next three decades, from
120 EJ peryearin 2020 to 148 EJ peryearin 2050. The
sector's share in final energy demand is also expected to
grow slightly from 29% now to 30% by mid-century. Thisis
mainly driven by an increase in population and therefore in
floor area demand, as well as arise in per capitaincomes
leading to growing demand for space cooling and other
electricappliances. Global warming further intensifies the
demand for cooling. However, thanks to significant energy
efficiency gains, energy demand will not grow as fast as
whatwould have been implied by trends in population,
incomes, and average temperatures.

In 2020, 29% of the world's total final energy and 48% of
global electricity was consumed in buildings. About
three-quarters (88 EJ) of this final energy demand was in
residential buildings, and the rest (32 EJ) in commercial
buildingsincluding private and public workspaces, hotels,
hospitals, schools, and other non-residential buildings.
Total CO, emissions from this sector, including indirect
emissions associated with electricity and hydrogen

FIGURE 1.16
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production, amountsto 8 GtCO,, or abouta quarter (25%)
oftotal energy-related CO, emissions.

As the world population continues to increase and the
standard of living rises across the world, we will see a
continuation of the historical growth in energy services
provided in the buildings sector. However, the associ-
ated energy consumption will notincrease at the same
speed thanks to energy-efficiency improvements,
driven by higher efficiency standards, continued decline
in the costs of energy efficienttechnologies and
improvements in the building stock. For example,

heat pump technology enables heat provision with an
efficiency above 300% (the ratio between useful heating
energy provided over the electricity used). Figure 1.16
shows developments in useful and final energy demand
for four different end uses in buildings. As a general
pattern, note the starkly different growth rate in the two
bars representing useful and final energy demand a
result ofimproving efficiencies in equipment. This is
most visible in space cooling which, despite the improv-
ing efficiency, is still expected to be the mostimportant
source of growth in energy demand from buildings over
the nextthree decades.

Buildings useful and final energy demand and efficiencies of various end uses
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Figure 1.17 shows developments in buildings' final
energy demand by energy carrier. The most salient
feature of the graph has to do with electricity taking an
increasingly larger share in the mix, up from 32.5% in
2020t0 55.5% in 2050. This reflects the growing domi-
nance of more efficient electric appliances in buildings,
mostimportantly heat pumps. The growing share for
electricity mostly comes out of the share of natural gas
and biomass, going down from 29% in 2020 to 18.5% in
2050 and from 24% in 2020 to 14% in 2050, respectively.
Inthe 2030s, we will startto see hydrogen use for heating
purposes in buildings rising to a modest 1.6% share in the
energy mix by 2050. This will be mostly in the form of
hydrogen blended into natural gas pipelines atfirst,
transitioning to some use of pure hydrogen as fuel further
ahead. As outlined in more detail in DNV's Hydrogen
Forecastto 2050 (DNV, 2022a) published earlier this year,
hydrogen use will be rather limited in buildings because
itwill be relatively expensive from a levelized cost
perspective, losing out competitively to increasingly
cost-efficient heat pumps.

Appliances and lighting

In 2020, appliances and lighting used 24 EJ of final energy,
20% of global buildings energy demand. We expect this
demand to reach 45 EJ by 2050, with its share of global

FIGURE 1.17

World buildings energy demand by carrier
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buildings’ energy demand rising to 30%. This projection is
despite significant expected improvements in the energy
efficiency of appliances and lighting. First postulated by
Jevons (1865) in the context of the impact of blast-furnace
efficiency on coal consumption, the Jevons Paradox
asserts that efficiency gains will lead to a demand increase
as savings from efficiencies will be used to consume more.
This rebound effect has many examples, from cars to
refrigerators, across various times and cultures.

Despite increasing electrification and
improvements in the efficiency of thermal
insulation and heating/cooling equipment,
global energy demand for buildings is set

to grow nearly a quarter.

When it comes to the energy intensity of appliances and
lighting, measured as watt-hours per US dollar of GDP, the
top two most energy-intensive regions are OECD Pacific
(OPA)and North America (NAM) (Figure 1.18). Greater
China (CHN) and the Indian Subcontinent(IND) are the
least energy-intensive economies in this regard. This
ranking is not expected to change dramatically by 2050
(exceptthat Greater China replacesthe Indian Sub-
continent as the least energy-intensive for appliances

and lighting). However, these regions are expected to
converge somewhat, with higher-income economies
becoming generally more efficientin terms of appliances
and lighting use and lower income regions requiring more
appliance and lighting energy per unit of GDP. In 2020,
energy intensity of this end use ranges from 20 Wh/USD
(IND)to 85 Wh/USD (OPA) but this range narrows slightly
to between 21 Wh/USD (OPA) and 78 Wh/USD (CHN)in
2050.

We expectthe steepness of the relationship between
GDP and appliances’ energy consumption to reduce very
gradually (by 0.6% per year) in unit energy intensity.
These modest efficiency gains contrast with the rapid rise

in demand for appliances and lighting services that leads
to an energy demand growth in this subsector (residential
and commercial buildings combined) of 87% between
2020 and 2050. In terms of this end use, the Indian
Subcontinent, Sub-Saharan Africa, and South East Asia
are the top three fastest growing regions. This is linked

to rapid increases in both access to electricity and per
capitaincomes in these regions. Another reason is the
expansion of off-grid solar PV in these vast regions where
grid-coverage is often sparse. Where electricity load is
low due to large distances, the cost of grid connection is
high, and off-grid solar PV systems will be an economically
feasible alternative for lighting and basic applications
such as mobile phone charging. Although off-grid solar
PV represents only 1% (511 TWh) of global electricity in
2050, it could meet 45% of Sub-Saharan Africa’s energy
demand for appliances and lighting, and up to 18% of
such demand across the Indian Subcontinent.

The energy consumption of cryptocurrencies like bitcoin
continues to draw significant attention. Concerns
escalated when the price of bitcoin surged to over 65,000
USDin late 2021, making mining more attractive. Electricity
consumption from bitcoin mining is estimated to be
40-180 TWh per year (University of Cambridge, 2022), or

FIGURE 1.18
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0.2-0.8% of global electricity consumption. The explosive
growth in electricity-intensive bitcoin mining has raised
concerns over the capacity of grids to respond to this
rapidly rising demand and over its environmental impact.
Future demand for mining of bitcoin and other crypto-
currencies is linked to government actions that help or
hinder their use. China, for example, completely banned
domestic cryptocurrency mining and the use of associ-
ated exchangesin 2021. On the other end of the spectrum
are crypto mining-friendly countries like Kazakhstan or
some US states like Texas, whose policies see crypto
mining businesses as a potential boon to their economies.

Building stock

The floor area of the building stock is one of the most
important drivers of energy demand in buildings, since
energy consumption in key end uses, such as space
heating and cooling, scale with floor area. In 2020, the
total global floor area of residential and commerecial
buildings covered 250,000 km?, just above the size of the
United Kingdom. The floor area of residential buildings is
expected to grow globally by 52% through to 2050, while
commercial floor area will more than double in line with
the growth in economic activity. This will resultin a 64%
expansion of residential/commercial floor area.

Appliances and lighting specific energy demand vs GDP by region
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Figure 1.19 shows forecast developments in the shares of
residential and commercial buildings in five selected
regions. The share of commercial buildings is expected
to grow in all these regions, with GDP growth outpacing
population growth. This is most visible in regions such as
Greater China and the Indian Subcontinent, where GDP
will be growing much faster than population.

By 2050, Greater China's total floor area will be about
105,000 km?, which is equal to the current (2020) floor
area across all four of the regions shown in Figure 1.19.

Itis perhaps not surprising then that buildings in Greater
China will continue to consume about one-sixth of energy
use in buildings globally.

Figure 1.20 shows trends in total floor area of buildings in
the same regions, distinguishing between new buildings
(<25 years)and old buildings (>25years). Globally, the
share of new buildings in total floor area is expected to
fall from 63% now to 58% by 2050, although there are
differences across regions and over time in this trend.
New building lifetime is driven by the region’s GDP per
capita. In higher-income regions, where existing build
quality is higher and population growth is slower, build-
ing stock renewal will be slower, resulting in a higher

FIGURE 1.19

Shares of residential versus commercial buildings
floor area in selected regions
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average age of buildings. The age distribution of build-
ings has implications regarding the ease and cost of
adoption of new and more-efficient technologies and
insulation. In higher-income parts of the world, where the
building stock is older, governments should provide
stronger incentives for energy efficiency as part of their
emissions-reduction policies.

Space cooling

We estimate that space cooling accounted for only 5.3%
of the buildings' energy demand in 2020 but predict an
increase to 18% by 2050, with a roughly 60-40 split
between residential and commercial buildings, respec-
tively. Energy demand for cooling will grow from 6.3 EJ
peryearin 2020 to 26.7 EJ peryearin 2050.

Demand for space-cooling energy is shaped by five
factors which are:

— Growth infloor area that requires cooling;

— Increasing market penetration of air conditioners, as
increases in both income levels and standards of living
mean more people can afford them;

— Increasing cooling degree-days (CDD; the cumulative
positive difference between daily average outdoor

FIGURE 1.20

Floor area of old and new buildings in selected regions
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temperature and reference indoortemperature
of 21.1°C) as a result of global warming;
— Developmentsin building-envelope insulation
that reduce the loss of cool airinside buildings;
— Improved efficiency of air conditioners.

Growth in floor area, increasing market penetration of air
conditioners and increasing CDD; all heighten cooling-
energy demand, while developments in building-
envelope insulation and improved efficiency have a
dampening effect. The increase in final energy demand
for space cooling due to greater floor area and more use
of air conditioners will exceed savings from insulation and
improved equipment efficiency, thus resulting in a
quadrupling of energy demand for space cooling. This is
despite a 30% increase in efficiency and an insulation and
retrofit-driven reduction in energy losses of 28% on
average between 2020 and 2050.

This quadrupling also has regional variations, mostly
driven by the increasesin CDD and in air conditioner
penetration, the latter due to rising income levels. North
America presently accounts for half of global electricity
demand for cooling. However, in 2050, about 30% of
cooling demand will be from Greater China, and only 14%

FIGURE 1.21
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from North America. Europe’s electricity consumption for
cooling will grow by a factor of 2.7 between 2020 and
2050 (Figure 1.21).

Those regions with the greatest economic growth also
happen to be those that demand the most cooling,
measured in CDD. Currently, four regions have CDD
above 1000 Celsius degree-days peryear: IND, MEA,
SEA and SSA. Collectively, their economic outputis
expected to more than triple by 2050. The result would
be aten-fold increase in electricity consumption associ-
ated with space cooling for these regions (Figure 1.21).
By mid-century almost half of all energy consumed for
cooling will be in these regions with high CDD.

Global warming will drive an increase in
cooling degree-days and hence energy

demand

Cooling energy demand in selected regions
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Space and water heating

Space and water heating accounted for 32% and 21%,
respectively, of the buildings sector’s total energy
consumption in 2020, respectively. With increase in
population and greater floor area, demand for space
heating will also continue to grow, rising 9% in terms of
useful heat demand by 2050. Improvements in insulation,
and fewer heating degree days (when energy is required
for heating buildings) due to global warming, will help
reduce the rate of this growth. GDP per capita is the main
driver of demand per person for water heating in residen-
tial buildings. The water heating demand of commercial
buildings —about 26% of total final energy used for water
heating —is driven primarily by floor area. Globally,
demand for hot water will rise more than 60% from

11.4 EJ of useful heatin 2020 to 18.4 EJ in 2050.

Regions with colder climates (North East Eurasia, North
America, Europe, and Greater China) create most of
the demand for space heating. For water heating, the
regional differences are mostly driven by standard of
living. In higher-income regions, increasingly efficient
hot water tanks are used continuously to serve multiple
needs, from daily showers to washing dishes. In some
lower-income countries, water is heated as required for
basic needs using inefficient methods.

FIGURE 1.22

Average efficiency of heating equipment is defined as
the ratio of useful energy provided to final energy
demand. This efficiency varies widely between technolo-
gies, from less than 10% for traditional open wood-burn-
ing to more than 300% for heat pumps. Heat pumps
extract more energy in the form of heat from the air or
earth than the energy they consume in the form of
electricity. Figure 1.22 shows developments in the share
of heat pumps in providing useful heatand in final energy
use. Italso tracks the impact of these developmentsiin
technology uptake on the overall efficiency of space and
water heating. By 2050, heat pumps will provide 51% of
total useful energy for space heating and 20% for water
heating, while using only 19% and 5% of final energy,
respectively. Thanks mainly to the expected transition
from less efficient technologies such as gas boilers to
using heat pumps for space and water heating —and
because of gradual efficiency improvements in technolo-
gies —we see average efficiency rising from 0.94 in 2020
to 1.58in 2050 for space heating, and from 0.46 to 0.76
for water heating.

Although energy-efficiency improvements in buildings
are typically profitable, governments face challengesin
encouraging homeowners to implement such measures.
One prominent example is the UK government’s Green
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Spraying Eco wool insulation in a home. Policies to incentivize energy efficiency improvements need to overcome
underinvestment due to splitincentives.

Deal scheme. Itaimed to supportthe retrofitting of 14
million homes by 2020 but was terminated by 2020 after
only 14,000 supported retrofits in 2016, and is now being
widely seen as a failure (Rosenow and Eyre, 2016). One
factor that hinders energy efficiency retrofits is the ‘split
incentive’ mechanism that arises in the rental sector
where the homeowners' interests differ from those of
tenants, with the costs of retrofitting typically borne by
the landlord, and the benefits accruing mostly to the
tenant. Smarter policy interventions are needed to tackle
splitincentives that frequently resultin underinvestment
in efficiency measures. In our forecast, we expecta 24%
reduction in space heating demand by 2050 due to

better insulation and retrofitting, representing a relatively
modestimprovement trajectory.

The increased uptake of heat pumpsis a result of the
reduction in their cost, helped by cost-learning feedback
loops where the cumulative installed capacity of the
technology brings down production costs. Costs vary
between regions, but with a global learning rate of 20%
decreasing gradually to 12% in 2050, we expectto see a
reduction by mid-century in the levelized cost of heating
by heat pumps in all regions (except for North East
Eurasia, due to rising electricity prices). This cost reduc-
tion is expected to be between 17% and 34% for various
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regions, and 25% on average. Figure 1.23 presents the
average levelized cost of selected heating technologies
per MWh of heat for selected regions. This contains the
fuel costand the annualized investment cost over the
equipment’s lifetime. European households carry a tax
burden averaging over 30% of the electricity price,
whereas the rates are less than half of this is other regions.
Thus, although heat pumps reach a levelized cost parity
with gas boilers in Greater China during the 2020s, they
remain relatively expensive in Europe. Nonetheless, in
some local markets like Norway, where cheaper electricity
prices reduce operating costs, and long winters ensure a
higher investment profitability, heat pumps constitute the
majority of the market even though cold temperatures
mean a lower seasonal coefficient of performance. Thus,

in Europe, heat pumps maintain over 30% market share in
space heating capacity additions, going as high as 70% by
2050. Globally, heat pumps will provide about 40% of the
useful heatfor space heating in 2050 while consuming only
19% of the total final energy supply.

The move away from traditional biomass stoves for water
heating is another big driver of efficiency improvements.
Although consuming 25% of the final energy used globally
for water heating in 2020, traditional biomass only provided

FIGURE 1.23

7% of the useful energy. Increased energy access will bring
the final energy represented by traditional biomass to 15%
by 2050, resulting in savings of 2.5 EJ per year.

Figure 1.24 shows developments in the global energy
mix for space and water heating in buildings, and total
final energy demand for each end use. As a result of the
above developments, final energy demand for water
heating will stay stable in the range 24 to 25 EJ from 2020
to 2050, with a slight shift from residential to commercial
buildings. Final energy demand for space heating will fall
from 38 EJ peryearto 25 EJ peryearin the same period
with furtherimplementation of insulation and retrofitting
measures, and as the use of heat pumps spreads. In terms
of energy mix, we see a stronger growth in electricity in
space heating than in water heating. In space heating, the
share of natural gas shrinks, giving way to electricity and
to direct heat. Water heating will be more stable, both in
terms of total energy demand and energy mix, the only
notable development being natural gas replacing
biomass.

Cooking
There are large regional variations in cookstove use. We
estimate that globally in 2020, almost half of the cooking

Cost comparison for selected space heating technologies in selected regions
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Space heating and water heating energy demand by carrier
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energy demand is provided by traditional biomass
stoves, which entails burning biomass such as animal
waste, charcoal, and wood. This represents 25% of the
population, the majority of whom live in Sub-Saharan
Africa (SSA) and Indian Subcontinent (IND). By 2050, the
share of traditional biomass stoves will reduce to 31%,
primarily replaced by electricand modern biomass stoves
(Figure 1.25). Even the phasing out of traditional biomass
stoves has regional variations. In IND, traditional biomass
stoves are replaced by electric and gas stoves, while in SSA
they are mostly replaced by modern biomass stoves, due
to availability and affordability of different energy carriers.

In 2020, cooking was responsible for 22% of the energy
consumption in buildings (26 EJ per year), and about 6%
of all energy consumption. Despite population growth
and an increase in the number of households, final
energy demand sees hardly any growth, remaining at 27
EJyearin 2050. This is the consequence of electrification
and adoption of efficient cooking stoves.

We assume that a typical household needs 4.3 GJ per
year of useful heat for cooking, based on estimates in
2014 of final energy use for cooking (IEA, 2017b). Due
to heatlosses in the process, this amount of cooking

FIGURE 1.25

requires 12 GJ of final energy, in the form of fossil fuel, 1 4
bioenergy, or electricity. By 2050, the global average '
household size is expected to decline to 2.4 (Urge-Vorsatz

etal., 2015), which will reduce final energy demand for

cookingto 7 GJ peryear per household. Accounting for

the increase in the number of households, we expect

global total useful energy demand for cooking to rise

from 6 EJ peryearin 2020 to 8 EJ peryearin 2050.

Ultimately, lower-income countries will seek to reduce
both burning of solid biomass for cooking and the local
use of kerosene, a major health hazard thatis responsible
for many deaths because of household air pollution.

By 2050, the population without access to modern
cooking fuels will decline by 44%, bringing large efficiency
improvements that will be further boosted by switching
from coal and oil to electricity and modern biomass
cooking stoves. Gas stoves, using methane, persistinthe
cooking energy mix, their share growing slightly from 27%
in 2020 to 29% in 2050. This will have implications for
indoor air pollution and respiratory health in regions with
high use of gas stoves, such as North America (Lebel et
al., 2022), notwithstanding the warming implications of
methane leaking to the atmosphere.

Cooking energy demand for selected regions and the world
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MANUFACTURING

Manufacturing is currently the largest energy consumer
at 133 EJ (32%) of final energy demand in 2020.

Despite substantial energy-efficiency gains and
increased recycling and reuse of materials and goods,
the sector’s energy demand will keep growing. Most of
the increase will occur within the current decade, as
energy demand will grow by 16% to 154 EJ by 2030.
Demand will then slowly reach a plateau at ~162 EJ by
mid-2030s, staying at around that level until 2050.

Figure 1.26 shows the sector’s energy mix today being
dominated by fossil fuels, in particular coal and natural
gas, which together supply more than half of its final
energy. Their combined share will progressively decline
in favour of direct electrification, hydrogen, and bioen-
ergy. Butthe high heat often required poses a problem
for using decarbonized alternatives. This is why the iron
and steel, chemicals and cement production industries
are often described as 'hard-to-abate’, as they cannot
easily be decarbonized through electrification.

FIGURE 1.26
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Manufacturing energy demand by energy carrier
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Sectoral energy demand

Trends, regulatory frameworks and technological
possibilities are differentin the various subsectors that
are modelled in the Outlook, and details of the evolu-
tion of both energy demand and fuel mix are provided
in Figure 1.27.

Iron and steel

The steel production subsector is the single biggest
energy user in manufacturing, representing 35 EJ (31%)
ofthe whole sector’s energy demand in 2020. Steel
production has doubled in two decades, due mainly to
infrastructure and industrial developments in China; we
forecastitwill increase 15% to the mid-2030s, thereafter
plateauing.

Steel production involves two main, competing methods,
with differentinputs and energy needs:

— Blastfurnace, basic oxygen furnace (BF-BOF), is the
conventional method. It converts virgin iron ore into
steel in a very energy-intensive process using coke, a
coal derivative, as areducing agent.

— Electricarcfurnace (EAF)uses scrap steel or direct
reduced iron. EAF is much more energy efficient,

FIGURE 1.27

needing on average 54% less energy per tonne of steel
compared with BF-BOF.

EAF's share in global steel production will progressively
increase from 26% in 2020 to 49% in 2050 (Figure 1.28),
driven by reduced demand for steel and an increasing
quantity of scrap steel becoming available.

Consequently, energy demand for steelmaking will plateau
around 40 EJ from 2030. Coal use will progressively
decrease but will still meet more than half of the subsector’s
energy demand by then. Steel will play a key role in sustain-
ing demand for coal through to mid-century. The subsector
accounted for a sixth of global demand for coal in 2020.
In 2050, steel will represent a third of that demand.

The increased share of EAF will lead to a 58% increase in
electricity demand for steelmaking, from 1.3 PWh in 2020
to 2.1 PWhin 2050. A drive towards ‘green’ steel and DRI
will increase the subsector’s use of hydrogen for energy,
from practically zero today to 9% of its fuel mix by 2050.
China and the Indian Subcontinent will together account
fortwo thirds (62%) of total hydrogen consumption for
iron and steel production in mid-century, and a fifth (20%)
will go to European steelmaking.

Manufacturing energy demand by subsector and energy carrier
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and mining

Although most steel production is for domestic markets,
steel and its by-products are globally traded commodi-
ties. Production is today dominated by China. Steel plants
in Chinatoday are 15 years' old on average, and even if
demand there declines, these plants will have a few more
decades of economic lifetime ahead of them (IEA,2020).
China will thus remain the main steel producer, with the
Indian Subcontinent playing a growing second-place role.

Chemical and petrochemical

This subsector includes the manufacture of plastics and
other petrochemicals, including ammonia and methanol
used as feedstock. It traditionally needs fossil fuels as
feedstock for the final product as well as for energy, as the
atoms from these fuels are embedded into the plastics,
fertilizers and other final chemical products produced.
This closely linked non-energy use is accounted for
separately (see Section 1.5).

The subsector’s energy demand is expected to grow by
about halffrom 21 EJin 2020 to 31 EJ in the mid-2030s,
then slowly decrease to 26 EJ in 2050. The variation of
energy demand is mostly attributed to demand for virgin
plastics. This demand is initially expected to continue
increasing exponentially but will become progressively

FIGURE 1.28
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attenuated by higherrecycling ratesin all regions (see
Section 1.5 for more details).

Energy and non-energy uses are for the most part
intertwined in today's industrial processes. Future
processes like green ammonia production or electrified
steam cracking will progressively decouple these two
distinct usesin the subsector.

However, long-life, multi-billion-dollar petrochemical
sites operate on a fragile equilibrium. Heat recovery is
well-developed, and excess heat or by-products from
some processes often fuel others. Retrofitting options are
consequently limited, as are potential energy-efficiency
gains. This leads us to expect a slow transition in the
energy mix, slow uptake of hydrogen for energy, and slow
electrification.

Steel production by region and share of EAF
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Cement

Making cement, the main raw material for concrete, is
also very energy-intensive, accounting for 11 EJ (8%) of
manufacturing demand in 2020. Cement has turned into
an indispensable raw material for construction around
the world butis under scrutiny due toits high carbon
footprint (see discussion, opposite).

In recent decades. cement production has more than
doubled from 1.7 billion tonnes in 2000 to 4.2 billion
tonnes in 2020. Most of this growth is attributed to
massive developmentin buildings and infrastructure in
Greater China, where around half of all cement production
occurs today. Global production will increase only slightly
in the future, to 5.0 billion tonnes in 2050, as production
in China slows and other regions such as the Indian
Subcontinent step in.

Most energy demand for cement making is related to
energy-intensive production of clinker, the binding
constituent of cement. Dry kilns where most clinker
production takes place today are long-life equipment
and already quite energy efficient. Energy-efficiency
gains will be obtained by reducing the overall share of
clinkerin cement, and the subsector’s energy demand
will plateau around 12 EJ from 2030 onwards.

Forthe 1,500°C high-heat clinkering phase, the subsector
relies heavily on coal, oil (as petroleum coke, ‘pet coke’,
a by-product of oil refining) and, to a lesser extent,
natural gas.

Recycling schemes in some regions have also created an
abundant source of highly calorific and subsidized waste
to fuel the process. The cementindustry, in Europe in
particular, has thus specialized in energy recovery, which
is expected to grow. The corresponding share of bioen-
ergy is expected to increase, but political decisions and
competition from recycling technologies will limit the
available waste stream.

Hydrogen and electrification are expected to play limited
roles, due to the necessity to abate the process emissions
of cementregardless of the energy mix. The fuel mix will
remain highly carbon-intensive, and decarbonization
goals will be covered with carbon capture and storage.

Manufactured goods

The manufactured goods subsector includes production
of general consumer goods; food and tobacco; electron-
ics, appliances, and machinery; textiles and leather; and
vehicles and transportequipment.

In 2020, manufactured goods energy demand was 42 EJ.
As economies grow, the demand for finished goods
experiences a similar rise. Despite efficiency improve-
ments, this expected growth in demand will lead to an
increase of 26% in the subsector’s annual energy demand
by 2050.

The subsector’s great diversity is reflected in its energy
use and fuel mix. Fossil fuels cover half of its energy
demand now, but their share will progressively decline
as electricity, bioenergy, and hydrogen to a lesser extent,
become attractive options to fuel the usually low- or
medium-temperature industrial processes.

Around 60% of today’s energy demand is concentrated in
three regions: Greater China, the Indian Subcontinentand
Middle East and North Africa. These regions will continue
to dominate, butthe Indian Subcontinent will progressively
take over China’s leading position and will represent a
third of the subsector’s energy demand by 2050.

Base materials

The base materials subsector covers the production of
non-metallic minerals (excluding cement); non-ferrous
materials, including aluminium; wood and its product,
including paper, pulp, and print.

These energy-intensive industries had an energy
demand of 20 EJ in 2020, which will slowly increase to
22 EJin 2050.

Construction and mining

Construction (of roads, buildings, and infrastructure) and
mining is the smallest of the ETO manufacturing subsec-
tors, with 6 EJ of energy demand in 2020. However, it will
seethe largestrelative increase in energy use, growing
50% to 9 EJin 2050. The growth is especially pronounced
in regions that will see rapid economic growth, including
Sub-Saharan Africa (+260%), the Indian Subcontinent
(+247%) and South East Asia (+88%).

Energy demand CHAPTER 1

The complexity of decarbonizing cement production

Cementis a carbon-intensive material, representing
around 6% of global CO, emissions. The production of
clinker accounts for most of the emissions. As in other
manufacturing processes, high heatis necessary forthe
clinkering phase. This is usually achieved using coal, pet
coke or natural gas. However, energy use accounts for
only 40% of the emissions. The remaining 60% comes
from the chemical reaction itself, where CO, isreleased
from limestone and other minerals to form clinker. These
so-called process emissions are inseparable from today's
cement production.

Decarbonizing cement production is consequently a
challenge. This is exacerbated by the factthat no process
so far exists for cradle-to-cradle cement or concrete
recycling.

Carbon capture is currently the favoured
option to decarbonize cement production,
as it would target both combustion and

process emissions.

Acting on cement chemistry is a first available option.
Lowering the clinker contentin cement decreases

the total footprint, and there is already a global trend
towards a slow decrease of the clinker-to-cement

ratio. Clinker-free cementitious materials are already
produced at industrial scale, for example, by
Hoffmann Green Cement Technologies (World Cement
Magazine, 2022). Other solutions such as substitution of
limestone in clinkering are also possible. However, raw
material availability, lock-in mechanisms and inflexible
construction standards will slow the uptake of these
different solutions.

Acting on fuel mix is a second option. Hydrogen could be
a solution to retrofit currentinstallations, with a pilot test
being recently conducted by buildings materials supplier

Hanson UK, for example. Kiln electrification is also an
option, though itis not suitable for retrofitting, and no
commercial-scale installation has ever been in use. This

could eliminate direct emissions from combustion, but
process emissions would remain. In regions with high
carbon prices like Europe, where hydrogen could be
competitive, solid recycling schemes are also in place.
Waste recovery often creates a substantial source of
income as well as a replacement for fossil fuels, which can
represent up to 100% of the fuel mix and easily compen-
sate for high carbon price.

Carbon capture is currently the favoured option to
decarbonize cement production, as it would target both
combustion and process emissions, with little impact on
kiln operation. As part of the Northern Lights project, the
world's firstindustrial-scale capture facility will start
operating in 2024 at Norcem Brevik in Norway.

Cement producers operate on tight margins in a very
competitive environment. Cementis a low value-added
product, and decarbonization costs could double its price
(ETC, 2018). Public procurementis then essential to drive
decarbonized cement demand, and strong policies would
be necessary to protectthe leading regions against
carbon leakage.
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Focus on industrial heat

Industrial heat represents fully two thirds of the energy
demand in the manufacturing sector. Heat is often
needed to perform material transformations, chemical
reactions, or metal melting. As Figure 1.29 shows, heat
demand differs among the manufacturing subsectors
and can represent up to 90% of their total energy
demands. Despite energy-efficiency gains, these shares
of heat demand are forecast to remain relatively constant
to 2050. The source of the heat will, however, change.
Temperature requirements differ across the subsectors
and will influence the trajectory of their heating energy
mixes.

In manufactured goods, heating temperature require-
ments are usually moderate and can, and will increas-
ingly be, supplied by industrial heat pumps. The
competitiveness of these pumps will grow as their high
coefficient of performance will increase, by a factor of
up to six. As a result, electricity will see its share in the
heat mix of the manufactured goods subsectorincrease
from 7% in 2020 to 12% in 2050.

FIGURE 1.29

But where energy is used for high-heat processes —
cement, petrochemicals, base materials, iron and steel
—fossil fuels will remain the most competitive energy
carrier. Electrification of heat processes in these high-
heat subsectors will be significantly less-pronounced
than in the manufactured goods subsector, due to the
limited efficiency gains from switching to electricity in
high-heat furnaces. Because electricity is still mainly
produced from fossil-fuel sources in the near-term, there
are significantlosses during its production. Thus, the
losses and increased costs associated with electrification
compared with using direct heat from fossil-fuel sources,
make the base materials subsector reliant on fossil fuels
forthe coming decades. This is one of the main reasons
why the subsector's associated emissions are considered
hard to abate.

There will consequently be only moderate changes in
the fuel mix for industrial heat during our forecast
period, as Figure 1.30 illustrates. Coal will remain the
largest energy carrier, driven by persistent use of coal in

FIGURE 1.30
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Greater China and the Indian Subcontinent which,
together, will still representtwo thirds of demand by
mid-century. However, coal’s share in heating for
manufacturing will decrease from 37% in 2020 to 28%
by 2050. Natural gas will also lose ground, from 30%
in 2020 to 24% by 2050.

Hydrogen will be used for heating and as a reducing
agentand will hold a share of 9% of industrial heating
energy demand by the end of our forecast period.

Energy demand CHAPTER 1

Europe will be the largest consumer of hydrogen for
these purposes (54% of demand), followed by North
America (34%) and OECD Pacific (11%). Hydrogen will
become aviable source of heating in industry only in
these high carbon-price regions where it will partly
outcompete natural gas.

With lower emission factors, bioenergy will also become
an interesting alternative, growing from 11% to 16% of the
heat demand in manufacturing.
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NON-ENERGY USE (FEEDSTOCK)

Non-energy use reflects consumption of coal, oil, natural
gas, or biomass as industrial feedstock, and typically
results in tangible products like plastics, paints or
fertilizers. In 2020, 39 EJ (about 8%) of global primary
fossil-fuel supply was used for non-energy purposes.

Demand

Plastics production represented 18 EJ (45%) of total
non-energy demand in 2020. Global plastics demand has
grown significantly in recent decades, reaching 450 Mt per
yearin 2020. This growth is expected to continue and
reach 860 Mt peryearin 2050, as plastics consumption is
strongly related to increasing GDP per capita. However,
even if plastics demand increases by 91%, non-energy use
will only rise 28%. This is due to a significantincrease in
recycling rates. Secondary plastics obtained by mechani-
cal recycling covered 7% of global demand in 2020. This
will grow to 27% by 2050, thanks to the generalization

of recycling schemesin all regions, and to advancesin
recycling technologies, including feedstock recycling.
Atthe same time, the uptake of chemical recycling via
pyrolysis and similar technologies will create a stream

of recycled fuel that could be directly fed into traditional

FIGURE 1.31

steam crackers, as a replacementfor oil. By 2050, 1.1 EJ
of this recycled fuel will be produced each year, covering
about 1% of oil primary energy demand.

Demand forammonia, mainly driven by fertilizer consump-
tion, is expected to slightly increase. Natural gas or coal
(mainly in China) are used to provide hydrogen for the
production. Ammonia produced via electrolysis-based
hydrogen could reduce the non-energy demand, but
subsequentreuse of CO, inthe process to produce urea,
will limitthe interest for this alternative. Thus, production
using fossil fuels (with and without CCS) will retain a 90%
share in 2050. Non-energy demand will be stable at4 EJ
overthe coming decades.

Demand for other chemicals (methanol, paints, cosmetics,
pharmaceuticals)is expected to slightly decrease from
8EJin2020to 6 EJin 2050. Non-chemical usesinclude
applications for asphalt (bitumen), lubricants and solvents.
Demand forthese purposes is expected to increase from
6EJin2020to 10 EJin 2050, driven by increased demand
for road infrastructure in growing economies.

FIGURE 1.32
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Fuel mix

Oil and natural gas dominate today's fuel mix for non-
energy use, meeting 54% and 41%, respectively, of
demand in 2020, with coal covering the rest of the mix.
90% of this coal use isin China, mainly forammonia and
methanol production.

Plastics production necessitates primary chemicals like
ethene (ethylene) or propene (propylene), which can be
obtained from cracking oil or from natural gas. Feedstock
choice isdependent on local availability and prices.
North America relies, forinstance, on natural gas due
tothe abundance of ethane, a by-product of natural gas
extraction. Regions with little fossil fuel extraction, such
as Europe or Greater China, will usually use naphtha, a
fraction of oil which can be easily imported. In 2020, 64%
of plastics feedstock demand was covered by oil and the
restvia natural gas (methanol-to-olefinsis notincluded
here). These shares will remain stable to 2050.

80% of ammonia is produced from natural gas by steam
methane reforming, and this share is expected to stay
constant. Coal gasification will be progressively phased
outand will represent 11% of ammonia production in
2050 versus 20% in 2020.

The fuel mix for other chemicals is closely related to that
for plastics, given thatin most cases (not for methanol),
the same primary chemicals obtained via steam cracking
are used. Non-chemical uses are and will be covered by
oil; for example, bitumen is essential for roads.

Overall, non-energy demand for oil and natural gas will
increase. As Figure 1.33 shows, non-energy will maintain
a constant share of total natural gas demand. For oil, the
share of non-energy demand will gradually increase from
14% in 2020 to 22% in 2050 as demand grows for feed-
stock (particularly plastic) but will decline for other end
uses like lubricants for road transport. Feedstock use will
therefore be one of the key drivers for oil demand in the
coming decades, with the caveat that it will peak in the
2030s and thereafter steadily decline.
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Quantafuel's advanced plastic recycling plant
at Skive, Denmark. Image courtesy Quantafuel.

FIGURE 1.33

Share of non-energy use in global oil and natural gas
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FINAL ENERGY DEMAND FROM ALL SECTORS

The final energy demand by energy carrier for all sectors
combined is summarized in Figure 1.34. The ongoing
transition is extraordinary in relation to the growing role
of electricity in the final energy demand mix. In 2021,
electricity represented just 19% of the world’s final
energy use. In 2050, this will be 36%, with growth in
electricity demand more than doubling from 84 EJ per
yearin 2020 to 179 EJ per year by mid-century. In the first
10 years, the growth is above 3% per year. As electricity
has a higher efficiency inits end use, it could be argued
that more than half of all energy services in mid-century
will be provided by electricity.

The reason for a steady increase in electrificationis a
combination of cost, technology, and policy. As costs of
solar and wind will continue to decline rapidly, and their
shares of the electricity mix also increase, electricity will
become cheaper relative to other fuels. Technological
progress will make electricity available and viable for use
in ever-more subsectors and new applications, often in
sectors where electric alternatives were either non-exist-

FIGURE 1.34

entorvery expensive. New applications requiring
modern energy are emerging — e.g. communication
appliances and air conditioning — for which there are few
or no alternatives to electricity. Finally, more ambitious
decarbonization policies favour electricity’s low-carbon
footprint, an advantage that further strengthens as the
electricity mix becomes greener.

The share of hydrogen and hydrogen derivatives like
ammonia and e-fuels also increases significantly, from
anegligible share today to 5% combined in 2050.

In addition, direct use of biomass has been and will
keep increasing, butata much lower rate.

Direct use of fossil fuel reduces over the coming years,
butthe declineis less than for the fossil fuel used in
electricity production. Still, direct use of fossil fuel
reduces its share from 67% to 45% of final energy
demand over the next 30 years, with the reduction

of oil and coal being bigger than for natural gas.

World final energy demand by carrier

Units: EJ/yr

1990 2000 2010 2020

Electricity
Direct heat
E-fuels
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Hydrogen
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Historical data source: IEA WEB (2022)
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Highlights

Electrification is the main engine of the ongoing energy
transition: itis not only more than doubling — increasing
from 27 PWh/yrin 2020 to 62 PWh/yr by 2050 — but itis
greening atthe same time, with the proportion supplied
by wind and solar PV rising from 11% now to close to
70% by 2050.

Critically, indirect electrification via green hydrogen,
half of which will be produced by dedicated renewable
sources by 2050, will help to decarbonize hard-to-
electrify sectors like aviation, maritime transport, and
high heat processes in manufacturing. We find however,
that low and zero-carbon hydrogen will be only 5% of
energy demand by 2050 — whereas a net zero energy
system would require roughly three times as much
hydrogen.

This chapter covers a range of subjects associated with
rising electrification, including estimations on the scale
of transmission and distribution infrastructure needed,
requirements for storage and flexibility, and invest-
ments in analytics and digitalization. We also cover new
categories of demand, including EVs, space cooling,
manufacturing, and the production of green hydrogen.

2.1
2.2
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2.5

ELECTRICITY
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Electricity 60
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2.1

60

ELECTRICITY

Electrification is the main engine of the energy transition. Electricity

demand will more than double by 2050, and it will be greening at the same

time - also penetrating sectors that have hitherto been hard to electrify via

green hydrogen.

Electricity supply
Global grid-connected electricity supply increases from
27 PWh/yrin 2020 to 62 PWh/yr by 2050. This signifies a

2.7%/yr annual average growth in electricity generation.

At present, the biggest share of the power generation in
the world comes from coal-fired power plants (35%), as
seenin Figure 2.1. This will shrink to just 4% by 2050
owing to decarbonization, pressure on financing of
coal-fired power plants, and the declining costs for
renewable electricity generation.

The second-largest electricity generator in the world at
presentisthe gas-fired power plant. Its current share of
the electricity mix, 24%, will be maintained through to
2030, despite the short-term supply shock caused by

FIGURE 2.1

Russia’s invasion of Ukraine. From 2030, this share enters
a period of steady decline to reach 8% by 2050. Because
itis relatively cleaner than coal, we expect gas-fired
power plants, primarily run with methane, to have a
longer staying power. Such plants have a larger share in
regions such as Middle East and North Africa and North
East Eurasia, where domestic natural gas resources are
plentiful.

The role of fossil-fuel powered power stations will be
increasingly confined to providing flexibility and backup
in power systems when variable renewable energy
sources (VRES) are unavailable, especially through
low-capital expenditure (CAPEX) gas-fired power
stations. In 2050, fossil fuels will generate just 12% of

World grid-connected electricity generation by power station type

Units: PWh/yr

1990 2000 2010 2020

Floating offshore wind
Fixed offshore wind
Onshore wind
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Solar plus storage
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Historical data source: IEA WEB (2022), GlobalData (2022)

power needs and nuclear 5%. By mid-century dispatcha-
ble power, underintense pressure to decarbonize, will
still have a price-setting role, possibly not as pronounced
astoday, and will continue to play a pivotal role in the
power system. We are likely therefore to see considera-
ble attention being paid to maintaining fossil-fuel
generation, despite its diminishing role in the electricity

supply.

Hydrogen in electricity generation

Inthe longterm, hydrogen also has potential to be
blended into gas-fired power plants. We projecta
maximum volumetric blending fraction of 60% in
gas-fired power plants, starting from 2026, a ratio
determined by the price differential between methane
and hydrogen. Despite high volumetric blending frac-
tions, globally, hydrogen-fired electricity reaches only a
maximum of 1% in 2038, and then reduces to 0.3% by
2050, as a share of world electricity generation.

In some regions, however, hydrogen takes a significant
share of gas-fired electricity. In the OECD Pacific, we
projectalmost 50% of electricity from gas-fired power
plantsto be running on hydrogen in 2050 (Figure 2.2).
Similarly, in Europe and Greater China, 20 and 30% of the

FIGURE 2.2

Share of hydrogen in gas-fired electricity generation
in selected regions
Units:percentages

2030 2040 2050
=@- OECD Pacific =@= Greater China =@= Europe
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electricity from gas-fired power plants will be generated
by hydrogen in 2050, respectively.

Inthese regions, hydrogen will increasingly be produced
by grid-connected electrolysers. These grid-connected
electrolysers will produce hydrogen when electricity
prices are low, typically when VRES have a large produc-
tion share, and then blend the hydrogen produced and
stored when gas-fired power plants need to be ramped
up, typically in hours when electricity prices are high.

So, while hydrogen on the global scale will nothave a
significant share even in 2050, in regions where hydrogen
is presentas an energy carrier, we foresee hydrogen
playing a significant role in gas-fired electricity genera-
tion, as well as reducing the need for curtailment of VRES,
and thus keeping electricity costs low.

In 2020, renewables generated 29% of the electricity,
with almosttwo thirds of this from hydropower. As
decarbonization pressure grows and the costs of solar
PV, wind generation, and battery storage costs continue
to fall, VRES will take an ever-greater share. We expect
VRES to overtake fossil-based electricity generation
globally by 2035 (Figure 2.3). By 2050, 83% of the world's
grid-connected electricity will be generated from renewa-
ble sources, and 69% alone from variable renewables.

Reflecting its lowest levelized costs, solar PV's share in
the 2050 power supply will be 38%. A third of this will

be utility-scale solar farms with on-site storage (solar +
storage), with storage helping the business case for solar.

Despite having somewhat higher costs than solar, wind
will also have growing shares in all regions, as, unlike solar
energy, itdoes not have a cyclical daily intermittency
problem. This ensures a higherincome for wind plants on
the yearly average and results in continued investments.
In 2050, one third of grid-connected electricity supply
will be wind-based, with that share splitbetween: 75%
onshore wind, 22% bottom-fixed offshore wind, and 3%
floating offshore wind. Due to higher and more-reliable
wind speeds, and less constraints on hub heights and site
locations, offshore wind will show a 13% average annual
growth from 2020 to mid-century.

R2

61



DNV Energy Transition Outlook 2022

The role of carbon capture and storage (CCS)

The role of CCSinthe power sector will be limited all the
way through to 2050. Globally, only 7% of the coal- and
oil-fired power station emissions will be captured by 2050
(Figure 2.4). While we expect coal-fired power emissions to
be continuously captured from 2030s, oil-fired emissions
will see significant uptake only from 2040. Given the
marginal role oil-fired power plants play in the global
electricity system in 2050, this is not very significant.

Gas-fired power emissions will see an earlier CCS uptake
than coal-fired power plants, but the fraction of capture
stabilizes between 5% to 6% of the total gas-fired emissions
by 2040. The main reason for the capture share staying
constantis the higher share of hydrogen blending in
regions such as OECD Pacific, Greater China and Europe.

In regions such as Middle East and North Africa and North
East Eurasia (NEE), where gas-fired generation is dominant
the challenge is that the projected carbon prices remain
too low to incentivise higher rates of capture.

The cost of CO, avoided ranges from USD 40/tCO, in NEE
and USD 60/tCO, in Europe in 2050 for coal-fired genera-
tion. The difference in the costs is mainly due to the cost

of fuel. But NEE carbon price is lower than the cost of CO,

FIGURE 2.3

capture, which limits the uptake of CCS in NEE. In fact,
most of the costs of avoided CO, are significantly higher
than the carbon prices in mostregions, even in 2050.

Electricity demand

World electricity demand grew 3%/yr from the 1980s
until 2020, as both a consequence and cause of economic
growth. In 2020, global electricity demand, including
off-grid rural demand was 27 PWh/yr. We project
demandto grow to 62 PWh/yr by 2050. This is an average
annual growth of 2%/yr. In 2050, we expect electricity to
make up 36% of the global energy demand. At present,
electricity’s share is 19% of final energy demand.

Figure 2.5 shows the evolution of the global electricity
demand by sector, and this includes off-grid rural demand
and off-grid dedicated electrolyser power demand. ltis
evidentthat not all demand sectors have the same growth
trajectories. Dedicated off-grid electrolyser demand does
not existto any significant degree today. But by 2050,
itwill comprise of 8% of the electricity demand. Similarly,
transportonly has a share of 2% at present, which
burgeonsto 12% by 2050, spurred on by electrification

of passenger, and later, commercial transport.

Contrastingly, the residential space and water heating

FIGURE 2.4

World grid-connected electricity generation
by power station type
Units:PWh/yr

-/
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Fraction of global power sector emissions captured

by power station type

Units:Percentages

2020 2030 2040 2050

and cooking segment had a share of 8% of electricity
demand in 2020, which reduces to 5% by 2050. The
electrification of cooking stoves, space and water heating
lead to increasing electricity demand over the world for
this segment and commercial space and water heating as
well. But, this rate of absolute demand increase is lower
than the growth other segments experience, which
reduces their share of total electricity demand. The
demand for this segmentincreases from 2 PWh/yrin
2020 to 3 PWh/yr by 2050.

Similarly, space cooling, both in residential and
commercial buildings, which only contributes to a
combined demand of 1.7 PWh/yr today, will grow
four-fold by 2050. An increase in the number of cooling
degree days (Chapter 1: Buildings) in the world because
of global warming, along with higher penetration of
air-conditioners due to increasing prosperity in warmer
regions, such as the Indian Subcontinent and South East
Asia, are the reasons for this growth.

The electricity demand for appliances and lighting in
both residential and commercial buildings almost
doubles from now to 2050, mostly driven by the increased
electrification in currently under-electrified regions such
asthe Indian Subcontinentand Sub-Saharan Africa.

FIGURE 2.5
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Most electricity in the manufacturing sector is used either
asindustrial heat or to run machines, motors and appli-
ances. Ofthese two, machines, motors and appliances
make up 33% of the total electricity demand, which is the
single largest share among all demand segments. By 2050,
energy efficiency in this demand segment, and growth in
transportsector electricity demand ensures that its
relative share reducesto 19%, despite its absolute
demand increasing from 8 PWh/yrin 2020 to 12 PWh/yr.

Regional variation in electricity demand

Not all regions experience the same growth in electricity
demand. In 2020, Greater China had the largest share of
electricity demand (31%), followed by North America
(19%) and Europe (13%). We foresee Greater China
remaining the region with the largest electricity demand
in 2050, butits share will reduce to 26%. Furthermore, we
projectthe Indian Subcontinent overtaking both North
America and Europe and having the second largest
electricity demand in 2050, with a regional share of 15%
ofthe global demand. Given thatthe Indian Subcontinent
will remain the most populous region in 2050, and with
increasing GDP per capita, itis not surprising that it
overtakes North America and Europe in terms of electric-
ity demand, given thatit has lower electrification rates
compared with higher-income regions.

World electricity demand by sector

Units: PWh/yr

Off-grid H, production
Off-grid rural demand

Grid-connected demand:

Transport
Residential
appliances & lighting

Commercial
appliances & lighting
Commercial cooling
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space & water heating
Industrial machine,
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EIA RECS (2015); Urge-Vorsatz et al (2015)
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Itis instructive to investigate how growth of electricity
demand will vary overtime in the different regions.

Figure 2.6 shows these variations for six selected regions.
The growth rate is calculated and presented for each year
relative to the previous year.

Inthe shortterm, we expect the Indian Subcontinentand
Sub-Saharan Africa to have the highest growth rates;
7.5% in 2024 and 6% in 2026, respectively. As discussed
before, both these regions have low electrification rates
in almost all the key demand sectors today, and as such
we foresee massive electrification drives in the regions
leading to very high demand growth in the shortterm.
Interestingly, while the growth rate of the Indian Subcon-
tinent reduces after 2026, Sub-Saharan Africa’s demand
growth rate continues to increase into the 2030s and
2040s. Given the potential for economic growth, and the
projected population increase, Sub-Saharan Africa will
have the highest growth in electricity demand globally.
This signifies the enormous potential the region has to
investin renewables, and in electrifying much of its
demand segments.

Unlike the Indian Subcontinent and Sub-Saharan Africa,
North America and Europe have stable and near-constant

FIGURE 2.6

growth rates of about 2% year on year owing to already
high electrification rates, and comparatively low
economic growth. On the other hand, the growth of new
demand segments such as transportand grid-connected
electrolyser demand, ensure that their growth rates do
not reach zero, even by mid-century.

We foresee Greater China’s very high growth rate (5.3% in
2027)reducing inthe 2030s. This is to be expected given
the expected stabilization of China’s population and
economy and front-loading of vehicle electrification
today. By 2050, almost all of China’s vehicle fleet will be
EVs, with relatively little electrification in transportin the
late 2040s. Furthermore, unlike North America and
Europe, Greater China will not prioritize grid-connected
electrolysers, which otherwise could be responsible for
the later uplift demand. Due to these reasons, we expect
electricity demand growth in Greater China to reach zero
by mid-century.

Inthe Middle East and North Africa region, we see rapid
electrification in buildings, thanks to higher penetration
of space cooling spurred on by increasing GDP per
capita. This leads to the increasing growth rate of elec-
tricity demand in the 2030s.

Annual growth in grid-connected electricity demand in selected regions

Units: Percentages/yr

Sub-Saharan Africa

Indian Subcontinent
Middle East and
North Africa

%o~ : : North America
; Europe
. : : Greater China

[ N

Power demand
In this Outlook, peak power demand is the highest
electricity demand of each region over a given year on an

hourly basis.

Peak power demand increases year on year for all regions
in our forecast, except for North East Eurasia in the short
term. That region’s two major economies are Russia and
Ukraine, and due to the Ukraine war, we projecta reduc-
tion in peak power demand.

World total peak power demand was 3.9 TWh/h in 2020,
andthisincreasesto 10 TWh/h by 2050, a 3.1%/yr aver-
age growth. This average growth is higher than that of the
electricity demand growth.

This has implications not only for the power generators,
but also for the physical transmission and distribution
gridinthe regions. The grid infrastructure needs to be
designed and capable of transporting this peak power at
instantaneous speeds from the power generators to
consumers, which means strengthening and expansion
of the transmission and distribution grids, even in regions
which are at 100% electrification today.

FIGURE 2.7
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Figure 2.7 shows how peak power demand and average
electricity demand is expected to evolve in selected
regions for 2030, 2040 and 2050, relative to each region’s
2020 peak power and average electricity demand.

The largest growth in peak power demand is expected in
the Indian Subcontinent and South East Asia, due to high
rates of electrification in buildings, manufacturing and
transport. By comparison, regions such as North America
and OECD Pacific have lower rates of growth.

In all the regions, the growth in peak power demand is
higherthan the growth in average electricity demand.
We project that as regions consume more and more
electricity, their peak power demand will also rise, at a
proportion higherthan the growth in average electricity

demand.

World peak power demand was 3.9 TWh/h
in 2020, and grows to 10 TWh/h by 2050, a
3.1%/yr average growth.

Peak power and average electricity demand in selected regions
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Modelling power hour by hour

Here we illustrate how our model determines the operating hours of power stations with reference to region North
America and year 2041. Annual electricity demand by segment comes from the corresponding parts of the model.

North America electricity demand by segment; North America electricity supply by source;
2020-2050 2020-2050

Units: PWh/yr Units: PWh/yr
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We expand the year 2041 over 52 weeks. All profiles are aggregated over North America. Over the year, nuclear performs as the baseload
with very little variation, while solar increases generation over the non-winter months.

North America electricity demand by segment; North America electricity supply by source;
2041 2041
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This next chartzooms in on week 36. How storage and hydrogen production plants operate is based on price signals. In the middle
ofthe day, when solarresources are plentiful and electricity is cheaper, the grid-connected electrolysis plants operate, and storage
is charged. At nighttime, the stored electricity is discharged, while solar+storage plants continue to supply.

North America electricity demand by segment; North America electricity supply by source;
week 36; 2041 week 36; 2041
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Ateach hour, the model establishes demand and supply curves, as shown below, demonstrating supply and demand ateach possible
price. The pointatwhich supply, and demand curves intersectindicates the realized supply, demand, and price.

North America electricity demand curve; North America electricity supply curve;
4 September 2041; 12:00-13:00 4 September 2041; 12:00-13:00

Units: GWh/hr Units: GWh/hr

0 25 50 75 100 0 25 50 75 100

Price (USD/MWHh) Price (USD/MWh)
[0 Export [ Comm. appl.& lighting 8 Import I Gas-fired Solar PV
Storage charging Space cooling Storage discharge HE Coal-fired
Bl Hydrogen production Ml Heating & cooking Vehicle-to-grid B Nuclear
EV charging Bl Manufacturing [0 Solar+storage Bl Hydropower
I Rail, aviation, shipping [l Energy sector own use B Bioenergy Bl Offshore wind
B Resid. appl.& lighting Other Bl Oil-fired Onshore wind

67



DNV Energy Transition Outlook 2022

2.2 GRIDS

68

WHEN TRUST MATTERS

DNV

FUTURE-PROOFING
OUR POWER GRIDS

Making mass electrification possible

Energy Industry Insights 2022
Power Grids Research Report

Fw

A great deal of attention, investment, and policy is rightly
focused on clean energy generation and decarbonization
of industry. Butthe role of power grids is sometimes
under-appreciated and misunderstood, which could
ultimately contribute to the failure of an expedient
energy transition — one fast enough to supportthe goals
of the Paris Agreement. Future Proofing our Power Grids:
Making mass electrification possible is part of DNV's
Industry Insights series. Itis based on research with over
400 industry leaders involved in the transmission and
distribution sector as well as nine in-depth interviews
with senior figures from Ofgem, The World Bank,
Alliander, E.ON, Enel, Eurelectric, Stratkraft, Siemens,
and Strategen. The report explores power grids' readi-
nessto supportthe demands of the energy transition
and highlights challenges involved in transforming the
grid to suit a new energy mix, as the sector embarks on
fundamental, structural change to revolutionize a
system — rapidly — that must keep functioning, reliably,
all day, every day.

Physical infrastructure

More grid connections will be needed as the global
grid-connected electricity demand will grow by 2.7%/yr
from 2020 to 2050. As Figure 2.8 shows, world transmis-
sion lines will increase from just over 6 million circuit-kilo-
metresin 2020 to almost 18.5 million by 2050. The fastest
progress will occur in regions with relatively weaker
infrastructure: the Indian Subcontinent, Sub-Saharan
Africa, and South East Asia. In terms of volume, the Indian
Subcontinentand Greater China will be the regions with
the longest new lines, with 40% of all new transmission
lines installed in these two regions. Although it could be
argued that distributed renewables remove the need for
centralized electricity systems, our modelling highlights
thattransmission infrastructure does not become
obsolete in transitioning to a more-decentralized grid
despite a shifttowards distribution lines, as power plants
become smaller.

Modern societies require the highest reliability level from
their electrical infrastructure, and this can be provided by
a greater number of more-widely distributed elements
connected via a strong backbone. Furthermore, while the
electricity demand grows 2.7%/yr, peak power demand
grows ataslightly higher rate of 3.1%/yr, which has a
directimpact on the growth of physical grid infrastruc-
ture, which needs to be able to handle the high power
and ensuing congestion. This is another reason why the
transmission grid will expand more rapidly than the rate
of the electricity demand growth.

A development we projectis the more widespread use of
high-voltage direct current (HVDC) lines in the transmis-
sion grid in the future. HVDC lines make up only 1% of the
transmission grid in terms of circuit-kilometres at present.
This will increase to 5% by 2050. But, in terms of power
capacity, they will have a share of 20% in the transmission
grid, by 2050.

Distribution lines will almost triple from 2020 to 2050,
reaching about 230 million circuit-kilometres globally,
from 80 million circuit-kilometres. As the percentage of

VRES grows significantly, integration of renewables and
grid modernization will have to work hand-in-hand to
achieve the reliable grids needed for modern societies
and successful economies. Modernization of the grid will
involve: reinforcement or upgrade of transmission and
distribution systems, investments in international
interconnections, implementing decentralized energy
data and information processes, installing advanced grid
features (smart meters, sensors, remote controls),
changing processes and business models, establishing
more flexible energy markets, undergoing regulatory
review, and modernizing system operations.

Investment in transmission and distribution infrastructure
Although total grid investments were at around USD
270bn/yrin 2020, post-COVID recovery and expansion
of renewable power will ensure a steady increase in grid
investments, reaching levels of USD 500bn/yrin the
2030s, and growing up to USD 1trn/yr by 2050. The
continued growth in grid investments shown in Figure 2.9
is driven by actions from grid operators accelerating
renewables integration, grid modernization to improve
resilience and reliability, and digital transformation. Grid
investments are typically reflected to consumers over
years.

FIGURE 2.8
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World transmission lines will increase from
just over 6 million circuit-kilometres in 2020

to almost 18.5 million by 2050.

As global power grids steadily expand, the annualized
depreciation cost of past investments is higher than the
investment expenditures (Figure 2.9). We estimate global
transmission and distribution depreciation costs to be
about USD 700bn/yr. The operating expenditures (OPEX)
add another USD 310bn to the bill, bringing the total
expenditures (TOTEX)to USD 1trnin 2020. This rises to
about 3trn by 2050. The total cost of grid operators
includes additional costs, such as tax, levies, dividends,
profits, and interest rates. These make up about 30% of
the total costs of the grid operators.

Investments are not only for grid expansion; some 15% of
grid investment today goes into digital infrastructure, to
address the complexity of a more decentralized power
system and to supportdecision making in asset manage-
ment and operations. Investments in digital tools will

Transmission and distribution power-line length by region
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expand to enable collection of data and information from
the grid and feed these to core processes. These tools
include: advanced analytical algorithms enhanced with
machine learning to translate data from various sources
into validated information about market processes, asset
conditions, and decision-supportfunctions; IT infrastruc-

ture to store and manage data for authorization and data

quality; standardized and secure data-communication
infrastructure to transfer market and field data, enabling
connectivity and interoperability; and sensor arrays,
collecting asset data to be utilized by a digitally enabled
workforce. This digital ecosystem enables the operation
of equipment closer to physical limits, and for optimizing
maintenance and replacement plans, as well as integrating
distributed energy resources.

By allocating total cost of grid operators to the total
electricity consumption, the grid charges in the end
users' electricity bills can be estimated. The world
average forthe unit grid charges has been around USD
60/MWh for the lasttwo decades; we forecast this
numberto be stable inthe USD 63-70/MWh band in the
future. Regionally, the picture will vary. In Europe and
North America, where strong renewable growth is not
accompanied by equally strong growth in electricity
demand, unit grid charges will rise and constitute a larger
portion of the electricity bill. In Europe, grid charges will
rise from about USD 75/MWHh in 2020 to USD 90/MWh by
2050, while in North America it will reach USD 75/MWh
by 2050. In both these regions, grid charges constitute
about25% of the residential electricity price at present
and will increase its share to about 40% by 2050.

FIGURE 2.9

World power grid expenditures and total cost
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2.3

STORAGE AND FLEXIBILITY

Flexibility

With a 16-fold increase in global VRES capacity over the
next 30 years the need for flexibility will increase between
two- and four-fold across the world regions. Figure 2.10
shows how VRES, especially PV panels, will create
substantially more variability in the future power system.
This will not only require more storage, butthe increased
need for flexibility will also influence thermal generation
technologies, where existing plants will increasingly
operate alongside renewables and hence the premium
on the flexibility of the thermal sources will increase.
Flexibility in this context means shorter start-up times and
higher ramp rates. Thermal sources are not uniformly
conducive to these objectives — ranging from nuclear
where flexibility is difficult, followed by coal, gas
(particularly open cycle gas turbines) to oil-fired plants
which offer most flexibility, but are costly. Equally impor-
tant will be the ability of thermal plants to run economi-
cally at predominantly low load factors when

the bulk of power is provided cheaply by VRES.

Adapting for flexibility requires both physical changes,
for example retrofitting certain components, butalso

FIGURE 2.10
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investmentin automation and analytics. Better prediction
of renewable-power generation levels and demand
response will assist with reacting to excess renewables
and shifting electricity usage from peak periods to times
of lower demand. In addition, new market designs will be
needed thatincentivise the flexible operation of thermal
plants, and which create room for new contract structures,
grid code changes and new standards (IRENA, 2019b).

From a system perspective, implementation of smart grid
features (such as smart meters, loT sensors, remote
control, and advanced automation) will enable better
management of energy flows. There is also a rising
'‘prosumer’ phenomenon: new technologies and market
mechanisms will allow ever more consumers to provide
flexibility in the form of demand response, vehicle-to-grid
(V2G) and behind-the-meter storage.

Itis worth outlining the scale of the contribution that EVs
will make in power storage. Clearly, the rapid decline of
Li-ion battery prices is mainly driven by the increasing
number of EVs. Moreover, smart meters, smart grids, and
regulatory changes will incentivize car owners to use V2G

Sources of annual variability and providers of flexibility in the North American power system
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solutions. EV-charging systems can provide the grid with
10% of all EV storage capacity. From 2040 onwards, the
impact of V2G systems worldwide will be almost as large
asthat of dedicated Li-ion batteries (or more advanced
chemistries) and pumped hydro, reaching 220 TWh/yr
globally by mid-century.

Converting VRES to other energy carriers, such as hydro-
gen, isyetanother option that will provide flexibility. Invest-
mentin physical transmission systems, and in the links
between generation and load centres, will also contribute
towards better utilization of renewable power supply.

Storage

Storage in today’s power system is mostly in the form of
pumped hydro (Figure 2.11). Limited by geography,
pumped hydro is a mature technology, and will only
provide marginal increase in the dramatic added require-
mentto power storage over the nextthree decades.
Li-ion is today’s dominant battery chemistry for utili-
ty-scale storage, EVs, and information and communica-
tion technologies. Approximately 95% of storage
projects in which DNV is currently involved through
feasibility assessment, development, and construction,
are Li-ion. Costs have long been declining strongly, but

FIGURE 2.11

supply-chain shortages, amplified during and after the
pandemic, has seen battery costs increase. At cell level,
the ‘threshold’ of USD 100/kWh will be delayed by a year,
also creating a one-year-delay in reaching 50% new
passenger vehicle market share for the battery-electric
vehicles. This will partly be offset through innovation and
adjustments at both cell- and pack-level and through
manufacturing efficiencies as scale builds. Towards the
end of this decade, solid state batteries appear to offer
the best potential for a next wave in performance and
costimprovements (DNV, 2018b and Haouche et al., 2022).
Overthe longerterm, prices for batteries will continue to
plunge in line with a cost-learning rate of 19%, with more
than 80% cost reduction between now and 2050.

Ongoing improvements in the cost, energy density,
weight, and volume of electric batteries will enable wider
use of battery-storage systems. New battery chemistries,
will have to compete with existing Li-ion energy density,
manufacturing infrastructure, and costs. If significantly
cheaper batteries, based on Earth-abundant materials,
emerge, that could lead to cost reductions affecting the
speed at which batteries are deployed to meet energy-
storage challenges in power production and transport.
However, while new discoveries may lead to some step

FIGURE 2.12

World utility-scale electricity storage capacity
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changesin cost, we don't foresee the cost trajectory of
batteries deviating too far from the long-term 19%
learning rate. Furthermore, there are limiting factors on
the total market for batteries, such as the total demand
for electricity or road vehicles, which will eventually limit
the growth of battery deploymentin a self-regulating
manner as the market saturates.

Where there are larger markets for utility-scale battery
storage (e.g. China, South Korea, Japan, the US), a shiftin
the charge/discharge duration required from projects is
already seen. As storage capacity exceeds 0.5% of grid

Seasonal storage

Seasonal storage involves the storage of energy to
accommodate yearly cycles in electricity demand and
generation. In a sense, it moves electricity from the months
in the year when electricity output s high to the times
where electricity demand is high. The need for seasonal
storage will become more apparent as the future electric-
ity system becomes increasingly seasonal in terms of both
supply and demand. From a load perspective for example,
as space heating electrifies, the electricity demand of
regions with a cold winter will become more seasonal. On
the supply side, VRES, and especially solar, will create a
pronounced imbalance in summer and winter electrical
outputin countriesin higher latitudes.

The factors determining whether atechnology is suitable
for seasonal storage are storage losses, cost of storage,
and roundtrip efficiency. Only chemical energy, i.e. energy
stored in molecules, is capable of delivering low-loss,
high-efficiency and low-cost storage in large quantities.
Among chemical storage technologies, storing
compressed hydrogen in salt caverns or depleted hydro-
carbon fields, appears to offer a low-cost viable solution.

Figure 2.12 shows our forecast for global underground gas
storage capacity in salt caverns and depleted oil and gas
fields, based on an analysis of weekly production and
consumption patterns of natural gas and hydrogen, and
the likely need for storage to ensure enough supply is

Electricity and hydrogen CHAPTER 2

capacity, the trend is for business models to shiftfrom
frequency-response managementas a primary applica-
tion, often requiring one-hour duration or less, to price
arbitrage or, in some markets, capacity provision. Average
storage duration therefore extends from two to four hours.
Asthistrend for longer-duration batteries continues,
alternative chemistries and technologies with 8-24 hours
storage will have increasing value: e.g. flow batteries,
zinc-based chemistries, compressed air, liquid air, liquid
CO,, or gravity-based storage technologies. These
alternative, long-duration storage solutions look set to
enterthe marketat scale in the second half of the 2030s.

available when itis needed — not only for reconversion for
electricity but also for other uses like heating or transport.
Asthe demand for gas for space heating starts to decline,
especially in high-latitude regions of Europe and North
America, the global need for seasonal natural gas storage
will peak within five year. In contrast, by 2050, about 70
billion m3 of hydrogen storage will be developed, about
40% of which will be repurposed methane storage sites.

Ina 2020 position papertitled: The Promise of Seasonal
Storage, (DNV, 2020b), DNV investigated the need for
seasonal storage, the promising technologies that can be
used, and how short and medium storage interacts with
seasonal storage. Using the Netherlands as a case study,
the paper highlights thatitis not easy to distinguish
between adequacy capacity and seasonal storage due to
the variability in demand and VRES generation between
years. The paper also highlights that seasonal storage will
only work if all relevant players in the supply chain investin
power-to-gas, physical storage, and power generation.

Co-locating hydrogen production and storage may help
to ensure thatinvestments in key stages go hand in hand.
An example of anintegrated generation-storage projectis
the Advanced Clean Energy Storage | projectin Utah, the
world's largest to date, combining 220 MW of alkaline
electrolysis-based green hydrogen production with salt
cavern storage for grid scale energy conversion. The
projectwas recently awarded a USD 500mn loan guarantee
fromthe US Department of Energy (Fischer, 2022).
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24 HYDROGEN

Renewable and low-carbon hydrogen is crucial for
decarbonizing hard-to-abate sectors and meeting Paris
Agreement goals. To achieve Paris targets, hydrogen
would need to meetaround 15% of world energy demand
by mid-century. We forecast that global hydrogen uptake

WHENTRUSTMATTERS | <

HYDROGEN
FORECAST
TO 2050

Bt

Energy Transition Outlook 2022

Editor’s note: This section on hydrogen is summarized
from our companion report: Hydrogen Forecast to 2050,
published June 2022 (eto.com/hydrogenforecast2050).
The report contains much more detail on, inter alia,
policy driving the rise of hydrogen ecosystems,
developments in approaches to safety, technical aspects
of production, storage and transport of hydrogen,
expected developments in the regional and international
trade of hydrogen and its derivatives, and a comparison
of various hydrogen value chains.
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isvery low and late relative to Paris Agreement require-
ments —reaching 0.5% of global final energy mixin 2030
and 5% in 2050, although the share of hydrogenin the
energy mix of some world regions will be double these
percentages.

Even at 5% of global energy demand, developmentsin
hydrogen over the next 30 years will be substantial, and in
some cases, industry changing. Global spend on produc-
ing hydrogen for energy purposes from now until 2050
will be USD 6.8trn, with an additional USD 180bn spent
on hydrogen pipelines and USD 530bn on building and
operating ammonia terminals.

Hydrogen demand

Demand for hydrogen as an energy carrier will rocket
upwards from negligible levels today to well over 250
MtH, peryear by 2050 — with demand climbing steeply
by then (Figure 2.13). The bulk of hydrogen end use will
be for manufacturing (61%), followed by transport (17%)
and buildings (14%), with the remainder going to
electricity generation and other uses.

FIGURE 2.13

World demand for hydrogen and its derivatives
as energy carrier by sector

Units: MtH,/yr
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Maritime: Hydrogen will be critical for the decarboniza-
tion of international shipping. With electrification limited
to shore power when berthing as well as the short-sea
shipping segment, hydrogen-based fuels like ammonia
and e-fuels, are likely to make up the bulk of zero-emis-
sion fuels for shipping by 2050.

Our forecast of the most likely hydrogen future to 2050
includes e-methanol uptake in shipping of 360 PJ (2% of
shipping fuel mix)in 2030, 1400 PJ(10%) in 2040 and
1800 PJ (14%) in 2050.

Similar to e-methanol, ammonia can use large parts of the
existing infrastructure, but has the same challenges with
significantly higher production costs than the present
alternatives. If produced from renewable energy, the
conversion losses are significant, and we would need a
massive ramp-up of renewable power. Capturing CO,
from natural gas during ammonia production is, however,
relatively simple, and the dominant share of ammonia being
used in shipping in the forecast will likely be blue ammonia.

Use of ammonia by ships has toxicity risks, but we believe
this will be solved and that there will be large-scale

FIGURE 2.14
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transporttaking place from cheap producing regions to
the global bunkering hubs. Ammonia will likely have a
lower initial uptake than e-methanol until 2040, butthen
scale faster towards the end of the forecast period. Our
hydrogen forecast projects ammonia uptake in shipping
of 43 PJ(0.3% of shipping fuel mix)in 2030, 1100 PJ (8%) in
2040 and 4500 PJ (35%) in 2050.

Aviation: Hydrogen, either in its pure form, or in derived
e-fuel form will only startto scale for aviation in the 2030s
forreasons of cost and availability. A wider use of e-fuels
is achievable only with an immense scale-up of renewa-
ble power production, and the current cost difference

of a factor of four to five, compared with fossil kerosene,
needsto be reduced. We will see three times more
e-fuelsthan pure hydrogen in the aviation subsector,
representing a 13% share, mainly due to the fact that
e-fuels as atype of drop-in fuel can serve all types of
flights. Hydrogen by contrast is limited to mainly medium-
haul flights owing its low energy density, and the hydrogen
tanks needed for the large amount of hydrogen would
require a very different airplane design with higher costs
per passenger. In combination, the share of pure hydro-
gen and hydrogen-based e-fuel represents around 17%
of energy use in aviation by 2050.

World aviation and maritime subsectors demand for hydrogen and derivatives

Units: EJ/yr (left); Percentages (right)
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Road transport: Fuel cell electric vehicle (FCEV) propul-
sionismuch less efficient, more complicated, and thus
more costly, than that of battery electric vehicles (BEVs).
Forthese reasons, major vehicle manufacturers are
focusing almost exclusively on BEV models for passenger
transportwhich will lead to a global share for BEVs of 85%
of new carsales in 2050, versus only 0.01% FCEVs.
Regarding light commercial vehicles, the shares will be
64% and 4%, respectively in 2050.

Hydrogen was long seen as the only solution to decar-
bonize heavy trucking, but as things now stand,
battery-electric solutions are likely to have a decent share
in this segment. As a result, we project hydrogen to play
only aminorrole in road transport, namely for heavy-duty
long-distance trucking. By mid-century, hydrogen will
accountfora2.5% share of road transport energy
demand, slightly less then biomass and natural gas.
Accounting for the fact that hydrogen will be used in
heavy-duty and long-distance trucking where fuel
consumption is naturally higher, this still amounts to
about 2,000 PJin 2050 (16.7 MtH,/yr). Half of this will be
consumed in Greater China alone, owing to the large
vehicle fleet and policy focus on decarbonized transport,
followed by Europe and North America each having a
15% share and OECD Pacific with a 9% share.

FIGURE 2.15

Manufacturing

Hydrogen can be used instead of fossil fuels to generate
high-temperature heat. However, at present, negligible
quantities of hydrogen are used for industrial high-heat
processes. Thisis because hydrogen remains an expen-
sive alternative fuel, uncompetitive against conventional
fossil-fuelled technologies, and losing out to bioenergy in
most contexts even under higher carbon prices.

Nevertheless, low-carbon hydrogen is expected to play
animportantrole in the manufacturing sector by 2050 in
front-runner regions, such as Greater China and Europe.

In our forecast, demand for hydrogen as an energy
carrier in manufacturing is set to grow gradually up to
nearly 10.1 EJ/yr (~84 MtH,/yr) by 2050, amounting to
around 7% of total manufacturing energy demand, and
around 33 % of global demand for hydrogen as energy
carrier. In terms of direct use of hydrogen (as opposed to
blended hydrogen or hydrogen derivatives), manufactur-
ing will dominate usage with an over 90% share until 2030
and over 65% share in 2050. The largest share of hydro-
gen demand in manufacturing (2.8 EJ/yr or 28% of total)
comes fromthe iron and steel industry. This is in addition
tothe non-energy demand of hydrogen used for direct
reduction ofiron at 1.6 EJ/yr (~13.5 MtH_/yr).

FIGURE 2.16

World road sector final energy demand by carrier
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Buildings

In our analysis, we project an uptake of 1.9 EJ/yr(~15.8
MtH,/yr) of hydrogen in buildings by 2050, constituting a
mere 1.3% of the total energy demand in the buildings
sector. The largest shares of the demand will come from
space and water heating (36 and 38%, respectively), as
shown in Figure 2.17. We expect hydrogen to have a
slightly higher share of total demand (about 3-4%) in
space and water heating than in the building sector as a
whole. However, the share of hydrogen is still minuscule
compared with the share of natural gas which accounts
for over athird of buildings heating demand by 2050. The
limited projected uptake of hydrogen in buildings is
explained by comparative efficiency, costs, safety, and
infrastructure availability in relation to competing
technologies, mainly electric heat pumps and district
heating.

Use of hydrogen in buildings will be concentrated in four
regions with existing natural gas infrastructures and with
accessto relatively more affordable hydrogen — North
America, Europe, Greater China and OECD Pacific.

Power and seasonal storage

In areas and regions with significant penetration of VRES,
the use of hydrogen for peak balancing and long-term

FIGURE 2.17

World hydrogen demand in buildings by end use
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storage of 'surplus' electricity has advantages, butitdoes
come with significant energy losses and storage demands.
Inthe merit order of hydrogen applications, re-electrifica-
tion is likely to come last. However, we will see hydrogen
being used in power stations from 2030 onwards, though
in very small amounts and atfirst mainly due to feeding
hydrogen into natural-gas grids. Later, peak-balancing
increases the share. OECD Pacific will be the frontrunnerin
this development, followed by Europe and Greater China.
The same regions will increasingly use hydrogen for
electricity generation, and a small amount will be used in
North America from the mid-2040s. By mid-century, we
foresee thatthose regions will use almost 8 Mt hydrogen
peryearin power generation.

Hydrogen as feedstock

Currently, two major needs for feedstock hydrogen are
for oil refineries, and for producing ammonia for fertilizers.
Our forecast shows that while in absolute quantities the
demand for hydrogen in these segments sees a slight
decrease, there will be a burgeoning need for derivatives
to be used for energy purposes. In fact, by 2050, the
hydrogen demand for producing e-fuels and ammonia
fuel will be more than that of the combined demand for
hydrogen for oil refineries and fertilizer production.

By 2050, CO,—intensive production routes for feedstock
hydrogen, such as methane reforming and coal gasifica-
tion will lose their dominant positions, replaced by
methane reforming coupled with CCS, grid-connected
electrolysis and electrolysis coupled to dedicated
renewables.

Hydrogen supply

The future hydrogen supply mix will be shaped by two
related trends: firstly, the use of hydrogen as an energy
carrier will increase, and secondly, there will be a gradual
replacement of existing production capacity with
lower-emission alternatives. As the main motivation for
hydrogen use in energy systemsis to decarbonize
sectors that cannot be electrified, only low-carbon
production routes are future contenders. In 2030, we
forecastthat a third of global supply will be low-carbon
and renewable, with fossil fuels with CCS taking a 14%
share of the global total and hydrogen from electrolysis
18%.1n 2050, 85% of world's hydrogen supply will be
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from low-carbon routes, broken down as follows: 27.5%
from fossils with CCS, 25.5% from grid-connected
electrolysis, 17.5% from dedicated solar-based electroly-
sis, 13% from dedicated wind-based electrolysis and 1%
from dedicated nuclear-based electrolysis.

Blue hydrogen: Cost and the speed of build-up are the
main factors determining the shares of production routes
in the supply mix. Currently, the cheapest low-carbon
hydrogen production route, on average, is methane
reforming with CCS, commonly referred to as blue
hydrogen, with an average cost just below USD 3/kgH, in
2020. This global weighted average is more representa-
tive of regions like North America and North East Eurasia
with access to cheap natural gas, and does not reflectthe
increase in the gas prices since 2020, which has raised
prices for blue hydrogen from 2020 to 2022 by 20-30% in
gas producing regions, and 60-400% in gas importing
regions.

Although we foresee gas prices falling from the current
high levels by 2030s, there are additional challenges for
blue hydrogen. CCSis still a developing technology and
concerns about long-term storage sites, uncertainties on
future costs, and only marginal benefits from economies
of scale are limiting the speed of deployment. Moreover,

FIGURE 2.18

CO, capture rates beyond 90% will remain uneconomi-
cal, and will resultin a weaker support for blue hydrogen
compared with other low-carbon, renewable alternatives.
Nonetheless, with the continued reduction in CAPEX for
methane reforming (particularly ATR technology) and
carbon capture, and with reducing risk premiums for
hydrogen investments, and increasing carbon prices,
blue hydrogen will gain significant market share, espe-
cially in ammonia and methanol production. The cost of
carbon capture forammonia production is lower than the
cost of carbon capture for merchant hydrogen. Of the 78
MtH,/yr produced globally from methane reforming with
CCSin 2050 (which will constitute 24% of the global
hydrogen supply), 68 MtH,/yr will be captive hydrogen —
produced in the same facility in which itis consumed in
ammonia and methanol production orin refineries orin
the directreduction of iron.

Green hydrogen: The cost of dedicated renewables-
based electrolysis is presently prohibitively expensive,
with a global weighted average of USD 5/kgH, in 2020.
But, in the decade to 2030, we will see a sharp reduction
in the cost of electrolysis with dedicated solar or wind
capacity reducing on average towards USD 2/kgH,. The
main driver of this trend will be a 40% reduction in solar
panel costs and a 27% reduction in turbine costs.

World hydrogen production by production route

Units: MtHz/yr
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HydrogenPro taking delivery of the world's largest electrolyser at its test facilities in Heraya, Norway.

Image courtesy HydrogenPro, September 2022.

With continued improvements in turbine sizes and solar
panel technologies, the annual operating hours will
simultaneously increase by 10-30%, varying between
technologies and regions. Moreover, the cost of capital
for electrolysers of any kind will see 25-30% reduction as
the perceived financial risk keeps coming down.

For grid-connected electrolysers, the largest cost
componentis the cost of electricity, specifically, the
availability of cheap electricity. In the longer term, the
share of variable renewable energy sources (VRES) in
power systems will be the main factor in determining
the future electricity price distribution; more VRES
means more hours with very cheap (or even free)
electricity. However, before 2030, the penetration of

VRES in the power systems will not be sufficient to
exertlarge impacts on the electricity price distribution.
Hence, any reduction we see in the cost of grid-
connected electrolysers in the remaining years of this
decadeis dueto a decline in CAPEX along with any
support governments provide.

Towards 2050, we will see two main trends that affect
annual operating hours: increased competition from
alternative hydrogen production routes and more hours
with cheap electricity. With increased VRES in the system,
the number of hours where hydrogen from electricity will
be cheaperthan blue hydrogen increase towards 2050.
As aresult, grid-connected green hydrogen accounts for
avery similar share of the total market as blue hydrogen.
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Hydrogen transport

Hydrogen will be transported by pipelines up to medium
distances within and between countries, but almost
never between continents. Ammonia is safer and more
convenientto transport, e.g. by ship, and 59% of energy-
related ammonia will be traded between regions by

Ammonia is likely to be the zero-emission fuel of choice
forinternational shipping, the present analysis assumes
that all seaborne hydrogen transportis liquid ammonia.
We expect a twenty-fold increase in ammonia seaborne
transportfrom 2030 to 2050, with fuel use growing from
virtually nothing in the mid-2030s to 95% of the trade in

2050. Cost considerations will lead to more than 50% 2050 - of a total shipment of 150 million tonnes at that
of hydrogen pipelines globally being repurposed from time.

natural gas pipelines, rising to as high as 80% in some
regions, as the costto repurpose pipelines is expected
to be just 10-35% of new construction costs.

Further details on hydrogen storage and transport can

The transport of pure hydrogen between regions will be
relatively marginal. Pipeline transportis most economical
iftransported volumes are high, and at medium
d|stance§. Shorter.chst.ances and smallervolumes.call Cost considerations will lead to more than
for trucking and rail —in tanks, usually as ammonia.
Forlonger distances seaborne transportis the logical 50% of hydrogen pipelines globally being
alternative where depths and/or distances make pipeline T ..
o . repurposed from natural gas pipelines, rising
transport uncompetitive. However, that requires energy-
intensive and costly liquefaction atthe exporting end, to as high as 80% in some regions.
and a similarly costly regasification atimportlocations,
togetheradding USD 1.5-2/kgH, to costs. Less than 2% of
global hydrogen will have spenttime on keel in 2050, and

only about 4% will come through interregional pipelines.

FIGURE 2.19

be found in our Hydrogen Forecastto 2050 (DNV, 2022a).
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DIRECT HEAT

We define direct heat as the thermal energy produced
by power stations for selling to a third party, e.g. district

marginally from around 15 EJ/yearin 2020 to just
below 16 EJ/year by 2030, and remain at that level until

heating, or by industries for their own activities. In
practice, such heatis always delivered as hot water or
steam. Direct heat has the major benefit of economies
of scale by providing heat to whole neighbourhoods or
cities from one facility, making it the obvious choice of
heating for households that has the pipeline distribution
lines brining the heat. Space and water heatingin
residential, commercial, and public buildings currently
uses 42% of the direct heat globally, only surpassed by
manufacturing with 43%.

North East Eurasia and Greater China both have 40%
share in global direct heat demand. Other major
consumer is Europe with 15%, led by Germany. In 2020,
coal and gas provided 45% and 44%, respectively, of
global direct heat supply. More than two thirds of this
came from combined heat and power (CHP) plants.

We forecast a plateauing in the use of directheat demand
due to thermal power losing ground to variable renewable
power supply. Direct heat energy demand will increase

FIGURE 2.20

mid-century.

Generating heat centrally is an advantage for countries
aiming to decarbonize their heat supplies. Instead of
replacing many individual boilers, moving to lower-
emission alternatives can be achieved by replacing one
central power station. By 2030, coal will be replaced by
bioenergy technologies, which mostly use municipal and
industrial waste as fuel, and natural gas-fired technologies,
bringing the share of coal in direct heat demand down to
36%.1n 2050, bioenergy will provide 23% of direct heat,
while coal’s share will have shrunk to 9%. The share of
natural gas will increase to 67%.

World direct heat demand by sector

Units: EJ/yr
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Highlights

This chapter covers current developments in and
forecast growth of solar PV, wind energy, hydropower,
bioenergy and nuclear energy. All of these sources are
setto grow, but at very different rates.

For the first time, our forecast finds that non-fossil
sources will edge slightly beyond a 50% share of
primary energy by 2050. Solar PV will see a 22-fold
growth over our forecast period, spurred by the highest
technology cost-learning rate among renewable sources.
This chapter expands on the growing trend to couple
solar PV with storage. Within a decade, about one fifth

of all PV installed will be with dedicated storage, and

by mid-century this share will have risen to half.

Wind energy will expand 9-fold, (onshore 7-fold and
offshore 56-fold). We describe developments that will
improve capacity factors for both onshore and offshore
wind.

Hydropower will remain important, supplying 13% of

electricity in 2050, and we find that the renewed interest

in nuclear energy over the last year will see an uptick

(13%) in its output by mid-century, although in relative

terms, its share of the power mix declines. 3.1

3.2
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Bioenergy
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RENEWABLE ENERGY

This chapter covers the non-linear rise of renewable energy sources.

Coal and gas decline to 4% and 8%, respectively of the power mix by 2050,
when they are largely confined to providing flexibility and backup in a
power system 70% reliant on variable renewable energy sources (VRES).

By contrast, VRES growth is non-linear to 2050 — solar
capacity increases 22-fold, wind capacity: 9-fold.
Onshore wind: 7-fold, offshore wind: 56-fold. Driving this
are both plunging costs and a growing realization that
VRES offer the cheapest and quickest route to both
decarbonization and energy security.

In a world seeing doubling of electricity generation by
2050, hydropower generation will still provide 13% of
total electricity supply, down from 16% in 2020. While
growing in absolute terms, this loss of share is trans-
ferred to solarand wind.

FIGURE 3.1

Waste management and high construction costs and
long lead times remain stubborn realities for nuclear
power. However, current energy security concerns are
leading to renewed interest in this source, and our
forecast this year reflects a modest uptick in nuclear,
growing by 13% from today’s levels to 2050.

VRES offer the cheapest and quickest route

to both decarbonization and energy security.

World non-fossil energy supply by source
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3.1

SOLAR

Solar panels on earth-orbiting satellites generated some
of the first-ever electricity produced by solar photovoltaic
(PV)means. The cost of such power was at that time
prohibitive for general use of solar PV for supplying
electricity to the public. Solar PV costs have since
declined spectacularly, the technology’s efficiency has
increased, and the scale and forms in which itis imple-
mented have diversified.

Solar PV today comes as household installations meas-
ured in kW; commercial-industrial scale (MW scale)
installations on industrial rooftops and car ports, to
reduce corporate energy bills; and multi-gigawatt,
utility-scale solar farms usually on remote, unproductive
land. Utility-scale production dominates and will
continue to do so because smallerinstallations cannot
compete on energy cost. Small installations, however,
offer flexibility and local security of supply. These advan-
tages will ensure that rooftop and micro-grid-sized
installations will grow significantly in absolute terms,
though their market share will decline (DNV, 2019).

FIGURE 3.2

Global solar levelized cost of energy and capture price

Units:USD/MWh
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Cost developments

The global weighted average levelized cost of energy
(LCOE)forsolar PVis currently around USD 50/MWh for
solarand USD 120/MWh for solar+storage. In the case of
solar PV, we expectitto break the USD 50/MWh barrier
and reduce to around USD 30/MWh by mid-century
(Figure 3.2), with individual project costs well below USD
20/MWh. The main driver for this reduction in LCOE is the
reduction of unitinvestments costs, which are around
USD 900/kW as a global average now. This will fall
significantly with every doubling of solar PV installation
globally, reaching USD 650/kW in 2050.

The panel cost-learning rate for solar PV will remain high
throughout our forecast period. Itis currently 26%, and
while that rate will decline to 17% in 2050, solar PV will
be in unassailable position as the cheapest source of
new electricity globally, exceptin unfavourable areas
such asin high northern latitudes. The OPEX-learning
rate of 9% is expected to remain unchanged until
mid-century, as enhanced data monitoring, remote
inspections and predictive maintenance continue to
drive down operating costs.

The panel cost-learning rate for solar PV will
remain high throughout our forecast period.
It is currently 26%, and while that rate will
decline to 17% in 2050, solar PV will be in
unassailable position as the cheapest source

of new electricity globally.
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The levelized cost of solar+storage is currently more than
double that of solar PV without storage. A continuous
decline in battery prices will narrow this gap to around
50% by mid-century.

Despite its higher costs, solar+storage has an advantage
over solar PV on capture price (Figure 3.2). Plants with
storage can charge their batteries when sunlightis
plentiful during the day and sell the stored electricity when
the price is high. By 2038, the capture price advantage of
solar+storage over regular solar PV plants will surpass the
cost disadvantage on a globally averaged basis.

PVisintermittent: it will only produce electricity during
daylight, and mostly during sunny conditions. To work
around this, a host of flexibility options are being devel-
oped. These include:

— energy storage, such as pumped hydro, bespoke power
batteries, and grid-linked EVs

— connectivity, distributing power through a reinforced
power grid with extensive connections that can be used
both ways depending on production and demand

— demand-response solutions that shift demand to

FIGURE 3.3

periods of higher production and lower cost; for
example, making industrial hydrogen by solar-powered
electrolysis during peak power generation.

While flexibility solutions will improve over time, they
will have to cope with a rapidly rising share of variable
renewables in the power mix. Variability will therefore
always be a challenge, and LCOE should not be the sole
indicator of solar PV's competitive position. In our ETO
model, we allow for various generation technologies to
receive different power prices; hence, levelized profita-
bility accounting for both price and costs is more
relevantthan only levelized costs. We find that solar PV
remains the technology with the lowest average capture
prices due to its variability. These low prices will vary
between regions, influenced by the regional solar PV
share, the competing power mix, and the affordability
of flexibility options.

Lower capture prices will not, however, be a showstopper
for the strong growth of PV generation. Increasingly, as
discussed above, PV and storage systems are designed as
a'package’ that can produce energy on demand, just like
hydropower, nuclear, or combustion power plants.

FIGURE 3.4

Global solar capacity additions and retirements
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Forecast

The growth of solar PV has been remarkable: 1 GW per
year was installed for the firsttime in 2004, 10 GW added
in 2010, and 100 GW in 2019.1n 2021, 150 GW was added
despite disruptions in global production and supply of
solar panels and related equipment due to COVID-19 and
the looming threat of war in North East Eurasia.

We predict global annual installations will continue to rise,
reaching about 550 GW per year of net capacity additions
by 2040 (Figure 3.3). Within a decade, about one fifth
of all PV installed will be with dedicated storage, and by
mid-century this share will have risen to half.

By mid-century, total installed capacity will be 9.5 TW for
solarPVand 5 TW for solar+storage. The resulting 14.5 TW
of solar capacity is 24 times greater than in 2020.

In Figure 3.4, we can observe the rise of solar capacity
as a share of total installed capacity. While the share

of othertypes of power plants remains more or less
constant, solar capacity rises globally while fossil
capacity reduces. In 2050, more than half of all installed
capacity globally will be solar.

FIGURE 3.5
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While solar will have a share of 54% of installed capacity
in mid-century, it will account for 30% of global on-grid
electricity generation (Figure 3.5). This is due to the
lower capacity factors of solar power stations compared
with other VRES such as wind and hydropower. Never-
theless, 23 PWh per year of solar electricity will be
generated globally in 2050.

Regional variations

Figure 3.6 presents the solar electricity generated by
each region. In 2020, Greater China was the largest
producer of solar electricity, with a regional share of
30%, closely followed by North America at 20%. But by
2050, Greater China's regional solar dominance will
reduce slightly, while the Indian Subcontinent catches
up, with a share of 25% by 2050. As in 2020, we expect
North East Eurasia to have the lowest regional share in
2050, a paltry 2%.

In addition to total solar generation, itis instructive to
observe the relative importance of solar electricity in
total electricity generation for different regions. Figure
3.7 presents the evolution of the share of solar electricity
in the power generation mixes of five selected regions,

FIGURE 3.6
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all of which are expected to see such sharesincrease
between 2020 and 2050. But there are some key differ-
ences when it comes to when solar will overtake fossil-
fuel generation or other VRES and nuclear.

Forexample, other VRES and nuclear are expected to
increase their sharesin Europe. But climate change
concerns, power sector decarbonization, and policies
favourable to solar mean that European solar overtakes
fossil-fuel generation well before 2040.

Onthe other hand, we expect solar electricity to gener-
ate more than half the total electricity in Middle East and
North Africain 2050. This is due to the prevalence of
favourable conditions such as high solar irradiation, and
relatively less availability of other VRES, such as wind in
the region. But high availability of domestic oil and gas
resources results in solar electricity overtaking fossil
electricity only after 2040.

Solar electricity generation in the Indian Subcontinent
will have a share of 52% in 2050, the highestamong all
regions. To achieve this, the region will have about 3 TW
of solar capacity connected to the grid (Figure 3.8). This
will be second to 4.5 TW installed in Greater China, which
will have 30% of all the solar capacity installed in 2050.

FIGURE 3.7

Off-grid solar capacity

In addition to the grid-connected solar, we expect
off-grid solar to be installed for hydrogen production
through electrolysis and to supply off-grid and mostly
rural demand, particularly in Sub-Saharan Africa and the
Indian Subcontinent. By 2050, a little more than 1 TW
capacity of solar PV will exist exclusively producing
hydrogen, the majority of which will be in Greater China
and the Indian Subcontinent (Figure 3.9). About 260 GW
of off-grid solar capacity will be installed to provide
electricity in hard-to-reach districts of Sub-Saharan Africa
and the Indian Subcontinent.

Sensitivities

Solar PV mainly competes with wind and other renewables
in power generation and is therefore not so sensitive to
carbon prices. Furthermore, future renewable subsidies
are of limited importance to the results, as the renewable
electricity sources mainly compete with each other.
Increasing natural gas prices results in an increasing
solar PV share in the power mix. More interestingly,
when gas-fired generation decreases because of
sustained high natural gas prices, contribution of
solar+storage increases. This is because solar+storage
has the advantage of supplying electricity more evenly
when compared with solar PV alone.

Share of solar, fossil fuel and others in grid-connected generation, in selected regions
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FIGURE 3.8
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FIGURE 3.9

World grid-connected solar capacity by region

Units: TW
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3.2

Solar and Storage — why co-locate?

Solar PV co-located with storage technologies (referred to
simply as solar+storage) refers to power stations where
solar modules and storage, usually battery storage, are at
the same site and invariably financed and developed in
tandem. We can contrast solar+storage with standalone
battery systems and with standalone solar power stations.
A utility-scale standalone battery can buy electricity from
the grid when power is cheap and sell it back when
expensive. Storage in a solar+storage plant recharges
only with power from the on-site solar panels, and sells
power to the grid when advantageous. Comparedto a
standalone solar PV power station, solar+storage has the
clear advantage of selling its generated power atatime
otherthan the time of generation, meaning it can sell
power when the price is higher.

Co-locating solar and storage has clear cost advantages.
During the investment phase, the costs of permitting,
siting, and equipment are shared. Also, by making a single
connection to the power grid instead of two, the grid
connection costis also slashed. During the operating
phase, further advantages can be gained by sharing
transaction costs. Furthermore, co-locating solar and
storage may help prevent curtailing solar output. Ina
normal solar power plant, the inverter capacity is usually
designed to be lower than the solar module capacity, thus
ensuring higher utilization of the inverter, which has a high
cost. This inevitably results in curtailment when the solar
output exceeds inverter capacity. Butin a solar+storage
plant, all solar output can be stored and released atthe
same power rate as the inverter capacity, thus avoiding
curtailments.

The biggestfinancial incentive, however, has been
governmentincentives. In the US, prior to the Inflation
Reduction Actin August 2022, energy storage projects
qualified for the Federal investment tax credit only if
charged from a qualifying generation source such as a
wind or solar project. It meant storage developers had
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abouta 30% capital cost advantage if they co-located
with solar or wind. This incentive was preferred by solar
developers more than wind developers because the
production tax credit was more advantageous for the
latter. This policy has been so successful that, as of 2021,
North America leads the world in solar+storage, hosting
more than a third of global solar+storage capacity.
However, the lifting of the requirement to charge batteries
from renewables will significantly reduce the incentive to
co-locate solar and storage.

Despite the potential advantages, co-locating solar and
storage can also lead to inefficiencies. Selecting the site
of solar+storage plants is usually dictated by the solar
output. Butthe biggest potential revenue source for
standalone batteries is price arbitrage; buying the
electricity cheap and selling it high. Therefore, its location
inthe power grid is critical for the battery storage. There
will be no ultimate victor in the competition between
standalone systems and solar+storage, but only local
winners where conditions in time and space favour one
overthe other. One thing is clear though; with cheaper
batteries and solar modules, solar and storage, as both
co-located and standalone systems, will be two of the
main components of the power system.

In a solar+storage plant, all solar output can
be stored and released at the same power
rate as the inverter capacity, thus avoiding

curtailments.

WIND

Wind power provided 6% of the world’s electricity output
in 2020, almost exclusively in the form of onshore wind. In
some regions, like Europe and North America, its share of
electricity generated was as high as 15% and 8%, respec-
tively (Figure 3.10). This uptake has been driven by
financially supportive policies and growing awareness

of the impact of conventional energy sources on the
environment and climate. We foresee onshore wind
being more cautiously supported in the future in some
high-income countries where the industry has reached

a high maturity level and conflicts over wind-turbine
locations loom. For offshore wind, we expect strength-
ened supportin countries with limited land areas,
bypassing community opposition. By 2050, Europe and
OECD Pacific will be the key regions where offshore wind
generates more energy than onshore wind.

Electricity generation

We foresee electricity generation from on-grid wind
increasing from 1,600 TWh peryearin 2020 to 19,000
TWh peryearin 2050, with Greater China, Europe and
North America providing the largest output. After 2030,
regions like OECD Pacific, and the Middle East and North

FIGURE 3.10
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Africa, will also see significant growth. By 2050, wind will
provide almost 50% of on-grid electricity in Europe, 40%
in North America and Latin America, and morethan a
third of electricity generation in Greater China (Figure
3.10). The share of offshore wind in total wind electricity
generation will increase steadily, rising globally from 8%
in 2020 to 34% in 2050, 6% of which is floating offshore.
Interms of the percentage of regional electricity demand
supplied from bottom-fixed and floating offshore wind,
Europe will remain in the leading position throughout the
forecast period.

Capacity factors and costs

In 2020, a 1 MW onshore wind turbine generated on
average 2.1 GWh peryear of electricity. In other words,
the average utilization, or capacity factor, of all onshore
wind turbines in the world was 26%. As wind capacity
expands, new wind regimes will be exploited. Although
some farms may have lower average wind speeds, new
turbine types will allow better performance under
varying wind conditions. Such developments along with
continued increases in turbine, blade, and tower sizes,
will lead to improvements in the capacity factors,

Share of wind in electricity generation in 2050 by region

Units: Percentages
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New turbine types will allow better performance under varying wind conditions. Such developments along with
continued increases in turbine, blade, and tower sizes, will lead to improvements in the capacity factors: rising to 34%
for onshore turbines, and 43% for offshore wind by 2050.

bringing the world average for onshore wind turbines to
34% by 2050. For offshore wind turbines, the average
capacity factoris already 38% due to the more favourable
wind conditions offshore. We expect this to rise to 43%

by 2050.

FIGURE 3
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Figure 3.11 shows where the cost savings will originate.
Though onshore wind is the most mature segment, it will
still see cost reductions of 50% over the period 2020 to
2050. The largest reduction in the average LCOE from
onshore wind will come from higher capacity factors.

Drivers of change for the global average levelized cost of wind between 2020 and 2050

Units: USD/MWh
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As onshore wind projects move to less favourable
locations and to regions with higher costs, there will be
a slighter decrease in the 'non-turbine investment cost’
component — comprising non-turbine material costs, as
well as labour, overhead, and tax costs — but its impact
will be limited. The reductions in the levelized costs for
fixed and floating offshore wind will be 39% and 84%,
respectively. The majority of the cost savings will be
from capacity factors and turbine costs for fixed
offshore wind, while capacity factors and non-turbine
investment costs will decrease the most for floating
offshore wind, as experience of installing and operating
offshore wind turbines builds.

Forecast

Globally, wind power has been growing steadily since the
early installations in the 1980s. Installed capacity reached
743 GW atthe beginning of 2020. We forecast 1 TW in
2023,4TWin 2040 and 6.8 TW in 2050, of which 2 TW will
be offshore (Table 3.1).

These developments are linked to larger turbines,
mega-sized projects, and a more dedicated offshore
supply chain. In addition, the 2020s will see floating
offshore wind progress to full-scale demonstration
projects and on to commercial-scale deployment.

FIGURE 3.12

Global wind capacity dedicated to hydrogen production
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We predict that floating offshore wind projects will have
300 GW of installed capacity by 2050.

Global wind capacity additions will increase from 92 GW
peryearin 2020 towards 374 GW per year by mid-century,
with a brief stagnation period in the early 2020s due to
COVID-19. Starting from the mid-2020s, some of the
capacity additions will be due to the replacement of early
installations that have completed their lifetimes. Our
model assumes 28 years for the lifetime of onshore wind,
33 years for fixed offshore, and 28 years for floating
offshore. Because wind technology is still in its early
stages of development, itis unclear when existing
capacity will complete its technical life, nor what will
happen afterwards. However, itis likely that early wind
installations that complete their lifetimes will be repow-
ered with new wind turbines that reflect state-of-the-art
technology. Thisis already happening, with some existing
wind farms being repowered even before the end of their
technical lifetimes to take advantage of favourable
financial conditions.

Capacity dedicated to hydrogen production

Towards 2050, there will be a considerable growth of
off-grid wind capacity dedicated to green hydrogen
production through electrolysis. As specialized installa-
tions not connected to the grid, these installations can
be designed and economically optimized for the specific
task of hydrogen production and not much public
infrastructure is required, though some storage capacity
will be needed. By 2030, there will be 110 GW worldwide
of off-grid wind capacity, rising to 406 GW in 2040 and
finally 738 GW in 2050 (Figure 3.12). Onshore wind will
dominate off-grid capacity, making up 69% of the mix
worldwide in 2030, rising to 77% by 2050. Regionally,
Greater China will have the most off-grid capacity in 2050
—about 60% of world capacity — followed by Europe.

Towards 2050, there will be a considerable
growth of off-grid wind capacity dedicated
to green hydrogen production through

electrolysis.

3.3

HYDROPOWER

Hydropower is the historical means of renewable electric-
ity generation. It represented 55% of total renewable
energy generation in 2020, and 16% of overall electricity
generation. Butin contrast to solar PV and wind, growth
will be moderate.

In many parts of the world, VRES (i.e. variable renewable
energy sources like solar PV and wind) will be a strong
competitors against hydropower, causing average
electricity prices to decline, and creating adverse
conditions for new hydropower. However, policy continu-
ity for hydropower projects and rising electricity demand
will ensure that hydropower projects will continue to

be pursued, atleastin developing economies.

Thereis a 'frenemy’ relationship between VRES and
hydropower. As solar PV and wind energy will grow
strongly, hydropower will increasingly complementthem
and provide the necessary flexibility for the grid, both for
daily and seasonal variation management.

Pumped hydro, which increases water volumes by

harnessing surplus solar and wind energy to pump water

FIGURE 3.13
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back up to the reservoir, will remain a part of this picture.
However, because pumped hydro requires new invest-
ments and involves energy losses, many areas will
continue with traditional hydropower, including reser-
voirs without pumping facilities. Run-of-river hydro,
though lacking storage and therefore resembling PV and
wind energy, will also continue to play a role. Compared
with wind and solar power, dammed hydropower
production can be withheld on sunny and windy days.
This enables hydropower to receive much higher average
prices and ensure profits despite having a higher LCOE
than wind and solar PV.

Forecast

Hydropower generation has doubled over the last 20
years, and growth will continue until it slows down in the
2040s (Figure 3.13) as suitable resources in prime loca-
tions will have been exploited. Until 2040, most of the
growth will take place in Greater China, the Indian
Subcontinent, and South East Asia. After 2040, growth
in generation from hydropower will mainly happen in
Sub-Saharan Africa. In a world seeing doubling of
electricity generation by 2050, hydropower generation

Hydropower generation by region
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will still provide 13% of total electricity supply, down from
16% in 2020. This loss of share is transferred to solar and
wind worldwide.

The mid-2020s will see expansion of hydropower capacity
in Greater China of about 35 GW per year, which will taper
off by 2030. This will be followed by capacity additions in
the 2030s and 2040s in the Indian Subcontinent, South
East Asia, and Sub-Saharan Africa.

Stored energy with pumped hydro will follow the increase
in hydropower generation. Yearly stored capacity will
more than double from 80 PWh in 2020 to 190 PWh in
2050, an additional 2% to hydropower plants' output.

Hydropower and climate change

Hydropower used to be seen as the mostreliable source of
power generation. But recent droughtsin China, Europe,
Latin America, and the US - with related reductions in
hydropower output - have shown that climate change

may challenge that belief. Climate change will accelerate
melting of mountain glaciers, induce greater rainfall

variations and more recurrent droughts. These effects
create additional uncertainty over future output.

Furthermore, hydropower usually has the dual purpose
of generating electricity and managing the water
resource for flood control and irrigation purposes.
While small hydropower schemes are generally low
impact, large dams can have regional effects. In some
regions where water is already a scare resource, climate
change effects might exacerbate conflict around its
control. The mosticonic example is the Great Renaissance
dam in Ethiopia. This dam over the Blue Nile began
operating in 2022, and with a 5.2 GW capacity when
completed, it will eventually be the largest hydropower
plantin Africa. Butdownstream, Sudan and Egyptfear a
strong reduction of water flow, which would endanger a
fragile agriculture and water supply to an ever-growing
population, also raising risks of a military escalation.

The effect of these various parameters is hard to quantify

and is not directly accounted for in our forecast. However,
they might significantly influence the prospects for hydro-
power inthe coming decades.

3.4

NUCLEAR POWER

Nuclear power has historically benefitted from energy
security concerns in terms of providing reliable, carbon-
free baseload power at reasonable prices. With the
Fukushima accidentin Japanin 2011, and Germany'’s
subsequent decision to shut down its nuclear generation,
nuclear power has had a rough decade competing
againstincumbent, fossil-based electricity generation
and the renewable energy newcomers. With the invigor-
ated focus on energy security as an effect of the Ukraine
war, many regions are again eyeing nuclear as a viable
option to provide power, albeit at high prices, but void
of fluctuations and dependency on other countries for
delivery of fuel such as natural gas.

Even considering those concerns, nuclear will find it
difficultto significantly change its future, for the same
reasons that previously hindered uptake. The absence of
long-term, viable solutions to nuclear waste manage-
ment, and the rising costs and construction times
stemming from increased safety concerns, will limit new
nuclear’s ability to compete in the future. However, the
future looks a bit more favourable for the refurbishment

FIGURE 3.14

Nuclear power generation by region
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and re-starting of nuclear plants that are currently
operating, halted, or earmarked for decommissioning.
Japan has a considerable capacity of mothballed nuclear
power, and there are signs that political and public
opinion is starting to shift amid greater awareness of the
need for the country to reduce dependency on expen-
sive imported LNG that creates geopolitical dependen-
cies notnecessarily in its long-term interest.

Electricity generation

Our Outlook reflects the change in perspective, though
many of the same roadblocks to nuclear remain. Our
forecast shows nuclear staying quite stable attoday’s
levels, growing from the late 2030s, followed by a long
plateau before a slight decline late in the forecast period,
see Figure 3.14. The eventual decline happens as many
old nuclear plants retire without any new additions and
are replaced by renewable power generation. Nuclear
power output peaks justabove 3 PWh per year by 2037
then reducesto 2.9 PWh peryearin 2050, 13% greater
than today. North America, Europe, Greater China, and
North East Eurasia are currently the top four nuclear
energy regions. Within a decade, Greater China'’s output
will have grown to almost the same level as Europe and
North America. OECD Pacific and the Indian Subconti-
nent will see significant growth throughout the whole
forecast period, doubling and tripling their respective
outputs compared with today. South East Asia will add 50
TWh of nuclear by 2050, with such growth starting only in
the 2040s.

Regional variations

Several nations - such as Bangladesh, Belarus, Turkey,
and the UAE - are just starting to pivot towards nuclear.
However, the future of nuclear will be determined by what
happens to existing power stations. Half the world's
installed nuclear capacity is over 30 years old, and many
reactors are approaching the end of their original design
lifetimes. Some countries, such as Spain and Germany,
are most likely decommissioning. However, the new
energy reality in Europe and elsewhere is one of
increased focus on energy security and high energy
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prices. This, coupled with the high cost of nuclear
decommissioning and the difficulty of replacing sudden
capacity retirements with low-carbon alternatives, have
led some governments to consider extending nuclear
plantlifetimes through upgrades and life-extension
measures. For example, Belgium extended its nuclear
decommissioning timetable from 2025 to 2035. France
and Sweden are advancing their nuclear shutdown plans,
butwith increasing debate over re-invigorating nuclear
research and, potentially, building new plants. South
Korea's new president has vowed to reverse phase-out
plans, and Japan is working towards bringing some of its
reactors back online, subject to improved safety
demonstration.
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Small modular reactor (SMR) technology has increasingly 3 5
been praised as the next-generation technology to take '
over. However, evidence is so far lacking to support SMR's

claim to solve some of the existing hurdles for nuclear,

such as high cost, safety, non-proliferation policy. SMRs

could eventually - beyond our forecast period - make an

important contribution to the decarbonization of hard-to-

abate sectors, including shipping and aviation, through

dedicated powering of production of low-carbon

hydrogen, ammonia, and e-fuels. In last year’s Technology

Progress Report (DNV, 2021a), we discuss both new

fission and fusion technology in greater depth, where we

believe those to be too far from maturity to make an

impact within our forecast period.

BIOENERGY

Bioenergy is currently the largest source of renewable
energy and one of the key options to supply energy
needs towards 2050, especially in sectors thatare hard
to electrify. Itis derived from many forms of biomass
such as organic waste and residues from agriculture and
livestock production, wood from forests, energy crops,
and aquatic biomass such as algae. Bioenergy applica-
tions are as diverse as its many forms. Solid fuels such
as wood or charcoal are used for buildings heating,
cooking, orin combined heatand power plants. Wood
chips are increasingly used in coal-fired power plants to
reduce emissions output. Gaseous forms of bioenergy,
such as biogas produced from waste, are used for
power production, as fuel and, if further upgraded,

as biomethane. Biomethane in particular is gaining
much attention as natural gas prices are soaring and
domestic energy security becomes an issue. Liquid fuels
produced from crops, algae, or genetically modified
organisms are viewed as promising options in hard-
to-abate transport subsectors such as aviation and
maritime.

FIGURE 3.15
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Carbon neutral?

Combustion of biomass, including biofuels, is considered
carbon neutral, and thus no carbon emissions are
counted. Thisisin line with IPCC assumptions that carbon
in biomass is eventually absorbed from the atmosphere
by photosynthesis, assuming thatthe burned plants are
replaced with new plants. We note that while biofuels are
broadly considered renewable, the view that their use is
carbon neutral is contested by many scientists mainly
due to the timing of CO, reabsorption by replacement
growth, which is much slower than the sudden release

of CO, via combustion (Scientific American, 2018).

The sources of biomass used in the future will differ from
today, favouring biofuels derived from waste. Third and
fourth generation biofuels are likely to be subjectto close
scrutiny before they are approved for use and labelled as
sustainable and carbon neutral. Between now and 2030,
while the next generation of biofuel infrastructure is
being developed, itis likely that biofuels produced from
unsustainable sources such as energy crops will be an

FIGURE 3.16

World bioenergy demand by sector
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important part of the biomass. However, ongoing
food-versus-fuel discussions will favour biomass that
could not otherwise be used to feed the world.

The time perspective of biomass emissions isimportant
andis a concern. In our forecast, potential additional
emissions due, for example, to deforestation to make
room for crops for liquid biofuels production are
accounted for under agriculture, forestry, and other
land-use (AFOLU) emissions. Emissions during transport
of biomass are accounted for under transport. Neverthe-
less, we still adhere to the overall view that biomass and
thus biofuels, is carbon neutral over time. Biomass-based
value chains can also be carbon negative — such as the
use of organic waste as feedstock for energy production
rather than being leftto rot and thus producing methane.

Forecast

Global bioenergy demand supplied from biomass has
almost doubled since 1980. Figure 3.15 shows biomass
for energy use will keep growing until the early 2030s

and level off towards the end of our forecast period.

The transport, manufacturing and power sectors will be
the main contributors to the growth. The overall share of
biomassin primary energy supply grows marginally to
about 12% in 2050 compared with 10% today. As seenin
Figure 3.16, there will be significant growth in the use of
bioenergy inthe transport sector, mainly as liquid biofuels,
with gaseous biofuels having a smaller share. With a
predicted doubling between 2020 and 2050, bioenergy
will become animportant energy source used for decar-
bonization of transport, accounting for an 8% share of
transportenergy use. The major driver for this growth will
be decarbonization policiesimplemented with measures
such as mandates and carbon pricing, as well as the limited
availability of alternatives such as electrified propulsion
technologies in aviation and maritime transport.

Today, the overwhelming part of bioenergy use in the
transportsector takes place in road transport(99.5%),
mainly in the form of blends with gasoline and diesel, with
avery small amount used in the form of gaseous energy
carriers like biomethane. This is going to change towards
2050. Aviation and maritime transport will increasingly
use biofuels to diversify their fuel mixes and foster
decarbonization.

By 2050, road transport will see a 60% reduction of its
current share of bioenergy demand due to ongoing
electrification and thus a lower demand for blended fossil
fuels. This is also supported by ongoing biomass-sourc-
ing competition with other transport sectors. Maritime
will by mid-century account for 23% of biofuel use in
transport. The majority (52%) will be used in aviation.

Bioenergy use in buildings will reduce by about a third by
2050, mainly due to diminished use of traditional biomass
in low-income regions to supply space heating and
cooking fuel. Even so, bioenergy will retain its leading
share inthe mix for buildings, though a third of bioenergy
will be used in buildings by 2050 compared with 50% in
2020. Power stations will increase the amount of bioenergy
used by 50% between 2020 and 2050, raising bioenergy’s
share inthe power energy mix to 21% by mid-century. In
2020, 17% of the world's bioenergy was used in manufac-
turing, and this share will grow by 8% during the forecast
period to reach justabove 25% in 2050.

Regional developments

Asseen in Figure 3.17, the regional share of demand
will not change dramatically over the forecast period
for mostregions. Middle East and North Africa (+70%),
Greater China (+40%), South East Asia (+45%), and the

FIGURE 3.17

Bioenergy demand by region
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Indian Subcontinent (+40%) will see a significantincrease
in their bioenergy use, though from a low starting point
in Middle East and North Africa. More modest growth is
expected in North East Eurasia (+37%), OECD Pacific
(+25%), Latin America (+13%) and Sub-Saharan Africa
(+12%). Slower growth is anticipated in North America
(+7%), and slightly decreasing use in Europe.

Over the forecast period, Sub-Saharan Africa will
maintain its position as the largest user of biomass, with
a stable global share of 28%. As shown in Figure 3.17,
overall demand for biomass will increase, and the
composition of biomass used globally will also change
considerably from the traditional forms such as wood or
charcoal (used, for example, in cooking) to a greater

Renewable energy CHAPTER 3

share of modern biofuels derived from waste (being
used, for example, in aviation and maritime). In some
regions, traditional biomass is currently the dominant
energy source in residential buildings. This direct use
will change butwill remain a considerable energy
source for some regions.

Sensitivities

Our sensitivity analysis indicates that high carbon prices
will hinder biomass end use because biomass combustion
will be subjectto carbon pricing. Doubling the carbon
price, however, will decrease biomass use by 3%. Similar
effects will result from lower prices for competitors of
biomass, such as natural gas. Higher natural gas prices,
push biomethane developmentin turn.

Is there enough biomass to supply demand

across many sectors?

Biomethane is currently in vogue as a carbon-neutral fuel,
and even more so since Russia's invasion of Ukraine given
the inherent energy security of domestic biomethane.
Forthe differenttransport subsectors, biofuel-blend
mandates will gain momentum. Looking some years
ahead, demand will be amplified by the use of pure
biofuels in sustainable aviation fuels (SAFs) and for green
shipping. However, the big increase in propulsion fuels
will be in synthetic fuels and ammonia, with biofuels
being used mainly in the transition period. Bio-based
fuel demand will extend beyond transportto sectors
such as manufacturing and, to a lesser extent, buildings.
A decarbonized economy in 2050 will clearly have
multiple biofuel requirements — and by then, the emphasis
will fall on sustainable bioresources, potentially limiting
biofuel supply.

We forecast biomass use of around 76 EJ per yearin
2050, 25% more than today's 57 EJ. To supply such an
enormous quantity of biomass, three main feedstock
classes will be prominent — dedicated energy crops,
waste and residue streams, and aquatic resources.
Estimates of the total available potential from these three

sources differ widely within the range 100-1,500 EJ per
year. However, applying sustainability constraints
narrows the most likely range to 200-500 EJ per year (EC,
2010 and IEA, 2007). More conservative assumptions
bring the potential down further to about 150 EJ per year
(WBA, 2016). This would still be sufficient to supply the

76 EJ per year biomass use that we forecast, but that does
not mean an absence of constraints everywhere. Biomass
used for energy purposes should not compromise food
production, must avoid additional carbon releases, and
should not harm biodiversity (ETC, 2021).

As we detail in Chapter 8, the ‘most likely’ future that we
forecast does not meet the Paris Agreementtemperature
goal, which requires a net-zero-emissions global economy
by 2050. This has implications for biomass demand. We
foresee about 82 EJ of biomass in a net-zero compliant
energy system by 2050, which can still be satisfied by the
biomass available. However, biomass availability and
biomass access are two different things. Biomass sourcing
and further inclusion in future supply chains is a difficult
task and needs joint efforts from industry, government,
and the public.
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OTHER RENEWABLES

Otherrenewable energy sources are likely to remain
marginal on a global scale between now and 2050. For
example, solarthermal and geothermal combined
provide lessthan 1% of world primary energy by mid-
century, and concentrating solar power (CSP) even less.

In this Outlook, ‘'solar thermal’ refers to heat generated in
solar water heaters. Globally, primary energy supply from
solarthermal energy will start declining from today's 1.4
EJin 2020 to reach 1.1 EJin 2050. Most such energy heats
buildings, and Greater China will be responsible for most
of the decline as heating water from electricity takes over.
Section 1.3 discusses in more detail how buildings use
energy for heating water.

Though not modelled, CSP is another technology which
is notyet large-scale. Thistechnology concentrates a
large area of sunlight onto a receiver, generating both
heat and electricity. While this improves the efficiency

of power generation, it adds additional manufacturing
complexity and cost. This complexity has hindered the
roll-out of CSP technology, and well publicized failures
such as atthe Crescent Dunes facility in the US have
eroded faith in it. Two types of CSP plants exist, either
parabolictrough power plants or molten-salt tower/
central receiver power plants, with both technologies still
needing to mature. There are some up-and-coming CSP
plants in the works - such as the Redstone Thermal Power
Plantin South Africaand Noor Energy 1in Dubai -and
LCOEs are starting to become low enough to be compet-
itive with other renewable technologies. However, we do
not see thistechnology reaching a large-scale buiild-out
during the forecast period.

Geothermal energy from the Earth'’s crust originates from
hotsprings or other low-temperature sources and has
many potential applications, ranging from power genera-
tion to driving heat pumps. Though geothermal energy
for electricity generation is limited to tectonically active
areas, it has high capacity factors and is a relatively
constant source of energy. As of 2020, geothermal
energy provided 3.5 EJ (0.6%) of the world’s primary

energy supply. Worldwide, geothermal energy is over-
whelmingly used by power stations, butthere is a
significant demand for itin the buildings sector in China.
Although geothermal energy has the technological
potential to grow in some applications, high costsin
most of the world will limit its expansion.

South East Asia is currently the leading region for
geothermal energy, with more than a quarter of global
supply and use. By 2050, however, there will be signifi-
cantgrowth in Sub-Saharan Africa’s supply of geothermal
energy to putit on par with Greater Chinain second and
third place.

Potential future energy sources

As stated in the introduction, we base our forecast on
continued development of proven technologies, includ-
ing advances in these technologies. Such improvements,
like technological developments in solar PV and wind, are
already included in their respective sections.

Technologies that are not yet proven, and marginal
technologies that are not expected to scale, are not
included in our forecast. Ocean energy is one of them.
There are several types of ocean energy, including tidal
energy, wave energy, ocean thermal energy conversion
(OTEC) and marine current power. Of these four, the first
two are the most highly developed today, with a current
installed capacity of 10.6 MW tidal and 2.3 MW wave
power generation capacity. The LCOEs of these technol-
ogies, and the investment costs, are declining but remain
higher than for other forms of renewable energy. Other
barriers to their large-scale implementation are limited
suitable locations, often far from an existing grid, with
accordingly high grid-connection costs. There is also
concern aboutthe environmental impact of these
structures, including noise, risk of collision with marine
animals, and changes to the flow and water quality.

Despite all that, plans have been made for new installa-
tions, the largest being the three-phase MeyGen project
in Scotland. Situated between the Scottish mainland and

the Island of Stroma, the site has ideal depth, water flows,
and proximity to the mainland. Phase one comprising of
four 1.5 MW turbines has been operational since March
2018. Phase two is currently underway with a plan to install
80 MW of tidal stream capacity. In the future, itlooks like
ocean energy technologies will be suited to niche markets
-forexample small island developing states where it
would be most costly to import energy - or coupled to
another operation to provide it with power, such as oil and
gas platforms or aquaculture operations. In other cases,
ocean energy could be used directly. i.e. not converted to
electricity first, to avoid additional costand componentry,
for example for wave-powered desalination.

Nuclear fusion is a similar case. For several decades,
nuclear-fusion technologies have been discussed as a
carbon-free source of energy. Several promising research
projects focusing on smaller fusion systems are currently
being piloted. Advances in computing power, materials
science, and manufacturing, together with the rising
availability of venture capital, have enabled recent
progress in fusion technology. Once the domain of

Geothermal energy in Iceland.
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governmental research labs, private companies are now
bringing expertise in other areas, and stronger commer-
cial focus as they seek to realize the potential of this
technology (See details in our Technology Progress
Report2021). Yet, no plant has produced useable energy
beyond that required to initiate and sustain a fusion
reaction. The availability of fuel - primarily deuterium
-isalmostlimitless, butthere are large uncertainties
aboutif and when successful operation of nuclear fusion
will occur. Even with a breakthrough, there will still be a
significant delay before energy on a scale comparable to
other power sources will be provided; so, we confine our
forecastto traditional fission technologies.

During the period covered by this Outlook, one or more
of the emerging energy technologies may achieve a
breakthrough, such thatthey become cost competitive.
However, to have a significantimpact on our forecast,
they would need to grow much faster than incumbent
renewable technologies. We do not see this happening
atscale and have therefore excluded emerging technolo-
gies from the forecast.
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Highlights

By 2050, the fossil share of primary energy will dip
slightly below 50% from its current share of more than
80%. This is due to rapid electrification, decarbonization
and accelerating energy efficiencies.

Coal — has already peaked, and its use is expected to fall
almosttwo-thirds from current levels by 2050.

Oil — the route to an overall decline of 45% by 2050 from
today'’s levels - influenced largely by the electrification
of transport - is not smooth. We predicta peakin 2025,
a little above today's demand, before demand
decreases slowly between 2025 and 2035, after which
the decline becomes relatively steep.

Natural gas peaks in 2036 and slowly tapers off to end
some 10% below today's levels. It surpasses oil as the
largest source of primary energy in the late 2040s. Gas
has staying power owing to its diversity of uses — half of
the demand for gas is as final energy in manufacturing,
transportand buildings, and the other half through
transformation for other final uses like electricity,
petrochemicals, and hydrogen production. By mid-
century, just 12% of gas will be carbon free, of which
hydrogen will supply roughly one quarter, with the
balance made up through CCS in power and industry,
and by biomethane.
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ENERGY SUPPLY AND FOSSIL FUELS

Fossil fuel presently supplies more than 80% of global energy, and this has
been the case for decades. However, this share is set for dramatic change
as uptake of renewable energy sources is growing rapidly. The fossil slice
of the pie will shrink by around one percentage point per year, and we
forecast that by mid-century, its share of global energy supply will be just

below the 50% mark.

Fossil fuels face several challenges from threats of
substitution in several energy system subsectors, to CCS
scale up pressure and capital markets rewarding
non-emitting energy sources with lower capital costs.
Overthe coming decades, we will see a gradual phase-
down, first of coal, having the highest carbon footprint,
and thereafter oil and gas, which compete with each other
onlyto a limited degree. Despite the fact that renewable
sources are already competitive in most places with
fossil-fired electricity, it will take many years for low- and
zero-carbon energy sources to dislodge fossil fuels out
of the broader energy system. Figure 4.1 illustrates our
forecastfor how the composition of the various fossil

FIGURE 4.1

Fossil vs. non-fossil in primary energy supply
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energy sources, and the non-fossil share, will change in
the coming three decades.

The fossil fuel not burned

Today, 13% of the world's oil, 10% of the natural gas,
and 1% of the coal is not used for energy purposes,
but as feedstock in plastics, petrochemicals, asphalt,
and similar products. This fossil fuel is not burned
and, unlike fossil fuel used for energy purposes, does
not cause direct emissions. Still, we chose to include
this non-energy fraction in our primary energy
overview, and itis also included in the fossil fuel share
in Figure 4.1. Were we to subtract non-energy use of
these sources, the present share of fossil fuel in the
energy mix would be 79%, not 81%.

Chapter 1.5 describes how demand for feedstock is
increasing and is expected to peak in the mid-2030s.
Use of fossil fuel as an energy carrieris reducing, and
therefore the share of fossil fuel (especially oil) not
being burned isincreasing and will represent 24%
of global oil use in 2050.

If we subtractthis fossil feedstock use from all fossil
fuel use, the share of fossil fuel in the energy mix will
be 46% in 2050, instead of 49%, and from 2047
onwards, more than half of all energy being used
will be non-fossil.

4.1

COAL

Once an energy sector favourite, global demand for coal
grew rapidly from 4.7 Gt per year in 2000 to peak at 8 Gt
peryearin 2014. But from that point onward, total
demand for coal has and will move in only one direction:
downwards. The economic and trade contraction
associated with the COVID-19 pandemic reduced coal
demand by 7% in 2020. Coal demand will rebound but
will never reach its previous peak, instead falling almost
two-thirds from its current level by 2050.

As a cheap and reliable source of power, coal has been
the preferred technology for electricity generation in
many countries. Power generation was thus the primary
driver for coal demand, accounting for nearly 63% of coal
consumption in 2020 (Figure 4.2). However, closure of old
power stations, particularly in Europe and North America,
and the cancellation of several projects in their pre-
construction phase, especially in Greater China, are
signs of a shift towards wind and solar power generation.

Coalisalso used as a heat source in manufacturing, and as
a carbon source foriron-ore reduction in steel production.

FIGURE 4.2

World coal demand by sector
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Forlow-heat processes in the production of manufac-
tured goods, direct coal use will give way to electricity.
Moreover, since coal is a very problematic source of local
pollution, China, for example, will continue to switch from
coalto gasforindustrial processes. In other regions, gas
boilers and electricity will ensure a steady phase-down of
coal for mostindustrial heat demand.

For higher-temperature processes (such as making
cement, iron and steel), the switch will be more difficult,
and coal will remain a favoured option despite its high
carbon emissions. Coal demand for high-heat processes
will increase slightly in the near term before falling rapidly
after 2030. Global coal demand in the iron and steel
subsector will decrease almost a fifth by 2050. Today's
biggest coal consumer, Greater China, will see a halving
of coal use, mainly due to steel production declining by
even more (down 65%). In contrast, coal demand foriron
and steel in the Indian Subcontinent will double by 2050,
resulting in its demand for coal almost equalling Greater
China’s by mid-century.

Total coal use has already declined strongly in North
America and Europe, driven by shifts in the power sector.
Low gas prices have been at the forefront of the fall-off

in North American coal use, whereas renewables growth
isthe main factor in Europe. We see a current upswing

of coal being used in Europe in response to Russia’s
invasion of Ukraine, and the associated gas shortages.
However, thisis a short-term blip and will not change the
long-term decline in coal use in Europe. Coal use has
flattened in China recently, supported by policies to curb
air pollution in manufacturing and power supply. Over
the last decade to 2020 only the Indian Subcontinent
(45% growth) and South East Asia (90%) have shown
uninterrupted increases in coal usage. All regions will
show along-term reduction in coal consumption, but not
necessarily in the shortterm (Figure 4.3 ). Prior to 2030,
coal useinthe Indian Subcontinentand South East Asia
will grow. By mid-century, coal usage in OECD regions,
notably North America and Europe, will have declined
by 90% and 80%, respectively. Coal’s decline in coal-rich
OECD Pacific will also be substantial, at 75%.
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In near-term power generation, coal will lose out to gas
and renewables in OECD countries, but expand in many
developing nations. After 2030, stricter emissions policies,
increasing competition from renewables, and a ramping-
up of storage and other sources of flexibility technologies
will make renewables more dispatchable and reduce the
competitive position of fossil fuels in general and coal in
particular. Consequently, capacity additions will gradually
fade away, retirements increase, and capacity utilization
will decrease. Our analysis confirms the coal death spiral
feedback-loop: as plant utilization declines, coal power
will become more expensive, thus further reducing its
competitive position, making coal power less affordable,
and thus its use declines yet further.

China and India have recently added capacity and more
coal-fired power stations are planned along with greater
coal use in manufacturing. This inertia will resultin
Greater China and the Indian Subcontinent continuing to
retain their current combined share, 70%, of global coal
demandin 2030.

Almost all brown coal, and a significant share of hard coal,
is consumed within its region of production. Only four of

FIGURE 4.3

the 10 regions are netimporters of coal, namely Europe,
Greater China, the Indian Subcontinent, and Middle East
and North Africa. China, the largest producer and

4.2

consumer of coal, is also the biggestimporter. However,
the phasing out of coal-fired power plants in China, and
reduced use of coal in manufacturing, will progressively
reduce its demand for coal, though imports will remain
high until 2040 before declining significantly towards
2050 (Figure 4.4). Driven by India’s efforts to increase
self-sufficiency, the Indian Subcontinent will reduce its
share ofimported coal. Australia, Indonesia, Russia, and
South Africa will continue to be major exporters, but each
with progressively lower exporttotals over our forecast
period.

In near-term power generation, coal will lose
out to gas and renewables in OECD countries,

but expand in many developing nations.

FIGURE 4.4

Coal demand by region
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OIL

Overthe pastfew decades, global oil demand has grown
steadily atabout 1% per year, with a minor reversal
related to the 2008 financial crisis. In 2020, amid the
global COVID-19 pandemic, this steady growth came
to an abrupt halt. The main source of demand for oil
products is the transportsector, and global transport
(land, sea and air) plummeted during the pandemic.
Since then, transportin most subsectors and regions
has largely recovered to a 'new normal’, though in some
countries, such as China, regional restrictions are still

in place.

Figure 4.5 shows historical and projected developments
in global oil demand by demand sector from 1990 to
2050. Driven by population- and economic growth, and
therefore by an ever-increasing demand for transport, oil
has been the world's leading energy source ever since it
surpassed coal inthe early 20th century. In 2020, demand
for oil was 75 million barrels per day (Mb/d), or 154 EJ.
Our modelling suggests that it could peak in 2025 at
about 86 Mb/d (176 EJ), 5% above today's level, before

FIGURE 4.5
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going into long-term decline. Initially, demand will
decrease slowly between 2025 and 2035, after which the
decline becomes relatively steep, averaging -2.4% per
year over the period 2035-2050. This rate of decline is
much faster than the average growth of about 1% per
year that we have seen historically. In 2050, expected
global oil demand of 56 Mb/d (115 EJ) will be 32% lower
than today. This decline is driven to a large extent by
falling demand in the transport sector, where total
demand goes down by about 47% in the next 28 years.

Sectoral demand

The transportsector’s share of oil demand is currently at
an all-time high of some 67% butwill soon startto reduce
asthe pace of road transport electrification gathers
speed. Even so, the transport sector will continue to
dominate oil use, retaining a share of 54% in 2050, with
the road subsector taking the largest part, splitequally
between passenger and commercial vehicles. Electrification
ofthe passenger segment will happen sooner, and its oil
demand will decline by 62% over the nextthree decades.

World oil demand by sector
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Oil use in the commercial road segmentwill hold up a
little longer. The global number of ICEVs will peak in 2028
at 1.4bn vehicles. Oil use in aviation, shipping, and rail
transport(termed ‘Othertransport’in Figure 4.5) will
initially grow for a few years but then start declining
rapidly from 2026 onwards, ending at three quarters of
today's demand (8 Mb/d) by 2050. By then, the fuel mix
will have shifted to some extent from fossil fuels towards
biofuel, green ammonia, e-kerosene and other low-car-
bon fuels.

Oilis also used as feedstock in the petrochemical
industries. This use does not entail any emissions and will
therefore be sustained in a lower-carbon future. With
declining oil use for various energy purposes, the share
of non-energy use in oil demand will go up from 13%
today to 24% In 2050. In absolute terms, oil demand for
non-energy use will increase from around 11 Mb/d today
to 14.2 Mb/d by 2040, and then start slowly declining to
13.3 Mb/d by 2050, due mainly to a decrease in plastics
production as a result of demand-side reduction and
substitution measures as well as higher rates of recycling
(see Chapter 1, Section 1.5).

FIGURE 4.6

The third largest sector in terms of oil use is manufacturing,
where demand will remain in the range of 5.5-6.3 Mb/d,
butits share of oil demand will rise from 7% to 10% by
2050, reflecting the relative decline in oil demand in other
sectors. Oil, orits products, are also used in buildings,
power, and ‘other’ sectors, as well as for producing the oil
itself. However, these uses are small (<5% of total oil
demand) and remain so throughout our forecast period.

Regional oil demand

Peak oil will come at very differenttimes across regions.
As with energy demand in general, global oil demand
will shift eastwards and southwards. Looking at regional
demand (Figure 4.6), North America and Europe had the
highest share for many decades, but Greater China
overtook Europe as second largest regional marketin the
second half of the previous decade. North America and
China will continue to be the top two users of oil over the
next 15 years. However, both will be surpassed by Middle
Eastand North Africain the 2040s, as rates of electrifica-
tion of the road transport subsector in the latter region
lag behind EV uptake in North America and Greater
China (see Chapter 1, Figures 1.6 and 1.7).
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In 2050, Middle East and North Africa, Greater China,
and the Indian Subcontinent are expected to be the top
three regionsin terms of oil demand, though several
regions will be very close to each other, therefore this
ranking is subjectto uncertainty. The bottom three
regions are expected to be Sub-Saharan Africa, OECD
Pacific, and Europe, but demand will be rising in the first
and falling in the other two regions, which are more
mature in terms of economic development. Oil demand
in both Europe and OECD Pacific will be around 40% of
present levels by mid-century. Driven by electrification
ofthe road transport segment, North America will see
oil use drop to a third (34%) of its present level. In
Greater China, an increasing number of vehicles on its
roads will mean that oil use grows initially before
peakingin 2026, at 9% higher than today. Thereafter,
fast uptake of EVs will result in China’s oil use entering
rapid decline to 55% of what itis today by 2050. In
contrast, Indian Subcontinent's oil use will peak around
2044 and will still be two thirds higher in 2050 than
today. Sub-Saharan Africa’s oil use will not peak within
the forecast period and will more than double between
now and mid-century.

FIGURE 4.7
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Production and trade

No other energy commodity is transported around the
globe to the same extent as oil, and the centres of global
oil production are generally notthe main areas of
consumption. Middle East and North Africa is the largest
oil-producing region, and Figure 4.7 shows that its share
in global crude oil production will rise even further from
one third today to close to two thirds in 2050. The main
reason for thisis its abundant reserves and lowest
per-barrel extraction costs. Absolute production in the
region will also be around 15% greater in mid-century
than today.

Reliance on one region producing well over half the
world’s oil could be considered a risk. However, security
of supply is generally improving as the share of energy
produced locally or regionally increases proportionally
with the growth of renewables, and oil's role in the
geopolitical picture will diminish in the coming decades.

Our analysis distinguishes between offshore, onshore
conventional, and onshore unconventional oil production.
Globally, the distribution remains relatively stable over

Crude oil production by region
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the forecast period. The share of conventional onshore
increases from around 50% today to about 56% by 2050,
while the share of offshore production declines slightly
from around 33%to 29%. Overthe same period, the
share of unconventional onshore production, around
18% today, initially rises slightly before declining to
around 15%. Naturally, there are large regional variations,
with conventional onshore dominating production in
Middle East and North East Eurasia, whereas in North
Americathe lead is now taken by unconventional
onshore. Itshould be added that uncertainty over where
oil will come from is high. In our ETO model, oil produc-
tion equals demand, and regions do not develop their oil
resources if cheaper oil can be supplied by other regions.
Although global oil production will always equal demand
over time, since storage is limited, regional distribution
might not follow the same disciplined pattern assumed

in our model.

Heading into a future in which oil demand levels off and
declines, the oil industry is entering unfamiliar territory,
with significant risks of volatile and lower oil prices for
producers. OPEC decisions on curbing oil production
to maintain a certain price level, or similar political
decisions, have not been included in our model. In our
forecast, new oil production capacity will be developed
through to 2050, but we foresee annual global capacity
additions peaking around year 2025 and thereafter
declining 70% (compared with today) over the next 30
years. As unconventional capacity has a shorter average
lifetime than conventional, both onshore and offshore,
regional distributions of capacity additions are not
directly comparable. Unconventional capacity additions
will be predominantly in North America. Middle Eastand
North Africa will dominate conventional capacity addi-
tions. The reduction in oil demand will make it less
attractive for the industry to expand production into
challenging environments, such as deep water, high
pressure, and/or remote locations such as the Arctic.

Sensitivities

The most decisive factor in the rate of decline in oil
demand is the speed with which EVs will take over from
ICEVs. Battery costs are the mostimportant determinant
of EV competitiveness. Battery learning rates — how
quickly battery costs come down — are therefore of key

importance. If we model a halving of battery learning
rates over the next 30 years, we find oil demand in 2050
rises by 12% (or about 13 EJ). Conversely, if the battery
learning rate is raised 50%, we forecast that global oil
demand would decline beyond our base level by about
7% (or 7 EJ).

Overtime, technology learning is more important for oil
demand than the level of EV subsidies. As oil demand
from the power sector is low, sensitivity to changes
therein, including those occurring with solar PV and wind,
is relatively low. Electricity price itself is a factor, and
halving/doubling electricity prices will resultin oil
demand varying by around 6% from our base case.

Finally, if we look at oil price itself, our analysis indicates
that, should the oil price halve, then demand for oil will
increase by some 17%, whereas doubling the price will
reduce demand by 10%. The numbers might well be
higher than these, as significant rebound effects that are
notincluded inthe model —for example, on transport
services themselves —would occur in addition to changes
inthe energy mix. In this sensitivity discussion, we have
considered changes in individual parameters separately.
However, combinations of changes could also happen
simultaneously.

For oil, we foresee annual global capacity
additions peaking around year 2025 and
thereafter declining 70% (compared with

today) over the next 30 years.

4.5

NATURAL GAS

Natural gas, the least carbon-intensive fossil fuel, will
surpass oil to become the world's largest energy source
in the late 2040s. There will be new uses for natural gas,
particularly with increasing use in maritime transport, but
also as a source for low-carbon (blue) hydrogen (Figure
4.8). Slightly less than half of the demand for natural gas
will derive from final use — in buildings, manufacturing,
andtransport. The other half will come from transfor
mation to other final uses — for example, electricity
generation, non-energy use as feedstock for petro-
chemicals and fertilizers, own use (demand from the oil
and gas and energy industries during production and
distribution), and for hydrogen production.

Demand

Demand for natural gas and biomethane (both hereafter
referred to as gas) is set to slowly increase between now
and 2036, then to decline towards 2050. In Europe, gas
consumption peaked last decade, and its decline will
continue —strongly influenced by the war in Ukraine and
its implications (see Chapter 1, "The Russian invasion of
Ukraine") — reaching about a half of last year's value in

FIGURE 4.8
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2050. In OECD Pacific, gas consumption peaked last
decade and will continue its subsequent decline right
through to mid-century, when it will be half of today’s
level. In contrast, in Greater China, gas will peakin the
early 2030s. After a five-year respite to 2025, gas growth
in the Indian Subcontinent will continue, climbing to a
levelin 2050 more than twice as high asin 2020.

Use of gas in power generation will decline from today's
35% to 29% by 2050 but will still account for the greatest
sector share of gas use atthat time. In absolute terms,
gas use in power generation will plateau in 2030 then
startto decrease from the 2040s as a result of growth in
renewables.

From a relatively low starting point, gas demand in the
transport sector will almost double by 2040, before
declining by almost a third to 2050 due to its increasing
displacementin its main application, maritime transport
by the rise of hydrogen and its derivatives such as
ammonia. Manufacturing’s appetite for gas in 2050 will
be aboutthe same as today, while its share in demand for

World natural gas demand by sector
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gasincreases from 16%to 19%. Similarly, demand for gas
from the buildings sector will be roughly the same as now
in 2050 — albeit after a slight decrease by 2030 — with a
continued share of 22%. The share of non-energy
applications (largely petrochemicals) in demand for gas
will remain stable at 10% as demand for products that use
gas as a feedstock remains at currentlevels and hydrogen
isincreasingly used. Own use (demand from the oil and
gas and energy industries during production and
distribution) will grow over the next five years but will fall
to 10% of today'’s level by 2050. Decreases in own use are
likely to arise from efficiency gains, from the electrifica-
tion of production facilities, and from less flaring. Some of
this use in the energy sector will be for liquefaction and
regasification of gas thatis transported as liquefied
natural gas (LNG).

Regional developments

Among the regions, primary demand for natural gas will
doubleinthe Indian Subcontinent by 2040. It will grow
10% in Greater China by 2030, then decline steeply to
return to 2016 levels by mid-century, though still account-
ing for 8% of world natural gas demand at thattime
(Figure 4.9). Together, these two regions accounted for
15% of total natural gas demand in 2020. This will rise to

FIGURE 4.9

19% by 2035 and fall to 13% by 2050. Both regions are set
to see strong policy supportfor natural gas consumption
inthe shortterm, with local pollution prevention as a main
driver. As each has limited natural gas resources, they will
together accountfor 67% of net natural gasimports in 2035
and 78% in 2050 (Figure 4.10). Greater China is one of the
main importers of natural gas, and imports will increase in
the coming decade, followed by a steep decline to 2050
asits consumption of natural gas reduces (Figure 4.11).
Europe's natural gas imports will soon begin a steady
decline to about a third of current volumes by 2050.

European policy is moving decisively to slash the region’s
dependency on imported Russian gas to almost zero.
North East Eurasia will remain a major gas exporter
during the forecast period, butits foreign markets will
change significantly. While it will see some increase in
liquefaction capacity, pipelines are likely to distribute
much of its gas exports, and there will be more focus on
supplying countries to the south and east of North East
Eurasia. The Indian Subcontinent will significantly
increase imports to satisfy a near doubling in its demand
for natural gas, requiring substantially greater LNG
regasification capacity in the region. Middle East and
North Africa will remain among the mostimportant

Natural gas demand by region
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suppliers of gas, replacing North East Eurasia as the
biggest natural gas exporter towards the end of our
forecast period.

South East Asia will see slight growth in natural gas
demand between 2023 and 2030, when it will peak
before slowly returning to 2028 levels by 2050. The
region will remain a net exporter, and its gross imports
will decline. Strong demand for natural gas in Middle East
and North Africa, North America, and North East Eurasia
will continue, collectively accounting for 56% of globall
demand today and maintaining this share to 2050. Within
these big-user regions, gas demand from North America
will decline from representing a 25% global share in 2023
to 17%in 2050, as its power sector decarbonizes.

North East Eurasia will see much less decarbonization in

all of its demand sectors and its share in global demand
will edge up to about 16% by mid-century, 2% higher
than today. Significant demand growth will be seenin
the Middle East and North Africa. These two regions will
remain both the main producers and principal net export-
ers of natural gas. The consequences of Russia's invasion of
Ukraine for North East Eurasia's domestic gas demand and
exports are explained in more detail in Chapter 1.

FIGURE 4.10
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Europe and OECD Pacific are decarbonizing faster than
otherregions and, as their own natural gas resources
are limited, will both see declines in natural gas demand
between now and 2050. Latin America, however, will see
little change in its demand. Combined, these three
regions accounted for 23% of demand in 2020 and will
account for 14% by 2050. They will remain natural gas
importers throughout the forecast period. Sub-Saharan
Africa will see continued growth in gas use, albeitfrom a
low level, doublingits share in global gas demand to 2%
in 2050.

Declinesin natural gas use occur for three primary
reasons. First, gas-fired power generation meets stiff
competition from carbon-free renewables. Second,

in sectors where itis feasible, direct gas use is hit by
electricity growth. In other sectors, low-carbon (blue)
hydrogen will be an option for replacing fossil fuels

for hard-to-abate applications in a world steadily more
eager to decarbonize, and with carbon prices imple-
mented worldwide. Third, biomethane - being organic
in origin and chemically identical to natural gas, but
accounted for as 'carbon-free' — will increasingly replace
fossil (i.e. natural) gasin all demand sectors.

FIGURE 4.11

World natural gas and decarbonized gas supply
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Decarbonized gas

In 2050, 12% of gas will be carbon-free, using natural gas
butwith CCS in industry, power generation and hydro-
gen production (7%); and growing production and use of
biomethane (5%) (Figure 4.11). Natural gas consumption
will decline 18% between 2020 and 2050. By mid-century,
biomethane production will see a more than 100-fold
increase from today's levels, with more than 80% of the
production capacity in North America (30%), Europe
(20%), the Indian Subcontinent (17%) and Greater China
(15%). Global production capacity build-up accelerates
significantly in the 2030s and reaches 150 Gm? in 2050.

In 2050, almost 50% of hydrogen will be produced from
fossil fuels, and 70% of that with associated carbon
capture technology. The majority of fossil-based hydrogen
is produced from natural gas. Carbon-free gas develop-
ments will be spearheaded in those regions with the most
ambitious transition policies, and consequently high
carbon prices - Europe, Greater China, North America,
and OECD Pacific.

Production and transport
Inthe coming decade, global natural gas production will
remain largely unchanged (4,520 Gm?3in 2020 and 4,660

FIGURE 4.12

Gm?3in 2030) before decreasing to 3,836 Gm3in 2050
(Figure 4.12). Middle East and North Africa and North
East Eurasia will together accountfor more than half
of global outputin 2050. North American natural gas
production will halve, reflecting a 50% reduction in
domestic demand. However, smaller levels of produc-
tion in the higher costregions of Europe and OECD
Pacific will experience the most dramatic reduction,
falling by 76% and 57%, respectively, between 2020
and 2050.

Compared with our forecast for oil (Section 4.2), offshore
natural gas production will be more resilient than
offshore oil. This is partly due to a more pronounced

fall in oil demand, such that more-expensive offshore
capacity will lose its oil market share.

As demand for natural gas grows more strongly in
importing regions, LNG and pipeline transport will
increase even when global gas demand does not. Gas
transportis expensive and accounts for a significant
proportion of the cost of delivered energy. Piping is
cheaperthan shipping for transport over shorter
distances and will expand as production sites and
consumption sites move further apart. Global capacity

FIGURE 4.13
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for regasification grows 60% by 2050, while liquefaction
more than triples (Figure 4.13). The big producers are also
the big exporters, and North America — which is distant
from its natural gas customers — will see the largest
growth in liquefaction, accounting for 42% of global

Is natural gas a bridge?

There is an ongoing debate as to whether natural gasis
a bridging or a destination fuel. In this context ‘bridge’
means atemporary or interim solution on the way to an
alternative energy source, while ‘destination’ means that
itis part of the longer-term final energy mix.

Itis helpful to frame this discussion in the context of
emissions. Foraslong as net global emissions are above
zero, the global average temperature will continue to
increase; a situation which clearly cannot continue ad
infinitum. Intheory, itis possible to continue with fossil
fuels while ensuring zero or negative emissions by deploy-
ing carbon capture and removal; butthat cannot scale
infinitely. Moreover, we know that to reverse the growth in
emissions, we will need net negative emissions in the
future, allowing only the bare minimum of unabated
fossil-fuel combustion. Unabated natural gas is therefore
not a destination fuel and has a negligible place in a future
final energy mix.

Abated natural gas - natural gas with carbon capture and
storage (CCS) — has only marginal emissions and could in
theory continue for decades if not centuries, provided
there is sufficient space for CO, sequestration. However,
sequestration space is limited and subject to strong
competition. From a climate-change mitigation perspec-
tive, there are stronger claimants for that space than
abated natural gas in the form of captured CO, —for
example, from direct air capture, bioenergy with CCS, or
industry emissions from processes such as cement. Hence,
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capacity by 2050. Middle East and North Africa will

be second largest, representing about 15% of global
liquefaction capacity. By mid-century, almost half (43%)
of global regasification capacity will be in the Indian
Subcontinentand Greater China.

inthe race for net negative emissions, abated natural gas
has only a very limited place in a future final energy mix.

With all of the above in mind, itis clear that natural gasis
not a destination fuel; butthat does notin itself mean that
gasisa’bridge’.

New gas infrastructure builttoday creates the risk of
locking in investments that will make it hard to move on to
azero-carbon solution in the future. The argumentis then
that gasis a detour and that we should instead move
directly to zero-carbon alternatives.

Another way of looking at this could be that where gas is
used today, itshould be seen as a bridge to a zero-carbon
solution in the future. However, sectors that are not using
natural gas today should avoid switching to gas, as they will
have to move on to another zero-carbon solutionin a
decade ortwo. There are exceptions to this, e.g. in low-in-
come countries that need to use natural gas for cooking
and heating to avoid the burning of biomass that causes
excessive deaths from poor air quality, or in hard-to-abate
sectors like shipping where dual fuel engines can use
natural gas while waiting for the low-emission fuels to be
developed.

In summary, natural gas should not be seen as a destina-
tion fuel, and the notion of a bridging fuel should be used
with caution to avoid prolonging fossil-fuel use beyond
thatwhich is absolutely necessary.

117



DNV Energy Transition Outlook 2022

118

What happens if gas prices stay high for long?

By any measure, the world, and Europe in particular, have
been experiencing extremely high gas prices which, atthe
time of writing, are at all-time highs. LNG traded on the
spot market has followed suit, and gas prices across the
world are currently high, but not as high as in Europe.

Asinputto the ETO model generating results for the
forecastin this report, we have assumed a natural gas price
that remains high (late-Spring 2022 level) until the end of
2024, before gradually returning to normal levels in line
with the price before Summer 2021.

This price trajectory is highly uncertain; there is a distinct
possibility that gas prices will stay high much longerthan
our base assumption. Therefore, we have performed two
model sensitivity runs for an even higher gas price (August
2022 level), maintaining this price for sixand 12 years,
respectively. This means record high gas price levelsin
Europe forsixand 12 years, and almost record levels in
other regionsforsixand 12 years. These are extreme
variants, but nevertheless interesting to testin our model.

If gas prices stay high for six years, then the share of gasin
the global primary energy mix reduces from 23% now to
18% in 2030, and from 20% to 13% of Europe's primary
energy mix.

If gas prices stay atrecord levels for 12 years, the 2040
energy mix is also dramatically changed; gas almost halves
from 15% to 8% in Europe and reduces from 22% to 16%
globally. The development of these shares by 2050 is
similar —in other words the gas share will be lower ‘forever’.

Among demand sectors, power generation will see the
most dramatic cutin gas consumption, which is under-
standable as this sector has most direct competition

among multiple energy sources and technology alterna-
tives. In manufacturing, the change is a little less, and less
again in the buildings sector, though even there, natural
gas use will reduce significantly when prices stay high.

Use of other energy carriers will naturally grow if gas prices
remain high, and in Europe, the biggest beneficiary will not
be coal, butwind. The picture is a little different globally,
with coal, oil, solar PV and wind all capturing roughly equal
parts of the share lost by natural gas.

The ETO model might not be able to capture all the
nuances of gas prices remaining high for many years, as
investor interests, public perception and additional
policies would disturb the more cost-based competition
we reporton here. Still, the sensitivity results supportthe
intuitive view that a high gas price over many years will
damage the outlook for gas in the medium, long, and
very-long term.

We have assumed a natural gas price that
remains high (late-Spring 2022 level) until
the end of 2024, before gradually returning
to normal levels in line with the price before
Summer 2021.
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SUMMARIZING ENERGY SUPPLY

In this section, we summarize the primary supply of
energy from all energy sources, including fossil fuels.

Considerable losses occurin the global energy system.
Energy is mainly lostwhen itis converted from one form
to another —such as heatlosses in a power plant convert-
ing coal to electricity. Losses also occur during transport
of energy, such as electrical power lost as friction in grids.
World primary energy consumption is therefore consid-
erably higher than final energy consumption, with
conversion losses alone exceeding 100 EJ per year.
Primary energy also includes the energy sector’s own use
of energy to extract the energy itself. For some energy
carriers this share is quite high, for example, around 12%
of the primary energy consumption for natural gas.

The historical and forecast world energy supply is shown
in Figure 4.14 and Table 4.1. A key resultfrom our analysis,
as showninthe figure, is that global primary energy
supply will peak within the forecast period. This will occur
despite the expansion of the global population and

FIGURE 4.14

economy. The amount of energy services such as heating,
lighting, and transport will continue to increase with a
growing and more prosperous population. However,
energy-intensity improvement — a large share of it from
electrification, butalso from many other areas — means
the energy services over time can be delivered with less
use of primary energy. This is explained in more detail
under Energy Intensity in Section 5.1.

Primary energy supply will peakin 2036 at 643 EJ per
year, a level 8% higher than today, then decline by around
3% by 2050. Primary energy had a marked decline during
the pandemic, and a return to pre-covid levelsis only
likely to happenin 2023.

Although we will see peak primary energy supply in the
2030s, this will not necessarily last. One main reason why
energy consumption will decline to 2050, is the increased
energy efficiency associated with continuous energy-
efficiency improvements and a steady rise in the use of
renewable electricity. Once this transition is complete,
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further efficiency improvements must come from other
sources. Sometime after 2050, primary energy supply
might well startto increase again.

The primary energy supply mix will change significantly
over the coming 30 years. As described in the introduc-
tion to this chapter, the fossil share will fall from 80%
today to just below 50% in mid-century.

The share taken by nuclear energy will be stable at 5%
over the entire period, while the renewable share will
triple from 15% today to 45% by the end of the forecast
period. Within renewables, the large increase will be
driven by solar and wind, which will see 18-fold and
12-fold increases in primary energy supply towards 2050,
respectively. Solar will reach 15% and wind 13% of the

TABLE 4.1

World primary energy supply by source

Units: EJ/yr
Source 2020 2030 2040
Wind 6 20 44
Solar 5 21 57
Hydropower 15 21 27
Bioenergy 57 73 74
Geothermal 4 5 5
Nuclear 28 29 33
Natural gas 149 149 143
Qil 159 179 156
Coal 157 139 99
Total 579 635 638

global primary energy mix in 2050, with further growth
expected beyond mid-century. Bioenergy and hydro-
power will also grow, in both relative and absolute terms.

The primary energy supply mix will change
significantly over the coming 30 years. The
fossil share will fall from 80% today to just

below 50% in mid-century.
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Alternative ways to count energy

There are several ways to calculate primary energy, each
producing a different energy mix because every method
assigns a different efficiency value to each energy source.
The differences are most pronounced when measuring
primary energy from non-combustibles, such as nuclear
and renewables. As the share of renewables rises, differ-
ences between the methodologies also increase.

For primary energy of non-combustible sources, one
view is that renewables are 100% efficient because the
input energy (e.g. solarirradiation) is neither captured
nor extracted, norisittraded. Therefore, itis assumed
to be outside the boundary of the energy system. Other
analysts, however, assign a low conversion efficiency to
renewables because, for example, solar panels convert
only a small percentage of the solar energy that reaches
them.

These differences are apparent in the two most frequently
used methods of counting primary energy:

— The Physical Energy Content Method assumes that
the thermal energy generated from thermal fuels is
primary energy, while for non-thermal sources, such
aswind, solar PV, and hydropower, the electricity
generated is primary energy

— The Substitution Method computes the primary
energy content of non-combustible sources by
determining 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-combustible sources.

There are also variations of these two methods. The
Direct Equivalent Method - used, for example, by the
IPCC —resembles the Physical Energy Content Method,
whereas the Resource Content Method resembles the
Substitution Method.

In our Outlook, we use the Physical Energy Content
Method. This approach is in line with organizations such as
Eurostat, [EA, and OECD, and allows for easy comparison
with most other reference forecasts. Furthermore, the
conversion of individual energy sources is directly compa-
rable with the ‘tradeable energy’ metric, which is familiar to
energy producers, and has a clear economic value as the
energy thatis produced is also sold. Put simply, whereas
atonne of crude oil and a day’s electricity generation from
asolar PV panel are tradeable, a day of sunshine is not.

Detailed conversion factor methods of our counting
method, and more details of the alternative methods,
are provided in DNV (2018b).

The choice of energy-counting method significantly
affects energy forecasts. If the Substitution Method was
used instead, then peak energy supply would not be
reached during the forecast period. Had we used that
method, the argument that renewable energy and
electricity have much higher efficiencies than fossil-
energy sources would not hold; instead, we would have
focused on the much lower carbon intensity of those
energy sources.

There are several ways to calculate primary
energy, each producing a different energy
mix because every method assigns a different

efficiency value to each energy source.
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COMPARISON OF ENERGY FLOWS: 2020 AND 2050
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Accelerating efficiencies in the production and use of
energy are key to the transition and should be a top
priority for a faster energy transition. As this chapter
discusses, a more efficient energy system has important
financial implications. There are also important linkages
between energy efficiency and energy independence.

Energy intensity (i.e. unit of energy per dollar of GDP)
globally will be more than halved from 4.3 MJ/USD now
to 2.1 MJ/USD by 2050. There is scope to reduce energy
intensity even further, but that will require tighter
regulation and deeperindustry cooperation.
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ENERGY EFFICIENCY
AND
FINANCE

Affordability: Expressed as a percentage of global GDP,
global energy expenditures (strictly defined) will fall
from 3.5% to 2% by 2050, implying a substantial green
prize inherent to the transition, and opening up possi-
bilities for faster decarbonization. This year, we analyse
energy expenditures at household level and find that
these will generally decline in OECD countries, butin
developing regions, e.g. the Indian Subcontinent, the
growth of new forms of demand (e.g. appliances and
space cooling) will see an increase in household energy
spend.

5.1 Energy intensity 126

5.2 Sectoral energy efficiency 129
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ENERGY INTENSITY

Energy efficiency can be measured in several ways. In the engineering
sense, the ratio of energy input to useful energy output is the key metric.
Economists are more likely to use the term ‘energy intensity’, which
compares energy use to the economic production output of an industry.

Primary energy intensity

Primary energy intensity is measured as primary energy
consumption per unit of GDP; the lower the number, the
less energy intensive the economy in question is. Primary
energy intensity, population growth, and GDP per capita
growth together shape how global energy use develops.
When the sum of these three parameters falls below zero,
primary energy use will startto decline, and the world will
startto use less energy, asillustrated in Figure 5.1.

This figure plots energy intensity, population growth, and
GDP per capita growth as annual average values within
five-year intervals between now and 2050. After 2035, the
reduction in energy intensity is stronger than the
combined growth of population and GDP per capita.

FIGURE 5.1

Hence, growth in global primary energy supply turns
negative and primary energy supply peaksin the
mid-2030s. In the final half-decade before mid-century
there is a small uptick in global energy use growth. This
is because, by then, nearly all electrical power will be
generated by renewables and much of the end use that
can be electrified will have been converted to electricity,
leaving fewer opportunities for efficiency gains. From
that point, however, itis likely that slower population
growth and efficiency gains through automation and Al
will, to some degree at least, offset rising energy use
associated with continued GDP growth.

Globally, energy intensity has been reducing by 1.7% per
year on average for the lasttwo decades, with spikes and

World energy intensity and annual reduction rate

Units: Percentages/yr

GDP/capita
growth
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troughs along the way. The COVID-19 pandemic intro-
duced a new short-term spike, with varying fluctuations
in both energy consumption and GDP.

Over our forecast period 2020 to 2050 — in which we
foresee a doubling (120%) of global GDP and an 8%
increase in primary energy consumption —energy intensity
will be more than halved from 4.3 MJ/USD to 2.1 MJ/USD.
Irrespective of the short-term impacts of the pandemic
and of the war in Ukraine, energy intensity will continue to
decline faster than in previous decades, dropping by 2.3%
peryear on average over the next 30 years, as illustrated in
Figure 5.2. In the 2040s, the energy-intensity improvement
tapers off somewhat because, as noted above, there will
be fewer opportunities for further efficiency gains in
power generation and energy end use.

Economies dominated by the service sector (tertiary
sector) often manage to grow without directly increasing
regional energy use. (e.g. financial services or consulting).
However, if regional changesin energy intensity are
measured as the sum of changes in national energy
intensities, the result fails to capture inter-regional trade.
Manufacturing has to a large extent been outsourced
from Europe and North America to Asia over the last

FIGURE 5.2
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decades. Therefore, we do notfocus on regional ener-
gy-intensity forecasts in this section but review intensity
on a global basis, which indicates the overall gainsin
efficiency.

Energy independence and energy efficiency

The record-high fossil fuel prices and electricity prices as
of 2022 in certain regions have positioned energy-effi-
ciency measures as being among the mostimportant
toolstoincrease energy security as part of a path towards
energy independence — a high priority now for many
countries and regions. High prices for consumers and
industry automatically drive incentives for reducing
energy use and implementing efficiency measures.

In addition to price-driven energy-efficiency measures,
regions will most likely implement strategic efficiency
measures to further reduce wasteful energy practices.
These latter measures can free up energy resources that
could fuel more essential end uses, such as heating
homes, cooking, and manufacturing value add. This can
be attractive for geopolitical reasons, such as Europe
trying to limit dependency on Russian gas, or Japan
tackling high energy bills associated with its dependence
onimported gas.

Annual rate of improvement in energy intensity

Units: Percentages/yr

—s—  Annual change

[ 5yearaverage

2000 2010 2020

2040 2050
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UN Sustainable Goal #7 to double the rate of
improvementin energy intensity will not be met.

Sustainable Development Goal #7
focuses on Affordable energy and
clean energy for all. A sub-target is
to double the rate of improvement
in energy efficiency, which accord-
ing to our forecast will not be met.

Our forecast shows an improvement to 2.3%/yr from
201510 2030 which is much higher than the 1.6%
historical rate between 2000 to 2015, but not double
astargeted under SDG #7.

Electrification and energy losses

Energy losses can be measured for each stage of the
energy system,; in other words, during production,
energy transport, and end use. Converting the losses to
efficiencies are described below as sectoral efficiencies.

Energy losses, resulting from conversion processes (e.g.
burning coal to produce electricity) or energy transport
(e.g. heatlosses from power lines) make energy output
smallerthan the input. However, itis more relevant to look
at‘useful energy’. Some of the heat generated by a power
plant, for example, can be used for district heating, while
venting itis considered wasted energy. The aim is to
avoid or minimize energy transformations that are either
unusable or not needed; for example, heatfrom an
industrial process thatis vented directly to the atmos-
phere. The Sankey diagram atthe end of Chapter 4 (page
122)illustrates energy losses to heatin the generation of
electricity. These will be substantially less in 2050 than
today because more electricity will come from renewable
energy generation with negligible heat losses.

The acceleration of electrification, especially from
renewables, is the main driver of energy-intensity
improvements in the future. More rapid electrification
leads to accelerated efficiencies throughout an energy
system. As the renewable share of electricity rises,

2000-2015 2015-2030
annual energy annual energy SDG energy
intensity intensity intensity
improvement  improvement(f) target

0,0%

-0,5%
-1,0%

-1,5%

-2,0% -2.3%/yr

-2,5%

-3.2%/yr

-3,0%

-3,5%

energy intensity benefits from smaller heat losses during
power generation. The typical thermal efficiency for
utility-scale electrical generators is some 30% to 40% for
coal and oil-fired plants, and up to 60% for combined-
cycle gas-fired plants. In comparison, solar PV and wind
generation are 100% efficient according to the widely
accepted Physical Energy Content Method of counting
energy. Adiscussion on calculating primary energy can
be found in Chapter 4.

Efficiency improvements in the energy system will slow
down in the 2040s when most of the electricity system
already is renewable, and losses are small.

Without any energy-efficiency improvements,
global energy demand would increase 73%
by 2050, in sharp contrast to the almost flat

development that we forecast.

52

Energy efficiency and finance CHAPTER 5

SECTORAL ENERGY EFFICIENCY

The demand for energy services —for example, for
transporting passengers and goods, heating and cooling
buildings, or producing consumer goods — grows as a
function of population and economic activity. Technolog-
ical, process and efficiency improvements will typically
counter some of the growth in demand, sometimes even
leading to decline in energy demand despite growth in
energy services delivered.

Such improvements are the result of activity changes,
technology efficiency gains, and structural shifts.

— Activity changes: More people, more buildings to heat
and cool, and longer distances travelled all increase
the total amount of activities. Other activity changes,
like the impact of COVID-19 on business travel, reduce
activity levels and/or contribute to slower rates of
activity increase.

— Technology efficiency improvements: In the various
energy-demand sectors, several such improvements
continuously drive down energy use per service
delivered. Examples include more-effective engines or
improved hull hydrodynamics and vehicle aerodynamics.

— Structural shifts take three principal forms:

— Technology shifts: Occasionally, services are better
delivered by replacing one technology with
another. Examples are replacing a combustion
engine with an electric motor, or cooking with gas
or electricity instead of burning solid biomass.
These changes are often termed ‘efficiency
improvements’, which is correctin the sense that
they improve the efficiency of the process. However,
the underlying service itself does not change; the
improvementis due to the use of a new technology.
Structural shifts normally reduce energy use.

— Service shifts: Sometimes, there are structural
changesin the service delivered, such as bigger
cars. These shifts can be connected with rebound
effects — for example, setting a higher temperature
threshold in your house because heating is cheaper
or more effective. These shifts may counter technol-
ogy-led improvements and lead to higher energy
use; in other cases, they mightreduce energy use.

— Regional shifts: When looking at global numbers,
we sometimes have structural changes from
regional shifts; for example, in the offshoring or
nearshoring of manufactured goods production.
Such structural changes mightlead to both higher
and lower energy use.

In our overview (page 130, Figure 5.3), structural shifts
are grouped, as itis often impossible to separate one
effect from another.

Standards and policies

Efficiency improvements reduce energy use and/or costs.
The ‘cheaper and/or better’ mantra has always been the
main driver for technology innovation. But sometimes
policy interventions, in the form of efficiency and perfor-
mance standards (e.g. technical retrofits, building codes,
fuel-efficiency standards) play an importantrole, as
discussed in Chapter 6. We note thatin countries with
mandatory efficiency policies, growth in energy use or
emissions is subdued. Policy frameworks help to direct
investmenttowards energy-efficiency initiatives that
otherwise tend to be overlooked by investors. There are
several reasons why such initiatives are neglected, including
the difficulty of calculating direct returns and the possibility
that benefits accrue to parties other than the investor.

The presenttechnology and policy momentum is further
accelerated by the high energy costs and geopolitical
considerations of energy dependency — which further
leads to growth in efficiency improvements across all
sectors. We find that without any energy-efficiency
improvements, global energy demand would increase
73% by 2050, in sharp contrast to the almost flat develop-
mentthatwe forecast. Thisis illustrated for the main
demand sectorsin Figure 5.3.

The potential to improve efficiency yet furtheris huge
and will be sought after for geopolitical reasons as well
asthe needto achieve a faster energy transition that is
closerto the Paris Agreement ambitions. Chapter 8 —
Pathway to net zero emissions, describes our scenario
for how to limit global warming to 1.5°C.
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Demand side flexibility

For policymakers, we call special attention to the scale of
efficiency, and hence financial, gains that can be achieved
through demand-side flexibility across regional power
systems. Demand-side flexibility involves the percentage
of system demand that can be increased, reduced, or
moved over a specific, planned, time period and includes,

FIGURE 5.3

forexample, electric heating and transport. In arecent,
commissioned report, DNV demonstrates how the
judicious use of demand-side flexibility tools can lead to
annual savings of hundreds of billions of dollars across
Europe ifthese mechanisms are fully deployed in the
coming decades (Smart Energy Europe and DNV, 2022).

Sectoral energy efficiencies in transport, buildings and manufacturing
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Transportis dominated by road transport, with vehicle
kilometres almost doubling overthe next 30 years (shown

as activity change), though aviation also grows 130% from
pre-pandemiclevels and maritime transport45%. In 2050,
EVs accountfor 90% of all passenger km and 74% of the cargo
km, and this structural change dramatically reduces energy
use. Efficiency improvements in remaining combustion
engines, aerodynamics in aviation, and vessel utilization also
contribute to the overall 6% energy reduction from pre-
pandemic levels and 8% increase from 2020.

Activity-wise, total buildings floor area grows 64% in the
forecast period, butthe increase in energy services in buildings
varies considerably from cooling, which grows almost six-fold,
to heating, which grows by 10%. More modern heating
technologies (e.g. heat pumps) and upgrades to water heating
and cooking (e.g. switching from traditional biomass to gas or
electricity) in various regions contribute to the structural
improvements. Efficiency gains are largestin cooling and
lighting. However, overall buildings sector energy use still
grows 24% over the forecast period.

Overthe forecast period, the activity change for manufac-
turing includes a 70% increase in base materials, construc-
tion, and mining; a 68% rise manufactured goods
(measured in USD output); and a 11% reduction for steel and
iron (in tonnes of steel produced). Structural changes (e.g.
in regional shifts) give a reduction in energy use, while
efficiencies in all the manufacturing processes also
contribute to a total energy use growth of 20% for the
manufacturing sector over the coming three decades.

5.3

ENERGY EXPENDITURES

The energy transition we forecastis not only affordable
butleadsto considerable savings ata global level. Some
aspects of the transition, like the roll-out of renewables or
grid build-outs, will require very large upfrontinvest-
ment. This is why some consider the transition to be
‘unaffordable’. Our results suggest the opposite, with
energy costs remaining stable and energy expenditures
representing a declining share of global GDP.

This is a startling conclusion from the perspective of
policymakers —i.e. that far from coming ata green
premium, the energy transition in factinvolves a substan-
tial green prize, paying dividends to society for genera-
tions to come —and is something that DNV has
emphasised consistently overthe yearsin our annual
Energy Transition Outlooks.

This year, we call attention to the fact that our findings are
borne out by a study conducted by researchers atthe

Expenditure definition

Contrary to other modelling frameworks, such as the
IEA's TIMES and the EU’s PRIMES, our approach does not
ensure the global optimality of solutions. However, in
many sectors — such as power production, upstream oil
and gas, and energy use in manufacturing — we use a
merit-order, cost-based algorithm. This has been estab-
lished on the basis of production costs in energy sectors
(power, oil, and gas), to drive the selection of energy
sources/ production technologies/ regions over each
otherthrough time.

There are various definitions of ‘energy expenditure’,
and we have chosen to use a strict definition. We have
therefore included only fossil-fuel extraction, transport,
and refinement such as liquefaction, regasification,
refineries, and conversion to hydrogen and electricity.

Energy efficiency and finance CHAPTER 5

Oxford Martin School at Oxford University, and
published in the journal Joule under the title' Empirically
grounded technology forecasts and the energy transition'
(Way etal., 2022). The authors find that:

"Compared to continuing with a fossil fuel-based system,
arapid green energy transition will likely resultin overall
net savings of many trillions of dollars — even without
accounting for climate damages or co-benefits of
climate policy."

Far from coming at a green premium,
the energy transition in fact involves a

substantial green prize.

Similarly, all costs in the power sector are incorporated
(including power grids, storage capacity and the installation
and operation of renewable energy plants). However, we
have excluded investments in energy-efficiency measures,
as well asin downstream carbon-mitigation costs.

Nor do we incorporate costs related to end-use spending
(in manufacturing, transport and so on).

What actually constitutes a subsidy deserves a chapterin
its own right, and we have decided to adopt a simplified
approach. The modelled subsidies that we reportin this
Outlook are seen as support that benefits consumers and
are not counted as energy expenditures. Likewise, fuel
taxes are notincluded.

Although the simulated decision making in our model

discounts expected future cash flows, in this chapter we
reportannual sectoral outlays in terms of CAPEX and OPEX.
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World energy expenditure

We consider energy expenditures as the upstream costs
related to energy production and transportto the user
(see definition on previous page). Using this definition,
total world energy expenditure was USD 4.9trn in 2021
(our reference year for this section). We project world
energy expenditure to increase 26% to USD 6.2trn by
2050, due mainly to the rise in final energy demand. Note,
as we discuss atthe end of this chapter, how this 26%
expenditure rise compares with the projected global
GDP increase of 120% over our forecast period.

The unit cost of energy will stay stable around 11-12 USD/
GJ overthe forecast period, even if the world energy
expenditure by source shown in Figure 5.4 will be totally
reshuffled. In 2021, fossil fuels made up 71% of the total
world expenditure but we forecast that this share will
almost halve to 36% by 2050. In contrast, both grids and
non-fossil energy will almost triple their shares, which
means all three (including fossil) will have roughly equal
shares. Not only do the relative shares change, the
absolute USD values of expenditures under these three
categories also change. Between 2021 and 2050, fossil
expenditure will reduce 40% in USD terms, non-fossil will
triple, and grids will also almost triple.

FIGURE 5.4

Capital and operating expenditures

Figure 5.5 presents the breakdown of CAPEX and OPEX
forthe categories: fossil, non-fossil, and grids. The
expenditures are presented as an average expenditure
over 10 years leading up to 2020, 2030, and so on.

Asseenin Figure 5.4, there is a successive reduction in
fossil CAPEX, as the world shifts increasingly to non-fossil
energy. While CAPEX declines continuously, fossil OPEX
continuesto increase in the 2020s and 2030s because of
continuing use of upstream infrastructure builtleading up
tothe 2020s. The increase in OPEX between 2020 and
2030 is due to the Ukraine war. Less expensive fossil fuel
from Russia and Ukraine sees a supply choke. This leads to
marginally more expensive fossil fuels being exploited to
cover the short supply, which also leads to higher OPEX.

We project a structural shift away from fossil CAPEX and
OPEX from the 2030s. The succeeding decades will see
less and less such CAPEX and OPEX. In contrast, non-
fossil and (connected with it) grids will see successive
increases in OPEX and CAPEX. Renewables are CAPEX-
heavy, and we project CAPEX almosttwice as high as
OPEX, despite the uninterrupted decade-to-decade
increases in OPEX, as seen from Figure 5.5.

FIGURE 5.5

World energy expenditures by source
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Non-fossil expenditures

In terms of the breakdown of non-fossil expenditure, we
foresee large growth in solar+storage and fixed offshore
wind, from relatively small levels in 2020. But, established
renewable technologies such as solar PV and onshore
wind continue to dominate in terms of absolute numbers
in our forecast (Figure 5.6).

We expect floating offshore wind to experience tremen-
dous growth in expenditures, butfrom a very small level
in 2020. On the other hand, solar PV and onshore wind
see athree-fold increase in expenditures from 2020
levels by 2050. Given that these technologies are
already established today, itis unsurprising that their
expenditure growth rates are not as high as for floating-
offshore wind.

Regional transitions in energy expenditures

The transition away from fossil fuels, and the related
general trend towards relocation of energy production
to a more regional level, will induce important transfers
in expenditures. Investments in fossil production will
increase in regions such as Middle Eastand North
Africa, atleastin the shortterm.

FIGURE 5.6
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Figure 5.7 shows the change in energy expenditures in
North America, Middle East and North Africa, and
Europe. These three Outlook regions are selected to
contrast how the transition is expected to unfold in
terms of expenditures in two fossil-fuel producing
regions (North America, Middle East and North Africa)
and one (Europe) with relatively less fossil-fuel produc-
tion and already ahead of the curve in the transition to
non-fossil energy.

Both North America and Middle Eastand North Africa
have lower CAPEX for fossil fuel in 2050 compared with
in 2021. That said, North America's CAPEX starts
reducing after 2030, while Middle East and North
Africa’s transition away from fossil-fuel investments
happens a decade later. Even more significantly, OPEX
in Middle East and North Africa keeps increasing, thus
implying that the region will go on producing fossil fuels
and operating existing fossil-fuel infrastructure at
increasingly high levels from now until 2050 at least. In
contrast, North America’'s OPEX starts declining after
2030, signalling the start of its gradual transition away
from operating fossil-fuel infrastructure.

World non-fossil expenditures

Units: Billion USD/yr
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Interestingly, in the shortterm, all regions have increasing
CAPEX for non-fossil energy. Butin the 2040s, this CAPEX
stabilizes in Europe, indicating that almost all the non-fossil
investments for the region will have been made by
mid-century.

All regions presented see an increase in grid expendi-
ture. Given the electrification we forecast and increasing
peak power demand (see Chapter 2 on electricity and
grids), electricity networks needs investmentin expan-
sion, security, congestion managementand balancing.

A declining share of GDP

Despite massive investments in high capital-cost renewa-
bles and electricity networks, the share of global GDP
allocated to energy expenditures will fall steadily. Figure
5.8 shows this share declining from 3.4% in 2021 to 2.1%
by mid-century. This is a significant finding from our
forecast: by mid-century, energy will be both relatively
cheaper (as a percentage of GDP) and more affordable at
asocietal level, given thatthe energy system itself will be
substantially more efficient.

The affordability and acceptability of the transition will
notbe driven solely by energy cost, as discussed in the

FIGURE 5.7

'Affordable forwhom?' sidebar. However, the declining
share of GDP, and stable energy costs, show that from this
standpoint a faster transition is possible, as discussed in
more detail in Chapter 8.

FIGURE 5.8

World energy expenditures by source
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Affordable for whom?

As explained in this chapter, the energy transition is
affordable from a global perspective. However, this
conclusion is usually not shared by consumers. Several
social movements such as the gilets jaunes ('Yellow
vests') in France have shown that the acceptability of
the transition is not automatic. The first reason is that
expenditures are not market prices paid by the
consumer, which include margins, taxes and/or subsi-
dies. The gap is especially visible in the current context
of high energy prices, with energy producers making
exceptional profits while their production costs are not
increasing.

The second reason is that the transition also implies
important investments, both from industries (new
production plants) and individuals (buildings insulation,
electric cars, heat pumps). Although these investments
might be profitable overthe long term, upfront costs
and lack of visibility on the future regulations and
economic situation can favour the status quo.

Figure 5.9 forecasts trends in household energy
expenditures in North America, Europe and the Indian
Subcontinent. This household energy expenditure
includes CAPEX for residential space heating and
cooling (such as cost of air-conditioners), water heating
(such as cost of heat pumps) and cooking (such as cost
of electric stoves) and OPEX, which is the energy costs
and energy taxes, of running all the household equip-
ment and passenger vehicles.

Inthe shortterm, households in Europe will see their
energy expenditure rising sharply until the energy
supply shocks are alleviated around 2025. By the late
2020s, household energy expenditures in Europe will be
around the same levels asin 2021, in nominal terms. The
subsequent decades will see gradual decline of house-
hold energy expenditures, reaching around 50% of
2021 levels by mid-century.
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North America follows a similar trajectory, without the
sustained price shockin the period 2022-2025. In both
Europe and North America, the benefits of investing in
cheap renewable electrification are felt by households
through generally cheaper energy.

Similarly, the Indian Subcontinent will see its household
energy expenditure going up in the short term owing to
price shocks, but gradually stabilizing at almost the
same level as 2021 around 2030. However, increasing
electrification, especially residential air-conditioners,
and higher household energy consumption, will dampen
the effect of decreasing energy costs for households.
Household energy expenditures will consequently remain
stable to 2050. Note that over this period, average GDP
per capita increases by a factor of more than three across
the Indian Subcontinent.

Energy costs are also embedded in products and
services, but our results show that the energy transition
will at least have a positive impact on the visible part of
these costs, which is the direct energy expenditure paid
by households: direct household energy expenditure.

FIGURE 5.9

Household energy expenditures in selected regions

Units:Unitless, 2021 value = 1
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How will cost of capital evolve?

In our Financing the Energy Transition report (DNV, 2021b),
we discussed in detail how governments, banks and
investors price risk for multi-decade energy projects
amid a changing energy order and an ever-more impor-
tant climate agenda.

To produce aforecastto 2050, DNV makes assumptions
abouttoday’s cost of capital (CoC) per technology, and
aboutthe speed and direction of capital reallocation up
to 2050. Are companies that reduce their emissions in line
with net zero rewarded by the capital markets with a
lower cost of capital? Are investors and governments in
oil-rich regions like the Middle East seeing increased risks
for financing new oil and gas projectsin 2050? These
questions need defendable answers to set CoC across
the globe.

Cost of capital is one of the key cost drivers for capital-
intensive purposes - for example, new power generation
projects, investmentin power grids and gas infrastruc-
ture, equipmentin buildings, and infrastructure for
zero-emission vehicles. We use levelized cost to compare
competing technologies, where the ratio of lifetime costs
to lifetime generation (e.g. electricity or hydrogen
production)is discounted back to a common year using a
discount rate that reflects the cost of capital. With lower
discountrates, the break-even price that satisfies equity
and debtreturns reduces. Hence, predicting the compet-
itiveness of, for example, competing power generation
technologies now and in the future requires accurate
CoC predictions. We therefore continue to focus on the
granularity of the CoC inputs.

Cost of capital inputs to the ETO
The CoCislargely decided by three variables:

1) The cost of debt; i.e. the combination of the risk-free
rate and the risk premium (or ‘'margin’), together often
referred to as borrowing costs

2) The cost of equity; i.e. the equity return required by
investors

3) The ratio between 1) and 2) above; i.e. the 'leverage’

The main driver forthese variables is risk perception.

To give two examples: financing a greenfield coal-fired
power generation projecttoday is less risky than financ-
ing such projectin 2040. In contrast, financing green
hydrogen production will be perceived as riskier today
thanin 2040, at which time the technology is likely to
have matured and been proven in both production and
end-use sectors. In addition, a mature market by then for
green hydrogen will resultin lower risk, lower borrowing
costs, lower equity-return requirements from investors,
and higherleverage, all driving down the cost of capital.
These examples illustrate both the difficulty and dynamic
nature of setting assumptions on the cost of capital.

ETO cost of capital categories
We categorize ourinputs under the following technology
headings and assumptions:

— Solar PV, hydropower, onshore wind and fixed-bottom
offshore wind. Cost of capital in the OECD regions and
Greater China for mature renewables will be stable
overthe modelling period. For emerging markets, the
CoCforthese technologies is expected to reduce due
to the economic development of these regions rather
than perceptions of technology risk.

— Blue and green hydrogen, floating offshore-wind,
small-scale nuclear. Cost of capital for these emerging
energy-transition technologies is higher today
because of their greater technology and market risks.
The CoC reduces only slightly before 2030, then falls
towards parity with mature renewables in 2050.

— Oiland gas upstream, midstream, and downstream,
including grey hydrogen and gas-fired power
generation. We expectonly a slow upward trend in
CoCinmostregions because of a perception of

increased risk associated with the lifetime of projects.
The CoC for new oil and gas projects in Middle East
and North Africa, and North East Eurasia —two regions
with large, low-cost oil and gas resources — will remain
stable through to 2050, with capital available from
government enterprises.

— Coal-fired power generation. Investors already

perceive coal as significantly higher risk than other
fossil fuels or renewable-energy projects, as
evidenced by a clearincrease in loan spreads over the
past decade. We expecta rapid upward trend in CoC
due to reduced availability of capital, atrend that has
started in most regions and will reach the Indian
Subcontinent, South East Asia, and Sub-Saharan Africa
from 2030. Reduced capital availability is exemplified
by Chinese, South Korean, and Japanese commit-
ments to not build and finance new coal-fired power
projects abroad.

FIGURE 5.10
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— Large-scale nuclear. We expect CoC to be low, stable,
and to reduce slightly over time, supported by expec-
tation that the market will move increasingly towards
becoming a low-risk one in which returns are regulated,
like currently observed in the UK, where policy moved
away from CfD towards a Regulated Asset Base.

Our forecastis mostly dependent on CoC levels varying
between the differenttechnology categories. The currently
observed increase inrisk-free interest rates in regions such
as North America and Europe affect all technologies
equally, meaning the impact on our forecast is low.

Cost of capital is derived for all 10 of our Outlook regions
—today and through to 2050. Figure 5.10 shows the inputs
for Europe and the Indian Subcontinent. Other regions'’
inputs are differentiated based on country risk premiums,
funding methods, and technology preferences.

Development of cost of capital in selected regions
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In this chapter we explore the role of policy in the energy
transition and describe 12 policy considerations
directly factored into our Outlook.

The energy transition sits in a context of multiple geo-
political uncertainties instigating a leap forward in
policies for achieving energy security and diversification,
in addition to preventing climate change and protecting

transition opportunities. We then feature key policy
developments from our forecast regions since last
year's Outlook.

We outline our view on a policymaker’s ‘toolbox’

to advance the transition. Some nations are applying,
or are expected to apply, this toolbox fairly
comprehensively; others less so. This is followed by
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THE POLICY LANDSCAPE SHAPING THE TRANSITION

This chapter explores the role of policy in the energy transition. We include
geopolitical developments, along with both policy drivers and barriers
that impact the nature and pace of the transition. We outline a policy
"toolbox’ covering a range of policy choices that governments could make

to drive the energy transition.

This year's Outlook is published at a time of multiple
uncertainties likely to impact energy developments,
including inflation, food insecurity and disrupted supply
chains. These were in train by the pandemic and have
been intensified by Russia’s invasion of Ukraine. The war
has sparked a rush for energy independence, both
geographically and in terms of energy sources used.

Againstthese short-term pressures, must be weighed the
continuing commitment to, and goal setting under, the
Paris Agreement. Itis through this prism that the world
aspires for a mission-oriented energy transition to solve
planetary, economic, and human-development
challenges.

Our Outlook is setin a context where today's central
difficulty for policymakers is to manage short-term
energy supplies without making decisions or investing
in energy infrastructure that could undermine long-term
societal goals.

Energy systems in need of government intervention
Policymakers face along list of urgent challenges —
providing energy access, reducing carbon emission
and air pollution, adapting to global warming impacts,
preserving the environment, securing energy supply,
tackling inflation and addressing the swelling food and
energy prices. The urgency of these issues means
governmentinterventions in energy systems are obliga-
tory. Most of these challenges have market failure as a
contributory element; for example, the widespread
failure to price in externalities associated with fuel use.
Others are explained by geopolitical factors. However,
they all warrant policy action.

John Stuart Mill, the philosopher and political economist,
argued that “the only purpose for which power can be
rightfully exercised over any member of a civilized
community, against his will, is to prevent harm to others".
EconomistRobert H. Frank recapped the statement(NYT,
2021) explaining the need for governmentinvolvementin
the economy due to the failure of individual and collective
interests to coincide in addressing the greatest threats
facing society.

There are strong arguments for an active role for both
state and markets in energy systems. Whereas markets
may be good at optimizing scarce resources and doing
so atleast cost, they need regulatory frameworks in which
to function and government policy that catalyses growth
areas, de-risks activities by creating a level playing field,
and provides direction towards desired societal goals
(e.g. Paris Agreement, UN 2030 Sustainable Development
Goals, Biodiversity Convention).

Mixed policy signals

Signals on the energy transition are presently mixed. On
the one hand, there is progress towards decarbonization,
albeit beneath the fog of unsustainably high emissions.
Policymakers are responding to the attractiveness of
renewables in terms of employment, longer-term
efficiencies, and energy security. Renewable build-out
is being advanced by governments in all regions. Front-
runner transition regions, such as Europe, are building a
nexus of climate and trade policies to sustain low-carbon
investment and employment with carbon-border
adjustment mechanisms (CBAM).

Atthe same time, regulation of fossil fuels has loosened

recently to increase oil and gas output and expand
infrastructure, despite the obvious climate-related risks
and the danger of perpetuating carbon lock-in with
renewed fossil-fuel dependencies. Hydrocarbon prod-
ucers are responding by fast-tracking new production
although demand for these resources will start to decline
within the next decade owing to sustainability pressures
and the technological transition. Overall, the risk that
these assets will become stranded, placing a drag on
economies in the medium-to-long term, has risen sharply.

Stakeholders align on advancing the transition

While policy analysis is challenging during a period of
upheaval, the advancement of renewable energy has been
resilient, showing record-breaking expansion. The huge,
untapped potential for renewables in emerging markets is
also receiving heightened attention. In today’s risk picture,
companies and government alike are increasingly hedging
decisions against high prices to protectinhabitants and
industry. Compelling project economics and compara-
tively brief development lead-times to bring renewable
plants on stream are helping to tilt policy supportin favour
of renewables in the shortterm, with long-term energy
security as an additional motivation.

FIGURE 6.1
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Given the cost of inaction in terms of economic and
human losses from chronic and acute climate impacts
along with degradation of nature (see for example Swiss
Re, 2021; Allianz, 2022; EU, 2022; NOAA, 2022), DNV
expects thatinvestors, insurers, regulators, and policy-
makers alike, will not lose sight of long-term risks and will
supportbusiness models centred on transition opportu-
nities. We do not anticipate a reversal of climate commit-
ments due to the war in Ukraine; the short-term scramble
for hydrocarbons is overshadowed by a renewed focus
on energy security, and this strongly favours renewables.

The transition will also be invigorated by efforts to stop
downward-spiralling crises. Interconnected challenges
(e.g. biodiversity, climate, energy access) are expected
to be increasingly tackled together to leverage co-
benefits from the same investment. Thus, we expect a
deepening of regulatory efforts to propel energy-system
evolution with decarbonization and accountability/
responsibility along energy value chains.

Figure 6.1 presents a snapshot of the policy factors in the
analysis. These factors are described in more detail in
Section 6.5.

Policy factors included in our Outlook

T S
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power support support transport
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DRIVERS AND BARRIERS

The aim of this section is to capture trends in terms of
those drivers triggering change and the opposing forces
inthe form of barriers that seek to uphold status-quo
behaviour or otherwise hinder the transition. Technology
and energy transformations do not progressin a

Systemic change and response

There is a great deal of scientific evidence (IPCC 2021, IPBES
2019, Rockstrom and Gaffney, 2021) that overlapping and
mutually reinforcing crises are associated with the degradation
of ecosystems and climate change. Any effective response
must be atthe level of systems, guiding energy, land, and
ocean management. Actions taken in line with the UN
Biodiversity Framework —the 'Paris Agreement for Nature’
—will have a broad effect, including decarbonization of the
energy system, and will add to the considerable momentum
towards this goal generated at COP26 and the Glasgow
Climate Pact, which keptthe 1.5°C target alive.

Insight

perfectly linear fashion and the transition will not occur
withoutfriction, or, as the Austrian economist Joseph
Schumpeter (1942) termed it, “creative destruction” when
technology or system innovation diverges from and
destabilizes the established way of doing things.

Failure to progress collectively on global agreements
Despite unequivocal science and its compelling evidence
(e.g. glacial retreat, sea-level rise, extreme weather events,
species loss), political and business decision making is

generally not science-based, and actions are often ‘too little,

too late’, failing to drive the transition at the required rate.
Deglobalization and economic disintegration are inhibiting
collective action and blocking international flows of capital.
Disunited policy hinders progress on environmental
protection, weakens efforts towards energy transition, and
widens the gap between leading countries and followers.

The momentum behind the Paris Agreement, with constantly improving measurements and ratcheting up of targets, will force
leading global businesses and most governments to become part of the solution, despite reluctance to embrace the logic that

economies cannot prosper in collapsing ecosystems.

Energy security returns to the fore

Russia’s invasion of Ukraine and use of energy as an economic
weapon, has spurred efforts to replace unreliable energy
commodity imports. There is a congruence of Covid-19
recovery, climate response, and energy-security strategies.
The bestand most effective results are achieved through
diversification, domestic renewable-energy production and
low-carbon hydrogen for a clean and energy-secure future
with predictable consumer prices. The World Energy Pulse
(World Energy Council, 2022) expects the pace of energy
transitions to increase.

Insight

A pivot towards more fossil fuels?

Destabilized energy markets and soaring energy prices
make it difficult for governments to handle the energy
trilemma (security / equity / sustainability) while securing

short-term energy needs. Supply constraints, high fossil-fuel

prices, and windfall profits for producers are boosting
exploitation of hydrocarbons. Across the world, new fossil
infrastructures are planned to enable exit from dependence
on Russian energy. Unless these are designed to be transi-

tion ready (Bordoff etal., 2022), they will undermine the Paris

Agreement goals.

The pursuit of energy security, particularly in Europe, will accelerate the transition to renewable energy and hydrogen in the
medium term, trumping the short-term doubling-up of hydrocarbon production. However, only if Europe, and other sanc-
tion-imposing countries, persuade other countries to diversify their energy sources, will this affect the global demand for fossil

fuels and accelerate the green transition globally.

Nations are notin control of these trends but their
policymakers must manage the inherent tensionsin order
to arrive at progressive policy choices. Inisolation, the
drivers and barriers are challenging to connect to our
forecastbuta comprehensive array of policy considerations,

Surge in net zero pledges

Anetzero stocktake report (Net Zero Tracker, 2022) indicates
countries with netzero targets encompass 83% of global
emissions and 91% of GDP. The share of targets included in
domestic legislation/policy documents has risen substantially
(around 65% of total GHG coverage, compared with 10% in
2020). AUN high-level expert group on netzero commitments
(UN, 2022a)is developing clearer standards for non-state
entity pledges to speed up emission cuts. Climate clubs of
first-mover net zero countries will trigger transition efforts
world-wide given exposure to carbon-border tariffs.

Insight

Policy and the energy transition CHAPTER 6

which cuts across these issues, is included in our analysis
(see Section 6.5). The sum of ourinsights on these trends,
is that drivers continue to outweigh barriers, however not
equallyin all regions, and certainly not to the extent
required by the Paris Agreement.

DRIVERS BARRIERS

Net zero disunity and hypocrisy

Netzero plans in low- to middle-income countries extend
beyond mid-century, but climate science indicates that
emission cuts must happen in a 2030/2050 timeframe.
Arguing for these timelines to accelerate is hypocritical
when high-income, netzero regions grapple for fuels, shield
consumers from energy price shocks, and/or ease policy
measures normally advocated as incentives to reduce
emissions. Non-fulfillment of the annual USD 100bn pledge
from developed to developing countries not only jeopard-
izes climate justice, but also delays economically viable
decarbonization projects.

Policymakers need far greater global co-ordination on net zero pledges, and these need to be made in the context of how
much decarbonization is viable and where. Consensus on these issues is likely to emerge, but will be messy, late and,
consequently, require enormous investmentin carbon capture/removal and storage.

Renewables power on despite economic upheaval

Wind and solar PV are the least-cost electricity options, and
fossil energy price shocks make the economic case for
non-fossils more compelling. Hedging against price volatility
favours domestic renewable energy, despite increased
upfront costs. Decarbonization costs are increasingly part of
energy-investment decisions when calibrating alternatives,
and offtakers such as corporate tech giants are increasing
their spending on renewables (Nasdag, 2022). Despite
supply-chain disruptions and inflation affecting all industries,
renewable-energy capacity continues to expand globally.
Annual renewable capacity additions broke new records in
2021, increasing by 6% to almost 295 GW (IEA, 2022b).

Insight

Reinvented globalization adds costs

Pandemic-related lockdowns, manufacturing delays, and
economic volatility have fuelled efforts to reshore industries
to ensure supply-chain reliability. Industrial policy and
transition investment also aim to build things ‘athome’ and
boost employment. Geopolitical risks have given rise to the
concept of ‘friend-shoring’ (WTO, 2022), i.e. trading with
political allies, with corresponding reinvention of supply
chains, and materials and components sourced from
partners rather than global markets. Reinvented globaliza-
tion prioritizes security over efficiency and lowest cost, likely
making the transition more costly.

Deglobalization has gained momentum in the wake of supply-chain shocks and Russia’s invasion of Ukraine. However, the
world remains largely globalized and, although rising prices will add to the transition costs, renewables will continue to win out

asthe least-cost, mostenergy-secure option.
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Targeted net zero innovation efforts

Cross-sectoral decarbonization pathways are dependenton a
plethora of known technologies from well-established to less
mature. Innovation efforts/investments prioritize structural
change and advancing the readiness’ and uptake of technolo-
gies necessary for a netzero future. The Technology Executive
Committee (UNFCCC, 2021b) s highlighting best practices
from global R&D collaborations. Policymakers are pushing
private-sector engagement, such as in the government-led
Glasgow Breakthroughs, the global Mission Innovation
initiative, and the public-private partnership First Movers
Coalition.

Insight

Inadequate investments and de-risking

There is a massive investment gap where financial flows are a
factor of three to six times lower than the levels needed by
2030 to limitwarming to below 2°C (IPCC, 2022). Global
clean energy investments of approximately USD 4-5trn are
required annually by 2030 — more than three times the
currentrate (IEA, 2021d) — and investments in early-stage
technologies are lacking (WEF, 2021). Policy incentives to
de-riskinvestments are unpredictable and short-dated.
Publicintervention is patchy and does not send the right
investmentsignals. Carbon pricing is low/non-existentin
many regions, fossil-fuel subsidies are prevalent, and Covid-19
recovery packages do notfocus on decarbonization.

The shortfallin global investments and innovation are a clear hindrance to both the direction and pace of the transition, and
one of the principal reasons why DNV forecasts an energy transition that, while rapid, will manifestly fail to deliver on the Paris

Agreementtargets.

Corporate sustainability in energy and value chains
Sustainability strategies accelerate the transition through
individual energy-company transformations (e.g. Schneider
Electricand @rsted topping the Corporate Knights' index on
the most sustainable corporations) and companies’ carbon
ambitions in operations. Corporate renewable-power
purchase agreements (31.1 GW in 2021, 25.1 GW in 2020,
20.1 GWin 2019 per BNEF, 2022), along with accountability
for supply chain, scope 3 emissions (increasing from 93
companiesin 2010to 3,317 in 2021 in the public CDP dataset
per WRI, 2022a), are increasingly part of strategies to achieve
netzero commitments and secure financing.

Insight

The gulf between talk and action

There is a shortage of quantitative net-zero plans with
interim targets and immediate emissions reduction. Net
zero has become a shiny smokescreen for delaying action
(S&P Global, 2021d). Carbon markets, used voluntarily by
companies to offset emissions, are ridden with dubious
credits that have little demonstrable effectin terms of
tangible and additional emissions reduction. Net-zero
claims and actions by fossil-fuel firms do not match the
reality of carbon-intensive business models and operations;
and their capital allocation is misaligned with climate
ambitions with hydrocarbon investment still consuming
80-90% of capital spending (ClientEarth, 2021).

Corporate renewable-power purchases are expected to continue growing. Reporting on Scope 3 emissions, on the other
hand, is a relatively new and growing trend, lending momentum to the transition. However, the extent of momentum depends
on better goal setting and measurement upstream and downstream (e.g. accreditation on science-based criteria, common/
standardized carbon-accounting methodology, measuring compliance/progress, and opening up data to third-party verification).

Policy and the energy transition CHAPTER 6

DRIVERS BARRIERS

7.

Investors propel the transition

A staggering amount(USD 130trn) from the COP26 Glasgow
Financial Alliance for Net Zero (GFANZ) coupled with an
investment boom in ESG issues (environmental, social and
governance), reported at USD 35trn in 2021 (GreenBiz, 2022),
is pushing the transition. Global scrutiny from regulators, (e.g.
the EUs Corporate Sustainability Reporting Directive) make
ESG reporting mandatory, and brings transparency to
sustainable investments. Standard setters (e.g. TCFD and
IFRS/ISSB) are consolidating requirements. With increasing
reporting obligations on ESG, companies and investors will
face growing liability from climate/nature-related disclosures
and breach of fiduciary duty (Allianz, 2022).

Insight

Greenwashing

Greenwashing — a marketing ploy conveying exaggerated
claims on the sustainability of products/companies —is
side-tracking investments towards net zero. The European
Securities and Markets Authority (ESMA, 2022) flagged
complexity, lack of transparency, and poor comparability
among ESG ratings/data providers. Until taxonomies and
disclosures are finalized (e.g. EUs Sustainable Finance
Disclosure Regulation (SFDR) and US Securities and
Exchange Commission’s (SEC) proposed carbon disclosure
rule), there will be uncertainty. Companies/investors are
unlikely to investin the transition without clarity on eligibility
for “low-carbon” investments and material information on
climate and transition risks.

Convergence in disclosure requirements and metrics is tipping in favour of deeper ESG embedding in capital allocation,
pricing and value assessments underpinning decision-making processes. Thus, sustainability objectives are being putin
focus to accelerate the transition. GFANZ is an encouraging development, but its members’ commitments are voluntary

and uncertain in the absence of tougher disclosure obligations and binding legislation from policymakers.

Promising cross-sectoral synergies

The role of different energy carriers in energy system decar-
bonization pathways have become clearer in recent years.
Energy systems can transform with more physical links, and
with a key role for the electricity system in sector coupling
through power-to-x projects. Renewable electricity expansion
is a prerequisite for e.g. green ammonia and green hydrogen,
asis CCS deploymentforlow carbon (blue), both routes being
pillars in the transition. Hydrogen-based energy conversion
projects are pushing forward to underpin emission cuts in
hard-to-abate sectors (DNV, 2022a).

Insight

Unfit regulatory frameworks

Regulatory frameworks to scale technologies in production,
storage and end-uses are notyetin place. Sector coupling will
need interconnection between gas and electricity systems /
assets/ operators. Common definitions and standards need
development, and regulation need harmonization, viewing
electricity and gas sectors cohesively (CERRE, 2021). Energy
taxes discourage fuel switching (to electricity, hydrogen)in
demand sectors and need reform. Electricity market design is
an insufficient driver of new renewable-capacity investment
(Wind Europe, 2022). CCS technology-readiness level is high,
but de-risking measures are inadequate or lacking, such as
carbon pricing.

In the frontrunner transition regions, ‘fit-for-purpose’ regulatory frameworks will be developed and feasible within a 2030
timeframe, but the transformation will require immense implementation abilities. Hence, this will pose a challenge to regions
with weaker governance structures and where incumbent actors in centralized energy subsectors exercise significantinfluence

on decision-making.
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KEY REGIONAL POLICY DEVELOPMENTS

Below are snapshots of recent key policy developments
in our forecast regions since last year's Outlook, capturing
the role of governments in steering and advancing the
transition. The map alongside shows each region’s share

High EU ETS prices followed a strengthening
of emission-reduction targets, with EU
allowances ending the year (2021) atjust over
EUR 80/tonne.

The REPowerEU Plan (March 2022) aims to
eliminate dependence on Russian fossil
imports, replacing two-thirds before the end
ofthe year. To fast forward the clean energy
transition, the Plan outlined additional
actions, building on the Fit-for-55 package of
proposals. These actionsinclude, among
others, proposing to raise the 2030 target of
renewable share of energy use from the
current40%to 45%.

The EU Parliament voted in favour of the
Commission’s proposal on certain transitional
nuclearand gas activities in the EU taxonomy
on sustainable investments (July 2022).

US President Joe Biden signed the Inflation
Reduction Actinto law (August 2022) with an
unprecedented climate and clean energy

investment of USD 369bn overa 10-year period.

The US Supreme Courtlimited the scope of the
Environmental Protection Agency'’s (EPA)
authority to regulate emissions and dictate
power plant shifts from one energy source to
another unless Congress has clearly authorized
the agencyto act(June 2022).

The US administration announced that it will
invoke the Defense Production Actto expand
domestic clean-energy manufacturing (June
2022).

Canada published its 2030 Emissions
Reduction Plan (March 2022) for cuts of 40%
below 2005 levels, including CAD 9.1bn in new
investments. The government specified
Climate Action Incentive payments to deliver
carbon-pricing proceeds quarterly to
individuals/jurisdictions where proceeds
originated (March 2022).

the regions.

Nigeria passed its Climate Change Bill with a
netzero targetby 2060 (November 2021).

Angola’s state-owned Sonangol signed a
declaration of intent to supply Germany with

South Africa’s cap on private power
providers was lifted to boost renewables
rolloutand enable municipalities and large
industrial consumersto purchase electricity
directly from IPPs (July 2022).

The Just Energy Transition Partnership aims
to support South Africa’s transition away
from coal with the governments of UK,
France, Germany, US, and the EU promising
USD 8.5bn over 5 years through grants and
loans (COP26).

In March 2022, the National Developmentand
Reform Commission and the National Energy
Administration released key documents to
guide decarbonization as follows:

An Action Plan for carbon dioxide peaking
before 2030, including strict control of new
coal-power projects, standards for newly
built units to reach the international
advanced level, and elimination of outdated
capacity in an orderly manner.

14th Five-Year Plan for Modern Energy
System, outlining plans for the proportion of
non-fossil energy consumption to reach 20%,
non-fossil power generation at 39%, and
electricity to account for 30% of final energy
consumption —all by 2025.

AMedium and Long-term Plan for the
Development of Hydrogen Energy Industry
2021-2035, aiming for 5% of final energy
consumption to be hydrogen energy by
2030.

green ammonia, starting in 2024 (June 2022).

of global energy-related CO, emissions in 2019.
We highlight 2019 emissions because they reflect
pre-pandemic economies and emission levelsin

Middle East and North Africa

The United Arab Emirates announced its Net
Zero Strategic Initiative by 2050 and Saudi
Arabia a netzero target by 2060 (October 2021).

SaudiArabiaannounced a USD 10.4bn fund to
provide clean cooking fuels and investments in
carbon-capture technology (October2021).

Egyptwas selected to host COP27. The
government'’s 2050 National Strategy for
Climate Change estimates costs at USD 211bn
for mitigation and 113bn for adaptation (May
2022). Its targetfor 42% renewable power by
2035 was brought forward to 2030 (November
2021).

Turkey, the last G20 country to ratify the Paris
Agreement, announced a netzero goal by 2053
(October2021).

Vietnam and Malaysia aim for netzero
emissions by 2050. Indonesia pledged to
achieve netzero emissions by 2060, and
Thailand by 2065 (COP26).

Malaysia will no longer build new coal plants.
Indonesia stated that between 2026-2030
there will be no additional coal-fired
capacity, exceptforthose that have reached
financial close or are already under
construction (COP26). Japan announced a
stop to loans for construction of coal-fired
electricity plantsin Indonesia (June 2022).

Vietnam's amended law on electricity
outlines investment of USD 148bn inthe
power system to 2030, allowing foreign
investments in grids (January 2022).

Indonesia’s CCS/utilization regulation is
expected by the end of 2022 (April 2022).

Eachregion’s share of global energy-related

CO, emissionsin 2019

Greater China (CHN) 30%
North America (NAM) 17%
Europe (EUR) 10%

Indian Subcontinent (IND) 8%

Middle East and North Africa (MEA)
North East Eurasia (NEE)
OECD Pacific (OPA)
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South East Asia (SEA) 5%
Latin America (LAM) 5%
Sub-Saharan Africa(SSA) 3%

Brazil published rulesto establish
the regulatory framework for its
offshore wind market (January
2022). The presidentissued a
decree announcing the creation of
anational carbon marketto
reduce GHG emissions, but it
lacks detail (May 2022).

Chile’s Just Transition Strategy in
the energy sectorwas published
in December2021. Its Climate
Change Framework Law,
enshrining a binding goal of net
zero emissions by 2050, was
publishedin June 2022.

Mexico's parliamentvoted down
the president-backed electricity
reform legislation for state control
ofthe power market (April 2022).

Venezuela's government hosted
an energy talk with a US
delegation to discuss energy
security (March 2022).

Ukraine was granted EU
candidate status in a positive
opinion issued by the European
Commission (June 2022). The
National Council for Recovery
from the Waris developing a
Post-war Recovery and
DevelopmentPlan thataligns
with transformation to a green
economy and low-emission
development principles (July

2022).

Kazakhstan vowed to reach
carbon neutrality by 2060 and
aims to create the Central Asian
Climate Hub to address climate
change (November 2022).

Russia approved its strategy,
with a netzero ambition by 2060,
butdoes not specify its
achievements nor cuts to 2030

(October2021).

Japan and South Korea signed
the Global Methane Pledge of
30% methane cuts by 2030
(COP26). South Korea upped its
GHG emission-reduction target
t0 40% below 2018 levels by 2030
(previous NDC at 24.4%), also
aiming for renewable generation
around 30%. Japan pledged up
to USD 10bn overfive years to
assist Asia towards zero-carbon
emissions. South Korea's new
presidentvowed to resume
nuclear power construction
(March 2022).

Australia’s new government
increased its GHG emissions
targetto 43% below 2005 levels
by 2030, aiming for netzero by
2050 (June 2022).

New Zealand passed a law
introducing mandatory
climate-related reporting for the
financial sector (October 2021).

Prime Minister Modi announced
India’s netzero emissions target
for 2070 at COP26.

The governmentis now considering
legislation fora uniform carbon-
trading scheme (April 2022).

Pakistan updated its NDC before
COP26 aiming to reduce emissions
by 50% by 2030 (15% uncondi-
tional, 35% conditional). All coal
projects are being stopped and
60% of power isto come from solar
by 2030. In addition, atleast 30% of
all new vehicles sold in various
categories are to be electric.

SriLanka advanced its carbon-
neutrality targetto 2050
(originally setfor 2060). The 2021
NDC of Bangladesh outlines 40%
of powerto come from
renewables by 2041.
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THE POLICY TOOLBOX

Countries and regions will undergo unique energy
transitions given their different starting points regarding
available resources, variation in existing energy-sector
infrastructures, and the range of socio-political
circumstances. However, all policymakers have both a
shared technology-opportunity space and a policy
toolbox of known and proven measures thatis available
for forming their energy-system (re)development

and transitions.

FIGURE 6.2

Decisive policy action with directed support measures
for energy savings, uptake of new energy carriers and
substituting high-carbon technologies and practices with
low-carbon alternatives can all catalyse structural shifts.
Atthe level of sectors or supply chains, comprising several
technologies atvarying levels of commercial readiness, a
blend of policies — policy packages — can be used concur-
rently to create predictable framework conditions that
de-risk investments and provide a basis for business.

Policy toolbox

TECHNOLOGY-PUSH
Technical requirements — e.g.
fuel, emissions, efficiencies
Taxonomy — eligible
sustainability investments
Funding — R&D and
investment support

FISCAL POLICIES

National budgeting - aligned
with the SDGs or climate goals
Economicsignals — e.g. carbon
pricing and tax reform in the
energy sector

DEMAND-PULL

Mandates — fuel blending
Capacity quotas — renewables
Economicinstruments

—e.g. feed-in tariffs, contracts
for difference, subsidies)
Mandatory disclosure - e.g.

of low, zero-carbon use

PUBLIC/PRIVATE
PARTNERSHIPS

Including international

and national bodies and the
private sector — leveraging the
additional financial resources
and operating efficiencies
inherentto private businesses

Here, we outline and exemplify the policy categories
shaping the likely energy future to 2050. These fall into
five main categories recapped below. Of these, four are
(i) national strategies, (ii) technology-push, (iii) demand-
pull, and (iv) fiscal policies. Afifth, public and private
partnerships, obtains its main impetus from cooperation.
By combining such policy tools across sectors and supply
chains — effectively a ‘mission’ effort — governments can
shape energy sectors in favour of decarbonization.

National strategies are the foundation for fostering
energy-system transformation by setting roadmaps with
technology priorities, targets, and timelines as the first
step towards creating a stable planning horizon and
certainty for stakeholders. Examples include China, Chile
and the EU. From China we see steadfast planning behind
the Working Guidance on how to reach both 2030 and
2060 goals (NDRC, 2021). The Action Plan for carbon
dioxide peaking before 2030 (State Council, 2021)
launches China “1+N" policy framework with overarching
guiding principles for its emissions strategy (1) and
supplementary policy documents (N) for specific sectors
and goals (China Briefing, 2021). Chile has a comprehen-
sive National Green Hydrogen Strategy (Ministerio de
Energia, 2021), which is part of a larger effort to combine
climate leadership and energy transition into legislation
(ICCT, 2022). All national strategies mustincorporate
infrastructure developments, permitrequirements and
designation of land or sea areas as being suitable for
renewables and related technologies/infrastructures; this
is seen with EU's regional focus on ‘go-to-areas’ for faster
permitting processes capped at one year (EC, 2022).

Technology-push policies advance technologies along
the entrepreneurial and technology development cycle
from R&D and piloting to scale-up. They influence
construction and operation of energy assets. Examples
include technology requirements on fuel economy,
emission limits, carbon intensity, and energy efficiency,
the latter being key to alleviation of energy poverty as
the cheapest energy is the energy not used. Others are:
taxonomy development, with a classification system for
eligible sustainability investments; R&D and government
funding with investment support(grants, loans, tax
credits) to capital expenditures (CAPEX) that counterbal-
ance upfront costs (e.g. heat pumps during building
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renovation or new-build projects, carbon capture and
storage (CCS), renewable hydrogen production and its
derivatives).

The US Inflation Reduction Act aims to promote domestic
clean-energy technology manufacturing and has govern-
ment spending at USD 369 over a 10-year period, such as
on rebates (USD 9bn)to homeowner’s energy-efficiency
investments; a CCS tax credit (USD 85/tCQO, increased
from previous USD 50); a tax credit rate of USD 3/kgH, for
hydrogen produced with a carbon intensity below 0.45
kgCO,e/kgH,, and USD 30bn to renewable power plants,
batteries and advanced nuclear reactors. At the state
level, California’s latest budget proposal allocates USD
37bnin climate spending over six years (LA Times, 2022)
including a clean-energy loan programme to encourage
innovation (State of California, 2022). Production support
mechanisms to cut operational expenditures (OPEX) over
fixed timeframes can also help incentivise investmentin
technology. There is rising focus on contracts for differ-
ence, a market-based mechanism offering OPEX support
through a guaranteed strike price to producers over
afixed period. An example is Netherland's SDE++
programme supporting the Rotterdam CCS project
Porthos (https://www.porthosco2.nl/en/) by contracting
the difference between the currentemission trading
systems (ETS) price and the CO, price needed to make
the project economically viable.

Demand-pull policies have an essential role in spurring
demand for renewable energy and low-carbon technolo-
gies. Governments act as market makers by promoting
deployment and/or switching from using unabated
fossil-fuel technologies. Through accelerated uptake,
existing solutions and viable technologies achieve a
decline in unit costs; this has a self-reinforcing effect
ensuring more build-out which, in turn, trigger further
costreductions. Examplesinclude: clean-energy consid-
erations in public procurement, biofuel-blending
mandates, renewable-electricity capacity quotas coupled
with competitive bidding or other quota-based or
quantity-based policies (e.g. binding targets with a fixed
amount/share of energy/fuels from renewables or
hydrogen) to create demand among end-use sectors.
Other demand-pull policies involve economic instruments
such as feed-in tariffs for renewable electricity producers,
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tax reduction or subsidies for EV purchases and for
heating and cooling systems. In addition, mandatory
disclosures on climate and transition risks or proof of
environmental attributes through guarantees of origin
and transparentinformation, (e.g. the CertifHyTM
certification scheme on hydrogen), aim to trigger the
demand-side.

Decisive policy action with directed support
measures for energy savings, uptake of new
energy carriers and substituting high-carbon
technologies and practices with low-carbon

alternatives can catalyse structural shifts.

Fiscal policies can tilt the competitiveness of clean-energy
alternatives against their conventional, high-carbon
counterparts, thus influencing fuel-switching, replace-
ments, and new builds, alike. ‘Walking the talk’ by
executing climate/environmental pledges, include
revision of government funding to align public-sector
operations with sustainable development goals (SDG)
and climate objectives, both domestically and overseas.
Japan recently announced the withdrawal of international
finance to coal projects in Indonesia and Bangladesh
(Mongabay, 2022). Economy-wide economic signals,
such as pricing carbon and other negative externalities
and fossil-fuel subsidy phase-out are key to redirect funds
to transition ambitions, the latter also included in the
Glasgow Climate Pact. Review and reform of tax systems
and budgetary expenditures also form part of a holistic
policy package to transform energy systems. Energy
taxation reflecting carbon efficiency/pollutants, as
exemplified by the revision of the EU Energy Taxation
Directive, aims for alignment of taxation with environ-
mental performance and climate objectives. Tax reforms
are likely to unfold at an uneven pace with high-income
regions (with net-zero targets by 2050) being first movers.

Public/private partnerships unite policymakers and
commercial players to cooperate and coordinate
transition and decarbonization efforts. In the area of
progressing hydrogen, recent examplesinclude: the
Partnership Agreement between the International
Renewable Energy Agency (IRENA) and the Hydrogen
Council; the IRENA and World Economic Forum (WEF)
Hydrogen Toolbox; and the World Business Council for
Sustainable Development(WBCSD) SMI hydrogen-
industry pledges initiative (H2Zero), also with proposed
policies (WBCSD, 2022). These collaborative initiatives
are instrumental in facilitating harmonization and
exchange of best practices. Most recently at the G7
meeting, a Hydrogen Action Pact(G7-HAP) was
announced to accelerate hydrogen development (G7
Germany, 2022) — not to duplicate other partnership
initiatives, but to stress theirimportance.

The policy categories are described separately here for
clarity. Inreality and given the urgency of the transition, a
mix of these categories is commonly deployed, tailored
to suit the maturity of technologies. For further examples
and detail on what we term the “policy toolbox” of proven
policy measures, please also refer to the detailed account
provided in lastyear’s Outlook as well as DNV's Hydrogen

forecast(DNV, 2022a).
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How will carbon prices
develop?

Carbon pricing is crucial to accelerate mitigation and
de-risk low-carbon investment. The logicis simple: carbon
pricing assigns to polluters some or all of the costs that
they impose on society and hence forces climate and
emissions considerations into corporate balance sheets,
along with decision making on energy equipmentand
systems. A country’s carbon pricing may be considered

an acid test of the sincerity of its climate pledge.

An effective carbon price — or clarity on when such a price
will be implemented — incentivizes use of clean energy and
deters use of unabated fossil fuels. By ‘effective’, we mean
notonly properly pricing the damage caused by emis-
sions, but also pricing at a level that makes low-carbon
technologies/value chains economically viable.

To date, the introduction of pricing schemes has been

stubbornly slow and politically challenging to implement.
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instruments worldwide, including taxes and cap-and-
trade systems/emissions trading systems (ETS). They
cover 23% of total GHG emissions (12 GtCO,e), and four
new schemes have been implemented since the World
Bank’s 2021 status report. A conclusion, also this year,
isthat carbon prices are rising but are generally too low.
The potential for carbon pricing remains largely
untapped. The High-Level Commission on Carbon Prices
(Carbon Pricing Leadership Coalition, 2017) indicated
thatthe carbon price needs to be in the USD 50-100/
tCO,e range by 2030 in order to achieve the Paris target
of keeping global heating well below 2°C. In our forecast,
the only region expected to be within that pricing range
is Europe.

Our forecastincludes our best estimate of future carbon-
price levels, reflected as a cost for fossil fuels (see Section
6.5). We have considered exposure to carbon-border
tariffs/CBAM in the regions’ carbon-price trajectories.
Overall, adoption of carbon pricing schemes is expected
to expand and become more robust both in prices and
coverage given the increase in net zero commitments,

According to the World Bank's status report (World Bank, and with clear frontrunner regions. >
2022b), as of April 2022 there are 68 carbon-pricing
FIGURE 6.3
Carbon price by region
Units: USD/tCO,
il — Europe
OECD Pacific
Greater China
North America

Latin America
South East Asia
Indian Subcontinent
Middle East and
North Africa
——  Sub-Saharan Africa
——  North East Eurasia

20’]5 2020 2025 2030 2035

2040 2045 2050
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However, globally, pricing will be far below the necessary
levels suggested above. Europe, North America, OECD
Pacific, and Greater China are projected to reach carbon-
price levels in the range of USD 22-95/tCO, by 2030 and
USD 70-135/tCO, by 2050. Carbon pricing by mid-century
is projected to range between USD 20/tCO, (North East
Eurasia)and USD 135/tCQO, (Europe).

The average regional carbon-price trajectories to 2050,
as shown in Figure 6.3, consider hybrid pricing (ETS and
carbon taxation). The trajectories are neither current nor
optimal policies, but are likely price levels given recent
policy developments. They reflect how we expect
national/regional trends to develop, considering annual
status reports from The World Bank and the International
Carbon Action Partnership (ICAP), as well as estimates
from carbon-pricing market forecasters.

Synopsis of trends and carbon-price driversin
Outlook regions:

— Europe (EUR): Lead pioneerin carbon pricing with
both regional (EU ETS) and supplementary national
taxes. Established schemes are being tightened (e.g.
EU ETS cap continuous decline and inclusion of more
sectors, such as maritime (2026); separate ETS for road
transport/buildings (2026); and free allocation phase-
out(2027)for aviation). There is no indication that the
EU will relax its focus on decarbonization and the
Green Deal as these are closely linked to energy
security objectives, and the EU ETS is a main tool to
finance the transition costs and achieve netzero
ambitions. UK's ETS scheme mirrors the scope of the
EU ETS and future linking may be expected. Thereisa
clear upward-pricing trend underpinned by efforts to
manage distributional impacts. The EU CBAM from
2026 aims to safeguard European competitiveness by
levelling the playing field between EU and non-EU
producers.

— Greater China (CHN) and the OECD Pacific (OPA):
Both regions trail Europe with a continuous rise and
with expected similar price trajectories, but starting

from lower levels. In CHN, China's national ETS is
expected to expand gradually in coverage to include
an additional seven high-emission industries during
the 14th five-year plan (2021-25). These come in
addition to the power sector, which emits over 4 Gt
CO, eachyear (~40% of China's CO, emissions from
fuel combustion) and includes captive power genera-
tors of industrial plants (IEA-Tsinghua, 2021). In OPA,
carbon pricing is well established (Japan, South Korea,
New Zealand) and tightening/undergoing reform.
Pricing policy is likely to evolve in Australia to achieve
the more ambitious 2030 commitment (43% emission
reductions below 2005 levels, increasing from 26-28%
target under the previous government). Trade under
Article 6, clarified at COP26 on ‘international offsets,
will likely lower OPA's domestic carbon-price level
(Japan, South Korea). Net-zero ambitions in 2050 in all
OPA countries, and 2060 carbon neutrality in China,
will see carbon pricing as an important part of policy
mixes. Strong ambitions for clean-energy industry
development constitute a further carbon-price driver.
There are prospects for potential linkage between
CHN and OPAETS schemes (Heggelund etal., 2021)
butthisis currently undecided and unlikely before
mid-2030s.

North America (NAM): Carbon prices are setto rise,
tracking other high-income regions, butat a lower
level. Carbon pricing is not central in the federal
climate change agenda of the US. However, state
schemes, such as cap-and-trade systems in California
and Oregon, and the Regional Greenhouse Gas
Initiative are being reformed/tightened (e.g. in
California to align with its 2045 carbon neutrality goal).
Washington state passed policy (2021) for a compre-
hensive cap-and-trade system, effective from 2023.
Canada has federal carbon-pricing policy to ensure
economy-wide ETS or tax schemes, requiring an
annualincrease of CAD 15 (USD 12)/tCO, e until
reaching CAD 170 (USD 136)/tCO,e in 2030. Border
carbon adjustments (BCA) are considered in both the
US and Canada.

— Latin America (LAM) and South East Asia (SEA): Both
regions currently have low/limited carbon pricing and
are expected to have similar carbon-price trajectories
towards 2050. There are carbon taxes in LAM e.g.
Argentina, Chile, Colombia, Mexico, and Uruguay, with
the latter as an outlier (in terms of price level) with a
2022 tax rate at USD 137/tCO,e. Chile’s government
recommends an increase to USD 35/tCO,e by 2030.
Brazil is considering ETS implementation. In SEA,
several countries (Indonesia, Malaysia, Thailand,
Vietnam) are taking steps towards introducing or
expanding carbon-pricing schemes by the middle
of the decade and Singapore has a proposal fora
progressive increase of its carbon tax, reaching USD
37-59/tCO,e by 2030. In both regions, key drivers of
carbon-pricing policy include: revenue to fund transi-
tion/emissions reduction; exposure to carbon-border
tariffs/CBAM affecting market access and export
activities, e.g. SEA as a major manufacturing hub;
and scope 3/supply-chain attention from investors
and multinational corporations reinventing their
supply chains for net zero.

— Indian Subcontinent (IND): Currently there is no
explicit carbon-pricing schemes in this region. India,
the region’s dominant economy, has announced its
intention for a national carbon-trading scheme
(Economic Times, 2022), and the state of Gujarat
intends to establish a cap-and-trade market. Pakistan
has carbon-pricing under consideration. The prime
drivers of carbon-price developments in the region
are: India’s netzero announcement (by 2070); domestic
revenue potential to supporttransition projects;
access to global transition/climate finance and inter-
national trade in climate mitigation (Article 6); and
exposure to carbon-border tariffs/CBAM, e.g. EU is
India’s 3rd-largesttrading partner.

— Middle East and North Africa (MEA): Carbon pricing
is presently low/negative given subsidies to fossil
fuels/products, and slow adoption is expected, with
removal of subsidies as afirst step. Carbon-pricing
potential has been explored in a World Bank partner-
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ship for market readiness (e.g. Tunisia, Morocco, and
Jordan) also with support of carbon-market infra-
structure (GHG registry and MRV framework).
Carbon-price policy drivers in the regions are:
netzero announcements with 2050 time horizon;
carbon-border tariffs/yCBAM exposure and price
signals to shift to low-carbon investment as part of
diversifying economies; and climate action as part
of hosting COP27 (Egypt) in 2022 and COP28 (United
Arab Emirates) in 2023.

North East Eurasia (NEE): Carbon pricing is presently
low/negative given subsidies to fossil fuels/products,
and slow adoption is expected. The likely accession of
Ukraine to the EU would — over time — means alignment
of climate policy, including carbon pricing. Schemes
presently existin Kazakhstan and Ukraine, with
emissions trading quotas and carbon tax, respectively,
currently ataround USD 1/tCO,e. Countries in NEE are
likely to adopt some form of carbon pricing to avoid
the EU CBAM on emissions embedded in CBAM
goods/exports. However, with Russia shifting its trade
pattern away from Europe, there is less pressure
towards adopting a carbon-pricing policy.

Sub-Saharan Africa (SSA): Carbon pricing is low/
absentand slow adoption is expected. South Africa’s
government has announced a proposal to increase its
carbon-tax rate (currently under USD 10/tCO,e) to USD
30/tCO,e by 2030, and to USD 120/tCO,e by 2050.
Carbon-price policy driversinclude: access to global
climate finance; trade under Article 6 and exposure to
carbon-border tariffs/CBAM from mid-2030s. It may
be expected that revenues from carbon-border tariffs/
adjustmentin high-income regions will also be used to
support climate action in low-income countries and/or
thatthese are granted preferential trade access and
initial exemptions (under the UNFCCC principle of
common but differentiated responsibilities). Willing-
nessto compete in green value-chains may spur
investmentin some megaprojects - for example

green hydrogen orammonia powered by dedicated
renewables.
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6.5

POLICY FACTORS IN OUR OUTLOOK

Ourforecastfactorsin policy measures that span the entire
policy toolbox (Section 6.4). 12 policy considerations
exertinfluence in the following three main areas:

a) Supporting technology development and activating
markets, thus closing the profitability gap for low-
carbon technologies competing with conventional
technologies;

b) Applying technology requirements or standards to
restrict the use of inefficient or polluting products/
technologies; or

c) Providing economic signals (e.g. a price incentive)
to reduce carbon-intensive behaviour.

Steps in the analysis

Our policy analysis looks at multiple policy arenas,
spanning global regulation (e.g. the Paris Agreement),
regional/national policy developments across the 10
world regions, and public/private partnership initiatives.

i
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Guideposts for our policy mapping are to:

— ensure detailed coverage on the countries within each
ofthe 10 ETO world-regions that combined represent
80% of the total energy use of each region.

— assess national/regional policy documents for existing,
enforceable policy, and plans/announcements for
future policy developments.

— complementinsights from policy documents with
credible sources of research and analysis produced
by leading organizations and experts worldwide.

In deriving an ETO model-specific policy factor, the
following steps are taken:

— regional willingness/ability to implement support/
subsidies is considered and differentiated

— country-level data are translated into expected policy
impacts, then weighted and aggregated to produce
regional figures for inclusion in our analysis. ¥

Below, we detail policy factors in the analysis.
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Factoring in pledges
and policies

Pledges on emission reductions are the first steps in the
direction of meaningful climate action. Where the latest
Emissions Gap Report (UNEP, 2021) from October 2021
suggested that country commitments and current
policies would lead to atemperature rise of 2.7°C by
the end of the century, bolder pledges were submitted
ahead of, and during, the Conference of the Parties,
COP26in Glasgow. Post-COP26 assessment suggested
thatannounced pledges and targets would lead to a
future global mean temperature rise of 2.1°Cif countries
fully implementtheir pledgesto 2030 and beyond. An
“optimistic scenario”, where all the announced net-zero
commitments or targets under discussion are imple-
mented, would bring the estimated temperature rise
down to 1.8°C by 2100 (Climate Action Tracker, 2021a).

However, a main takeaway is that only lip service is being
paidto ‘netzero’, and the gaps between commitments
and action need to be closed. Much more credible
pathways are required for reducing global emissions

by 45% by year 2030 and achieving net zero by 2050.
The final agreement from COP26, the Glasgow Climate
Pact (UNFCCC, 2021a), asks all countries to “revisitand
strengthen” their targets and 2030 emission-reduction

plans by the end of 2022, instead of waiting for five years.

In our analysis, we monitor Paris Agreement-related
pledges closely, but we do not pre-set our Energy
Transition Outlook model to achieve them. Announce-
ments are initial steps in planning, but also precursors
of a possible future. Whether that future comes about
depends entirely on adequate policies, and most
countries have inadequate short-term policies, despite
the boldest pledges (Climate Action Tracker, 2021b).

What matters for DNV's forecast is that policies are
both enacted and implemented. In other words, we
need pledges to be coupled with concrete sector-

transition pathways enabled by real policy and support
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measures. Itis these that will determine the future
curbing of emissions, as well as the direction, scope,
and pace of the transition.

The policy analysis informing our Outlook maps policy
documents for existing, enforceable policy/measures
and indications of planned, future policy develop-
ments, and assesses their likely impact. Model-specific
policy factors are thus derived on the basis of policy

mapping.

In our analysis, we monitor Paris Agreement-
related pledges closely, but we do not
pre-set our Energy Transition Outlook model

to achieve them.

SHARM EL-SHEIKH

EGYPT 2022
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Policy factors influencing our Outlook

-

1.

Renewable power support

Renewable electricity build-out is advanced by governments in all regions, increasingly
through market-led approaches such as capacity quotas and competitive bidding/auctions.
To reflect historical and expected future support for biomass, solar, and wind power, we
assume thatthose technologies receive a subsidy calculated as a fraction (which varies
perregion) of the gap between the expected profitability of renewables (expected capture
price - levelized cost of energy) and the profitability of the most-profitable conventional
technology in the same region.

Subsidies vary by technology and a region’s willingness/ability to implement support.
The subsidy is removed as the profitability gap is closed.

The subsidy stays at zero even if profitability of renewables become negative, as long as
the profitability of conventional generation is lower.

Carbon pricing and increase in cost of capital reduce the attractiveness of fossil-based
generation.

. Energy storage support (batteries)

Existing and planned policy supportis translated to an average supportas a percentage
of battery unit costs for battery-storage technologies.

Supportlevels increase with the share of variable renewables in regional electricity
generation, incentivizing investment in flexibility while reflecting regional differences in
willingness/ability to implement support.
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For the demand-side, a hydrogen-policy factor reflects CAPEX supportto manu-
facturing and buildings but varies by region in terms of policy focus and percentage
level of CAPEX, according to government-funding programmes. The full subsidy
remains until 2030 and is then gradually halved to 2050.

Forroad transport/vehicles, the speed of hydrogen uptake is determined by a
hydrogen-policy factor reflecting, among other parameters, FCEV CAPEX support
including refuelling infrastructure. Examples are incentives driven by municipality-
based CAPEX reduction policies for hydrogen-fuelled public buses.

For shipping and aviation, fuel-mix shifts are driven by fuel-blending mandates and
carbon pricing.

CCSin low-carbon hydrogen production is mainly driven by regional carbon prices.
The main trigger for CCS uptake will be where carbon prices are higher than the cost
of CCS. In addition, regional policies providing specific support for CCS are reflected
to enable the initial uptake and reduce costs. This policy support will be reduced when
carbon prices become high enough to sustain growth.

. Zero-emission transport

We reflect an average regional EV support for both battery electric vehicles (BEVs) and
fuel-cell electric vehicles (FCEVs), based on existing supportatthe country level.

We account for subsidies, tax exemptions, and reduced import duties, and translate this
into an average CAPEX support per region per vehicle type.

We assume a slightinitial growth and a decline in preferential treatment from the current
levels thereafter. The supportis capped by the EV cost disadvantage.

Country-level targets for public fast-charging (> 22kW) infrastructure roll-out have been
mapped to identify EV uptake barriers. As charging infrastructure expands over the next
decade, thisisincreasingly likely to be on marketterms, and associated grid-infrastructure
build-out will follow without constraints.

. Carbon capture and storage support

Historical CCS implementations, as reported by the Global CCS Institute (2021),
arefullyincorporated, as well as their future project pipeline of plants and storage

to 2030. These projects receive investment and operational government support.
Regional carbon prices determine the uptake of CCS in power, manufacturing, and
industrial processing.

Regional policy support for CCS, beyond the carbon price, isintegrated based on the
gap between regular CCS costs and carbon pricing to account for this gap and enable
initial CCS uptake. Policy supportis reduced when the gap between carbon price and
CCS costs is closed.

= P 0
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. Hydrogen support

Support forthe scaling of hydrogen infrastructure, and for the supply-side in terms of
hydrogen production, is estimated on the basis of total annual government funding
available for hydrogen R&D and deployment (pilot projects, support for large-scale
infrastructure, and industry projects) and reflected as a percentage subsidy for the capital
cost of low-carbon hydrogen production routes. This also has spill-over effects for hydro-
gen demand in end-uses through reductions in hydrogen price.

_Bj

. Standards for energy efficiency

Standards and regulation (existing and planned) for energy use and efficiency
improvements in buildings, transport, and industry sectors are incorporated.
Buildings: Standards for insulation against heat loss, heat gain and energy use

for appliances and lighting are used as guides for setting the input assumptions.
However, the policy effects are not quantified explicitly.

Vehicles: Efficiency and emissions standards per region are incorporated and trans-
lated into normalised test-cycle values (New European Driving Cycle, NEDC). An
adjustment factor perregion is applied to derive real-world fuel consumption from
the theoretical NEDC values. The fuel-efficiency trajectories towards 2050 follow the
trends determined by these real-world-adjusted standards, corrected for EV uptake.
Shipping: IMO 2050 carbon emissions fully implemented (IMO, 2018).
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10. Air pollution intervention
— Policy interventions are reflected by an air-pollution cost proxy that transfers costs of
control measures to an operating cost per kWh, incorporated in power and manufac-

7. Bans, phase-out plans and mandates

— Banson ICE cars are notincorporated in the forecast, but model results are
compared with announced bans.

— Phase-out plans on nuclear power are incorporated but with a few short-term
exceptions in Europe due to the Ukraine war. For coal-fired power generation, our
forecast references the phase-out plans. However, due to market economics and
reduced cost-competitiveness, shutdowns might happen earlier than phase-out
plans suggest.

— Regional biofuel-blend mandates currently in place are considered and we foresee
further strengthening of these in frontrunner regions such as EUR and NAM. Mandates
will likely be enhanced in the future to include other sustainable aviation fuels (SAFs).

— Region-specific pushes both from business and from individuals that are willing to
pay for sustainable aviation, will enable a gradual increase in uptake of non-cost

turing sectors.

— Avregionally dependent ramp-up rate is used, going from 0 to 100% implementation
of the operating cost over a certain period, indicating that regulations will be gradually
enforced on more and more pollutants and plants.

11. Plastic pollution intervention

— Policy interventions on plastics, such as mandated recycling, taxes on unrecycled
plastic, trade restrictions, and extended producer responsibilities, are incorporated in
form of recycling rates and an effect of reduction and substitution on demand.

— The projected recycling rates (mechanical and chemical) and the effect of reduction
and substitution builds on the “"Reshaping Plastics” report for Plastics Europe
(Systemiq, 2022), assuming that the most-likely future policy interventions correspond

competitive aviation fuels such as hydrogen and SAFs.

8. Carbon pricing schemes to those in the Circularity scenario (a combination of the “Recycling” and “Reduction &
— Ourregion carbon-price trajectories to 2050 consider hybrid pricing (cap-and-trade substitution” scenarios). Among the regions, EUR is expected to be a front-runner and
schemes and carbon taxation). the other ETO regions are assumed to follow, but with delays ranging from 5to 15 years.

— Our carbon-price trajectories (Figure 6.3) are reflected as costs for fossil fuels in manu-
facturing and buildings; and in power, hydrogen, ammonia, and methanol production,

where progressive participation in the same regional and/or sectoral carbon-pricing 12. Methane intervention

schemes is assumed. Some regions (EUR, NAM, OPA, CHN) are projected to reach — Methane intervention and abatement, such as resulting from the Global Methane
carbon-price levels in the range of USD 22-95/tCO, by 2030 and USD 70-135/tCO, Pledge (US and EU initiative in September 2021, promising atleast 30% reduction from
by 2050. Across all 10 regions, carbon pricing by mid-century is projected to range 2020 levels by 2030) are incorporated. Partial energy-sector reductions are achieved
between USD 20/tCO, (in NEE) and USD 135/tCO, (in EUR). as aresult of carbon prices deployed against methane abatementtechnologies and

their marginal costs.

9. Taxation of fuel, energy, carbon and grid connections

— Fossilfuels used in road transport are taxed atthe consumer level, labelled as fuel or
carbon taxes.

— Effective fossil-carbon rates are incorporated in fuel prices for road transport, with
taxation highestin Europe.

— We assume that these taxes will increase in line with a region’s carbon-price regime,
rising at a quarter of the carbon-price growth rate.

TAX — Energytaxrates incorporated for other demand sectors (buildings, manufacturing)
encourage switching from fossil fuels to electricity and hydrogen. Electricity taxation
declinesin high-tax regions to enable electrification of end-use sectors. In order to
support hydrogen uptake, itis expected to be exempt from energy taxation through to
2035 inall regions. In regions prioritizing domestic use of hydrogen, the tax exemption
has a phase-out profile, with hydrogen increasingly facing tax levels similar to those
appliedto the region’s future industrial electricity to assure a harmonized energy
taxation system.

— Taxes and grid tariffs for grid-connected electrolysers are assumed to be a 25%
surcharge over the wholesale electricity price.

158 159



vl

EMISSIONS R
AND CLIMATE
IMPLICATIONS ,.

Highlights

This chapter present a forecast of cumulative energy- of other greenhouse gases (GHGs). We calculate
related emissions to 2050. Energy production and use cumulative emissions to 2050 and assume a linear
represents more than 70% of global greenhouse gas reduction from then until GHG emissions reach zero in
emissions, of which mostis CO,. 2100. That enables us to estimate the likely warming

effect of the energy transition we forecast, which
We find that while energy-related emissions peaked in indicates a warming of 2.2°C by 2100 — which holds
2019, and fell by 7% during the pandemic, they have dire implications for climate-related damage.
now returned to near-record levels. By 2025, emissions
will have grown to 32.8 GtCO, (a little below 2019 levels) In Chapter 8, we detail DNV's view on how to close the
before declining gradually to 17.7 GtCO, per year, 46% gap between the energy future we forecast and one that e
less than in 2021. will limit global warming to 1.5°C. s e e s B 6, b
To estimate the warming trajectory associated with these B h -
levels, we also take into account likely developments in N
agriculture and land-use emissions, and IPCC estimates 7.1 Emissions 163

7.2 Climate implications 169
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EMISSIONS AND CLIMATE IMPLICATIONS

The energy sector is responsible for more than 70% of annual greenhouse

gas (GHG) emissions associated with human activities. The combustion of

fossil fuels is the main contributor to emissions from the sector. Most of the
emission is carbon dioxide (CO,), though methane (CH,) is also an important
GHG when considering future climate implications.

In this chapter, we estimate the global energy-related
CO, emissions until 2050 associated with the ETO
forecast. Adding these to the sum of other non-energy-
related CO, emissions (e.g. industrial processes and
land-use) and energy emissions estimates beyond 2050,
allows us to derive the cumulative emissions that
decidesthe CO, concentration, as well as derive the
associated global climate response in terms of global
average temperature increase.

We do not assess climate implications such as flooding,
drought, orforestfires beyond the future average

warming associated with the cumulative CO, emissions of
our forecast.

We describe future CO, emissions from energy, include a
likely development of agriculture and land-use emissions
(which contribute significantly to both CO, emissions and
methane emissions); and we then assess climate impli-
cations. In addition, we comment on methane emissions
from the energy sector and its likely emissions due to
changes inthe energy system.

EMISSIONS

Emissions from energy-related activities have grown
continuously since the Industrial Revolution and it is
estimated that 50% of energy-related emissions have
been added to the atmosphere in the last 50 years
(Buis, 2019). After staying virtually flat between 2014 and
2016, global annual energy-related CO, emissions grew
to a peak of 33.6 GtCO, in 2019.

The effects of COVID-19 resulted in energy-related CO,
emissions dropping by approximately 7% in 2020, a
reversal unprecedented in recent history. But as economic
activity picked up, so did energy use and emissions.

The pandemic has shifted the global emissions trajectory
slightly down because the global economy and energy
use need some years to regain momentum while decarbo-
nization continues. We still find 2019 to be the year of
peak emissions in our modelling. The impact of the
COVID-19 pandemic on cumulative global emissions is
very limited, however.

Russia’s invasion of Ukraine has further disrupted the
energy transition, with the net effect of aslightincrease in

FIGURE 7.1
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emissions in the coming years as countries shift focus
from decarbonization to securing the supply of energy,
which in many regions means increased coal use or
temporarily running oil-based electricity generation
(aided by the possibility of price-capped or discounted
Russian oil exports). Based on global energy demand,
annual energy-related CO, emissions rose 5.5% during
2021 and will grow to 32.8 GtCO, by 2025 before declining
gradually to 31.2 GtCO, in 2030, almost the same level as
inthe COVID-affected year 2020. By mid-century,
energy-related emissions are expected to be 17.7 GtCO,
peryear, 46% less thanin 2021 (Figure 7.1.).

Combustion emissions

Figure 7.1 shows coal as today’s main contributor (42%) of
energy-related CO, emissions, followed by oil (30%) and
natural gas (26%). Emissions of CO, from coal will see the
strongest decline (62%) between 2020 and 2050.
Emissions from oil will reduce by a third in that time,
whereas those from natural gas will remain attoday’s
levels towards 2030 then drop to a quarter less than
today’s emissions by 2050.

World energy-related CO, emissions by fuel source

Units: GtCO,/yr

1990 2000 2010 2020

Non-renewable
waste

Natural gas

Qil

Coal
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Sector emissions

Manufacturing is currently the largest sectoral contributor
to energy-related CO, emissions; 11 Gtin 2020, 36% of all
energy-related emissions that year. The buildings sector
made up 26% (8 GtCO,) of the total that year while
transport, the third main energy demand sector,
accounted for 24% (7.5 GtCO,) and was the most severely
impacted by COVID-19.

In 2050, manufacturing will remain the biggest emitter
(34%), but with annual emissions reduced to 6 GtCO,,.
Transport's share will increase to 30% by then, butin
absolute terms its emissions will reduce to 5.3 GtCO,,
while the buildings sector’s emissions declines to 4
GtCO, (22%) as seen in Figure 7.2. The dynamics behind
these emission reductions are summarized as follows:

— The manufacturing sector emissions will decline
steadily over the whole forecast period with electrifi-
cation, fuel-switching and carbon capture and storage
(CCS)in combination contributing to almost halving
emissions from manufacturing.

— The buildings sector will see a steady decline and
halving of its emissions, despite significant growth in
the number of commercial and residential buildings.
Continuous improvements in energy efficiency and

FIGURE 7.2

switching to cleaner sources of fuel for heating (e.g.
electricity combined with heat pumps) will be the main
reasons for these reductions.

— Thetransportsector saw a sharp decline in emissions
in 2020 due to the COVID-19 pandemic. In the longer
term, the main trend of electrifying road transport will
resultin emissions declining 30% to 2050. This is not
just because EVs use energy more efficiently, but also
because electricity production from renewable sources
will increase, supplying ever-more emission-free
electricity to the transport sector. However, itis only by
the mid-2020s that transport emissions start to
decline. Thisis because even though the growing
number of EVs reduce emissions, the effectis initially
countered by transport growth and a lack of emission
reductions in shipping and aviation.

Regional emissions

Our 10 Outlook regions have different starting points
and very different emission trajectories over the forecast
period. Greater China, currently the largest emitter by far,
will reach peak emissions before 2030; its emissions will
then decline to mid-century, when they will be 71% less
thanin 2020.

The Indian Subcontinent will continue to grow its

World energy-related CO, emissions by sector
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Emissions from power and hydrogen generation are allocated to end-use sectors.

emissions, peaking by 2040 then declining 15% by 2050
to be 40% higher in mid-century than in 2020. Sub-
Saharan Africa will show an increase of 61% compared
with today. All other regions will reduce their emissions
Figure 7.3, led by Europe (-78%), OECD Pacific (-77%) and
North America (-68%). North East Eurasia will have the
highest emissions per capita at 7.5 tonnes in 2050,
followed by North America and Middle East and North
Africa at 3.5t per person (see graphic on Energy, GDP
and population, page 172). We describe regional
emissions in more detail in Chapter 9.

Process-related emissions

In addition to CO, emissions from combustion of fossil
fuels, there are significant emissions from industrial
processes that either consume fossil fuels as raw material
for feedstock (e.g. plastics and petrochemical products)
orthrough processes that produce CO, through a
chemical reaction (e.g. cement and other industrial
processes).

These process-related emissions, together with estimates
of the subsequent capture of some of these process
emissions, are included in our analysis as part of the
manufacturing sector. In 2020, these emissions were an

FIGURE 7.3

Energy-related CO, emissions by region
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estimated 3.7 GtCO,, of which approximately 44% were
from calcination in the cement-production process. The
remainder of the emissions were 40% from ammonia
production, and small shares from coke ovens and the
production of lime or other chemicals.

We expect a slightrise in construction and industrial
growth, which largely drives process emissions, over the
next 15 years, and then a stabilization. However, while
output might stabilize at a higher level than today,
improvements in production and technical efficiencies,
combined with increasing shares of these emissions
being captured, mean thatthe resulting emissions level
will decline towards 2040, and fall even more quickly in
the decade to year 2050. In mid-century, process-related
industrial emissions will be 35% less than today.

Land-use emissions

CO, emissions from AFOLU (agriculture, forestry, and
otherland use) are notincluded in ourforecastand
modelling but are at a similar level to Europe’s emissions.
They are substantial enough, then, to warrantinclusion of
land-use emissions in any calculation of global emissions.
Emissions from land-use have been growing slowly over
the last 20 years, historically averaging 5 GtCO, per year,
but with large annual fluctuations. Most recent research
has adjusted land-use emission down slightly from the
historical average. Even incorporating last year's forest
fires, the latest such estimate is that there was a decline to
3.2 GtCO, peryearin 2020 (Global Carbon Budget, 2021).

There is currently considerable uncertainty about
changesin future land use, as some countries with large
forest areas are losing them at double-digit percentage
rates compared with previous years, due to deforestation
and forestfires (Global Forest Watch, 2021). However, we
expect that climate and sustainability concerns will
eventually affect policy, creating pressure to control
land-use changes. Thus, our best estimate is thatannual
CO, emissions from land-use changes will slowly decline
towards 3 Gtin 2030, and then reduce linearly to 2 Gtin
2050, almost 40% less than today’s annual levels.
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Carbon capture and removal

CCStoday is almost solely applied as part of enhanced oil
recovery, where there is a viable business case, capturing
amere 26 MtCO, peryear. Going forward, we expect that
operators of large point sources in the power and
manufacturing sectors will increase the capture of carbon
from their processes and waste streams. Additionally, we
expectall carbon emissions from hydrogen production
as an energy carrier to be captured in the steam-methane
reforming (SMR) process; we also foresee capture of an
increasing share of emissions associated with hydrogen
production for the process industry. Some capture is also
expected when flaring occurs during natural gas
processing.

However, for all the existing and announced policy on
CCS, its uptake will be very limited in the near-to medium-
term, and effectively too late and too little in the longer
term. Itis only in the 2040s, when carbon prices startto
approach the cost of CCS, that uptake accelerates and
deployment atscale begins. By 2050, we find emissions
captured by CCSto be 1.3 GtCO,. Ofthese 0.3 GtCO, will
be captured from SMR, 0.4 GtCO, from process-related
emission from activities consuming fossil-fuels as feed-
stock, and the rest from point-source capture in power
and manufacturing (Figure 7.4). By 2050, the remaining

FIGURE 7.4

In September 2022, Climeworks and Carbfix announced
the development the world's first full-chain certification
methodology dedicated to CO, removal via direct air
capture and underground mineralization storage.
This methodology has been validated by DNV.
(Image, courtesy Climeworks)

emissions for potential capture in power and manu-
facturing are in regions with low carbon prices, which to a
large extent explains why total carbon captured amounts
to only 6% of all CO, emissions in 2050.

World CO, emissions captured
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Directair capture (DAC), which involves the direct capture
of CO, from the atmosphere and then sequestering the
captured CO,, is stillan emerging technology. It shows
great promise for decarbonization after 2050 but will not
scale fast enough to make a meaningful difference to
emissions before then. Itis nevertheless a much needed
niche and very meaningful atthe scale of individual
companies. We note that any pathway to net zero by 2050
will have to accelerate DAC technology development and
uptake enormously (see Chapter 8).
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Almost 60% of CCS capacity will be in Europe, Greater
China, and North America. Europe is the only region with
high enough carbon prices to make a viable business
case for CCS before 2040. The other regions will have
considerable fossil-fuel use and relatively moderate
carbon prices. CCS developmentis thus not happening
at sufficient speed or scale to make a significantimpactin
reducing emissions enough to prevent future global
warming.

Methane emissions from fossil fuels

Methane (CH,) is a greenhouse gas which is the second
largest contributor, after CO,, to global warming. The
concentration of CH4 in the atmosphere has more than
doubled since pre-industrial times. Approximately half
the CH, emitted is anthropogenic. Most of these
emissions are associated with the agricultural sector
(40%), and approximately 35% from extraction and use
of the fossil fuels oil, natural gas, and coal (UNEP, 2021).

Methane has a shorter half-life (12.4 years) than carbon
dioxide. However, methane is a more potent GHG than
CO, pertonne of GHG emitted; 29.8 times more potent
overthe 100-year Global Warming Potential (GWP) time
horizon, and 82.5 times so in a 20-year GWP perspective
(IPCC, 2021). Total anthropogenic CH4 emissions in
2021 were estimated at 357 Mt (IEA, 2021c). When
converted to their CO, equivalent value using 100-year
GWP, that amounts to 10.6 GtCO,eq, which is a little less
than a third of the global CO, emissions from the energy
sector. Thisis not an insignificantamount, especially
given that mitigating involuntary CH, emissions is
fiscally expedient as it may be used as energy, thus
fractionally reducing the need for extraction.

Global Methane Pledge

One of the important commitments regarding curtailing
CH, emissions is the Global Methane Pledge (GMP)
broughtforward by the US and EU at COP26 in 2021

(Global Methane Pledge, 2021). At present it has around
120 participating countries, who account for 45% of total
anthropogenic CH, emissions. The GMP aims to reduce
global CH, emissions by 30% by 2030, compared with
2020 levels.

Despite its very good intentions, the Pledge has obvious
drawbacks. One is that some countries with large CH,
emissions, such as the Russian Federation, China,
Kazakhstan, and Venezuela, among others, are conspic-
uously absentfrom it. Second, while the GMP puts
forward a global target, it does not disaggregate the
easier-to-abate sectors from the total emissions; such
sectorsinclude, among others, fossil-fuel extraction and
use, where abating CH, emissions has a negative cost,
or a net monetary benefit.

The geopolitical climate after February 2022 is radically
different from when the GMP was unveiled. With the
Russian invasion of Ukraine, and the ensuing natural gas
supply shock, the focus has shifted firmly away from CH,
emissions accumulating from the fossil-fuel sector, to
mitigating energy-supply insecurity. To put it bluntly,
countries need oil and natural gas now, and do not care
how they get it. In fact, preliminary numbers suggest
that CH, emissions from oil and gas extraction have
increased in 2022 compared with 2021 (Financial Times,
2022a), which our results also show.
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Methane emissions from fossil fuels

In our Outlook, we present the CH, emissions from the
coalmining process, and from oil and natural gas
extraction, transmission, and distribution. Historical
data on CH, emissions from all fossil fuels are obtained
from EDGAR, the Emissions Database for Global
Atmospheric Research (EC-JRC and PBL, 2021). The
resulting emissions are projected based on activity
levels of oil and natural gas production by field type
(conventional onshore, offshore, and unconventional),
and coal production. For oil and gas CH, emissions, we
also separate the CH, emission mechanisms, namely
vented, fugitive, and incomplete flaring.

Our projection indicates that the world will fail to meet
the Global Methane Pledge by 2030, atleast in terms of
CH, emissions from fossil fuels. The CH, emissions from
fossil fuels are 108 Mt peryearin 2030, only 7% less than
the 115 Mtin emitted in 2020 (Figure 7.5). We project
CH, emissions of 88 Mt per yearin 2040, 24% less than in
2020. By mid-century, CH, emissions will be half of what
they were in 2020, primarily thanks to reduction in
demand for coal and oil.

FIGURE 7.5

In 2020, CH, emissions from natural gas were 40% of the
total emissions, with coal and oil having approximately
equal shares of 30% (Figure 7.6). But we estimate these
shares will change gradually, with coal CH, emissions
seeing a drastic reduction thanks to reduction of
demand. By mid-century, half of the methane emissions
from fossil fuels will be due to the extraction, transmission,
and distribution of natural gas, with oil contributing
30%, and coal 20%.

Why only CO, and CH,?

Other greenhouse gases, such as NOx, HFCs and CFCs,
are more potent climate gases (measured in GWP per
tonne of gas emitted) and more persistent than both
CO, and CH,. However, we do not consider these in our
analysis. There are two main reasons for this. First, the
energy sector is not a significant contributor to these
emissions. Second, the quantities of these GHGs are low
despite their high potency. Thus, these emissions could
potentially be much more easily reduced through
regulation and are not correlated to our energy systems
model.

FIGURE 7.6
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CLIMATE IMPLICATIONS

Our forecast gives future levels on CO, emissions per
year and enables us to determine the corresponding
climate response and its associated temperature
increase. We focus only on first-order effects and do not
include possible tipping points and feedback loops, such
as melting permafrost and peat fires, which would
accelerate global warming. Other climate implications,
including those directly associated with emissions (e.g.
acidification of the oceans), orindirect consequences
such as sea-level rise, are not dealt with in this Outlook
which concentrates on the energy transition and its
associated CO, emissions.

CO, concentration

The concentration of CO, in the atmosphere is measured
as parts per million (ppm). Pre-industrial levels were
around 280 ppm (Global Carbon Project, 2020), and
emissions related to human activities, particularly

burning fossil fuels, have resulted in a significantincrease.

The mostrecentreading, in June 2022, was a record level
of 417.42 ppm (NOAA GML, 2022). Over the last 60 years,
there has been an increase in the concentration of over
100 ppm, which is of the same magnitude as the entirety
of shifts observed over the previous 800,000 years
(IPCCa, 2021).

We forecast a continuation of CO, emissions to the
atmosphere linked to human activities, albeit at a
decreasing rate. In contrast to methane, which on
average oxidizes after approximately 10 years (IPCC,
2001), ittakes hundreds to thousands of years for CO, to
disappear naturally from the atmosphere (Archeretal.,
2009). Thus, with the lengthy persistence of CO, in the
atmosphere, the cumulative concentration of CO, gives a
directindication of long-term global warming.

Asthere is a causal link between concentration and
long-term temperature increase (IPCCa, 2021), itis
possible to calculate the expected temperature increase
based on the cumulative net global amount of CO, in the
atmosphere. Similarly, limiting global warming to a given
level with a given probability, taking into account the

Emissions and climate implications CHAPTER 7

effect of other anthropogenic GHGs and pollution, gives
the maximum amount of cumulative net global anthropo-
genic CO, emissions, often referred to as the global
carbon budget.

Carbon budget

The carbon budgetincludes several uncertainties. They
include the accuracy of data on historical emissions; the
accuracy of the estimated warming to date; the role of
other GHG emissions in current warming; Earth system
feedbacks; and, the delay between emissions having
reached netzero and the additional amount of warming
inherentin the system. The closer we getto the temper-
ature increase that we wish to avoid (e.g. increase above
1.5°C), the more these parameters contribute to
uncertainty.

Despite these uncertainties, the carbon budget has
proved to be areasonable method to indicate potential
future warming levels based on different scenarios for
energy-related emissions.

For ourtemperature estimates, we have used the 'likely’
(meaning 67% probability) carbon budgets from the IPCC
Sixth Assessment Report (IPCC, 2021). By selecting a 67%
chance to stay below the selected temperature thresh-
old, we have chosen to increase the certainty of limiting
warming to our selected respective temperature thres-
holds. IPCC concludes that to stay below 1.5°C, we have
to limit cumulative emissions from 2020 onwards to 400
GtCO,, andto 1,150 GtCO, to remain below 2.0°C.

The IPCC carbon budgets have taken account of emis-
sions from other GHGs. Methane emissions from fossil
fuels or changes in agricultural practices, including
fertilizer use or aerosol emissions, can have considerable
influence on the size of the carbon budget. We use the
IPCC scenarios in line with 'very low" and ‘low’ non-CQO,
emissions estimates, that follow a similar path as our CO,
emission trajectory. If emissions from non-CO, GHGs are
larger, then the carbon budget will be smaller and
associated temperature increase larger.
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Using the IPCC carbon budgets and the cumulative CO,
emissions from our forecast, we find thatthe 1.5°C
budget will be exhausted in 2029. The carbon budget
associated with the 2.0°C threshold will be exhausted in
2056, outside the forecast period. The CO, emissions
from energy-related activities as well as industrial
process and land-use emissions will still be considerable
post-2050 and will continue many years thereafter. Thus
the question arises: "What temperature increase does our
forecast suggest?’

Temperature increase

Our forecast and associated CO, emissions end in 2050.
Therefore, in orderto use the overshoot of the carbon
budgets to evaluate a likely temperature increase, the
emissions for the latter part of this century must be
assessed. By 2050, the emissions trajectory shows a
relatively steep decline, with increasing amounts of CO,
captured by CCS. Beyond 2050, our analysis assumes we
will arrive at net-zero CO, emissions before or atthe end
of this century.

To estimate the CO, emissions and global warming by the

end of the century, we extrapolate the development of

FIGURE 7.7

emissions and their capture towards 2100. Capture
occurs only within the sectors shown in Figure 7.4; so, for
sectors such astransport or buildings where there is zero
or marginal capture, we extrapolate a decline in line with
our forecastbutending at net zero by 2100. The
approach gives us estimated cumulative emissions of 370
GtCO, between 2050 and 2100 (Figure 7.7). This estimate
does notinclude any large-scale negative-emissions
technologies that may be able to reduce the atmospheric
CO, concentrations significantly. With the updated
climate response from IPCC AR6 (IPCC, 2021) using the
67% 'likely" overshoot of 300 GtCO, compared with the
2.0°C budget suggests that the world will reach a level of
warming of 2.2°C above pre-industrial levels by 2100.

We find that 1.5°C budget will be exhausted
in 2029, and the 2.0°C budget in 2056

World CO, emissions and associated carbon budgets
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IPCC Sixth Assessment Reports on climate science

The UN Intergovernmental Panel on Climate Change
(IPCC)is now completing the sixth assessment cycle.
While preparing the Synthesis report to be published
late 2023 or early 2024 the following three reports have
beenissued:

— Climate Change 2021 — The Physical science basis

— Climate change 2022 — Impact, adaptation and
vulnerability

— Climate change 2022 — Mitigation of climate change

We do notintend to summarize the reports here but are
intensely aware of the warning stemming from them. In
describing climate change, they use expressions such as
‘widespread and rapid’ and ‘unprecedented over many
centuries to many thousands of years”.

1
Today's IPCC Working
Group 1 Reportis a

code red for humanity.

Antoénio Guterres

United Nations
Secretary-General

9 August 2021

We acknowledge this work and use the IPCC report as
input for our analysis. While our Energy Transition
Outlook is an energy and not a climate forecast, the
IPCC reports setthe scene, documenting in a more
comprehensive way than any other work has ever
achieved just why an energy transition is needed; what
factors create climate change; and the various ways in
which an energy transition — or lack thereof — will impact
regions and the planetinthe coming decades and
centuries. It also outlines the risk and uncertainties in
the scientific work. As such, it creates a very solid
foundation for our assessment of emissions and climate
implications of the energy transition.
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GDP, ENERGY USE AND EMISSIONS
ACROSS OUR 10 OUTLOOK REGIONS

2020-2050 Overview

This illustration shows, for each region considered in this Outlook,
a comparison between per capita GDP, primary energy use and
energy-related CO, emissions (2020 and forecast figures for 2050)

Latin Europe Sub-Saharan
America (EUR) Africa
(LAM) (SSA)
2020 2050 2020 2050 2020 2050 2050 2050
GDP per person ‘ .
(USD2017ppp/
person-yr)
59300 78300 14800 30100 38800 57500 3800 9600
Energy use
per person ' '
(Gigajoules = =
per year) - 5
266 167 49 60 121 97 24 23

Energy-related CO,
emissions per person

(Tonnes per year)

13.6 37 22 1.7 54 1.2 0.8 08
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2050

20100 39300

90

5.0

2050

96

3.5

North East
Eurasia
(NEE)

2020

17 400

74

2050

30500

132

5.8

Greater China
(CHN)

2020

21600 49200

105

2050

94

22

Indian
Subcontinent
(IND)

2020 2050

6500 21200

25 43

14 15

South East
Asia
(SEA)

2020

12 900

44

23

2050

32300

65

1.9

Emissions and climate implications CHAPTER 7

OECD World
Pacific
(OPA)
2020 2050 2020 2050

39800 56900 17300 31700

170 122 75 67

9.4 23 40 1.9
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Highlights

This chapter presents DNV’s Pathway to Net Zero
emissions, which we consider to be a technically and
economically feasible — but unavoidably challenging
scenario.

Unlike our ETO forecast (the main focus of this report),
which results in global warming of 2.2°C by 2100, our
Pathway to Net Zero emissions (PNZ) is a ‘back-cast’
estimation of what is needed to achieve a net-zero
energy system by 2050 with the aim of securing a
1.5°C warming future.

We detail here the size of the gap between our forecast
and the PNZ, and detail what needs to change in the
supply and demand sectors to achieve net zero. A key
principle is that not all sectors will be able to reach net
zero emission by 2050. Moreover, not all regions will be
able to do so —implying that some demand sectors
(e.g. transport) and regions (typically high-income
regions) must go below zero before 2050. Chapter 9
provides more detail on the netzero pathways for each
of our 10 world regions.

PATHWAY TO
NET ZERO
EMISSIONS (P

Pathway to net zero
emissions (PNZ) 176

Net zero policies 180
Net zero demand and supply 182
Net zero expenditures 192
CO, and methane emissions 194

Sectoral roadmaps 198
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PATHWAY TO NET ZERO EMISSIONS (PNZ)

"The best way to predict the future is to create it” — Peter Drucker (2009).
This chapter describes what DNV believes to be a plausible, but challenging,
pathway to a net zero emissions (PNZ) by 2050.

This pathway differs markedly from DNV's 'best estimate'
forecast of the most likely energy future captured in the
rest of this year's Energy Transition Outlook (ETO). From
here on, we use ETO forecast to refer to the most likely
future, as a contrast to a PNZ future. Comparing our
forecast with a pathway to netzero allows us to place a
dimension on the scale of the change needed to achieve
an energy transition that secures a 1.5°C future.

In its contribution to the IPCC's Sixth Assessment Report
(AR6) on climate change (IPCC, 2022), Working Group IlI
describes 230 pathways that align with a 1.5°C future.
Two things common to all these pathways are netzero
CO, emissions around 2050, and the use of some sort

of carbon dioxide removal technology.

Accounting for greenhouse gases (GHGs)

Saying thatachieving netzero CO, emissionsin 2050

will limit global warming to below 1.5°C s, of course,

a simplification. While CO, represents 65% of GHG
emissions, what happens to other highly potent GHGs
such as methane will be important. The IPCC carbon
budgets and net zero considerations take account of
emissions of these. For instance, methane emissions from
fossil fuels or changes in agricultural practices, including
fertilizer use or aerosol emissions, have considerable
influence on what net zero CO, will mean in practice.

We use the IPCC scenarios in line with ‘very low" and ‘low’
non-CO, GHG emissions estimates, corresponding well
with the very low CO, emissions we project; hence the
approach is consistent.

Gross zero and net zero

While net zero emissionsis alogical goal on a global
scale, it should be applied with care atregional and
sectoral scales. There is a big difference between net
zero and gross zero, and a global net zero future does not
mean all sectors and regions will meet the zero-emission

threshold. Itis both implausible and unjustto expecta
gross zero result—i.e. thatall sectors, regions, or countries
achieve this challenging goal at the same time. Each
region differs in its emissions status and its ability to
reduce emissions. Similarly, the ready availability of
abatement options varies considerably between various
demand sectors.

Accordingly, this report applies the netzero approach
only on a global scale, while allowing for a large differen-
tiation on a regional scale. Similarly, we apply the net zero
approach to the entirety of energy demand, not for
individual demand sectors, which will decarbonize at
differentrates. Applying our ‘most likely’ future from the
ETO forecast allows us to see where regions and sectors
are going to be, compared with where they need to go.

Afairtransition

While the concept of a ‘just transition” is compelling, we
have not attempted to model a dramatic transfer of
wealth across world regions over the next 30 years. This
choice is partly because ‘energy provision and consump-
tion’is a relatively small component of total economic
activity, and because such wealth transferis notvery
likely to happen any time soon. Therefore, in our PNZ,
we have applied the same population and GDP growth
assumptions —and consequently, the same GDP per
personin 2050 — as we use in our ETO forecast of the
‘most likely’ future. While this is inconsistent with the
notion of a just transition, a greater injustice would arise
from the expectation that all regions should move atthe
same decarbonization pace regardless of their different
starting positions. We have therefore scaled the imple-
mentation of measures to achieve netzero relative to the
GDP of the region, as further described in our policy
section. Arguably, our approach thus balances the fair
and the plausible.

The size of the emissions gap

The ETO emissions forecast summarized in Chapter 7
predicts 22.2 GtCO, of annual emission in 2050, showing
there is a big gap to be closed to reach net zero emissions
by then. Furthermore, as carbon emissions will overshoot
the carbon budget for 1.5°C, there will be a need for CO,
removal in the post-2050 era to stabilize warming at 1.5°C.

Global temperature increase is closely correlated with
atmospheric CO, concentration, which is continuously
growing as annual emissions are larger than the capacity
ofthe land and oceans to sequesterthe CO, emitted. At
the start of 2021, the carbon budget for reaching 1.5°C of
global warming was 360 Gt of carbon dioxide. Our ETO
forecast sees this budget being used up by 2029; hence,
all emissions thereafter will first have to go to zero, and
then below zero for 50 years to remove the overshoot of
300 GtCO, by the end of the century, asillustrated in
Figure 8.1. Thisis an enormous task and a huge gap
compared with the emission levels we forecastin the ETO.

Closing the gap

So, how do we close this gap? Most of the CO, emissions
need to be avoided through implementing low-emission
technologiesin the energy system. There are technical
solutions that need massive deployment and scale up,
such as renewable energy, storage, grids, hydrogen, and
CCS. Othertechnologies must be scaled down, such as

FIGURE 8.1
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coal, oil, gas, and combustion engines. These actions
alone will be insufficient, and there will also be a need to
deploy significant amounts of carbon removal technolo-
gies. These could be nature-based solutions such as
reducing deforestation and increasing sequestration in
biomass. They could also be technical deployments like
directair capture (DAC). Cumulative removal of CO, must
reach almost 7 GtCO, in total by the end of the century to
remove the overshoot accumulated by 2050.

Policy that drives or pulls through developmentand
implementation of abatement and removal solutions is the
main lever for scaling them up. If we are to close the gap
and limitthe global average temperature increase to
1.5°C, itwill be through tightening energy, industrial, and
climate policiesin all regions and sectors, and by applying
the entire policy toolbox. The net zero policy conside-
rations included inthe PNZ are described in Section 8.2.

The emissions reduction potential of changing behaviour
is also worth consideration. Policy nudges behaviour, and
thereis afine balance in deciding whether such changes
should be encouraged or enforced. For example, we
have limited the increase in the number of air flights in our
modelling by making flying more expensive through
significant sustainable aviation fuel (SAF) uptake policies,
such as taxes and mandates.

Pathway to net zero emissions incl. overshoot and gap to be closed

Units: GtCO,/yr

Absolute gap of
22.2 GtCO, to be
closed in 2050

Sources of emission:
¢ === ETO 2022 CO, emissions
. —— PNZ Total CO, emissions
Overshoot emissions
to limit warming below

1.5"C carbon budget overshoot of 7
300 GtCO;, to be closed by net negative )
emissions from 2050 to 2100

1.5°C
Net negative emissions

2020 2030 2040 2050 2060 2070

....

2080 2090 2100
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|s net zero realistic?

The ETO forecast describes the future that DNV considers
‘most-likely”. This is not a future in which CO, emissions
reach netzero in 2050 —far from it. It is logical to question,
therefore, whether achieving a net zero future by 2050 is
atall realistic.

A ‘'mostlikely’ future does not, of course, rule out other
possible futures. In our view, net zero CO, emission by
2050 is still possible, but only barely and will need
urgent, concentrated, and simultaneous effort from all
regions and countries. This chapter outlines what we
believe to be a realistic, albeit very narrow, pathway to
netzero emissions. Itincludes detailed net zero road-
maps for each major demand sector. Regional net zero
pathways are included in Chapter 9.

Individually and collectively, the sectoral roadmaps are
all possible, though very challenging. They require not
only strong contributions from technology and finance,
butan extraordinary step-up in energy policies, and
sometimes behavioural changes. Moreover, these
changes need to be achieved simultaneously. Alterna-
tively, if some sectors or regions underperform in
relation to the roadmaps, other sectors or regions will
need to over-deliver on already-challenging roadmaps.

Achieving net zero by 2050 is realistic for some sectors,
some regions, and some countries; but that is not
enough when we need to achieve global net zero.
Assuming that some sectors and regions will not
achieve netzero by 2050, others will have to strengthen
their targets and achieve net zero before 2050 and net
negative emissionsin 2050. Nations and sectors that
conceivably can move faster are going to have to do so.

Each of the roadmaps we set out here is challenging;
the chances of all being achieved are low. If by ‘realistic’,

we mean a convincing or better-than-even chance of
achieving something, then we would need to concede
that net zero by 2050 is unrealistic. Itis, however,
possible; and given what is at stake, itis imperative to do
our outmost to achieve it.

Itis also crucial to realize that every tenth of a degree of
global warming matters disproportionately, as even
relatively small additional increases in temperature give
additional long-term consequences and risk hitting
planetary tipping points. 1.6°C of global warming is
much betterthan 1.7°C, and 1.9°C much better than
2.0°C, and so on. Because impacts pile up extraordinarily
for levels of warming above 1.5°C, the rational response
is surely to expend extraordinary effort now and in the
coming yearsto avoid a very dangerous long-term
future.

DNV'’s contribution lies precisely in not painting a
rose-tinted view that net zero is easy to achieve, and by
providing a reality orientation on exactly how difficult
the goalis. Is net zero probable? No — but it is still
possible.

|
Achieving net zero by 2050 is realistic for
some sectors, some regions, and some
countries; but that is not enough when we

need to achieve global net zero.

Pathway to net zero emissions CHAPTER 8
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NET ZERO POLICIES

World leaders of the 2020s will be remembered for either
overseeing the continued expansion of unabated
fossil-fuel use, or for successfully acting on science and
the already overwhelming evidence of devastating
climate damage.

UN Secretary General Anténio Guterres’ message atthe
UN General Assembly climate roundtable (UN, 2022b)
was clear: “The 1.5-degrees limitis on life support —and it
isfading fast. | particularly call on G20 leadership to end
our fossil-fuel addiction. No new coal. Phasing out existing
coal. Backing a renewables revolution. The fossil-fuel
industry is killing us, and leaders are out of step with their
people, who are crying out for urgent climate action.”

Leaders have acted to some extent. A recent global
stocktake suggests that net zero target setting and
coverage have proliferated, now encompassing 91% of
the global economy (Net Zero Tracker, 2022). But there is
questionable robustnessin governance and concrete
plansto achieve targets, and lack of clarity on the extent
ofinclusion of all GHGs and how much reliance is being
placed on futuristic offsets.

Bending the emissions curve will require immense
intensification of governmentinvolvementin energy
systems. Requirements, bans, and economic supportare
inescapable to spur structural change and emission cuts
in time to achieve even existing targets. Enactment of
policies that ensure near-term implementation of decar-
bonization options, at massive scale and speed, will be
necessary, as well as a much greater level of cooperation
and funding across regions.

DNV's PNZ activates the policy toolbox of known and
proven measures (see Section 6.4) to trigger emission
reductions in energy demand and supply sectors. Our
pathway aims to bring continuing emissions as close as
possible to zero, and to then rely on carbon removal
technologies both for any remaining emissions and to
compensate for carbon budget overshoot emissions.

Solutions comprise several technologies atvarying levels
of commercial readiness, and a blend of policies will
therefore be needed. The urgency to achieve net zero will
require synchronous acceleration of both technology
developmentand uptake.

The overarching principle guiding our policy measures to
achieve a net-zero outcome, is that high GDP regions
(Europe, North America, OECD Pacific, Greater China)
move at faster pace and greater depth to achieve the
Paris target, which aligns with the UNFCCC principle of
common but differentiated responsibilities and respective
capabilities in addressing global climate change.

These regional economies have strong decarbonization
goals, accountforthe bulk of emissions (historically and
presently above 60% of global emissions) and emit far
more than less affluent regions. They also possess the
wealth and competence for technology development
and to boost costlearning curve-based costreductions
for key abatementtechnologies.

Here, we highlightthe strengthened policy factors
forging our pathway to netzero, and regional details are
presented in Chapters 9.

]
World leaders of the 2020s will be

remembered for either overseeing the
continued expansion of unabated fossil-
fuel use, or for successfully acting on science
and the already overwhelming evidence of

devastating climate damage.

Buildings

— Banstarget phase-out of fossil-based heating and limit
equipment choices for space/water/cooking

— Higherenergy efficiency standards (new builds and
renovations) reduce heating/cooling demand

— Consumer-side fossil-fuel subsidies are removed, and higher
cost of capital hinders fossil-based heating

Transport

— Fuel economy emission standards tighten in all markets, and
taxes on gasoline/diesel increase

— Banson new ICE vehicle sales in developed regions from
2030 (first-mover countries and stepwise regional
implementation), followed by most low-income regions
inthe 2040s

— Zero-emission vehicle incentives promote EV adoption and
support charging infrastructure

— Shipping and aviation fuel-mix shifts driven by fuel-blend
mandates and carbon pricing

Manufacturing

— Carbon pricing drives CCS uptake

— Cost-of-capital increases drive down attractiveness of
fossil-based equipment

— CAPEX supportforelectrification and for hydrogen usage/
supply-chain shifts iniron and steelmaking

— Energy intensity improvements driven by regionally
differentiated taxation on fuels

— Energy taxation encourages fuel shifts to electricity and
hydrogen usage

— Requirements increase material efficiency (e.g. in cement
production/use) and recycling rates (e.g. plastics,
scrap steel)

Power generation

— Costofcapital increases reduce the attractiveness of
fossil-based generation

— Amixof mandates and carbon pricing end unabated
gas-fired generationin all regions

— Bansenable oil and coal-fired generation phase-outin all
regions by 2045

— Allregions supportrenewable build-out, including for
storage capacity coupled with renewables

CCS & Direct air capture

— Highercarbon prices accelerate deployment

— Mandates require CCS in natural gas-fired power generation

— Ramp-up of CCS and directair capture (DAC) capacity is
enabled by policies supporting CAPEX reduction and
value-chain/infrastructure development

Pathway to net zero emissions CHAPTER 8

Hydrogen support

— Policy measures stimulate hydrogen demand; e.g. blend
mandates in aviation and maritime, and energy taxation
boosting fuel shifts in manufacturing and in other hard-to-
abate sectors

— Policy measures stimulate hydrogen supply, such as CAPEX
supportforlow-carbon production routes, dedicated
renewables-based electrolysis, and subsidies to grid-
powered, renewables-based electrolysis

Energy efficiency

— Targets and legislation accelerate the pace of energy-
efficiency improvements; e.g. tightened standards for
equipmentand appliances, building codes, requirements
renovation/retrofits, and energy-intensity improvements in
buildings

— Incentivesto replenish equipment bases; e.g. from fossil to
electricity-based technologies, or switching to alternative
combustion-based fuel

— Taxcuts, accessto cheap financing, and direct subsidies for
energy-efficienttechnologies

— R&D supportfor new technologies

— Publicspending for build-out of supportinfrastructure; e.g.
EV chargers, hydrogen, and district heating networks

Carbon pricing

— High GDP regions accustomed to energy fees, will be
frontrunners (EUR, NAM, OPA slightly above CHN) reaching
price levels of 100-150 USD/tCO, by 2030. By 2050, regional
trajectories range between 50-250 USD/tCO,

— Carbon-border adjustment mechanisms drive convergence
among leading regions, and pull all regions’ carbon-price
trajectories upwards

Government funding & Cost of capital

— Mostregion governments will redirect funding towards
emissions reduction and clean energy, both domestic and
overseas. Examples of the latter are Chinese, South Korean,
and Japanese commitments to not build/finance new
coal-fired power projects abroad, and G7 countries ending
support without co-located CCS

— Revision of governmentfunding parallels a finance sector
shiftto align investment practices with net zero; increasingly
limited pools of capital will be available for fossil-fuel
projects and with higher cost of capital, coal-fired facilities
will face the highest discount rates
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8.3 NET ZERO DEMAND AND SUPPLY

Decoupling of economic activity and energy use must
intensify under the pathway to net zero (PNZ).

The population and the GDP in the various regions are
the same inthe PNZ as in the ETO forecast, described in
Appendix A2 and A3 inthe report. It would have been
possible to define a PNZ with another GDP, but we have
chosen notto do any changes.

Final energy demand in the PNZ, asillustrated in Figure
8.2is 399 EJin 2050, 9% less than today. Final energy

Pathway to net zero emissions

demand plateaus until 2035, thereafter declining.
Buildings and manufacturing both see flat energy
demand, while transport sector energy demand reduces
by a third by 2050. A more detailed description of PNZ
energy demand is given in Section 8.6.

Primary energy supply (Figure 8.3)in a PNZ future, slowly
reduces to around 95% of the present level to 2050. The
energy mix will change dramatically: fossil use reducing
from a 79% share today to 23% in 2050, implying a fossil
share decline of 2% per year.

Units: GtCO,/yr

Natural gas use peaks

50
Battery pack cost < $100/kWh

-"\

China: emissions
50% of 2019

. \

No new oil & gas field
30 development
(OECD regions)

20

Europe: 50% new
vehicle sales EV

No new oil & gas field
development
(Rest of world)

Europe energy

In 2050, fossil-fuel use in PNZ has less than halfthe share
predicted in our ETO forecast. Still, a mid-century share
of 23% is considerable, and will be accompanied by
carbon capture for all major point-emission sources to
reach netzero emissions.

FIGURE 8.2
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Fundamental to the PNZ is a massive ramping up of
variable renewable energy, with solar (31%) and wind
(20%) together constituting more than half the energy
mix, and strong growth also seen for biomass and
hydropower. Nuclear energy remains around current
levels to mid-century.

FIGURE 8.3

Final energy demand by sector - PNZ

Units: EJ/yr

[l
500

i

1’990 2000 2010 2020 2030 2040 2050

I Transport [ Non-energy
Bl Buildings Other
Bl Manufacturing
Historical data source: IEAWEB (2022)

N. America and
Europe reach net
zero with DAC

CCS peaks at
5.2GtCO,

N. America
manufacturing
reaches netzero

Primary energy supply by source - PNZ

Units:EJ/yr

;[990 2000 2010 2020 2030 2040 2050

Wind Bl Bioenergy I Natural gas
Solar Geothermal [l Oil
Bl Hydropower M Nuclear fuels HEl Coal
Dotted line: ETO forecast. Historical data source: IEA WEB (2022)

Solar PV eclipses wind
asthe largest primary
energy source

6.9 GtCO, per year negative emissions
via CCS and DAC and removal by land
use changes (reforestation etc.)

10 emissions reduce 67% EVs outnumber ICEVs ~\
Compared iiw 1950 (passenger) \
; e — . s R EEEEsEEEESEjEEEEEEEEEEEEEE
~
Seo
Solar PV becomes New ICE passenger EVs outnumber Coal-fired power Hydrogen = 10% S e m -
biggest source of vehicle sales banned ICEVs (commercial) stations banned energy demand, and
210 electricity globally China, Europe, N. America on the road growing
2020 2025 2030 2035 2040 2045 2050 2100
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8.3.1 Natural Gas

Inthe PNZ future, global gas demand will decline from
150 EJ today to 117 EJ by 2030 and 53 EJ by mid-century
—a 75%reduction. The power sector will remain the
primary consumer of gas, contributing 56 EJ to total
demandtoday, 46 EJin 2030, and 15 EJ by 2050. Never-
theless, natural gas’ share in power generation will
decline from 35% today to 24% by 2050. Increasing
electrification of residential and commercial heating and
cooking will see the buildings sector’s share of gas
demand decline from 21% now to 8% (fifth position
among sectors) by 2050. As is the case with oil, non-energy
use of gas as a feedstock will climb, from a 9% share now
(fifth among demand sectors)to 16% (second)in 2050,
since feedstock use is a low source of emissions.

The energy sector’s own use of gas will decline slowly
from 20 EJ today to 11 EJ by 2050, while manufacturing
sector energy demand halvesto 13 EJ by mid-century.
North Americais currently the world's leading producer
of natural gas, responsible for more than a quarter of
global production. It will concede this position to Middle
Eastand North Africa, due to their less-stringent climate
ambitions and lower extraction costs. By 2050, Middle
East and North Africa will dominate the natural gas

FIGURE 8.4

market, supplying close to half (47%) of global demand.
North East Eurasia will follow the fuel’s decline in use,
continuing to supply on average 22% of global gas over
the nextthree decades.

Inthe PNZ, the declining gas demand can be supplied
almostwithout new fields, and capacity additions are
therefore halted within this decade, before 2024 in OECD
regions, and from 2026-2028 elsewhere.

8.3.2 Qil

After the 2021/2022 rebound from the COVID-19
pandemic, global oil demand in the PNZ will grow from
around 159 EJin 2022 to 161 EJ in 2024, before rapidly
declining 73% from that peak to reach 43 EJin 2050. The
lion's share of this remaining demand will be split almost
equally between the non-energy sector (45%), where oil
will continue to be used for producing petrochemicals
and plastics with no major associated emissions, and the
transportsector (43%). Within transport, the remaining
demand will be concentrated in the road sectorin
lower-income regions (77% of total) and in the hard-to-
electrify aviation sector (22% of total). Nevertheless,
overall transport demand will fall 83% from 107 EJ in 2022
to 18 EJin 2050. Non-energy demand will decline only

FIGURE 8.5

World natural gas demand by sector - PNZ

Units: Tm*/yr

1990 2000 2010 2020 2030 2040 2050

I Transport [ Non-energy
Hl Manufacturing Hydrogen production
B Buildings B Energy sector own use
Bl Power generation

Includes natural gas liquids and biomethane. Historical data source: IEA WEB (2022)

World oil demand by sector - PNZ

Units:Mb/d

1990 2000 2010 2020 2030 2040 2050

I Passenger vehicles Bl Manufacturing
and 2&3-wheelers M Power generation

Commercialroad @ Non-energy

||

vehicles Energy sector
Other transport own use
Bl  Buildings Other

Historical data source: IEA WEB (2022)

slightly, from 22 EJ to 20 EJ, resulting in its share in total
demand rising by over three times from 14% today to 45%
in 2050. A 9% share of oil demand by 2050 will be in
manufacturing, within subsectors such as construction,
mining, and cement.

The top three regions with the highest oil demand shares
in 2050 will be Middle East and North Africa (21%), the
Indian Subcontinent (20%), and Latin America (15%),
which together account for two thirds of global demand.
Middle East and North Africa is the largest oil-producing
region today, with a 37% share of total production. This
share will rise dramatically over the nextthree decades as
other major oil-producing regions (North America, North
East Eurasia, and Latin America, in order ofimportance)
see their production rapidly declining. By 2050, Middle
East and North Africa, where extraction and production
costs are lowest, is expected to completely dominate oil
production, with a 72% share.

8.3.3 Coal

Owingto its high emissions intensity, coal is the first

target of decarbonization policies. Global demand in the
PNZ will plummet 23% to 2030, and by 80% from current
levels by 2050. Representing 92 EJ and almost two thirds

FIGURE 8.6
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of coal demand in 2020, the power sector will see a 11%
decrease in demand by 2030, 50% by 2040, and 100% by
2050 under a complete global phase-out on using coal in
electricity production.

While coal use in power generation has alternatives that
are competitive today and will increasingly be so in the
future, there are other sectors that are costly to abate. For
high-heat processes, coal's phase-out will therefore be
slow. Coal use will decrease by 20% to 2030 and 50% to
2050 compared with 2020 levels, for both industrial heat
and iron ore reduction. A strong decline of 84% over the
2020-2050 period will be observed for base materials. The
Indian Subcontinent and Greater China will see coal use
continue to rise for more than a decade to represent 70%
of global use in mid-century manufacturing.

Inthe PNZ, 1.4 billion tonnes of coal will still have to be
extracted in 2050, exclusively as hard coal almost solely
used inindustry. The biggest regional producers —
mostly meeting domestic demand — will at thattime be
Greater China (47% of global production), the Indian
Subcontinent(30%), Sub-Saharan Africa (10%) and North
East Eurasia (9%).

World coal demand by sector - PNZ

Units: Gt/yr

1990 2000 2010 2020

Buildings
Manufactured
goods
Petrochemicals
Cement

Base materials
Iron and steel
Non-energy

Energy sector
own use
Power
generation
Other

2030 2040 2050

Historical data source: IEA WEB (2022), US DOE (2010), Heat Roadmap Europe (2015)
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8.3.4 Solar PV

In the PNZ by 2050, solar will account for 45% of all
grid-connected electricity to achieve net zero; a big leap
compared with the technology’s small ( 3%) share in
power generation in 2020. From 0.8 PWh peryearin
2020, solar electricity grows seven-fold by 2030, 22-fold
by 2040, and 40-fold by 2050 (reaching 35 PWh per year).

Ofthe 35 PWh in 2050, comprehensive installations
combining solar PV with storage will have a 26% share,
with the rest being solar PV power plants on rooftops,
utility-scale installations, and other solutions where
storage is not co-located with the PV panels. In 2032,
solar PV will overtake gas-fired electricity to become the
largest source of electricity globally, a position it will hold
to 2050.

As shown in Figure 8.7, Greater China had the largest
share (30%) of solar PV electricity among regions in 2020,
butthis reducesto 20% in 2050. The Indian Subcontinent’s
share grows from 7% in 2020 to match Greater China’s in
2050. From 2022 to 2030, South East Asia and Middle
Eastand North Africa will see the greatest regional
growth (27%) in solar PV electricity generation, albeit
starting from relatively low levels. In the decade to 2040,

FIGURE 8.7

Sub-Saharan Africa and the Indian Subcontinent will
catch up to Greater China, with respectto solar PV's share
in each region’s electricity generation mix. The 2040s will
see slower growth of solar PV electricity generation in all
regions except both Sub-Saharan Africa and North East
Eurasia.

There will be a small amount (0.5 PWh per year) of off-grid
production, mainly in Sub-Saharan Africa and the Indian
Subcontinent, supplying electricity to rural districts for
lighting, mobile charging, and other smaller end uses.

As we describe in Chapter 9, such off-grid installations,
though marginal in energy terms, are extremely valuable
in a sustainable development perspective.

Itis a massive task to grow solar PV atthe speed envi-
sioned inthe PNZ. Installed capacity is set to grow from
613 GWto 24 TW, 39-fold growth. Ofthis 24 TW, 15 TW
will be solar PV, with the rest being solar + storage.

Greater China dominates capacity additions in years up
to 2030, while the Indian subcontinent dwarfs Greater
China from 2030 until 2050 (Figure 8.8). Nevertheless,
Greater China has the largest grid-connected solar PV
capacity in the world by 2050.

FIGURE 8.8

Grid-connected solar electricity generation
by region - PNZ
Units:PWh/yr
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By 2050, 5 TW of off-grid solar PV capacity dedicated to
hydrogen electrolysis will be installed in addition to all
the grid-connected solar capacity. Of these dedicated
solar PV capacities installed, one third will be in Greater
China, and a quarter will be in North America.

8.3.5 Wind

Inthe PNZ, electricity from wind will have to grow from
6% of the electricity generation in 2020 to 13% in 2030,
20%in 2040, and 29% in 2050. We consider three
categories of wind power plants: onshore wind, fixed
offshore wind, and floating offshore wind. Of these,
onshore wind power grows nine-fold from 2020 to 2050.
In comparison, fixed offshore, which starts from a much
lower base, increases its share in the electricity generation
mix from 0.41% in 2020 to 9% by 2050. Of the three,
floating offshore wind is the least mature and has the
lowest share in electricity generation (2.4%) in 2050.
Globally, by 2050, the power system capacity both
on-grid and off-grid will consist of 5.6 TW of onshore
wind, 2.9 TW of fixed offshore wind and 595 GW of
floating offshore wind.

The Greater China region is the world's biggest generator

FIGURE 8.9
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of wind power today and will remain so through to 2050,
when its share of installed grid-connected wind power
generating capacity will be 39% (Figure 8.9). Europe and

North America are second and third in 2050, respectively.

Capacity addition in these three leading regions trigger
steeper cost reductions for wind power, which also drives
significant wind generation developmentin other
regionsincluding some not yet invested in wind power.
These otherregionsinclude South East Asia and OECD
Pacific. North East Eurasia will be an outlier, adding very
little wind-powered electricity generation.

A considerable amount of new wind power capacity will
needto be installed every year (Figure 8.10) to generate
these levels of power. On average, 122 GW per year of
new capacity becomes operational between 2020 and
2030, 197 GW between 2030 and 2040, and 388 GW
between 2040 and 2050 in the PNZ.

As illustrated in Figure 8.10, from 2020 to 2030, for every
GW of fixed offshore wind power, 3 GW of onshore wind
power plants are built on average. However, competition
for suitable land will increasingly impact onshore wind
costs, while offshore wind costs will decline rapidly. Thus,
regions such as North America and Greater China will

FIGURE 8.10

Grid-connected wind electricity generation
by region - PNZ
Units:PWh/yr
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startinvesting more in offshore wind power plants. From
2035 onwards, for every GW of fixed offshore wind power
plant, only 2 GW of onshore wind power plants are built
worldwide. After 2040, 38% of new power installations
will be offshore wind power plants. Such a massive
developmentin fixed offshore wind translates to higher
investments in new electricity grid lines, not least
undersea cables.

In addition to the grid-connected wind capacity
described above, about 2.3 TW of wind capacity will be
built for dedicated hydrogen production as off-grid
capacity between now and 2050. The majority of this
off-grid capacity will be in China, followed by Europe and
North America.

8.3.6 Other renewable
energy and nuclear

Inthe PNZ, bioenergy will have to assume increasingly
greater importance, given thatthere are no easy alternatives
forthermal power plants, which are crucial for regions
such as North East Eurasia and, in the medium term, in
the transport sector. Bioenergy in annual primary energy

FIGURE 8.11

supply increases from 57 EJ in 2020 to 81 EJ by 2050.

Hydropower also doubles between 2020 and 2050,
reaching 33 EJ in mid-century, driven by significant
growth in Greater China, Indian Subcontinent, and
Sub-Saharan Africa. We find that with our PNZ, the role of
nuclear stays at current levels. Large cost decreases for
solarand wind cause nuclear to play an ever-smaller role
amid growing electricity production. We see dramatic
nuclear power cost increases, both in construction,
build-out, and planning and waste disposal in Europe,
North America, and OECD Pacific. Atthe same time,
nuclear power plants are far from being a reliable energy
source as often claimed, with utilization rates lower than
50% in summer 2022 in several jurisdictions. Maintenance
issues, climate-induced lack of cooling water, and
supply-chain disruption are just some examples impacting
this development.

Bioenergy undergoes a sectoral shift to 2050 (Figure
8.12).1n 2020, buildings was the largest demand sector
for bioenergy (51%). Due to electrification and hydrogen
use in buildings, this share drops to 27% by 2050.

In contrast, we see heat-only power plants and manu-
facturing increase their bioenergy use. In North America,

FIGURE 8.12

World bioenergy, nuclear and hydropower supply - PNZ
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forexample, 34% of bioenergy demand in 2050 is in the
manufacturing sector, at which time 38% of such demand
in North East Eurasia is from heat-only and power plants.

The absolute demand for bioenergy in the transport
sector will grow from 3.8 EJin 2020 to 5.8 EJ in 2050.
Thisisin stark contrast to our forecast where the demand
doublesto 8 EJ by 2050: to achieve netzero, more
bioenergy needsto be used in hard-to-abate sectors like
aviation, manufacturing, and heat-only plants. Such use
in point-emission installations also make bioenergy with
carbon capture and storage (BECCS) possible, enabling
net negative sites. Bioenergy will be lessimportantin
decarbonizing transport, where electrification is a better
solution to achieve net zero in road transport, and for
making ammonia and e-fuels to maritime transport.

8.3.7 Electricity

Grid-connected electricity supply grows to 78 PWh/yrin
2050. This is athree-fold increase from 2020, firmly
establishing electrification as a key pillar for reaching net
zero. This is 26% higher than our ETO forecast.

Phase-out of coal starts in some jurisdictions before

FIGURE 8.13

Pathway to net zero emissions CHAPTER 8

2030, with increased demand provided chiefly by solar
and wind (Figure 8.13). Solar electricity sees a 40-fold
increase from 2020 to 2050, while wind electricity
increases 14-fold over the same period. Solar and wind
would accountfor 74% of the electricity by 2050, which is
6% higherthan our ETO forecast. In total, non-fossil
sources (renewables and nuclear) accountfor 90% of the
generation, with the remaining electricity being provided
by gas-fired power plants. This shows that despite the net
zero emission constraints, natural gas has staying power
in the electricity sector, providing 5% of power in 2050.
By then, almostas many gas-fired power plants run
instead on hydrogen, with a maximum volumetric
blending ratio of 80%.

Global electricity demand, including off-grid rural
demand and dedicated renewables demand for H,
electrolysis, will be 91 PWh peryearin 2050, three times
whatitwasin 2020 (Figure 8.14). Moreover, the PNZ
electricity demand is 44% higher than the projected —
‘most likely’ —demand.

The largestincrease is in demand for power for electrolysis
to produce hydrogen. From very low levels in 2020,
electrolysis demand for power supplied through the grid

World grid-connected generation by power station type - PNZ

Units: PWh/yr
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or from dedicated off-grid renewables will be 28%
(25 PWh per year) of total demand in 2050.

The transport sector sees the next highest growth in
demand (27-fold) for electricity, where electrification of
vehiclesis animportantlever, especially in road transport.
Transport's share in electricity demand grows from 2% in
2020 to 11% by 2050.

The off-grid rural solar capacity in the world is 236 GW in
2050, chiefly installed in Sub-Saharan Africa and the
Indian Subcontinent. Off-grid dedicated renewable
capacity for electrolysis grows from very small levels in
2020to 7.2 TW by 2050, four times higher than what we
projected as most likely in previous chapters. Of this
dedicated renewable capacity, one third will be split
equally among offshore and onshore wind; and two
thirds will be solar-based electrolysis.

8.3.8 Hydrogen

Hydrogenis an integral part of net zero strategies being
developed by many countries and is urgently needed for
the decarbonization of hard-to-abate sectors. Our PNZ

FIGURE 8.14

accordingly, has hydrogen satisfying a far higher share of
final energy demand (14%) than in our ETO forecast (5%)
by 2050.

Figure 8.15 shows that one third of global hydrogen and
synthetic-fuel demand by 2050 is used for industrial
heating. By 2050, 23 EJ/yr of energy demand in manu-
facturing will be supplied by hydrogen, which represents
an 18% share of energy carriers used in manufacturing.

Road transportation will account for 18% of global
hydrogen demand, almost exclusively through long-haul
heavy road transport. By 2050, hydrogen will account for
16% of road transport’s energy demand, despite signifi-
cantsubsidies assumed in our PNZ. This relatively small
share isthe result of the competitiveness of battery-
electric propulsion in all segments of road transport.

The story is different in maritime transport, which will
accountfor 15% of global hydrogen demand by mid-
century. The absence of a significant battery-electric
option for most parts of maritime transport leaves
syntheticfuels, biofuels, ammonia, and hydrogen as
viable options for decarbonization leading to hydrogen

World electricity demand by sector - PNZ

Units: PWh/yr
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and its derivatives supplying 75% of the maritime fuel
mix by 2050 in our PNZ. Global aviation will also see a
significant share (40%) of hydrogen and its derivatives in
its fuel mix, accounting for 12% of global hydrogen
demand. As with maritime, a lack of battery-electric
alternatives leads to a higher share of hydrogen in any
conceivable netzero pathway.

Only 8% of global hydrogen demand will go to the
buildings sector. Strong electrification of buildings'
end uses such as space heating, water heating and
space cooling lowers the need for other fuels for
decarbonization.

Figure 8.16 shows the breakdown of global hydrogen
production by source, both for energy and non-energy
purposes. The share of non-carbon free hydrogen will be
less than 5% by 2050. By mid-century, the highest share
of hydrogen production will come from dedicated
off-grid capacities (46%), led by offshore wind, whilst
grid-based electrolysis will be responsible for 34% of the
hydrogen production by then. 15% will be supplied from
natural gas with CCS.

FIGURE 8.15
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Global hydrogen production needs to significantly scale.
Electrolysis capacity for dedicated off-grid hydrogen
production will need to be 0.4 TWin 2030, 1.9 TW in
2040, and 3.8 TW by 2050, led by Greater China and
Europe. Grid-based electrolysis will need to follow this
capacity ramp-up with capacity atalmost 2 TW by 2050.
Here, the developmentisled by North America and
Europe.

Total hydrogen production in 2050 at 525 Mt/year under
our PNZ compares with 280 Mt/year forecast by our ETO.

|
Hydrogen is an integral part of net zero
strategies being developed by many
countries and is urgently needed for the

decarbonization of hard-to-abate sectors.

FIGURE 8.16

Global demand for hydrogen and its derivatives
by sector - PNZ

Units: MtH,/yr
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NET ZERO EXPENDITURES

The PNZis affordable in the sense that it represents a lower
share of global GDP than the present energy system.
(Figure 8.17). The challenge, however, is that overall costs
for our PNZ are higherthan those associated with the ‘most
likely’ future in our ETO forecast. Those higher costs may
be used as an excuse forinaction. Yet a net zero future is
entirely affordable: in a world where GDP nearly doubles,
energy expenditures will reduce, implying that energy’s
share of global GDP can decline from 3.5% to 2.5%.

Diverting the energy expenditure

Many commentators assume that the transition to a net
zero future comes with an unassailable mountain of costs.
As detailed in Chapter 5, what we consider as expenditures
are the supplier-side costs of energy production and
transport. We monitor expenditures and not costs. The
difference is that capital costs are not amortized but are
carried when they are paid. This means that we over-
estimate costs in the PNZ compared with our ETO

forecast, as the formeris more capital intensive
(Figure 8.17).

FIGURE 8.17

Figure 8.18 shows the breakdown of the differences
between our modelled futures. Fossil expenditures

will drop, driven by an 80% decline for upstream oil and
gas through to 2050. A global ban on new oil and gas
exploration and development by 2028 means that, after
thatyear, expenditures relate to the operation of the
remaining production fields.

The overall picture for power generation, which drives
non-fossil expenditures, is that costs shift from operating
expenses, dominated by the cost of fossil fuels, to capital
expenditures in renewable power and related installations.
Indeed, almost no fossil fuel-fired power investments will
be made from 2030, and the remaining costs will be for
operating and maintaining those that are still running until
their phase-outinthe 2040s. The decline in fossil fuel-
related investment contrasts with higher expenditures in
low-carbon power generation. The increase in PNZ
electricity demand will lead to a near quadrupling of non-
fossil power expenditures to 2050, and total investments
of some USD 58trn over the next 30 years.

FIGURE 8.18

World energy expenditures by source - PNZ
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The rise is particularly important for solar PV and wind
power, as discussed more fully in Section 8.3. Together,
they will represent a little more than a third of global
energy expenditures in 2050, an almost eight-fold increase
compared with 2021.

The doubling of electricity production and decentralization
of power generation, coupled with a large amount of new
VRES capacity, necessarily leads to strong investmentin
grids, totalling some USD 48trn over the next 30 years. Grid
expenditures will more than triple between 2021 and 2050.

The cost of carbon capture

Notincluded in the modelled expenditures shown in
Figure 8.18 are the costs related to CCS and direct air
capture (DAC). CCSis unavoidable for process emissions
and abates the last remaining fossil-fuel combustion
emission. Inthe PNZ, it will account for an annual spend
reaching USD 23bn in 2030 and USD 273bn in 2050. DAC
is less efficientthan CCS and even though CCS will capture
3.7 more CO,, DAC will account forahigherannual spend,
reaching USD 751bn in 2050. Together CCS and DAC
spending will represent 0.3% of global GDP in 2050.

An unequal regional transition
Phasing-out fossil fuels and replacing them with non-fossil

FIGURE 8.19
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alternatives on a shorttimescale will also mean that there
will be shifts in regional expenditures. Fossil-fuel producing
regions are currently energy exporters and will see their
expenditures dropping compared with those in our ETO
forecast(-50% for North East Eurasia, for example). Other
regions installing large renewables capacity will see their
expenditures inc