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Historical data source: IEA WEB (2018)

World primary energy supply by source        
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We are approaching a future where the world will need less energy, even as the global population increases and the economy 
continues to grow. Large energy efficiency improvements in all sectors and accelerated electrification see primary energy supply 
peaking at 638 EJ in 2030. The fossil fuel share of the energy mix will decline from 81% today to 56% by 2050.
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HIGHLIGHTS

1.  Technology can deliver the COP 21 1.5°C target, but only with strongly enforced policies aimed at 
delivering strengthened Nationally Determined Contributions (NDCs) under the Paris Agreement

2.  We forecast a rapid energy transition, unfolding within the timespan of a single generation 

 −  The share of electricity in the final demand mix will more than double from today’s level 
−  By 2032 half of light vehicles sold worldwide will be EVs  
−  Oil declines steeply after 2030, but gas continues to grow before levelling off at 29% of  
     the energy mix by 2050

3.  The transition we forecast is not fast enough 

 −  Global energy-related emissions will only peak in 2025 
−  Emissions will not fall sufficiently by 2050 to bring global warming to well below 2°C 

4.  Global energy use peaks by 2030

 −  ‘Peak energy’ will be a turning point, as energy efficiency gains outpace economic growth 
−  Electrification, powered by renewable sources, is the biggest contributor to reduced energy intensity 

5.  The transition is affordable The world will spend an ever-smaller share of GDP on energy,  
allowing for greater investment to further speed up the transition
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Our own operations at DNV GL had a relatively 
small carbon footprint before we moved to our 
present position of being carbon neutral. 
However, it is through our customers that we make 
a far greater impact. For example, in the maritime 
sector we have helped our customers apply 
energy-efficiency solutions on more than 3,000 
vessels, saving almost 18 million tonnes of CO2. 
DNV GL’s energy business is deeply involved in the 
upsurge in renewables and the coming changes to 
the power grid internationally. We are engaged 
with a range of downstream projects in oil and gas, 
particularly associated with the so-called greening 
of gas. In partnership with VeChain, we are 
working with China’s BYD – the world’s largest 
manufacture of plugin electric vehicles – on a 
blockchain-based platform named Carbon Bank, 
which rewards vehicle operators with carbon 
credits based on their vehicles’ driving perfor-
mance and carbon reduction

DNV GL’s role is to assess, survey, test, and verify 
the technology behind all such touch-points 
across the energy value chain. Our work with these 
assets, combined with our own considerable 
investment in research and development, gives us 
the confidence to say that technology can deliver 
the future that we desire – including meeting the 
1.5°C warming limit established by the IPCC.  
The critical questions are how and when that 
technology is to be applied in the context of the 
policies – for example the 2020 update of the 

FOREWORD

 
In cabinets, council chambers, and boardrooms 
everywhere, the energy transition is shifting up the 
agenda, moving from its previous position of 
importance to now also being something urgent: a 
source of great risk, but also one of opportunity.  
Across the energy value chain – from gas well or 
solar panel to socket and motor – our customers are 
now planning and building the infrastructure that 
will deliver the world’s energy needs in the decades 
to come. 

Welcome to the third edition of our annual Energy Transition 
Outlook. This publication has become the most downloaded 
document ever produced by DNV GL, demonstrating the intense 
interest amongst our customers and stakeholders in the ongoing 
energy transition.  

REMI ERIKSEN 

GROUP PRESIDENT AND CEO  
DNV GL
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Nationally Determined Contributions (NDCs) – and 
market mechanisms driving decarbonization.    

Relative to many mainstream forecasters, DNV GL 
predicts a rapid transition: by mid-century the 
energy mix will be split almost equally between 
fossil and non-fossil sources. This year, we 
surveyed thousands of our readers regarding 
whether they think our forecast is too fast or too 
slow; the overwhelming response is that we have 
got it ‘about right’. 

 “DNV GL predicts a rapid transition 
unfolding within a generation: by 
mid-century the energy mix will be 
split almost equally between fossil 
and non-fossil sources 

While we predict a staggering growth in electrifi-
cation, with wind and solar sources providing most 
of that electricity by 2050, the future that we foresee 
will not bring us in line with the ambitions of the 
Paris Agreement.  In our forecast, global emissions 
from energy use will peak only in 2025, and will still 
be far from net zero by 2050. Limiting global 
warming to well below 2°C needs extraordinary 
policy action, via the NDCs and elsewhere, to 
advance energy efficiency, renewables, and 
carbon capture beyond our ‘best estimate’ future. 

It is uncomfortable to forecast a future that none of 
us wants. However, unless and until we see signs of 
extraordinary action, we cannot fundamentally 
alter our forecast.

That is not to say our model is immutable.  This year, 
we have made important adjustments, including 
now modelling power sector dynamics at hourly 
intervals. That has resulted in a slightly lower 
forecast share of solar PV and wind in the energy 

mix in the 2040s, due to lower average prices for 
variable renewables in our detailed hourly model, 
and a correspondingly bigger role for natural gas.  

However, the adjustments do not change our 
central finding: that we forecast a levelling off in 
global final energy demand after 2030. At that 
point – due to multiple converging efficiencies in 
the system, mainly related to pervasive electrifica-
tion – humanity will be using less energy to do 
more work. Moreover, the world will be spending 
an ever-smaller percentage of global GDP on its 
energy needs – leaving a surplus to engage, should 
society so choose, in extraordinary initiatives to 
mitigate climate change, and adapt to its effects. 

These insights, and much more, are now available 
to you in this publication.  Furthermore, we have 
placed the data behind each chart on our open 
industry platform, Veracity, for you to download. 

WE LOOK FORWARD 
TO YOUR FEEDBACK 
ON OUR 2019 OUTLOOK.

Remi Eriksen 
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HIGHLIGHTS

Introducing DNV GL’s credentials for investigat-
ing and forecasting the energy transition: 70% of 
our business is related to energy; we have a strong 
footing in both the fossil and non-fossil sectors; as 
technical advisers we help our customers globally 
manage the transition to a safer, more sustainable 
future

Our approach: We outline how we arrive at a best 
estimate forecast of the energy future, while subject-
ing our model-based approach to sensitivity tests

Our perspective on change: The present, rapid 
energy transition is unfolding under very different 
technological and mission-orientated policy circum-
stances than previous transitions; but it isn’t fast 
enough to meet key climate goals

Drivers and barriers: We summarise how drivers of 
the transition – including climate change, technology 
cost curves, and new market and business models – 
compete with barriers to change like conflicting 
policy priorities and the lock-in inertia of incumbent 
energy sources
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ABOUT DNV GL
 
DNV GL was founded more than 150 years ago to 
safeguard life, property, and the environment. 
Today, we are a world-leading provider of quality 
assurance and risk management in more than 100 
countries.

DNV GL has a strong footing in both the fossil-fuel 
and renewable-energy industries, and in trans-
port of energy by ships, pipelines, and grids. 
Around 70% of our business is related to energy 
in one form or another, bringing balance and a 
broad perspective to our view on the energy 
future. Being fully owned by a foundation, our 
Outlook is also independent of shareholders’ 
interests.

The energy transition is unfolding as a daily reality 
for many of our customers. In some sectors and 
industries, such as power supply and road 
transport, the transition is already advancing 
rapidly. In others it is slower, and there are also 
sectors where future trends are not yet visible.

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

DNV GL is in the business of building trust, not 
only into systems and processes, but between 
parties. Given the urgent need for the global 
economy to decarbonize, DNV GL feels 
compelled to contribute, where we can, to 
rational, informed discussion of the energy future 
in the coming decades.

1 INTRODUCTION

This publication presents DNV GL’s outlook through to 2050 for 
the entire world energy system, as well as regional outlooks for  
10 world regions. Together with this main publication, we have 
issued a stand-alone executive summary and three supplemen-
tary ‘Industry Implications’ reports. The latter examine in greater 
depth the implications of our forecast for the following sectors:

— Oil and gas

— Power supply and use

— Maritime
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FIGURE 1.1 

Forecast and scenarios
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OUR APPROACH
This Outlook gives an independent view from 
DNV GL of what we consider to be our best 
estimate for the future of energy demand and 
supply as the energy transition unfolds to 2050. 

DNV GL forecasts a single likely future. This 
contrasts with the more common scenario- 
based approach that is used by many energy 
analysts, involving the presentation of two or 
more internally consistent and plausible 
descriptions of possible energy futures. Scenar-
ios can usefully illustrate the effect of different 
assumptions and the uncertainty inherent in 
projections, but they are often not intended to 
reflect the forecasters’ best estimates. Where 
there is a proliferation of scenarios, as is the case 
with the energy transition, each additional 
scenario may add to the perceived uncertainty 
and cause confusion.

To avoid adding further confusion to an already 
complex topic, we have chosen to focus on a 
single outlook that we assess to be our best 
estimate, based on extensive research and 
modelling. 

As a leading risk management firm, DNV GL has 
a long history of delivering evidence-based and 
model-driven projections. Given our wide 
exposure to the energy industry – from well or 
wind farm to socket – our customers often look 
to us for our best estimate of the energy future 
and related technologies. And addressing that 
question is what we do with this Outlook. We 
reiterate, therefore, that in this publication we 
present a forecast of the world’s energy system 
through to 2050, not a range of scenarios.

Of course, we are aware that the future energy 
mix is very unlikely to be exactly as we describe 
it here, and we therefore acknowledge that 
there are significant uncertainties in our fore-
cast. In order to assess the impact of these 
uncertainties, we have subjected our forecast to 
sensitivity tests, and these are discussed in the 
various technical chapters. This approach has 
the advantage of not only revealing critical 
assumptions, but also allows us to highlight 
those results that are more, or less, sensitive to 
uncertainties. With a model-based approach, 
testing our model with alternative sets of input 
assumptions stimulates a number of interesting 
discussions, not least with our customers.

The core model development and research for 
this Outlook has been conducted by a dedi-
cated team in our Energy Transition research 
programme, part of the Group Technology and 
Research unit, based in Oslo, Norway. The team 
has worked with around 100 colleagues across 
our global organization, and dozens of external 
experts around the world, on topics such as 
technology, economics, and policy, and on their 
interconnectedness.

 “ To avoid adding further confusion 
to an already complex topic, we 
have chosen to focus on a single 
outlook that we assess to be our 
best estimate, based on extensive 
research and modelling
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COVERED EXCLUDED

A single forecast of the energy future Alternative scenarios 

Longer term dynamics, due to e.g. 
technology changes, cost changes 
and policy interventions

Regional energy costs and longer-
term energy prices

Short-term market imbalances and 
corresponding price dynamics 
(though hourly power imbalances are 
an exception) fluctuations, neither 
cyclical or exogenous shocks such as 
one-off conflicts, strategic moves, 
and government changes 

Continued development of proven 
technologies, including advances 
such as sub-sea developments or 
bifacial PV panels

Emerging technologies not yet 
proven and marginal technologies 
not expected to scale

Yearly averages of energy supply and 
demand. 
Hourly dynamics of the power 
system, including supply, demand 
and price variations over the day and 
the year

Hourly and seasonal variations of 
energy supply and demand beyond 
the power system 

Inter- and intra-regional trade of 
manufactured and base materials, 
coal, oil and gas

Inter-regional power trade

Cost-influenced consumer and 
investment responses to changing 
options, such as automated and 
communal (shared) driving 
First order (rebound) effects letting 
cost variations influence road vehicle 
annual driving distance

Comprehensive modelling of 
consumer behaviour, e.g. modal 
shifts in transportation  
Rebound effects in sectors other 
than road transport

TABLE 1.1

Outlook scope

20
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PERSPECTIVE ON CHANGE 

The energy transition is poised at a critical and 
complex juncture of opposing forces – political, 
economic, and technological. We present here 
our selection of key drivers advancing the 
transition, as well as barriers delaying it. 

Unlike historical transitions driven by scarcity, the 
present energy transition is evolving in an age of 
abundant availability of energy resources, and in 
a period where energy consumption is beginning 
to level off due to rapid efficiency gains. There-
fore, in a constrained market, displacement and 
substitution among technology alternatives are 
unavoidable. 

The transition is mission-oriented in the sense 
that governments are targeting structural 
energy-system changes as a component towards 
achieving the UN 2030 Development Agenda 
and the Paris Agreement. Technologies that 
advance decarbonization hold primacy, but 
employment and welfare remain important 
considerations.

The transition is mainly cost driven. Renewable 
energy technologies are crossing performance 
and cost thresholds, triggering widespread 
global uptake. Expanding electrification allows 
for sector coupling between energy-consuming 
sectors (transport, building, and industry) and 
the power-producing sector, liberating new 
synergies and cost deflation. Cost, however, is 
not the sole arbiter of change. 

The transition is technology driven. It draws on 
advances in materials and technology that may 
have arisen outside the energy industry. Digital 
technologies are disrupting industries and 
affecting not only all energy sectors, but also the 
interactions between them, in ways not possible 
in previous transitions. The digital revolution is a 
critical accelerant of the energy transition.

The energy transition gives rise to many para-
doxes, of which three are critical: 

(i) governments declaring climate emergencies, 
but continuing with fossil-fuel expansion plans; 

(ii) countries on a path towards technology 
renewal and emissions reduction, pushing their 
outmoded technology and carbon-intensive 
production into developing countries – effec-
tively, carbon colonialism; 

(iii) governments yielding to the political inertia 
of stakeholders in legacy systems and hence 
misdirecting abundant capital and innovation 
investment to maintain the status quo.

According to technology historian Thomas P. 
Hughes (Hughes, 1983), this last paradox is key. 
Legacy systems have built-in resilience, in the 
form of increasing returns to scale and through 
mutually reinforcing assemblages of actors, 
institutions, and finance working to maintain 
incumbency.

However, from past transitions, we know that 
government and industry players can effect 
fundamental changes by leveraging technology 
and stimulating pathbreaking entrepreneurship. 
How rapidly these occur with the present transi-
tion will vary by sector and geography, depend-
ing on circumstances and socioeconomic 
realities in each region.

As we detail in the rest of this chapter, the sheer 
number of drivers of, and barriers to, the energy 
transition creates uncertainty. That said, the 
mission-orientated nature of the transition, along 
with fast-paced technological and cost develop-
ments, suggests that change will hold sway over 
continuity. We emphasize, however, that in the 
absence of extraordinary action by humanity, the 
transition will not – as we forecast – unfold rapidly 
enough to reach the climate goals established 
under the Paris Agreement.
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ENERGY SECURITY
Renewable energy and battery technologies 
strengthen local energy security by exploiting 
distributed, domestic resources. Renewables 
diversify the energy mix and enable substitution 
of fossil-energy imports, cutting both reliance on 

foreign suppliers and exposure to external 
market forces, as well as positively affecting the 
trade balance. For energy-exporting countries, 
the picture is, obviously, quite different.

A PLANET PUSHED BEYOND ITS LIMITS
Deteriorating environmental conditions and 
climate effects on weather patterns are already 
being felt. The IPCC’s Special Report on 1.5°C 
and the IPBES 2019 Global Assessment Report on 
Biodiversity and Ecosystem Services paint an 
alarming picture of environmental degradation, 

adding to air pollution concerns and climate 
risks. The frequency of billion-dollar disaster 
events has increased, providing a glimpse of 
climate damages to come. Ongoing crises will 
ultimately make society understand the urgency, 
and will force changes in behaviours, policies, 
and priorities.

GLOBAL-GOVERNANCE AGREEMENTS
The Paris Agreement on climate change, the 
Sustainable Development Goals, and other 
similar global-governance developments 
encourage nations to work in the same direction 
towards shared targets on decarbonization and 
the energy transition. Ratifiers of the Paris 
Agreement have laws addressing climate change 
or the transition to a low-carbon economy. 

Governments regulating action for a common 
good will continue to be instrumental in promot-
ing increased technology uptake and to ‘oblige 
and inspire’ business to act, drive, or assist. A 
rising civil movement of youth – for example, the 
current #FridaysForFuture mobilization – is 
increasing the pressure on current politicians to 
act responsibly to prevent disastrous climate 
change. 

DRIVERS AND BARRIERS  
OF THE TRANSITION

DRIVERS

INFLUENTIAL SUB-NATIONAL GOVERN-
MENTS AND CORPORATIONS
Cities are pivotal in accelerating commitments to 
the energy transition. Motivations include: 
improving urban air quality, creating jobs, and 
building resilience against climate and power 
disruptions. Cities are procurement powerhouses 
for projects that target, inter alia, renewable-ener-
gy-powered transport fleets, restrictions on 
internal combustion engine (ICE) vehicles, and the 

promotion of renewables-based heating and 
cooling. Global networks, such as the C40, help 
with diffusion of best practices. Corporations – 
motivated by price predictability, responsible 
sourcing, and the reliability of energy supply – are 
expanding renewable energy power purchase 
agreements (PPAs). Companies are increasingly 
pursuing carbon neutrality and advocating a price 
on carbon, running well ahead of national govern-
ments.

1.

2.

3.

4.



23

INTRODUCTION CHAPTER 1

23

INVESTORS EYEING CLIMATE RISKS
The cost of climate risk is moving up the financial 
world’s agenda. In 2019, 477 investors (managing 
USD 34trn in assets) stressed the urgency of 
decisive action in an open letter to “governments 
of the world” (Reuters, 2019). The recommenda-
tions of the Financial Stability Board’s Taskforce 
on Climate-related Financial Disclosures (TCFD) 
will mainstream the provision of transparent 

market information on financial impacts arising 
from climate-related physical risks, and from the 
transition. Collectively, supporters of the TCFD 
manage almost USD 110trn in assets (Carney, 
2019). Climate risk will be priced, and climate 
innovation rewarded, in turn accelerating the 
environmental, social, and governance (ESG)
investment trend, already assessed at USD 30trn 
in 2018 (Bloomberg, 2019). 

COSTS ON DIVERGING PATHS
Cost curves of extractive fossil energy and 
renewables will cross and diverge. Solar and 
wind are reaching cost and performance parity, 
becoming the cheapest electricity options in 
many regions. Global markets are accelerating 
the spread of new technologies, with a self-rein-
forcing cycle of falling costs through further 

deployment. ‘Plus-storage’ projects are also 
reaching parity as battery costs plunge. Fossil-
fuel producers are facing higher extraction costs 
and carbon prices, and may be limited by 
restrictions on exploration and production. 
Nevertheless, oil and gas industry cost reduc-
tions, digitalization gains, unconventionals, and 
continued subsidies, will delay the divergence. 

TECHNOLOGICAL PROGRESS 
The energy transition rides a wave of technologi-
cal developments, ranging from improvements 
in materials and developments in batteries (size, 
chemistries) to additive manufacturing and new 
industrial digital technology. An array of factors 
is enabling change in all sectors of the energy 

system and impacting costs and efficiencies. The 
deep embedding of IT in industrial technology 
and energy systems backs the coordination of 
energy supply and demand sectors in real time. 
This enables new ways to integrate renewables 
into the system and to optimize resources across 
borders and energy carriers.

NEW MARKET AND BUSINESS MODELS 
Markets and business models are transforming to 
match the operating characteristics of new 
technologies. Sector coupling forms new linkages 
between actors in traditionally ‘siloed’ sectors. 
New service-based models, enabled by digital 
technologies, are mounting, such as energy 
service companies (ESCOs) providing services to 
reduce energy consumption rather than units of 

delivered energy. Urban 'mobility-as-a-service' 
offerings include electric cars, bicycles, and 
scooters. Pay-as-you-go companies are offering 
access to energy services in areas with poor 
access. Platforms for peer-to-peer (P2P) trading 
and flexibility services will enable matchmaking 
and localized trading of energy, capacity, and 
other services among customers, generators, and 
providers of flexibility services. 

5.

6.

7.

8.
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CONFLICTING PRIORITIES 
SDG priorities potentially collide. SDG #15 on 
protecting terrestrial ecosystems, halting 
deforestation and biodiversity loss, may be 
impacted by renewable energy expansions. In 
developing coal-based resources to improve 
energy access (SDG #7), nations accelerate 
climate change, air pollution, and the acidifica-
tion of the oceans, hence counteracting SDG #3, 

#13, and #14. Linked to this is SDG #8 on 
sustained economic growth, and the common 
argument that countries need to keep using fossil 
fuels to power economic growth. The decline in 
international cooperation, along with the fading 
promise of USD 100bn/year in climate finance to 
developing regions, is hindering climate-com-
patible developments.

EXTRAORDINARY POLICY UNCERTAINTY
Electorate priorities and political cycles are 
short-term. Changes in governments, with 
ensuing flip-flopping energy policies or regula-
tory procedures, introduce uncertainty and 

undermine investor confidence. Although renew-
able energy technologies are becoming less 
dependent on government support, decarboni-
zation projects face continued transition risks 
related to policy making and implementation.

MARKET DESIGNS NEED ADAPTION TO NEW 
CHALLENGES  
Scaling new technologies and their business 
models require adequate regulatory frame-
works. Market designs are tailored for a different 
era, when centralized thermal electricity genera-
tion provided significant economies of scale. 
Rigidity in natural gas nomination processes and 
lack of co-optimization of power and gas grids 

contribute to inflexibility within current market 
designs and undermine the benefits of load-fol-
lowing generation. New market designs are 
needed to unlock future energy systems with 
high shares of variable renewable-energy 
sources. As market signals and volatility of prices 
are key to managing volatility in supply, decen-
tralized generation requires arrangements for 
decentralized decision making. 

BARRIERS

SUBSIDIES AND LACK OF EXTERNALITY 
PRICING 
Direct subsidies – to consumption and production 
– as well as inadequate pricing of fossil fuels distort 
competition between energy technologies. A 
political blind spot is that fossil-fuel subsidies 
outmatch support to renewables by a ratio of four 

(Irena et al., 2018). Despite pledges to tackle 
climate change, an estimate of implied global 
fossil-fuel support, inclusive of undercharging for 
negative externality costs such as global-warming 
impacts and air pollution, is USD 5.2trn, or 6.5 % of 
world GDP (IMF, 2019). 

1.

2.

3.

4.
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LOCK-IN INERTIA
The energy transition depends on adequate 
infrastructure, e.g., on using existing grids to 
move renewable electricity beyond local use, 
and on gas pipeline infrastructure to transport 
hydrogen produced electrolytically using excess 
renewable power. But existing infrastructure also 
creates a ‘lock-in’ advantage for the fossil-fuel 
industry, for which it was originally designed. 

Inertia is amplified by vested interests, both 
industrial and unionized labour, that prefer the 
status quo. Policy and economics on the ground 
reflect the scale and legacy of technological 
systems – e.g. early write-offs are undesirable for 
long-life assets that enjoy the benefit of learning 
accumulated since the dawning of the fossil-fuel 
era. 

LOBBYING FOR THE STATUS QUO 
Incumbent industries are pressuring national 
policy makers to throttle back change, avoid the 
retirement of uneconomic assets, and justify new 
construction. Forbes (2019) report that the 
world's five largest publicly-owned oil and gas 
companies spend approximately USD 200m 

annually lobbying to control, delay, or block 
climate-motivated policies. Contributions from 
industry tilt elected officials towards rolling back 
environmental rules and creating a regulatory 
and economic environment that favours the 
fossil-fuel industry over a clean-energy future.

SOCIAL OPPOSITION
Voter anger over socioeconomic issues – e.g. the 
gilets jaunes (yellow-vest) protesters in France – 
can lead to the election of leaders opposed to 
climate-change science and action. Opposition 
will escalate when decarbonization policies hit 
the wallet without proper handling of distribu-
tional effects. Renewables are subject to public 

opposition on various other grounds, including 
conflicting land-use interests, landscape 
impacts, or NIMBYism (not-in-my-backyard) 
where people support renewable energy 
generally, but not in their own neighbourhood. 
Such opposition routinely leads to delays to and/
or cancellation of projects.

INNOVATION GAPS
Many decarbonization technologies exist, but 
have yet to reach commercial readiness. Critical 
competence, and innovation and technology 
development gaps still need to be addressed and 
much more investment in R&D is needed – for 
example, in battery-density improvements that 
will allow electricity to play a greater role in more 

sectors. Aviation has few alternatives to oil and is, 
in general, not readily electrifiable at present. In 
shipping, the widespread implementation of 
alternative fuels and other efficiency measures 
face barriers such as costs, fuel availability, space 
requirement challenges, and high-cost machinery. 
CCS and hydrogen value chains are still very much 
in need of investment and innovation to scale. 

5.

6.

7.

8.
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The 17 Sustainable Development Goals (SDGs), 
adopted by the UN and 193 nations in September 
2015, describe the future that humanity wishes to 
achieve by 2030. This Outlook does not specifi-
cally address the SDGs, but there are many 
interdependencies between SDG achievement 
and the energy future, particularly SDG #7 
(Affordable and clean energy) and #13 (Climate 
action).

Although progress has been made on many of the 
SDGs, the global response is not sufficiently 
ambitious and the trajectory shift in development 
pathways to meet the SDGs by 2030 is not advanc-
ing at the speed or scale required. That is the 
overall message of the SDG Progress Report from 
May 2019 (UN-ECOSOC, 2019). These insufficien-
cies are also valid for the energy-related SDGs.

 − On SDG #7, the poorest countries have greater 
access to electricity, energy efficiency contin-
ues to improve, and renewable energy is 
making gains in the electricity sector. This 
Outlook includes detailed quantification of 
energy efficiency (Section 4.5) and energy 
access (infographic in Section 4.1), indicating 
that although the world is making progress, we 
will not manage to meet the goal in all regions 
by 2030. 

 − On SDG #13 there is insufficient progress. 
Despite there being movement on some of the 
targets, with emissions of greenhouse gases 
continuing to increase, it is apparent that SDG 
#13 is moving in the wrong direction. 

 − Climate action is a prerequisite for achieving the 
other SDGs. Thus, succeeding with a rapid 
energy transition, by lowering energy consump-
tion and transitioning to low or zero-carbon 
sources, is the single most important action that 
humanity can undertake in its quest to achieve 
all 17 goals (DNV GL, 2016). 

 − The SDGs have gained considerable govern-
ment and private-sector momentum. And there 
is ever-growing recognition of the need to 
balance priorities and trade-offs, such as those 
between economic growth, deforestation and 
biodiversity protection, water and land use for 
food production, and energy activities. Balanc-
ing priorities will influence national energy 
strategies and decisions on energy solutions, 
and will shape the energy future. 

THE SUSTAINABLE DEVELOPMENT GOALS  
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 − At the 21st Conference of the Parties to UNFCCC 
(COP 21) in Paris in 2015, 193 countries agreed 
on what is now simply referred to as the ‘Paris 
Agreement’. The Agreement is complicated in 
the sense that the sum of what the individual 
countries promise to do in their pledges (the 
Nationally Determined Contributions - NDCs) 
is, collectively, far from sufficient to meet the 
target of: “holding the increase in the global 
average temperature to well-below 2 °C above 
pre-industrial levels and pursuing efforts to 
limit the temperature increase to 1.5 °C”.

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

 − COP 24 in 2018 saw the part adoption of the 
Paris Agreement Rulebook. The Rulebook 
provides countries with the tools and opera-
tional processes towards further implementa-
tion of the Paris Agreement. The transparency 
and accounting rules agreed are likely to pave 
the way for the necessary higher ambitions 
towards the update of the NDCs in 2020.

 − The conclusion of our 2050 forecast is that we 
will overshoot both the 1.5 °C and 2 °C carbon 

budgets well before 2050; hence strengthen-
ing of commitments and actions is urgently 
needed for any chance of reaching a well-be-
low 2 °C target. 

 − In our assumptions and model, we have placed 
weight on the NDCs. They are, after all, the 
stated intention of sovereign nations. Never-
theless, we do not envisage that all countries 
will deliver exactly on their pledges; some will 
overfulfil them, others will fall short. The 
present NDCs also have the limitations of 
generally stopping in 2030, while our forecast 
continues to 2050. However, the Paris Agree-
ment and the NDCs do constitute a very 
important framework for understanding and 
deriving government policy, and provide a 
context and basis for our best estimate of the 
energy future.

 − It is our earnest recommendation that to close 
the gap to a “well-below 2°C” future, world 
leaders – in national governments and busi-
nesses alike – must direct immediate and 
concerted efforts towards accelerating action 
on current NDCs and raising ambition levels in 
the next update in 2020.

COP 21 AND THE PARIS AGREEMENT 
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Our forecast energy transition depends on several 
macro, technology, and policy assumptions.

Global population is set to grow to 9.4 billion 
people by 2050

World GDP – based on DNV GL's own economic 
growth model – will grow in average 2.5% per year, 
with a cumulative growth of 130%, to 300 trillion 
USD by 2050

The cost learning rates for key technologies are 
expected to continue, key rates are 18% for solar  
PV, 16% for wind and 19% for batteries

Government policies and actions play a pivotal role 
in how energy systems will develop. Carbon prices 
will remain modest, with regional prices varying 
between 25 and 60 USD per tonne CO2 in 2050. 
Subsidies for renewable energy will decline as 
prices become competitive

We find no roadblocks in terms of resource limita-
tions, despite the tight situation for raw materials 
and competing demands for space for renewable 
energy and biofuel

HIGHLIGHTS
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In this Outlook, we have divided the world into 10 
geographical regions for consideration and 
comparison. These Energy Transition Outlook 
(ETO) regions are chosen based on geographical 
location, extent of economic development, and 
energy characteristics.

Each region’s input and results are the sum of  
all countries in the region. Where relevant, 
weighted averages are used, such that countries 
are assigned weights relative to population, 
energy use, or other relevant parameters. 
Distinctive characteristics of certain countries 

– for example, nuclear dominance in France –  
are thus averaged over the entire region. In some 
cases, we comment on this. More detailed, 
country-specific issues may be included in future 
analyses. 

In a few places we refer to “OECD regions”; that 
comprises the three regions North America, 
Europe and OECD Pacific.

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

2.1 TEN REGIONS

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

 North East Eurasia (NEE)
 Greater China (CHN)
 Indian Subcontinent (IND)
 South East Asia (SEA)
	 OECD	Pacific	(OPA)

FIGURE 2.1.1
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A typical energy forecast starts by considering the 
number of people that need energy. Although 
energy consumption per person varies consider-
ably, and will continue to do so, everyone needs 
access to energy in one form or another.

The source most frequently used for population 
data and projections is the UN Department of 
Economic and Social Affairs, which publishes its 
World Population Prospects every other year. The 
forecast in the latest update, published in June 
2019, runs to 2100. Other entities that separately 
produce population forecasts include the US 
Census Bureau and the Wittgenstein Centre  
for Demography and Global Human Capital in 
Austria. 

The Wittgenstein Centre places more emphasis 
than the UN on considering how future education 
levels, particularly among women, will influence 

fertility. As noted by Lutz (2014), urbanization in 
developing countries will result in fertility rates 
falling; having many children is a greater economic 
burden in cities than in traditional, rural agricul-
tural settings. Furthermore, evidence reveals that 
higher levels of education among women result in 
a lower fertility rate (Canning et al., 2015). It is likely 
that Sustainable Development Goal (SDG) #4 
Quality Education and SDG #5 Gender Equality 
will provide further impetus to female education.

Fertility is low in both the OECD and in China, and 
has also reduced considerably in non-OECD 
regions. In Sub-Saharan Africa (SSA), the reduction 
in fertility is slower than in other parts of the world, 
and the total fertility rate is still above 4.5 births 
per woman, falling by 0.6-0.7 births per decade. 
SSA lags behind other world regions in the 
expansion of education and in socio economic 
development. However, we assume that,  

2.2 POPULATION

Historical data source: UN (2017), Forecast: Wittgenstein Centre for Demography and Human Capital (2018) 

Population by region
 
Units: Billion people 

FIGURE 2.2.1 
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Tokyo by night. We forecast a global population  
of 9.4 billion people in 2050, 25% higher than the 
2017 figure of 7.5 billion people.

32

eventually, urbanization and improved education 
levels of women will also accelerate the decline in 
fertility rates in Africa.

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

Using the Wittgenstein population projections for 
SSP2, we arrive at our 2050 population forecast of 
9.4 billion, which is an increase of 25% from the 
most recent (2017) population estimate of 7.5 
billion. By mid-century, the global population will 
still be growing, but the rate is reduced to 0.3% 
per year. 

Our 2050 figure of 9.4 billion is 4% lower than the 
latest UN median estimate of 9.7 billion. If we had 
used the UN median population projection, most 
of our energy demand figures would be shifted 
upwards accordingly, but with regional variations. 
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GDP per capita is a measure of the standard of 
living in a country and is a major driver of energy 
consumption in our model. From a production 
point of view, it is also a good proxy measure for 
labour productivity, as it reflects the amount of 
economic output per person.

We base our GDP per capita growth forecast on 
the inverse relationship between GDP per capita 
level and its growth rate. This relationship is a 
result of sectoral transitions that an economy 
experiences as it becomes more affluent. An 
increase in the standard of living in a poor country 
arises, initially, from productivity improvements in 
the primary sector, and thereafter from productiv-
ity improvements in the secondary sector. In both 
sectors, the move from manual to industrial 
processes carries vast potential for productivity 
improvements. However, mature economies 

employ increasing shares of their GDP in services 
(the tertiary sector). Although services such as 
financial services and healthcare also benefit from 
technology uptake, productivity improvements 
tend to increase the quality, rather than the 
amount, of output. This implies that productivity 
growth will slow down as economies approach 
maturity, and, indeed, this has been revealed time 
and again empirically.

Measured in purchasing-power-adjusted constant 
(2017) USD, GDP per capita developments from 
1980 to 2050 can be seen in Figure 2.3.1. On a 
world-average level, a compound annual growth 
rate (CAGR) of 2.4%/yr is expected in the 2017-
2030 period. The growth rate will slow to 1.6%/yr 
after 2030. For the whole period between 2017 
and 2050, the annual growth rate of average GDP 
per capita will be 1.9%/yr.

2.3 PRODUCTIVITY AND GDP

Historical data source: World Bank (2018), Gapminder (2018) 

GDP per capita by region 
 
Units: USD/person-yr 

FIGURE 2.3.1 
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Leading up to 2030, the fastest growth in GDP 
per capita will be in Asia. Greater China will 
continue to grow rapidly, at an average rate of 
5.1%/yr. Greater China’s growth will be almost 
matched by that of the Indian Subcontinent and 
of South East Asia, which will experience average 
GDP growth per capita of 4.9% and 3.7%/yr, 
respectively.

As the Chinese economy matures, GDP per 
capita growth will slow down after 2030. The 
period between 2030-2050 will be characterized 
by a more even spread of prosperity improve-
ments globally. The region with the fastest GDP 
per capita growth will be Sub-Saharan Africa, 
with a CAGR of 3.6%/yr. Other fast-growing 
regions will be the Indian Subcontinent (3.1%/yr), 
Latin America (2.6%/yr), and South East Asia 
(2.6%/yr). Improvements in the standard of living  
in economically developed regions will reduce  
to under 1%/yr in the 2030-2050 period.

World GDP is expected to grow from USD 128trn/
yr in 2017 to USD 299trn/yr in 2050, measured in 
constant 2017 purchasing-power-adjusted USD. 
This 134% growth over the 33-year period is a 
result of a 25% increase in population and an 88% 
increase in average GDP per capita, with large 
regional differences. Figure 2.3.2 illustrates the 
combined effect of population change (x-axis) and 
GDP per capita growth (y-axis). The combined 
effect is strongest in Sub-Saharan Africa, followed 
by the Indian Subcontinent.

 “ The period between 2030-2050 will 
be characterized by a more even 
spread of prosperity improvements 
globally

Historical data source: World Bank (2018), Gapminder (2018), UN (2017)

Population, GDP per capita and GDP by region
 
GDP per capita
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Population (bn people) Population (bn people) 
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FIGURE 2.3.2 

0

15k

60k

45k

30k

75k

NAM

LAM

EUR

SSA

MEA

NEE

CHN

IND

SEA

OPA
0 1 2 3 4 5 6 7 8 9 10

0

15k

60k

45k

30k

75k

0 1 2 3 4 5 6 7 8 9 10



TABLE 2.3.1
Compound annual GDP growth rate  
by region

2000-2017 2017-2030 2030-2040 2040-2050 2017-2050

NAM North America 2.6% 1.8% 1.1% 1.0% 1.3%

LAM Latin America 2.6% 1.9% 3.2% 2.7% 2.5%

EUR Europe 1.5% 1.5% 1.0% 0.7% 1.1%

SSA Sub-Saharan Africa 5.1% 4.3% 5.6% 5.1% 5.0%

MEA Middle East and North Africa 3.9% 3.3% 3.2% 2.6% 3.1%

NEE North East Eurasia 3.8% 1.2% 2.5% 2.2% 1.9%

CHN Greater China 8.5% 5.2% 1.7% 0.9% 2.8%

IND Indian Subcontinent 6.7% 6.0% 4.1% 3.4% 4.6%

SEA South East Asia 5.2% 4.5% 3.3% 2.6% 3.6%

OPA OECD Pacific 1.7% 1.4% 0.6% 0.2% 0.8%

 World 3.6% 3.3% 2.4% 2.0% 2.6%
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As Table 2.3.1 shows, the world experienced 
some 3.6% compound annual GDP growth from 
2000 to 2017. In the 2040s this will gradually slow 
to 2%/yr, as an increasing number of regional 
economies become more service orientated. 
This, combined with a slowdown in the popula-
tion growth, will result in a lower rate of economic 
growth. Nonetheless, most economies around 
the world will continue to grow, albeit at varying 
rates, with likely exceptions only in mature 
economies that are experiencing marked popula-
tion decline, such as Japan.

Our forecast for global GDP is in line with project-
ions by McKinsey (2015) and PwC (2017). Some 
energy forecasters, however, use higher GDP 
growth figures, and, as a consequence, their 

energy-consumption estimates are higher. The 
difference is partly due to their use of the UN 
medium population forecast (4% higher than  
our population forecast). In addition, a stronger 
belief in a reversal of the well-established 
productivity-growth decline rates in the OECD 
regions, explains why others may end up with 
higher global GDP figures in 2050.

Further on in this report, we explain how increases 
in both population and in the standard of living 
create greater demand for manufactured goods, 
for transport, for living space, and, eventually,  
for more energy services. We also explain how 
efficiencies in all parts of the energy system result 
in a decoupling of energy demand from continued 
population and economic growth.
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PEOPLE, ENERGY AND GDP ACROSS 
OUR 10 OUTLOOK REGIONS

 

 

2017-2050 OVERVIEW 
This illustration shows, for each region considered in this 
Outlook, a comparison between population, per capita 
energy use and GDP (2017 and forecast figures for 2050).
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World
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Technological improvements and a decline in the 
costs of technologies as they scale are instrumental 
to how the energy transition is currently playing 
out, and how it is likely to do so in the coming 
decades.

Energy-related technologies are at various stages 
of maturity. The energy transition is most strongly 
influenced by rapid cost declines in wind and solar 
power, but also in battery technologies, where 
we expect to see a continuation of past improve-
ments. As costs decline, uptake increases; however, 
renewables are not alone in this. Well-established 
demand-side technologies, such as the combus-
tion engine, heat pumps, and thermal power 
plants, have seen continued improvements that 
are likely to continue for some time. Moreover, 
 oil and gas extraction has moved down the cost 
curve, most notably in shale drilling and produc-
tion, but also with more traditional production 
technologies, both onshore and offshore.

 “ The energy transition is most 
strongly influenced by rapid cost 
declines in wind and solar power, 
but also in battery technologies, 
where we expect to see a 
continuation of past improvements

Distinguishing between long-term effects and 
what may be market-driven blips, is a methodo-
logical challenge that we attempt to solve by 
employing prolonged time-series data sets 
wherever possible. For instance, the radical cost 
cuts in offshore oil production between 2014-
2018 were strongly related to a reduction in 
crude oil prices by up to a factor of four; that 
trend is unlikely to continue. We see temporary 

cost declines such as this as statistical outliers 
and integrate them into longer time series where 
they therefore make less impact. 

The premise behind the notion of ‘learning curves’ 
is that the cost of a technology decreases by a 
constant fraction with every doubling of installed 
capacity, owing to the growth in experience, 
expertise, and industrial efficiencies. Prime 
examples are wind, solar PV, and batteries, all of 
which have shown significant cost reductions and 
market growth in recent years, with unit costs 
declining rapidly, and showing little signs of 
slowing down in the near term. Figure 2.4.1 shows 
our forecast technology cost learning curve on a 
logarithmic scale for solar PV. However, each 
doubling of the installed base of a technology 
takes a progressively longer time, and conse-
quently the rate at which costs will decline will also 
slow which is made clear as shown in Figure 2.4.2.

Market exposure is necessary for any technology 
to demonstrate and develop its commercial 
potential — the classic chicken-and-egg dilemma. 
Entrant technologies frequently need an initial 
boost, and that is a rationale for policy measures 
aimed at triggering investments flows and hence 
setting learning curve dynamics in motion.

Our more detailed view of technology improve-
ments and cost learning curves for the various 
technologies is described on the following pages.

2.4 TECHNOLOGY AND COST 
  LEARNING CURVES 
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Investment cost indices for solar PV, wind and CCS in Europe 
 
Units: Unit cost relative to 2017 

FIGURE 2.4.2 
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ELECTRIFICATION
Figure 2.4.2 shows average composite invest-
ment costs for the hardware that is typically 
installed for electricity generation. It indicates 
significant cost declines in all renewable and 
carbon-removal technologies. We have plotted 
indices for a single region – Europe – but these 
curves are mirrored closely by all regions.  
In general, we forecast a cost reduction of one 
third from now through to 2050 in real terms for 
renewably powered electricity generation and 
carbon capture and storage (CCS). Note, however, 
that over the last 18 years we have also seen a cost 
decline of twice that: fractional learning rates will 
continue at current levels, but as new technologies 
mature, annual percentage cost reductions will 
slow as the doubling time for installed capacity 
lengthens. For investors, it is also clear that 
regional effects and cost dynamics will continue  
to differ within the same technology areas.

WIND AND SOLAR PV
Because the market for wind and PV technology 
is global, the cost learning rates for these tech-
nologies are identical across regions; power 
output, however, clearly depends upon the actual 
location of equipment. The historical cost 
learning rate for both offshore and onshore wind 
has been around 16% per doubling of installed 
global capacity, and we expect this rate to 
continue unaltered through to 2050 (Wiser et al., 
2016). In contrast, labour costs associated with 
installing wind power will decline only marginally, 
and the learning rate is estimated at just 1%. For 
unit operation-and-maintenance (O&M) costs,  
the learning rate for wind is expected to remain at 
half the technology learning rate; i.e., an 8% decline 
for every doubling of accumulated capacity. 

For all wind learning rates, there is global learn-
ing. In other words, capacity additions in all 
regions contribute to cost declines, regardless of 
where the additions are made. However, offshore 
and onshore projects have, historically, comprised 
many separate technologies, and we expect this 
to change. We anticipate that gradually – and fully 

after 2021 - onshore and offshore wind will 
provide a common basis for global cost learning.

Solar PV has experienced slightly more rapid cost 
learning rates of 18%, and we forecast that this 
will also remain constant (Sivaram et al., 2016), 
with O&M rates at half of that (9%), and also with 
almost no manpower cost reductions. 

ELECTRIC VEHICLES
Compared with the engines of internal combus-
tion vehicles (ICEs), the engines of battery 
electric vehicles (BEVs) are smaller, simpler,  
and lighter (although batteries are heavy), and  
thus less expensive. Vehicle sizes and driving 
patterns differ between the regions, and so  
will battery size. We assume that the average 
passenger-vehicle battery sizes will grow over 
the next decade, and, thereafter, stabilize to a 
level of 150 kWh/vehicle in North America, 100 
kWh/vehicle in Europe and OECD Pacific, while 
other regions will see levels stabilize at 50 kWh/
vehicle. In all regions, the average battery-pack 
sizes of commercial vehicles will be twice as 
large as those in passenger cars. Two- and 
three-wheelers will have battery sizes that are 
about 10% smaller than those in a region’s 
passenger vehicles.

Battery cost learning rates of about 19% have 
recently been observed for each doubling of 
accumulated global capacity. We expect this  
rate to continue. 

Fuel-cell electric vehicles (FCEVs) are another type 
of EV. Although the refuelling ranges of passenger 
FCEVs will be on a par with those of ICEs for the 
next decades – far superior to those of BEVs – we 
do not expect that this advantage will be enough 
to offset the FCEV cost disadvantage, where high 
costs associated with hydrogen-refuelling infra-
structure play a prominent role.

However, for commercial use, FCEVs are another 
matter. Many heavy long-haul vehicles require 
driving ranges for which battery-based propulsion 
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will remain inadequate. Countries where hydrogen 
is used for the decarbonization of heating are 
likely to see a fraction of road electrification being 
fuel cell-based. This applies to four regions:  
China, OECD Pacific, Europe, and North America. 
In other regions, ICE trucks and buses will continue 
to cover such long-haul requirements. 

STORAGE
In order to ensure flexibility, intermittent elec-
tricity will need to be complemented by energy 
storage. 

In our ETO, we assume that, on average, 10% of 
vehicle batteries will be available for the grid as 
storage. With BEVs dominating vehicle sales 
within the next decade, this will account for a 
significant share of a grid’s daily storage needs.  
In addition, bespoke Li-ion batteries will be 
needed to support variable renewables; these 
will experience the 19% cost learning rate 

referred to above, and, collectively, will 
comprise 12 TWh of capacity by 2050. Since 
these batteries share core technologies, and  
their growth is so strong, we forecast that their 
costs will have fallen to only 14% of their 2018 
levels by 2050.

It is noteworthy that until now, Li-ion batteries in 
consumer electronics have dwarfed both EV and 
bespoke Li-ion batteries, and that has been a 
major contributor to Li-ion cost reduction so far 
(often attributed to EV batteries only; see, e.g., 
BNEF 2019). Although the consumer-electronics 
battery category will continue to grow, such 
batteries will soon, in turn, be dwarfed by EV 
batteries, and later also by bespoke grid batter-
ies (both Li-ion and Redox Flow). By 2050, some 
two-thirds of the power-sector electrical-storage 
needs will be met by EV batteries, and one-sixth 
each from the two bespoke storage technologies. 
Only 0.5% of storage requirements will come 

 An electric vehicle battery. We expect 
battery technology to experience a 19% cost 

learning rate through our forecast period.
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from consumer electronics. In aggregate, 
battery-based storage will still only be two  
thirds the size of pumped-hydro storage. While 
reservoir hydro is a sizable storage option, its 
storage role is only implicit because reservoir 
hydroelectricity production is reduced – some-
times to zero – when power prices are low.

When electricity is converted to hydrogen gas,  
it may be stored, and even reconverted to 
electricity again. Each conversion uses a signifi-
cant amount of energy, and this means that even 
with low electricity prices, with round-trip 
energy losses of over 50%, this storage option 
will remain marginal.

OIL AND GAS EXTRACTION
Extraction of oil and gas is subject to two counter-
acting cost forces. As in the sectors described 
above, extraction is subject to cost learning as 
production volumes increase. New technologies 
with significant potential for cost reduction also 
come into play occasionally, with shale oil and 
gas as prime examples. However, oil and gas are 

finite resources, and, as with any extractive 
industry, the counteracting force is one of 
increasing costs as reserves are depleted by 
production. The lowest-hanging fruit tends to  
be picked first, and, typically, the chase for other 
resources starts later. Taking offshore oil as an 
example, only now, with the North Sea fields in 
decline and exploration budgets below that 
required to renew reserves, is the hunt starting 
for resources in the cold-climate Barents Sea and 
further offshore. Ever-improving technologies 
also contribute to this move towards more distant 
and challenging conditions. 

Based on industry data (Rystad, 2019) and DNV GL’s 
sector- and technology-specific expertise, the 
forecast net result of opposing investment cost 
forces varies in all the 10 regions. We show North 
American results in Figure 2.4.3. Developments 
in all regions include a slight cost increase for 
traditional technologies, while unconventionals 
– shale – will see a continued decline in costs. As 
seen in our graph, however, North America is the 
exception. Here, shale investment costs have 

Investment cost indices for oil and gas extraction in North America 
 
Units: Unit cost relative to 2017 
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already declined sharply, and we forecast the 
‘resource scarcity’ and consequent harder to 
extract fields will cancel still important cost 
learning. On the other hand, North American 
offshore gas – currently more expensive than 
shale – will experience the opposite effect, as 
resources are abundant, and the learning curve 
effects will still play out in full. Although this may 
not necessarily apply at the level of individual 
fields, these trends characterize the average 
dynamics of entire regions.

Although oil-extraction costs differ significantly 
across the world, cost learning rates are the same 
and are applied uniformly. Nevertheless, there 
are differences between production technologies: 
emerging technologies, such as unconventional 
oil production, have seen their costs decline 
rapidly, falling by 30% per capacity doubling 
within North America. Such technologies, with 
related know-how, can be transferred to other 
regions, and it is reasonable to expect improve-
ments to continue. Offshore oil is more mature 
and has less potential for further improvements; 
we have estimated a cost decline per capacity 
doubling of 12% globally, whereas conventional 
onshore production – typically the cheapest 
technology in all regions – is estimated to fall  
by 10% per capacity doubling.

 “ Long seen as an essential 
decarbonization factor, CCS has yet 
to play any transformational role

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

The figure below shows only North America, but 
its dynamics are closely matched by develop-

ments in all regions. However, for investors, details 
matter, and it should be noted that there will be  
an interplay between technology dynamics and 
resource availability, creating the aforementioned 
modest cost increase in traditional extraction.

In our companion publication for Oil and Gas 
(DNV GL, 2019b), we provide greater detail on  
oil and gas extraction.

CARBON CAPTURE AND STORAGE (CCS)
Long seen as an essential decarbonization factor, 
CCS has yet to play any transformational role. Apart 
from injecting CO2 already removed from the feed 
when extracting natural gas, in what is called EOR 
(enhanced oil recovery), CCS technologies are still 
awaiting a push in the form of deployment policies 
for pilot installations and storage infrastructure. 
Several such pilot plants and storage plans are in 
the pipeline, and a dozen or so are due to come  
to fruition before 2022 (GCCSI, 2019). 

Currently, most applications result in EOR and this 
is profitable in regions with significant carbon 
costs for oil and gas producers. The climate 
benefits in such cases are merely a side effect. The 
second application of CCS is when it is used solely 
to reduce the carbon footprint of large point 
sources in fossil-energy production and in indus-
trial processes. Emerging technologies for re-use 
of CO2 to produce building materials or chemicals 
are being discussed but are currently not a key 
factor in relation to capture volumes.

Estimating learning curves for CCS is not straight-
forward, owing to limited capacity additions. We 
have therefore studied a similar capture technol-
ogy, that of sulphur dioxide and nitrogen oxide 
control technologies at coal-fired power plants. 
These have shown cost learning rates of 13% for 
capital costs, and 15% for operation and mainte-
nance costs (Rubin et al., 2007).

We expect increasing average carbon pricing 
across all regions (Figure 2.5.2), but carbon 
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prices are lower than CCS costs for the first 
decades. Towards the end of the forecast period, 
these costs will have declined from a current level 
of USD 123/tonne CO2 to USD 68/tonne. With 
average carbon prices in China and Europe at 
USD 60/tonne, a significant fraction of installa-
tions, CCS investments will be profitable and CCS 
uptake will increase rapidly. Even so, the effects 
of carbon capture efforts on climate-influencing 
emissions will not be felt before the end of this 
forecast period. However, as its growth curve 
shown in our emission chapter is so steep, it 
bodes well for CCS in the period following that 
covered in this report. CCS uptake is extremely 
sensitive to carbon prices: increasing the carbon 
prices included in this forecast by 33% results in  
a seven-fold expansion in uptake, as the more 
detailed CCS discussion in Chapter 4 explains.  
In a separate study of what it would take for the 
EU to comply with the Paris Agreement, a carbon 
price doubling to EUR 90 per tonne was shown to 
be sufficient to reach 100% CCS uptake in Europe 
(WindEurope, 2018).

HYDROGEN
Commercial production of hydrogen is mainly by 
means of steam methane reforming (SMR), and, 
to a lesser extent, via electrolysis. SMR uses a 
fossil fuel to combine a hydrocarbon (typically  
a natural gas like CH4) with atmospheric O2 and 
convert it into H2, CO2, and H2O. The argument for 
producing hydrogen over natural gas is that the 
CO2 is captured – but for SMR to be considered 
'green', the CO2 must be sequestered (perma-
nently removed from the biosphere and placed in 
the geosphere). While the SMR process is mature 
and costs are expected to stay at current levels, 
CCS from SMR will follow the cost dynamics 
described above. 

The other avenue for producing hydrogen is  
to use electric power: electrolysis. Although 
electrolysis is an old technology – for instance  
it was integral to the Norwegian industrial revolu-
tion through ammonia-fertilizer production a 
hundred years ago – it has been replaced by SMR 

and has rarely been used over the last fifty years. 
Neither SMR nor electrolysis is modelled with 
experiential learning. It is difficult to estimate any 
learning rate, as significant uptake has yet to be 
demonstrated with newer technologies, and the 
cost-reduction potential is still mainly guesswork.

So-called 'green' hydrogen, produced by 
electrolysis powered by renewable sources,  
is likely to gain policy favour and a market, as the 
costs of renewables continue to fall and, conse-
quently, the availability of ‘surplus’ (curtailed) 
power from variable renewable sources widens. 
With falling intermittent power costs, electrolysis 
capacity will develop, and eventually move 
electrolysis ahead of SMR as the dominant source 
of hydrogen. 

 “CCS is extremely sensitive to 
carbon prices. Increasing the 
carbon prices used in this forecast 
by a third leads to a seven-fold 
expansion in CCS
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DNV GL’s understanding of policy and its implica-
tions for the energy transition is informed by our 
work with governments and regulators in helping 
to shape better policies, and our advisory work 
with industries on how to respond to such policies. 
We have also been assisted by the external 
experts in our Energy Transition Collaboration 
Network.

Government actions and policies play a pivotal 
role in how energy systems develop. Predicting 
policy over the coming decades in a world 
dominated by short political attention spans  
and election cycles, and with fast technological 
changes, is a challenging - but necessary - exercise 
for an outlook such as this. In this section, we 
present our view on how the trends that manifest 
themselves as barriers and drivers, presented in 
Section 1.2, are likely to impact government 
priorities and decisions in the energy sector. 

 “ Beyond established focus areas  
of energy security, access and jobs, 
climate change and air pollution are 
now also key shapers of policy

THE SECTION: 
— Firstly, discusses four areas where policymakers 

across the ETO regions will exercise key strategic 
choices and power to influence energy sector 
developments and the direction of the energy 
transition. 

— Secondly, outlines government influence and 
regulatory instruments in three main capacities. 

— Finally, highlights selected policy factors 
reflected in our forecast.

 
In Chapter 6 (The next five years), short-term policy 
changes are also discussed as part of political, 
social, and technological themes that may 
influence the direction and pace of the energy 
transition. Observing their developments in the 
short term may provide insights on whether we 
need to adjust our long-term forecast.

2.5 GOVERNMENT AND POLICY 
  IN THE ENERGY TRANSITION 
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Policy considerations in the ETO

FIGURE 2.5.1

Government choice and controls in four key areas 
 − Climate risk
 − Air pollution
 − NDCs and SDGs
 − Smooth transition

Government influence in three main capacities
 − Stimulating technology development
 − Shaping and creating demand 
 − Fixing market distortions

Policy factors in the ETO Model
1. Air pollution intervention 
2. Carbon capture and storage
3. Carbon pricing 

4. Standards for energy efficiency
5. Taxation and transport fuels
6. Zero-emission vehicle support 
7. Renewable power support

Key trends shaping the future and change in society
 − Drivers
 − Barriers
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2.5.1 GOVERNMENT CHOICE AND  
 CONTROLS IN FOUR KEY AREAS 

While the forces driving societal change are 
generally beyond the control of any single organi-
zation or government, this section focuses on 
those areas where governments will be a major 
influencer. 

Given ongoing fears of energy-supply disruptions, 
energy security remains a key driver of energy 
policy. As a result, energy policies will continue  
to be tightly linked to foreign affairs and to legisla-
ture governing access to natural resources. 
Governments will continue to attempt to balance 
energy-security concerns with improving energy 
access and the preservation of jobs and industrial 
advantages. 

Beyond these established focus areas, climate 
change and air pollution are now also key shapers 
of policy. The concept of the energy trilemma 
captures the need for policy to balance require-
ments for security of supply, affordability, and 
sustainability. 

Intensification of efforts to promote structural 
changes in the energy system in response to 
profound planetary, economic, and human 
development risks, is to be expected. Our ETO is 
predicated on the assumption that government 
actions on emissions reduction will outweigh 
shorter-term policy objectives. 

CLIMATE RISK FOCUSES  
THE GLOBAL AGENDA 
Climate risk is expected to push the promotion  
of CO2-free energy sources. Last year, the IPCC’s 
Special Report on 1.5°C (IPCC, 2018) was 
published as the scientific evidence and guide-
post for governments and others to take climate 
action. The report was ‘welcomed’ by most 
countries at COP 24 but a few – the US, Russia, 
Saudi Arabia, and Kuwait – were unwilling to use 

this term. As a result, the status of the Special 
Report in the context of the UN Framework 
Convention on Climate Change (UNFCCC) 
negotiations remains unresolved. Nevertheless, 
the report has plainly highlighted the urgency of 
climate action and provides clear markers for 
policymakers: “… peaking of emissions by around 
2020; rapid decline of GHG and CO2 emissions by 
around 45% by 2030 (from 2010), and net-zero CO2 
emissions by around 2050”. 

However, according to the UN Environment 
Programme (UNEP)’s annual Emissions Gap Report 
(2018), governments are falling far short of the 
IPCC’s markers. Global greenhouse gases (GHG) 
show no signs of peaking by 2020; CO2 emissions 
from energy and industry are, in fact, rising, 
following a period of stabilization. Despite the 
political response and actual emissions reduction 
achievements being off-track, there have at least 
been some announcements of net-zero emission 
targets for 2050. The Carbon Neutrality Coalition 
was launched in 2019 and is dominated by EU 
members that plan to push the EU to step up 
spending and set zero-emission ambitions at the 
level specified by the IPCC (CHN, 2019a). The 
earliest timeline to go carbon neutral has been set 
at 2035. Globally, however, there is little evidence 
of a strong unified political response and closing 
the huge gap between current investment levels 
and the target remains a conundrum for policy-
makers. Moving more rapidly on current  
Nationally Determined Contributions (NDCs)  
and galvanizing political will for 2040 net-zero 
commitments in NDC revisions (2020) will be  
main priorities. 

The phase-out of fossil-fuel subsidies and 
implementation of carbon pricing will be key 
instruments to realize emissions reductions and  
an accelerated energy transition. Giving clear 
policy signals to the business community and 
establishing adequate regulatory structures for 
domestic carbon markets will be key. Piloting 
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market linkages and evolving interlinked markets 
as proposed under Article 6 of the Paris Agree-
ment will also be integral.

AIR POLLUTION ON THE LOCAL AGENDA 
Decarbonization overlaps with the goal of reduc-
ing local air pollution and is often a stronger driver 
for change than climate concerns. Data from the 
World Health Organization (WHO, 2018a) show 
that, globally, 9 out of 10 people breathe air 
containing high levels of pollutants. Every year,  
7 million people succumb to illnesses linked to air 
pollution; 93% of the world’s children breathe air 
that puts their health and development at serious 
risk (WHO, 2018b). Energy production and use – 
particularly from traditional biomass, coal, and  
oil – are by far the largest man-made sources of air 
toxins, and the pollutants are SO2 NOx, or various 
PM (particulate matter). 

Air-pollution prevention measures are mounting 
worldwide. China’s 2018-2020 Action Plan for 
Winning the Blue-Sky War follows the Air Pollution 

Prevention and Control Action Plan and expands 
its scope to more cities and regions. India’s 
National Clean Air programme (agreed 2019) aims 
for a 20-30% reduction in PM concentrations by 
2024, and Indian coal-power plants will be 
hard-pressed to comply with emission-control 
standards. South Korea has declared air pollution 
a “social disaster” and launched a 3 trillion won 
(USD 2.65bn) emergency fund for countermeas-
ures. 10 countries have announced bans on 
fossil-fuel cars, starting, on average, in the early 
2030s, and cities such as Rome, Paris, Copenhagen, 
London, and Madrid have already announced, or 
are considering, diesel bans and ICE restrictions 
by 2020.

Air-quality monitoring technology is developing 
rapidly. The air-quality monitor market is 
projected to grow at a CAGR of 4.6%, reaching 
USD 4.90 billion by 2022. Google is fitting its 
Street View car fleet with air-pollution sensors, 
creating pollution maps of extraordinary quality, 
with significant commercial applications; for 
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example, pinpointing fugitive emissions of 
methane from pipelines. While satellites currently 
in orbit give a limited view of global CO2 emis-
sions, thanks to the EU’s planned Sentinel 7 
spacecraft (European Space Agency, 2019), and  
a host of others from the US, China, and Japan,  
by 2030 all significant emission sources will be 
comprehensively observed on a near-daily basis. 

Spurred on by data-driven knowledge, policies  
to curb local pollution will come in all possible 
forms, e.g., local regulations, bans, mandates, 
taxes, and cross-incentives. Point sources will 
face increasingly stringent emission standards / 
control measures, and next-state air-quality 
measures to control PM or traffic-related air 
pollutants are expected to become a major 
component of clean-air policies in all regions, 
albeit at varying paces. 

THE INTERLINKAGE BETWEEN  
SUSTAINABLE DEVELOPMENT GOALS  
(SDGs) AND NATIONALLY DETERMINED 
CONTRIBUTIONS (NDCs) 
The UN 2030 agenda is expected to continue 
guiding politically-focused efforts. Governments 
are integrating the SDGs into existing sectoral 
polices at country level. Each SDG represents an 
area of risk and opportunity to people or planet, 
but without climate action as well, their achievement 
is not within reach. The UN Secretary-General, 
Antonio Guterres, told world leaders to “bring 
plans, not speeches” to the UN Climate Summit  
in September 2019 (CHN, 2019b). 

Technological progress will aid in implementing 
both the energy-related NDCs under the Paris 
Agreement, as well action on SDG #7 – ensuring 
access to affordable, reliable, sustainable, and 
modern energy. The political, social, economic, 
and technical feasibility of the energy transition 
has improved dramatically in recent years, with 
continued cost deflation in wind, solar, and 
storage technologies, and energy-efficient 

appliances. The combination of ‘cheaper, cleaner, 
and faster’, in terms of time to market, is a power-
ful value proposition to developing regions 
aspiring to climb the ladder of socioeconomic 
development, while reducing local environmental 
pollution and avoiding lock-in to fossil-fuel use in 
a carbon-constrained world. Nevertheless, we 
see a big untapped potential for better alignment 
of financial flows and development assistance – 
the practices of donor countries and develop-
ment banks – with climate goals and clean-energy 
pathways.

A JUST TRANSITION? 
The energy transition is redrawing the global- 
energy resource map and modifying traditional 
energy dependencies. Technological advances 
and lower-cost renewables are shifting the 
geopolitics of energy, traditionally favouring 
countries rich in fossil-energy resources (GCGET, 
2019). Since the technological, economic, and 
societal factors driving the transition are beyond 
the control of any single government, all countries 
will have to decide how to meet these trends – 
either aiming to postpone their impact, protect 
the status quo, or pursue strategies to exploit 
their potential. Fossil-fuel assets will unavoidably 
be affected by regulatory risks, such as carbon 
pricing and tightening cap and trade systems. 

The notion of a just transition has taken root, and 
governments will have to address socioeconomic 
issues systematically. Canada created a Just 
Transition Taskforce in 2018 and revenue from its 
CO2 tax will be recycled and returned to the 
population (‘People’s payout’) on a per capita basis, 
to build public acceptance when average tax 
burden remains unchanged (Carattini et al., 2019). 
The state-government of Colorado has a Just 
Transition Office in the works, with a fund dedicated 
to easing worker transition in a post-coal economy; 
this may come to serve as a template for other US 
states to follow. Other governments, currently 
facing popular push-back on, for example, higher 
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fuel prices, would be well-advised to understand 
how the energy transition will affect sectors in their 
economies and to develop coping strategies for 
industry changes and social dislocation from job 
losses. This means planning proactively for a future 
with a declining role for fossil fuels and facilitating 
an orderly transition. 

2.5.2 GOVERNMENT INFLUENCE  
 IN THREE MAIN CAPACITIES 

We see technology advances and economics  
as progressively driving the energy transition. 
Connectivity is accelerating the spread of new 
technologies globally, and renewables have 
reached a cost-competitive inflection point 
compared with fossil fuels. As Amory Lovins  
of the Rocky Mountain Institute puts it: 

 “ The course is not always smooth, 
but the direction is unstoppable 
because it’s now largely business-
led and market-driven. (CEW, 2018) 

The direction of the energy transition is set by 
technology and economic competitiveness; 
however, government policy will remain important 
in determining the speed of the transition. 

The opportunity for policymakers is to help in 
steering a steady course in a manner that builds 
social acceptance for projects, public trust in local 
benefits, and business trust in stable investment 
conditions and political commitment. Different 
sectors and transition phases will trigger different 
energy-system challenges that policy and 
supportive regulation can assist with addressing 
so that the energy transition happens more quickly 
and more smoothly. 

In general, we see the regulatory transition and 
government policies working in the three main 
capacities outlined below. Across these areas, 

governments will have a role in raising awareness 
on energy-transition initiatives and benefits, and  
in dealing with its drawbacks.

STIMULATING TECHNOLOGY DEVELOPMENT 
Innovation policy will continue to play a role  
in facilitating the development of technology  
alternatives. Public investment and funding of 
research, testbeds, and demonstration projects 
will remain important as these help to demon-
strate performance, trigger experience and cost 
learning rates, and generate alignment among 
stakeholders. CCS and carbon-free hydrogen 
production, as examples, are currently at early 
states of deployment and will require massive 
technological learning and scale-up. Other 
examples of technology push-policies are: 

— energy technology and mobility plans 
— economic instruments (e.g., tax reductions, 

investment grants for electric vehicle purchases 
and charge points)

— regulations such as bans, building codes, and 
product/technology standards on efficiency 
and emissions performance. 

Directing public investment into infrastructure 
will be a continuing priority. This spans the 
spectrum from power infrastructure to digitaliza-
tion, and to EV-recharging/refuelling stations  
that encourage adoption of battery and fuel-cell 
vehicles. Investing in infrastructure as a public 
service will be necessary owing to the high 
upfront investment costs and uncertain near-
term demand, making it difficult to establish 
profitable business models in early-phase 
developments. Governmental regulations need  
to encompass system-design thinking; a more 
flexible approach will be required to support 
trial-and-error experimentation, and for regu-
lated entities to recover spending. 

Support of systemic innovation and sector 
integration will gain importance and will enable 
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the push beyond power decarbonization towards 
electrification (directly or indirectly through 
hydrogen) of energy end-use applications/
sectors. Focus is building on technology-push 
policies to accelerate innovation and technolo-
gies for hard-to-abate sectors – such as heavy 
industry, heavy transportation, and aviation. 
Sector coupling is discussed in more detail in our 
companion publication on Oil and Gas (DNV GL, 
2019b).

 “We predict the capital cost of a 
utility-scale lithium-ion storage 
system to decline by 86% from  
2018 to 2050 

SHAPING AND CREATING DEMAND
Various governments worldwide were pioneers 
in the early phases of technology development: 
Brazil in bio-ethanol; Germany, Japan, and the US 
in solar; Germany, Denmark, and Spain in wind. 
Similarly, Norway and China have set the pace  
in EV uptake through policy incentives. Their 
support to technology deployment has carried  
a considerable load of the early learning curve 
dynamics, thereby helping to fund ‘the learning 
curve of the world’. 

We expect governments to support develop-
ments in storage technologies as a strategic 
requirement in a decarbonized world, both to 
balance the grid and to enable vehicle electrifica-
tion. Industrial policy has, for example, guided 
the State of Nevada to provide preferential 
treatment to the Tesla Gigafactory, with a gener-
ous incentive package (Nash et al., 2014). Simi-
larly, Chinese and European governments see  
a good match between climate, energy, and 
industrial policies in supporting investments in 
energy-storage systems and battery technology, 
where costs have plunged. Battery capacity 
growth, which will be stronger than that experi-

enced by any other major energy category 
through to 2050, trigger further cost reduction 
for batteries: indeed, we predict the capital cost 
of a utility-scale lithium-ion storage system to 
decline by 86% from 2018 to 2050. EV batteries 
will see similar cost reductions.

Demand-pull policies prompt early market 
deployment and uptake of technologies, and they 
interact closely with technology-push as a driving 
force of technical change. A multitude of policy 
instruments are in play, triggering demand/uptake 
of new technologies, including:

— economic instruments influencing energy prices 
— incentives for low-emission choices in heating 

and cooling 
— auctions or feed-in tariffs/premium payments  

to renewables
— regulations like 'green' public procurement, 

mandates on biofuel blending, and binding 
targets on the use of renewables. 

 
In addition, energy-efficiency policies can 
motivate investments and affect the value of 
energy saved. China’s 5-year plans and the EU 
Energy Efficiency Directive are examples of 
programmes that target productivity gains  
in buildings, transport, and industry sectors. 

In order to attract developers and investors, 
large-scale renewable energy and infrastructure 
projects depend upon long-term predictability 
around future market conditions and confidence 
in regulatory frameworks. In the power sector, 
solar and wind will increasingly compete on 
economic and environmental terms. One uncer-
tainty ahead is how investors will respond to the 
coming period in which project revenue streams 
have no government price support. Furthermore, 
in later phases, which will be characterized by a 
large share of variable and weather-dependent 
power sources, regulatory and market-design 
considerations will come to the fore.  
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Market-design will also be important to facilitate 
sector coupling, i.e. integrating the energy 
consuming sectors - buildings (heating and 
cooling), transport, and industry - with the power 
producing sector. These issues are addressed in 
more detail in the companion publication, Power 
Supply and Use (DNV GL,2019a).

FIXING MARKET DISTORTIONS
The pace of the energy transition will be affected 
by the political feasibility of dealing with barriers 
to the uptake of competing, innovative technolo-
gies. Our ETO highlights the shift that is needed 
in future investments, given the heavier capex 
load from renewables and grids. This reallocation 
of capital is influenced by market and policy 
signals. Inadequate carbon pricing and persis-
tent fossil-fuel subsidies (including the lack of 
internalization of negative externalities) are 
market distortions that block this shift, delaying 
the energy transition. In some countries, and for 
some fuels, carbon prices are even negative due 
to high financial support for fossil fuels. 

Carbon pricing 
According to the Carbon Pricing Dashboard (World 
Bank, 2019) , 57 carbon-pricing initiatives have 

been implemented or are scheduled for imple-
mentation, with 46 national jurisdictions covered. 
In 2019, these initiatives will cover 20% of global 
GHG emissions, leaving 80% of global emissions 
unpriced. Policy reforms in key emissions trading 
systems (ETSs) worldwide were completed in 2018 
to enhance their effectiveness in the post-2020 
era, especially in the EU ETS. This resulted in a 
significant carbon-price effect (ICAP, 2019). 

The global picture is that carbon-price levels and 
emissions coverage continue to be inconsistent 
and too low to make a dent in global emissions. 
The status of achievement is modest, and in stark 
contrast to the recommendation of the High-
Level Commission on Carbon Prices (convened 
by the Carbon Pricing Leadership Coalition and 
supported by the World Bank), which concluded 
that the explicit carbon-price level consistent with 
achieving the Paris temperature target must be  
at least USD 40-80/tonne CO2 by 2020 and USD 
50-100/tonne CO2 by 2030. The OECD’s assess-
ment of the effective carbon rates, considering 
both taxes and emissions trading schemes across 
42 OECD and G20 countries, show that only about 
10% of global emissions are priced at a level that is 
consistent with the 2°C target (OECD, 2018a). 
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Closing the cost differential between ‘brown and 
green’ technologies, especially in sectors less 
prone to electrification where emissions are 
harder to abate, will be difficult in the absence  
of robust carbon pricing and will hamper techno-
logy uptake such as CCS and renewable fuels in 
shipping and aviation.

In our forecast, the modelling includes our best 
estimate of future carbon-price levels (Figure 2.5.2). 

Fossil-fuel subsidies 
Fossil-fuel subsidies are distortive (by lowering the 
cost of production or lowering the price paid by 
energy consumers) and are a costly strain on 
public budgets. Other investments that tackle, 
for example, local air pollution and other environ-
mental damage resulting from fossil-fuel produc-
tion and use, are crowded out by such policies. 

Despite long-standing pledges to phase out 
fossil-fuel subsidies, repeated since 2009 and  
the Pittsburgh Declaration of the G20 countries, 
actions have failed to match words. The IEA and 
OECD estimate that the value of government 
support for fossil fuels in 76 economies, which 
collectively contribute 94% of global CO2, is 

between USD 370 and 620bn annually over the 
period 2010 to 2015. The sum over this six-year 
period amounts to between USD 2.2 and 3.7trn, 
considering both production and consumption 
subsidies. This estimate does not include the 
negative externality costs that the IMF includes, 
as mentioned in Section 1.2. The OECD Inventory 
of Support Measures for Fossil Fuels noted that 
“government-support for investment in the 
production of fossil fuels forges ahead”, pointing 
to an increase of 5% in 2017 compared with 2016 
levels (OECD, 2018b, OECD, 2019). 

Fossil-fuel subsidies in the extraction sectors are 
baked into our cost projections – and we see no 
dramatic changes. Reform of subsidies and other 
preferential treatments will evolve slowly as 
governments focus on preserving jobs at the 
expense of the climate. We forecast that demand-
side subsidies will perpetuate for some time, with 
recent mild reductions in line with the trends we 
forecast. However, for road-sector fuels, we see 
tax levels increasing; this trend reflects air-pollu-
tion prevention, efforts to limit congestion and 
emissions, carbon taxes, and climate agendas  
set by the regions covered by our forecast.

Carbon price by region 
 
Units: USD/tCO2

FIGURE 2.5.2 
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The Hellisheiði geothermal plant that  
powers half of Iceland is capturing CO2  

and turning it into rock.
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POLICY FACTORS IN OUR FORECAST 
 
In general, country-level data on expected policy impacts are weighted and aggregated to produce regional 
figures for inclusion in our analysis. Sectoral policy dynamics are discussed in more detail in Chapter 4, 
addressing both supply and demand. Here, we present a snapshot of policy factors in the analysis.

— Carbon prices will gradually increase towards 
2050 and will range between USD 25 to 60/
tonne in 2050 (USD 2017). 

— The forecast includes average regional carbon 
prices (Figure 2.5.2) implemented in Power 
and Manufacturing as generally participating 

in the same regional and/or sectoral 
carbon-pricing schemes.

— Carbon prices based on national/regional 
schemes, implemented or announced. 

 — All projects outside EOR applications include 
substantial government support. 

 — Price and policy signals for CCS are modest. 
 — The historical CCS implementations as reported 

by the Global CCS Institute, 2019, are fully 
incorporated.

 — Also incorporated is their future project  
pipeline of plants and storage plans to  
2022.

 — Support to solar PV and wind is incorporated 
reflecting initial policy support.

 — Support levels decline as the gap closes 
between the expected profitability of renewa-
bles (expected received price – LCOE) and the 
profitability of the most profitable competing 

technology in the same region. 
 — Support is removed as the profitability gap  

is closed. 
 — A ‘willingness/ability’ factor is included to  

reflect regional differences in ability and 
willingness to implement RE-support.

RENEWABLE POWER SUPPORT

CARBON-PRICING SCHEMES

CARBON CAPTURE AND STORAGE 

56
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 — Expected future regulations and standards for 
energy use and efficiency improvements in 
buildings, transport, and industry sectors are 
incorporated.

 — Buildings: Standards for insulation thickness, 
and energy use for appliances and lighting. 

 — Vehicles: EU, CHN and NAM efficiency and 
emissions standards also used for other 
regions.

 — Shipping: IMO 2050 fully implemented.

 — Fossil fuels are taxed at the consumer level, 
labelled as fuel, energy, or carbon taxes. 

 — These range from negative (indicating subsi-
dies) in MEA, to positive (indicating taxation) 
and doubling the price of petrol in EUR. 

 — We see these taxes increase in parallel with the 

region’s carbon-price regime, growing at a 
quarter of the carbon-price growth rate. 

 — Biofuel use will only grow because of mandated 
blend rates as ethanol and biodiesel will  
remain uncompetitive regarding cost. 

 — Current biofuel-blend mandates will strengthen. 

 — We reflect and average national EV support  
for both BEV and FCEVs.

 — We account for subsidies to purchasing / 
manufacturers as purchase subsidies, and for 
measures lowering operational costs for EVs.

 — We assume a continuation of preferential 

treatment at current levels, gradually reducing 
as the EV cost disadvantage diminishes 
(depending on vehicle category).

 — The roll-out of charging infrastructure is 
expected to be increasingly made on market 
terms over the next decade.

 — Policy interventions are reflected with an 
air-pollution cost proxy that transfers costs of 
control measures to an operating cost per kwh, 
incorporated in Power and Manufacturing 
sectors.

 — A regionally dependent ramp-up rate is used, 
going from 0 to 100% implementation of the 
opex cost over a certain period, indicating that 
regulations will be gradually enforced on more 
and more pollutants and plants within a region.

STANDARDS FOR ENERGY EFFICIENCY 

TAXATION AND TRANSPORT FUELS 

ZERO-EMISSION VEHICLE SUPPORT

AIR-POLLUTION INTERVENTIONS
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The ETO Model (ETOM) appropriately reflects 
resource reserves and their depletion for oil  
and gas output. However, the ETOM does not 
include possible constraints on the availability 
of other raw materials, on food supply, and on 
the land area or suitable ocean space needed  
to support the forecast energy transition. To 
assess how we should take this into account,  
we have developed a sub-model to quantify  
the demands of critical resources in our ETOM 
(like wind, solar PV, battery storage, and EV 
technologies).

INCREASED USE OF RAW MATERIALS   
TO SUPPORT THE TRANSITION
Demand for rare earth metals, as well as nickel, 
manganese, chromium, and copper, will grow 
significantly in the future. However, based on 
existing reserves (USGS, 2019) and the expected 
demand, our analysis suggests that there are 
enough reserves to support our projected 
growth in the energy sector.

However, owing to their deployment in many 
growing sectors, Li-ion batteries will put pressure 
on lithium and cobalt resources. Apart from grid 
storage and BEVs, li-ion batteries are also used in 
laptops and mobile phones, and, increasingly, in 
drones, robots, and sensors. 

The world price of lithium quadrupled from 2015 
to 2018, but has since fallen to half its 2018 peak. 
Similarly, cobalt tripled in price, also peaking  
in 2018, but is now back to 2015 price levels 
(Bloomberg, 2019). 

Despite this volatility, the lithium industry seems 
capable of responding to increasing demand 
during our forecast period. Several large-scale 
mining projects have been announced for the 
immediate future, and existing reserves are 
capable of supporting long-term demand. 

Cobalt demand from battery storage is currently 
~50% of annual global cobalt extraction (Alves et 

2.6 RESOURCE LIMITATIONS

Reserves are an inventory of an economically 
extractable commodity, based on current prices 
and available technology. 

Resources are the total amount of possible- 
to-extract material currently identified.

RESOURCES AND RESERVES

Increased demand for raw materials has traditionally been coupled 
with growth in energy demand. In our forecast, where energy is 
peaking, does this also mean a peak in use of natural resources? 
The answer is: not within our forecast period, unfortunately. But we 
will see the start of a greater focus on circularity (see Chapter 4),  
in which materials will be reused rather than discarded or burned.
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al., 2018). Although cobalt prices are currently 
stabilized, the proliferation of EVs will push 
demand significantly. If the cobalt content in the 
cathode of EV batteries cannot be significantly 
reduced, then the demand from EVs alone could 
match the total 2018 supply levels in 2023. Over 
50% of global cobalt reserves are in the Demo-
cratic Republic of Congo (DRC), and 55% of annual 
extraction is supplied from DRC (Alves et al., 2018). 
Having a single dominant supplier increases the 
risk to supply and the likelihood of price fluctua-
tions, particularly considering DRC’s social and 
environmental challenges.

In addition to focus on scaling up production and 
securing supply, battery and vehicle manufactur-
ers are taking action on the demand side of the 
equation, with new designs requiring only 10% of 
the cobalt used in today’s battery technology. 

Towards 2050, existing solutions with lower 
cobalt content and the possibility of new battery 
technologies, such as solid state or super capaci-
tors, indicate that a lack of cobalt or other raw 
materials will not be a roadblock to the energy 
transition that we forecast.

AVAILABILITY OF SPACE: 
LAND AND OCEANS 
Growth in wind and solar PV corresponds to 
increased land use, but in many places these 
technologies can be incorporated into existing 
infrastructure, such as solar PV on rooftops or 
onshore wind turbines combined with agriculture 
or forestry practices. However, given the significant 
growth forecast for utility-scale solar PV, as well 
as for onshore and offshore wind, renewables will 
need to compete with other potential uses for 
those spaces.

We expect solar PV to grow 30-fold from today, 
reaching 11.5 TW in 2050. Of this, 70% will be 
utility-scale solar PV, while the rest will be placed 
on buildings and commercial facilities not requir-
ing new land. Certain regions will have microgrids 

and off-grid PV, requiring some land, and, in our 
analysis, that is added to the utility-scale demand. 
The total area required for solar PV in 2050 is 0.12% 
of the Earth’s total landmass, or about 160,000 km² 
– about the size of the state of Florida. Regionally, we 
find that the substantial solar requirements of the 
Indian Subcontinent and Greater China mean that 
each region needs little more than 1% of their total 
available agricultural land. We conclude, there-
fore, that, globally, our forecast growth of solar PV 
will not be hindered by a lack of available land. 

Our forecast expects a six-fold increase in onshore 
wind capacity by 2050. For efficient operation, 
space between wind turbines is required, so they 
will cover a substantial area - some 800,000 km². 
However, much of this will be arid or desert land, 
and, elsewhere, it is feasible for some crop growing, 
grazing, and forestry to take place between and 
amongst the turbine towers. There are, however, 
limitations. For example, areas close to urban 
populations where visual and noise pollution may 
be problematic, or areas of natural beauty or of 
particular ecological sensitivity, are likely to be less 
suitable and planned arrays may face substantial 
opposition. Nevertheless, our forecast of 3.3 TW  
of onshore wind can be feasibly accommodated. 

Wind turbines located several kilometres 
offshore increases wind availability, resulting in 
higher energy output per square km, and avoid-
ing visual and noise pollution. However, with 1.5 
TW of offshore wind, the Indian Subcontinent,  
for example, would need to set aside a large part 
of its coastline for offshore wind-turbine arrays. 
One configuration could be a 50-km-deep array 
of 25 modern (10–15 MW) offshore wind turbines, 
installed along 18% of the coastline. In Northern 
America, 11% of the east and west coasts could 
have wind-turbine arrays. We do not think the 
amount of installed wind, onshore or offshore, 
poses an insoluble challenge. However, as with 
planning any large-scale infrastructure, stake-
holder involvement to manage and address 
varying interests is essential. 
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Illustrative 2050 offshore wind configuration for the Indian Subcontinent

FIGURE 2.6.1

With 1.5 TW of offshore wind in 2050, one 
possible configuration for the Indian 
Subcontinent could be a 50-km-deep array of 
25 offshore wind turbines (each 10 – 15 MW) 
installed along one sixth of the coastline.
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AVAILABILITY OF BIOMASS: 
FOOD VERSUS FUEL
Biomass has traditionally been used for cooking 
and heating. Today’s energy system involves 
increasing shares of biomass for processing, and 
this often competes directly with food produc-
tion. To understand the nature and extent of such 
competition, we focused on biomass-sourced 
transport fuels. 

Biofuels used for transport purposes have a wide 
range of source materials, from corn and sugar-
cane to waste materials from the agriculture and 
forestry industries. The main demand will come 
from aviation, heavy transport, and shipping, 
where fewer alternative technical solutions for 
reducing emissions are available. As biofuels  
are expected to be more expensive than fossil 
alternatives, policies and biofuel-blend mandates 
are needed to support the growth of the industry. 

We have used second-generation and expected 

third-generation biofuel types to estimate the land 
needed to supply the transport sector. Yields of 
biofuel differ between the regions, and even vary 
greatly within each region. However, using 
conservative figures, we assess that the biofuel 
energy supply would need around 0.5 - 1 million 
km², or less than 0.8% of the global land area – and, 
as mentioned above, biofuel production can be 
co-located with wind farms. Regions with high 
land requirements for biofuel production are 
Greater China and Europe. China would use 
200,000 km², or approximately 2.2% of its total 
land area, to support demand. Some supply would 
come as a bi-product from other industries, and, 
as biofuel can be traded globally, we expect more 
constrained regions to import from other regions 
with fewer constraints. We do not expect the land 
area required by biofuels to exert limitations  
on our forecast. However, in order to grow the 
technical capacity to produce the expected 
volumes, significant production capacity must  
be added within the next few years. 
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The basis for our forecast is our Energy Transition 
Outlook Model (ETOM), an integrated system 
dynamics simulation model.

The ETOM focuses on long-term transitions rather 
than short-term fluctuations and does not assume 
equilibrium or optimality. Policies are integrated 
reflecting our judgement of their likelihood of being 
implemented.

The most significant changes to the ETOM since our 
2018 Outlook include a refined – and hourly power 
market module, a new electric vehicle module based 
on cost and utility of EVs for consumers, and a cost- 
based energy mix in the manufacturing sector. 

All of the forecast data behind this Outlook are 
available for downloading from DNV GL’s industry 
platform, Veracity.com.

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

 — final energy demand (buildings, manufacturing, 
transport, non-energy, and other)

 — energy supply (coal, gas, and oil production)
 — transformations (power generation, oil  

refineries, hydrogen production)
 — and other relevant developments (economy, 

grids, CCS, energy markets, trade volumes, 
emissions)

 
These modules exchange information regarding 
demand, cost, trade volumes, and other parame-
ters to provide a coherent forecast. 

MODELLING PROCESS
The equations and parameters in the ETOM are 
based on academic papers, external databases, 
commercial reports, and expert judgement 
within and outside DNV GL. Examples of external 
databases used include IEA World Energy 
Balances, IRENA Capacity & Generation Database, 
Platts World Electric Power Plants Database, 
Rystad Upstream Database, UN Comtrade 
Database, and Clarksons Shipping Intelligence 
Network. For reliable forecasting, we have run 
dozens of workshops and discussions with  
DNV GL industry experts. Nearly 100 people 
have been involved in this work, acting as 
conduits to historical data sources in the many 
domains, quality assurers of model sectors and 

inter relationships, and as expert assessors of 
end results.

TIME SCALE
The ETOM covers the period 1980–2050. Historical 
simulation outputs are used to test the model’s 
ability to replicate historical developments, and 
hence validate our forecast.

The ETOM is a continuous-time model, with years 
as the base time unit: it is designed to reflect 
dynamics happening only at the yearly scale or 
longer. Dynamics, such as within-year seasonality 
of energy demand, and daily changes in renewable- 
electricity production, are implied in annual 
parameters and are not directly reflected in the 
model. An exception is the power-market 
module, which balances supply and demand  
at an hourly resolution.

With the ETOM deliberately ignoring short-term 
fluctuations occurring over months, or even a few 
years, the Outlook has less reliability over shorter 
time periods. For example, while readers can 
compare the average growth rate of gas demand 
over 10-year intervals with confidence, analysing 
the rate for 2019–2020 in isolation would not 
necessarily yield meaningful insights.

GEOGRAPHICAL SCALE
The spatial resolution of the model is limited to 10 
world regions. Regions interact directly, through 

3 METHODOLOGY 

The basis for our forecast is our Energy Transition Outlook Model 
(ETOM) – an integrated system dynamics simulation model that 
reflects relationships between demand and supply in several 
interconnected modules. 
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Our Outlook and model forecasts stop at 2050. 
Looking 31 years into the future involves large 
uncertainties that increase as horizons extend.

We are confident that the decarbonization and 
electrification megatrends will continue after 
2050, gradually shifting energy to renewable 
sources. Longer horizons increase the probability 
of technological breakthroughs or scaling of 
sources that we do not as yet understand.

Consequently, this Outlook does not include 
any forecast or quantification of what may 
happen beyond 2050. The only exception to this 
is our assessment of climate implications, where 
we give an indication of the global temperature 
increase in 2100 on the assumption that the 
energy transition unfolds to 2050 as we forecast.

BEYOND 2050

trade in energy carriers, and, indirectly, by 
affecting and being influenced by global para-
meters, such as the cost of wind turbines, which  
is a function of global capacity additions. 

Although we do not explicitly model each 
country or state within regions, we account for 
variability through statistical distributions of the 
parameters. For example, the investment cost of 
a particular power-station type is modelled as a 
normally distributed parameter to reflect differ-
ences between countries and sub-technologies. 
This allows the model to reflect that capacity 
additions might occur in some countries, despite 
the possibility that the average cost of a given 
technology may be uncompetitively high.

MODELLING PRINCIPLES
Our main priorities when designing the ETOM 
were to include three key characteristics of the 
world energy system: interconnectedness, 
inertia, and non-linearity. The whole energy 
supply chain, from demand to supply, is one huge 
interconnected system. What happens in solar PV 
technology influences power-generation 
demand for coal, which, in turn, affects shipping 
volumes for bulk carriers, and oil demand for the 
maritime sector. Inertia is present in all parts of 
the energy system — from household appliances 

to oil refineries — and slows energy transitions. 
Also, many processes are non-linear: a unit 
increase in one factor does not always have the 
same effect on another variable. Our model 
reflects these key characteristics.

Whereas many energy models are econometric 
and assume equilibrium conditions, the ETOM is 
not. Instead, it simply simulates the consequences 
of its assumed goals, parameters, and interrela-
tionships. The ETOM explicitly reflects the delays 
in reaching a desired state and, consequently,  
is able to forecast the path and speed of energy 
transitions.

Our model does not assume optimality or 
rationality as a prerequisite. Its methodology is 
strongly influenced by behavioural economics, 
where, given the particularities of a given situation, 
decision making can be predicted (Thaler, 2015). 
However, the decisions themselves are not  
necessarily rational in the utility-maximizing 
sense of the term. For example, we reflect the  
fact that private buyers put more emphasis on  
the initial purchase price of a vehicle than 
commercial buyers do. Thus, private buyers may 
choose a technology that has a lower upfront 
cost, although it may be more expensive from the 
perspective of total cost of ownership.
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The ETOM is not stochastic, but deterministic.  
We have used past data and our best judgment to 
provide expected values for all input parameters, 
and each run of the model gives an exact output as 
there is no randomness in the model. Of course, 
there are multiple sources of uncertainty in the 
outputs, and the ETOM cannot provide confi-
dence levels for these. To partially address this,  
we have run sensitivity tests to understand how 
model results change when selected input 
parameters are adjusted. Furthermore, some 
assumptions that we make may be controversial, or 
differ from those presented in other forecasts. In 
such cases, we discuss the associated sensitivities.

Our aim is to present a transparent model, not a 
black box. In that way, we believe that it becomes 
easier to discuss the results, and that if it is of 
interest to test the consequences of an alternative 
assumption or to try a different value, perhaps 
due to disagreement with a value chosen, that is 
easily accomplished. Although the exact calcula-
tions emerge from a complex model and are 
therefore not amenable to simple checking  
with a pocket calculator, we are clear about  
the parameters used and how they are related. 
Detailed documentation of the model is provided 
elsewhere (DNV GL, 2019d).

CONTINUOUS IMPROVEMENT
The structure and input data of the ETOM  
are continually updated in order to: 

 — provide a more complete and accurate 
representation of the world energy system; 

 — generate new outputs relevant to our stake-
holders; 

 — reflect recent changes in the energy sector. 
 
The most significant changes to the ETOM since 
our 2018 Outlook include a cost-based energy 
mix in the manufacturing sector, and a refined – 
and hourly – demand for, and dispatch of,  
electricity. The new power-market module also 
contains a host of flexibility options, including 

demand response, storage, and power-to-hydro-
gen. Other major updates include improvements 
in the vehicle-ownership model and endogenous 
modelling of EV uptake, based on detailed cost 
and performance estimates linked to battery and 
fuel costs, grid strength, and other social and 
economic parameters.

 “ The most significant changes to 
the ETOM since our 2018 Outlook 
include a cost-based energy mix 
in the manufacturing sector, and a 
refined – and hourly – demand for, 
and dispatch of, electricity 

ENERGY DEMAND
We use policy and behavioural effects, either 
explicitly, as in the effect of increased recycling 
on plastics demand, or implicitly, such as the 
impact of expected electricity prices on electrifi-
cation of heating. Generally, we estimate 
sectoral energy demand in two stages. First, we 
estimate the energy services provided, such as 
passenger-kilometres of transport, tonnes of 
manufacturing, and useful heat for water 
heating. Then we use parameters on energy 
efficiency and energy-mix dynamics to forecast 
the final energy demand by sector and by 
energy carrier.

We use non-linear econometric models to 
estimate regional demand for energy services. 
Population and GDP per capita are the main 
drivers, but we also incorporate other technolog-
ical, economic, social, and natural drivers as 
necessary.

In road transport, the number of vehicles 
required rises as regional GDP increases. This  
is a non-linear effect that reaches saturation at 
different levels for each region. Vehicle demand 
is also affected by driving distance and vehicle 
lifetime, both of which are influenced by the 
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Hoover Dam.  
 Arizona/ Nevada 
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uptake of autonomous and shared vehicles. The 
link between maritime trade and production/
consumption balance of energy and non-energy 
commodities are explicitly modelled. For non- 
cargo vessels, air travel and rail passengers, and 
freight demand, GDP is used as the driving factor. 
Section 4.1.1 discusses our approach for the 
transport sector in more detail.

In the buildings sector, we estimate the energy 
required for residential and commercial buildings 
for five end uses. Together with insulation and 
climate, the floor area of buildings is the major 
determinant for regional space heating and 
cooling demand. Hot-water demand is linked to 
standard of living and population. For cooking, 
we use the useful heat delivered as the energy 
service, and estimate it by household size and 
population. GDP from the tertiary sector, which 
increases with GDP per capita, is a major factor 
for commercial buildings, driving both the floor 
area and demand for various energy services. 
More details about the buildings sector model 
are presented in Section 4.1.2. 

The energy service we use for manufacturing is 
the output in tonnes, estimated separately for 
base materials and manufactured goods. The 
demand for manufactured goods in each of our 
world regions is driven by GDP. The regional split 
of production is estimated by each region’s  
GDP share from the secondary sector. This  
is converted to manufacturing output using 
historical trends. Demand for base materials is 
derived from the production of manufactured 
goods. In terms of energy services, we distin-
guish between process and non-process 
heating, machines and appliances, iron ore 
reduction, and on-site vehicles. Section 4.1.3 
investigates these issues. 

The choice of energy carrier is based on levelized 
costs in manufacturing and EV uptake. For the 
energy mix of other end-uses and for energy 
efficiency, our forecasts are derived from extra-

polating past-usage trends into the future. These 
trends have been subject to expert judgement  
in our workshops, and adjustments have been 
made where deemed appropriate. 

ENERGY CARRIERS
Among the 10 energy carriers that we model, 
seven are also primary energy sources; i.e., they 
can be used without any conversion or transfor-
mation process. The others are secondary forms 
of energy obtained from primary sources. 
Primary energy sources are coal (including peat 
and derived fuels), oil, natural gas (including 
ethane, propane, and butane), geothermal, 
biomass (including wood, charcoal, waste, 
biogases, and biofuels), solar thermal (thermal 
energy from solar water heaters), and off-grid  
PV (electricity from solar panels not connected  
to the grid). Secondary energy sources are 
electricity, direct heat (thermal energy produced 
by power stations), and hydrogen.

ENERGY TRANSFORMATIONS
We place special emphasis on electricity 
generation. At hourly intervals over the whole 
year, we calculate the regional equilibrium price, 
supply, and demand for 11 power-station types, 
four storage technologies, 12 load segments, 
and power-to-hydrogen conversion. Hourly 
profiles for load segments and variable renewable 
generation are deterministic but vary over years. 
Certain load segments, and all but variable 
renewable generation and storage technologies, 
respond to price. Section 4.2.1 discusses how 
we model the power market in further detail.  
For power station and storage investments,  
we employ a profitability-based algorithm. Our 
estimate of the required additional generation 
capacity is based on increased electricity 
demand and estimated capacity retirements. 
We determine the mix of capacity additions 
based on a probabilistic model that makes use 
of the expected received price and the levelized 
cost of electricity. We explicitly estimate the 
effect of renewable support, carbon price,  
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and the cost of CCS. The investment for storage is 
driven by expected received price and levelized 
cost of storage, both of which are informed from 
the hourly power-market module. 

The role of direct heat is a diminishing one. 
Consequently, we use a simple extrapolation  
to estimate regional mixes of direct heat supply. 
Hydrogen is supplied either by electrolysis or 
from fossil fuels, through steam methane reforming 
(SMR). Annual operating hours and expected 
electricity price for electrolysis are calculated 
dynamically in the hourly power-market module. 
The profitability of electrolysis versus the cost of 
SMR determines the investments in electrolysis 
capacity. In our ETOM, we only model hydrogen 
that is tradeable as an energy carrier.

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

We model regional gas production slightly 
differently from that of crude oil. First, we esti-
mate the fraction of gas demand to be supplied 
from the region’s own sources. This varies 
between regions due to economic, geographical, 
and political differences, and over time. Then,  
to determine the development of new fields 
constrained by resource limitations, we set three 
field types to compete on breakeven prices on a 
regional scale. Regional refinery capacities and 
gas liquefaction / LNG regasification capacities 
are also part of the ETOM.

Coal production is modelled by distinguishing 
between hard coal and brown coal. Each region’s 
hard-coal supply reflects its mining capacity, 
which expands as demand increases and is 
limited by its geologically-available reserves.  
For brown coal, we assume most regions to be 
self-sufficient.

 “Our main priorities when designing 
the ETOM were to include three key 
characteristics of the world energy 
system: interconnectedness, inertia, 
and non-linearity

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

DATA AVAILABILITY
All of the forecast data behind each of the charts 
in this Outlook are available for downloading 
from DNV GL’s industry platform, Veracity.com. 
For details on how to access this material, visit 
eto.dnvgl.com. 
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ENERGY TRANSITION OUTLOOK MODEL

 

Figure 3.1 below presents the framework of our model. 
The arrows in the diagram show information flows, 
starting with population and GDP per person, while 
physical flows are in the opposite direction. Policy influ-
ences all aspects of the energy system. Energy efficiency 
improvements in extraction, conversion and end-use are  

a cornerstone of the transition. A subset of the feedback 
loops in our model is shown opposite for the road trans-
port and power sectors. Two of the cross-sector feed-
backs are highlighted. Note that Figure 3.2 is a simplified 
illustration. There are similar feedback processes in other 
parts of our model.

FIGURE 3.1

ETO model framework
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FIGURE 3.2

Selected and simplified feedback loops
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HIGHLIGHTS

The forecast transition is characterized by wide-
spread electrification and the start of a significant 
decarbonization of the energy system. In 2050, 40% 
of final energy will come from electricity – double 
today’s level. Over 60% of this electricity will come 
from solar PV and wind.

All sectors will electrify, and the fastest change is in 
the transport sector; half of new vehicles sold in 2032 
will be EVs.

Gas will take over as the largest energy source by 
2026, and by mid-century will still be 29% of the 
primary energy mix. Oil and coal use will remain fairly 
flat over the next decade, thereafter reducing 
significantly.

 
 
 
Primary energy supply and final energy demand will 
peak in the early 2030s, mainly owing to the 
increased efficiency of the energy system: global 
energy intensity is set to reduce by an average of 
2.5% per year.

Data, advanced analytics, greater connectivity and 
automation combined with artificial intelligence will 
make the energy system cheaper and more efficient.

World spending on energy will almost halve to 1.9% 
of GDP in 2050, allowing room for greater investment 
to speed up the transition to meet the Paris agree-
ment.
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This chapter deals with the energy value chain, 
from primary energy source (effectively,  
tradeable energy ‘supply’) to final energy 
demand (i.e., end use). Energy cannot be 
created or destroyed, but it can readily change 
from one form to another. Some energy does 
not go directly from primary to final, but has an 
intermediate stage as a secondary energy 
carrier. This is the case for electricity, hydrogen, 
and direct heat. The Sankey diagram overleaf 
illustrates both the transition of energy from one 
form to another, and the quantitative flows that 

comprise the world’s energy system in 2017 
compared with our forecast for the year 2050.

This chapter begins by describing need for 
energy within the various sectors: transport, 
buildings, manufacturing, and feedstock. We 
then look at how this demand will be met, by 
means of both secondary and primary sources.

This chapter also examines developments in 
energy efficiency and energy expenditures, 
both pivotal aspects of our energy system.

4 THE ENERGY TRANSITION

The forecast transition will see a rapid decarbonization and  
electrification of the energy system: variable renewables will grow 
quickly – and coal and oil will increasingly be phased out. 

EJ, TWh, or Mtoe? The oil and gas industry 
normally presents its energy figures in tonnes of 
oil equivalents (toe) based on m³ of gas and 
barrels of oil, while the power industry uses 
kilowatt hours (kWh). The main unit for 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 unit that we use in this Outlook.

So, what is a joule? Practically, a joule can be 
thought of as the energy needed to lift a 100 g 
smartphone 1 metre up; or the amount of electric-
ity needed to power a 1-watt LED bulb for 1 
second (1 Ws). In other words, a joule is a very 

small unit of energy, and, when talking about 
global energy, we use EJ, being 1018 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:

1 EJ = 277.8 TWh
1 EJ = 23.88 Mtoe

MEASURING ENERGY; JOULES, WATTS AND TOES
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The three main drivers of the energy transition — electrification, decarbonization, and energy efficiency — are evident in this 
comparison of energy flows for 2017 and 2050. In 2050, less fossil fuels go directly into final demand sectors and much 
more primary energy is devoted to the generation of electricity — where there is an overwhelming share of non-fossil 

sources. This creates a more efficient energy system with less energy lost as heat in power generation and in final demand sectors. 
With ongoing efficiency gains in end use application (linked mainly to digitalization) the result is less energy used overall.

Global flows of energy carriers from primary energy supply to final energy demand, in 2017 and 2050
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The three main drivers of the energy transition — electrification, decarbonization, and energy efficiency — are evident in this 
comparison of energy flows for 2017 and 2050. In 2050, less fossil fuels go directly into final demand sectors and much 
more primary energy is devoted to the generation of electricity — where there is an overwhelming share of non-fossil 

sources. This creates a more efficient energy system with less energy lost as heat in power generation and in final demand sectors. 
With ongoing efficiency gains in end use application (linked mainly to digitalization) the result is less energy used overall.
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The three main drivers of the energy transition — electrification, decarbonization, and energy efficiency — are evident in this 
comparison of energy flows for 2017 and 2050. In 2050, less fossil fuels go directly into final demand sectors and much 
more primary energy is devoted to the generation of electricity — where there is an overwhelming share of non-fossil 

sources. This creates a more efficient energy system with less energy lost as heat in power generation and in final demand sectors. 
With ongoing efficiency gains in end use application (linked mainly to digitalization) the result is less energy used overall.
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The three main drivers of the energy transition - electrification, decarbonization, and energy efficiency - are evident in this comparison of energy flows for 

2017 and 2050.  In 2050, less fossil fuels go directly into final demand sectors and much more primary energy is devoted to the generation of electricity 

- where there is an overwhelming share of non-fossil sources. This creates a more efficient energy system with less energy lost as heat in power genera-

tion and in final demand sectors. With ongoing efficiency gains in end-use application (linked mainly to digitalization) the result is less energy use overall.
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Historically, energy demand has grown in lock-
step with population growth and improvements in 
standards of living. This has occurred despite 
impressive developments in energy efficiency, 
achieved by means of, for example, advances in 
lighting and heat-pump technologies. However, 
such efficiency gains have generally been offset by 
a rapid growth in the energy services required. For 
instance, domestic heat pumps might be five time 
more efficient than the systems that they replace, 
but their impact on energy use is often limited, 
because new consumption patterns and demand 
for increased comfort levels dampen the effects 
from efficiency improvements.

The coming three decades are likely to be differ-
ent: we forecast that efficiency gains – largely 
enabled by accelerated electrification – will start to 
outpace economic growth. Even given the rapidly 
growing consumption of energy services by a 
burgeoning global middle class, we forecast that 

final energy demand will, in fact, peak in 2033, and 
at a level only 12% higher than that of today. 
Thereafter, energy demand will gradually drift 
downwards (by 4%) to 2050. 

Peak final-energy demand will occur at different 
times in the various world regions – indeed, 
demand will not peak during our forecast period 
for the Indian Subcontinent, for South East Asia, or 
for Sub-Saharan Africa. 

Furthermore, demand will not peak uniformly 
across the various demand sectors. For example, 
in the buildings sector, significantly more residen-
tial and commercial floor area will be available to 
serve more prosperous populations, and, conse-
quently, buildings will collectively consume 20% 
more energy in 2050 than in 2017. Strong growth 
in manufacturing will outpace that sector’s 
substantial energy-efficiency gains and result in a 
6% increase in energy use by 2050. 

Historical data source: IEA WEB (2018)

World final energy demand by sector         
 
Units: EJ/yr
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Despite their growth in absolute terms, the energy 
demands of both the buildings and manufacturing 
sectors will peak during our forecast period. In the 
transport sector energy demand will not only 
peak, but will then fall to below 2017 demand 
levels. Energy use will be strongly affected by the 
70% efficiency improvement associated with the 
switch from internal combustion to battery electric 
propulsion. Roughly half of the world’s fleet of 
passenger vehicles will be electric by 2040. 
Efficiency gains in the road transport subsector 
will more than counter the increases in energy 
demand in aviation and rail, resulting in an overall 
6% decline in final energy use in global transporta-
tion. This trend will also be helped by the maritime 
sector experiencing dramatic efficiency gains that 
will strongly reduce energy use despite a substan-
tial growth in the world fleet. 

4.1.1 TRANSPORT

Transport – including the subsectors road, rail, 
aviation and maritime – consumes 28% of global 
energy demand, almost entirely in the form of 
fossil fuels (Figure 4.1.2). In some countries and 
subsectors, gas is used to reduce local pollution, 

and in others there is significant use of electric 
propulsion in passenger vehicles as in Norway, 
where half of new sales are battery electric. Of the 
10 world regions analysed, 8 regions (except MEA 
and NEE) have biofuel-blend mandates or give 
biofuels preferential treatment – such as in Brazil. 
Nevertheless, on a global scale about 92% of road 
sector energy use is refined oil, and 4% each 
biofuels and natural gas. With the exception of the 
rail subsector – where 42% of energy use is electric 
– the current road sector energy mix is mirrored 
across other transport subsectors. 

 “ Roughly half of the world’s fleet of 
passenger vehicles will be electric 
by 2040

Historical data source: IEA WEB (2018)

World transport sector energy demand by carrier        
 
Units: EJ/yr

FIGURE 4.1.2 
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Biofuel mandates are a prime example of the role 
of public policy in transport fuels. Decarbonization 
and fuel efficiency are interlinked, and some 
regions, notably China and OECD countries, use a 
mixture of push and pull strategies to achieve their 
decarbonization ambitions. Moreover, UN bodies, 
such as the International Maritime Organization 
(IMO), have opted for firm targets. The IMO’s 2020 
target for reducing sulphur emissions will, 
however, result in an increase – rather than a 
decrease – in carbon emissions. On the other 
hand, the IMO is aiming for a 50% reduction on 
carbon emissions by 2050, and we forecast that 
this will be achieved through a combination of fuel 
switches and efficiency gains. 

We envisage public policy targeting and banning 
emissions, with significant industrial and 
consumer support, continuing for at least another 
decade. However, over time, battery cost-learning 
rates will render such policies superfluous – at 
least in the road sector, which accounts for over 
80% of transport energy use. Vehicle manufactur-
ers are increasingly overhauling their strategies to 
cope with the looming market dominance of 

battery electric passenger vehicles (BEVs). For 
most uses, BEVs are more cost effective than 
internal combustion engine vehicles (ICEVs); they 
typically have less than a third of the energy 
consumption, and, additionally, have much lower 
maintenance costs. However, BEV uptake does 
hinge upon policy support in the near term, and 
removing such support would reverse BEV-uptake 
dynamics (Testa and Bakken, 2018). Hence, our 
Outlook includes significant near-term policy 
support – for example, the recent EU vehicle 
carbon emissions reduction legislation, which is a 
main driver behind vehicle manufacturers, such as 
Volkswagen, anticipating that half their sales will 
come from plug-ins before 2030. 

ROAD
In all regions, the standard of living, defined as 
GDP/person, is a major driver of vehicle density. 
This relationship is regional and influenced by a 
mixture of geography, culture, technology, and 
environmental concerns, as well as support for the 
alternatives to road transport. North America’s 
vehicle density (i.e., the number of vehicles per 
person) already exceeds 80%, but this is an 

Excludes two and three-wheelers. 
Points show historical data from 2005 to 2015 (OICA, 2016). Lines show model estimates from 1980 to 2050.

Road vehicle density by region
 
Units: Vehicles per person 
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extreme case. When fitting historical density data 
to a Gompertz curve (a type of S-shape), vehicle 
density in other regions plateaus out at signifi-
cantly lower levels of GDP/person. In some 
regions, like China, we have used expert opinion in 
supplementing the quantitative prediction, 
enabling a synthesis of the effects of strong policy 
support for public transportation. Thus, on this 
basis, we forecast that China’s vehicle density will 
plateau at 40%, as shown in Figure 4.1.3. 

Figure 4.1.3 shows the sum of commercial and 
passenger vehicles per person. The category 
“passenger vehicles” encompasses all vehicles 
with between three and eight passenger seats, 
thus including most taxis, but excluding buses. 
(Categorization in registration differs between 
jurisdictions, so our term excludes, for example, 
sport utility vehicles (SUVs) in North America, but 
not elsewhere.) Other non-passenger vehicles 
with four wheels and more are commercial 
vehicles. Commercial vehicles tend to represent a 
significant fraction of road vehicles in less-devel-
oped countries, but, as these become more 
prosperous, the passenger share of the fleet 

increases. In this respect, North American is 
something of an anomaly: there drivers have 
increasingly opted for fewer (small) passenger 
vehicles and more  (large) commercial vehicles 
(Figure 4.1.4). This is not because the population of 
North America has become less affluent but 
because, a mix of lower fuel prices and laxer 
fuel-efficiency and safety standards for light trucks 
– such as SUVs and pick-ups – has resulted in light 
trucks becoming the current vehicles of choice in 
North America. However, we expect this trend to 
bottom out within the next few years.

In OECD countries, some data indicate decreasing 
car ownership among younger people (Dutzik et 
al., 2014). However, after controlling for dropping 
cohort income, others have not found such 
relationships. As our database includes recent 
dynamics that do show a falling share of car owner-
ship amongst younger people, we have implicitly 
incorporated this trend in our analysis. However, 
we plan to analyse car ownership trends more 
closely for our next Outlook.

Historical data source: OICA (2016)

Share of passenger vehicles in total road vehicles by region 

Units: Percentages 
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Passenger electric vehicle cost and utility in Europe 
 

FIGURE 4.1.5 
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At present, a significant fraction of passenger cars 
globally are taxis. Communal use of passenger 
vehicles is typically more prevalent in less-devel-
oped regions than in OECD countries. However, 
several developments are increasing communal 
passenger transport in OECD countries too, 
starting with city transport. One reason for this is 
the much higher logistics efficiency (Tabarrok, 
2016) of Uber, Lyft, and similar services compared 
with traditional taxis. Because Uber and other 
platform-based ride services, offer improved 
services at higher efficiency and lower costs, this 
segment will continue to grow, reducing both 
private ownership and vehicle numbers. In a 
similar fashion, car-sharing platforms will render 
an ever-higher fraction of traditional car use 
obsolete. Finally, automated driving, both as 
robo-taxis and automated driving of privately- 
owned passenger vehicles, will contribute to 
increased asset utilization. This will lead to shorter 
asset lifetimes (in years) and thus faster renewal of 
the fleet. That in turn will significantly boost uptake 
of emerging battery technologies, and also help 
to reduce fuel consumption in all passenger 
vehicles segments. 

We have assumed that while, on a global basis, 
annual driving distances for passenger vehicles 
vary between 15,000 and 25,000 km/year, auto-
mated vehicles are driven 50% more often, and 
shared vehicles 5 times as much. The latter is in 
line with the fact that taxis typically drive five times 
as much as personally-owned passenger vehicles. 
An automated, communal vehicle will conse-
quently be driven 7.5 times as much as a non-auto-
mated private vehicle.

The growing use of digitally-enabled forms of 
transport (automation and ride-sharing) may take 
place at the expense of traditional public transpor-
tation as well as walking and bicycle use, but these 
modal shifts has not been analysed in our model. 
Since we expect several factors to counter each 
other, we assume that aggregate vehicle-kilo-
metres driven will not be significantly affected by 
automation or car sharing. Section 4.4 includes 
additional details on these issues.

This does not take away from our main finding, 
which is that the uptake of electric vehicles (EVs) –
passenger EVs first, and later commercial EVs – will 



Electric vehicle total cost of ownership in Europe 
 
Units: Unit cost relative to 2017 

FIGURE 4.1.6 

2010 2015 2020 2025 2030 2035 2040 2045 2050
60%

70%

90%

110%

100%

80%

120% Passenger

Commercial

83

THE ENERGY TRANSITION CHAPTER 4

83

occur very rapidly. In line with recent findings 
(Keith et al., 2018), we assume that those choosing 
to acquire an EV, base their choice on weighing 
costs against benefits. We give our simulated 
buyers a choice of (increasingly cheaper and 
longer range) EVs and ICEVs. Owners of passen-
ger cars will view the acquisition (purchase) price 
as being the main factor and only partly consider 
OPEX, whereas owners of commercial vehicles will 
set up discounted cash-flow analyses and so fully 
account for the OPEX advantages of EVs. 

Range deficiency is a major hindrance to EV 
uptake, and although range benefit has decreas-
ing importance as it approaches the ICEV refer-
ence values, significant uptake of EVs cannot be 
achieved without the average fleet range leaping 
forward.

As described in Section 2.4, we assume that the 
historical battery cost-learning rate of 19% (per 
doubling of accumulated capacity) will continue 
throughout the forecast period, and the battery 
cost decrease will drive vehicle CAPEX cost 
decline. Figure 4.1.5 shows that as (global) battery 

prices fall, average battery sizes in all regions will 
benefit. In Europe (as shown), the size will more 
than double from today’s 45 kWh/vehicle to 
almost 100 kWh/vehicle in 10 years. This average 
battery-size increase will also result in the 
expanded vehicle range. 

Figure 4.1.6 shows that vehicle total cost of 
ownership (TCO) will stay virtually flat for the 
current five-year period as battery capacity in the 
vehicles increase, and TCO therefore remains flat 
for the current five-year period. Only after 2023 
will dramatic cost drops emerge again, in particu-
lar for commercial vehicles. A recent study (Testa 
and Bakken, 2018), shows the importance of 
preferential treatments for encouraging EV 
uptake. The two countries with highest uptake 
rates, China (commercial vehicles) and Norway 
(passenger vehicles), have both used a mixture of 
mandating electric propulsion and de facto 
subsidies on the buyers’ side. Given this evidence, 
we expect a similar boost to come from the EU’s 
emission-reduction plan when it comes into force 
in 2020, giving car makers a substantial bonus (EC, 
2019) when calculating average fleet emissions for 
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zero-emissions vehicles, and surtaxing fleets that 
exceed the target. 

In addition to direct purchase and manufacturing 
subsidies, a host of preferential operating treat-
ments for EVs have also been applied, such as 
permission to drive in bus lanes, free parking, and 
low- to zero registration or road taxes. Most 
jurisdictions bake road taxes into fuel use, and 
many also apply toll charges, but EVs have thus far 
not been taxed at the same levels. With the 
exception of the oil-rich Middle East and North 
Africa region (Mundaca, 2017), direct fuel subsi-
dies are not widespread. On the contrary, road 
taxes are prevalent across the world and, in OECD 
countries, also typically include an explicit carbon-
tax element (OECD, 2018a). This element we 
foresee increasing as carbon prices rise, reflecting 
climate-change concerns.

Subsidies for passenger EVs vary from zero in the 
poorest parts of the world, to a few hundred USD 
in others, to a few thousand USD per vehicle for a 
limited time in OECD countries. Note that these 
figures also include producer subsidies. For 
commercial vehicles, the battery costs will be 

substantial and require significantly higher and 
more prolonged subsidy levels. We assume that 
there will be willingness to continue such support 
in OECD regions and Greater China. The corre-
sponding figures in selected regions are shown in 
Figure 4.1.7.

These costs are conditional on the average size, 
and corresponding battery-pack size, of a region’s 
vehicles. Cars in North America are currently much 
larger than elsewhere, and, consequently, the 
EV-uptake rates will suffer – as battery sizes to 
enable reasonable ranges will be quite costly. 

In terms of the relative utility of EVs compared with 
ICEVs, we assume five issues to be of importance, 
namely:

 − range (kilometres)
 − fast ‘refuelling’ speed (minutes)
 − density of fast ‘refuelling’ stations  
(i.e. stations per vehicle)

 − home-charging convenience 
 − carbon footprint advantage

 
The two latter only EVs can offer. The carbon 

Electric vehicle government support by vehicle type and region 
 
Units: USD/vehicle 
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Electric vehicles include BEVs and FCEVs. Historical data source: OICA (2016), IEA GEVO (2018)

Market share of electric passenger vehicle sales by region 
 
Units: Percentages
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footprint is also influenced by the non-fossil fuel 
fraction of a region’s power mix, however, EVs 
using exclusively coal-fired electricity are still more 
carbon-efficient than size-equivalent ICEVs over 
the lifetime of the vehicles.

EV uptake rates are significantly slower for 
commercial vehicles than for passenger vehicles 
– despite the heavy subsidising assumed. As 
shown in Figure 4.1.8, we forecast that Greater 
China and Europe will reach 50% passenger 
market share in the late 2020s, while North 
America will be close to the world average; the 
milestone 50% sales share for EVs will happen in 
around 2033 for the world as a whole. In less-de-
veloped regions, uptake will come later as charg-
ing station density is much lower. However, even in 
these regions, the 50% sales figures will be 
reached before 2040. By 2050, hardly any ICEVs 
will be sold in China and Europe, while in other 
regions up to 20% ICEVs will continue to be 
marketed. 

For commercial vehicles, EV uptake will be more 
prolonged. However, it is necessary to take into 
account the vast spread of vehicle characteristics 

in this segment, varying from buses – where the 
uptake figure is already high in China – to local 
smaller trucks, to long-distance heavy trucks. In 
less-developed regions, a 50/50 mix of commer-
cial EVs and ICEVs will still be found in 2050. In 
contrast, both Greater China and Europe will have 
achieved a 50% EV share by 2030. Figure 4.1.9 
includes all EVs, both battery-fuelled and hydro-
gen-fuelled via fuel cells. 

Fuel-cell electric vehicles (FCEVs) will come to the 
market in significant numbers after 2030, and will 
amount to up to 17% of the commercial EV fleet in 
OECD regions and China by 2050. The regional 
distribution of hydrogen will mirror the use of 
hydrogen as a heating fuel in the same regions, 
where having the distribution network will also 
enable FCEV uptake. The cost and energy effi-
ciency disadvantage of FCEVs compared with 
BEVs will make them less attractive in all but one 
market segment – heavy and long-haul commer-
cial-vehicle transport. For the six non-hydrogen 
regions, we have limited the sales rate of commer-
cial BEVs to 90%. The remaining 10% are assumed 
to be unsuited for BEV use. As there is no hydro-
gen option in these regions, they will remain using 
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combustion technologies, although it should be 
noted that this also allows for biofuel and biogas 
use. 

For several reasons, we consider it unlikely that 
hydrogen will be used for passenger (light-vehicle) 
road transport. First, if starting with electricity, 
there is a significant loss when converting to 
hydrogen. Second, FCEVs suffer from a vehicle 
energy efficiency that is only half that of BEVs. 
Third, FCEV propulsion technology is much more 
complicated – and thus more costly - than that of 
BEVs. Finally, we see that most major vehicle 
manufacturers share these views, and appear to 
be introducing solely BEV models. Thus, while ten 
years ago FCEV and BEV target numbers for 2020, 
in, e.g., California, were similar, current fleet sizes 
show that less than 1% of zero-emission vehicles 
today are being propelled by FCEV technology. 

Two and three wheelers are a form of transport 
that represent only marginal energy use in most 
regions - except in three; Greater China, the Indian 
Subcontinent, and South East Asia. Thus, we have 
modelled both vehicle demand and electrification 

of two and three wheelers in those three regions. 
We have limited our modelling to vehicles that 
require registration, such that electric bikes are 
included as household appliances rather than as 
road vehicles. More details about two and three 
wheelers can be found in the regional chapters on 
Greater China and the Indian Subcontinent.

In this segment too, we forecast rapid electrifica-
tion – already over one third of all Chinese two- and 
three-wheeler sales are BEVs, as shown in Figure 
4.1.10.

 “We consider it unlikely that 
hydrogen will be used for passenger 
(light-vehicle) road transport 

The combined forecast for vehicle numbers – with 
demand attenuated by rising car sharing, automa-
tion, the effects of lower battery costs, and the 
availability of subsidies – is  shown in Figure 4.1.11. 

Electric vehicles include BEVs and FCEVs. Historical data source: OICA (2016), IEA GEVO (2018)

Market share of electric commercial vehicle sales by region 
 
Units: Percentages
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Combustion vehicles include ICEVs and PHEVs. Electric vehicles include BEVs and FCEVs. 
Historical data source: OICA (2016), IEA GEVO (2018)

World number of road vehicles by type and drivetrain
 
Units: Billion vehicles
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Market share of electric two and three-wheeler sales by region 
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FIGURE 4.1.10 

0%

75%

50%

25%

100% World

CHN

IND

SEA

2017 20252020 2030 2035 2040 2045 2050



DNV GL ENERGY TRANSITION OUTLOOK 2019

88

A drivetrain category much used today is the 
plug-in hybrid electric vehicle (PHEV). This 
category can be considered as a bridge, whose 
existence will not be sustained once BEVs have 
sufficient range, owing to the relatively high 
purchase price and expensive operating costs of 
PHEVs. However, until that time, the fleet share of 
PHEVs will be noticeable, as shown in Figure 4.1.12. 
This figure also indicates that achievement of a 
50% fleet market share of passenger vehicles is 
predicted for EVs in 2040, while the same mile-
stone is reached eight years later for commercial 
vehicles. 

Despite the dampening effect on demand 
brought by car sharing and automation, the size of 
the global passenger vehicle fleet will increase by 
over 75% by 2050. As noted in Section 4.1.5, 
vehicle-kilometres will also rise, more than 
doubling by mid-century.

A similar dynamic is seen for commercial vehicles, 
although growth will be slightly lower, with fleet 
size expanding by about two-thirds by 2050.

This strong vehicle growth will not result in a 
similar pattern of growth in the road-sector energy 
demand, as BEVs have energy efficiencies that are 
3-4 times higher than those of combustion engines. 
Consequently, road-sector energy demand in 2050 
will be lower than it is today. Figure 4.1.13 also shows 
that whilst the vast majority of vehicles globally in 
2050 will be BEVs, and they will constitute just 36% 
of the road subsector’s energy demand, their 
energy consumption will be dwarfed by that of 
ICEV’s with their still significant use of oil, biofuel, 
and natural gas. Over 50% will use fossil-fuel oil, 
biofuels will cover almost 7%, while natural gas 
and hydrogen will both be niche uses in a global 
context – with just 3-4% each. As noted later in our 
hydrogen discussion, hydrogen will only be used 
in OECD regions and Greater China, and, by 2050, 
Europe will use almost 10% hydrogen for its 
vehicle fleet (along with 17% biofuels – including, 
potentially, biogas); all use will be by heavy trucks 
and long-range buses. 

Historical data source: OICA (2016), IEA GEVO (2018)

World number of passenger vehicles by drivetrain
 
Units: Billion vehicles
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Natural gas includes LPG. Historical data source: IEA WEB (2018)

World road sub-sector energy demand by carrier         
 
Units: EJ/yr
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We have examined how sensitive our results are to 
our assumptions. In particular, we have investigated 
the effect of changing (compared to base case):

 − Battery cost-learning rate  
(Base: 19%, Hi: 24%, Lo: 12%)

 − Subsidy levels  
(Hi: Double, Lo: Cut to 10%)

 − EV lifetimes  
(Hi: Increase by 1/3, Lo: Decrease by 1/3)

TABLE 4.1.1

The impact of technology and fuel options on carbon and energy efficiency

  2050 level Battery cost  
learning rate

EV subsidy 
level EV lifetime

Base Low Hi Low Hi Low Hi

Passenger EV fleet size Millions 1380 818 1634 1319 1436 1340 1361

Commercial EV fleet size Millions 316 153 405 278 364 282 335

Passenger EV fleet fraction % 73% 43% 87% 70% 77% 71% 72%

Commercial EV fleet fraction % 53% 26% 68% 48% 62% 47% 56%

Transport sector energy use EJ/yr 113 126 103 114 109 114 113

Transport sector oil use EJ/yr 56 80 43 59 51 59 57

Transport sector electricity use EJ/yr 32 20 37 30 34 30 33



DNV GL ENERGY TRANSITION OUTLOOK 2019

90

As expected, the effect of battery cost-learning 
rates (per doubling of accumulated capacity) is 
substantial. We also note in our discussion on 
resource limitations that current Li-ion battery 
technology uses so much cobalt that known 
reserves will last for less than a decade. Labs are 
filled with alternative options, and while their cost 
dynamics are highly uncertain, they will reduce 
aggregate battery cost global learning rates, at 
least for a transition period. Although they may 
well see even stronger rates later, we cannot rule 
out there being a significantly slower learning rate 
over the next thirty years, with major implications 
for EV uptake, as well as consequences for future 
oil and electricity use.

Subsidy levels, which, as we have shown in Figure 
4.1.7, are assumed to be substantial – in the tens of 
thousands of dollars for commercial vehicles – 
matter less. Even cutting them by 90% from the 
base case, will only result in a marginal delay in 
passenger EV uptake. Subsidies are more impor-
tant for commercial vehicles, and, by doubling 
them from our base case, they will promote a 
much faster EV uptake. Note, however, that the 

main conclusion is that EV uptake over time is 
relatively insensitive to subsidies.

There is ongoing discussion regarding how long 
vehicle batteries will last. In our analysis, shorter 
lifetimes will affect TCO, as future operating costs 
will be discounted over a shorter lifespan. More 
interestingly, however, a shorter lifetime will also 
mean that batteries (whose assumed lifetime is 
identical to that of the vehicle in which they are 
operating) will be discarded sooner. This would 
result in higher turnover and more rapid new 
battery additions, which, again, would cause 
battery costs to fall more quickly. 

MARITIME
Maritime transport is by far the most energy 
efficient mode of transport in terms of joules/
tonne-kilometre. About 2% of the world’s energy is 
consumed by ships, most by international cargo 
shipping. The fuel that is most used for shipping is 
heavy fuel oil, a thick fuel, rich in sulphur. In order 
to reduce sulphur emissions, the IMO has 
persuaded governments to support stricter 
sulphur-emission regulations as of 2020. Although 

Historical data source: Clarksons Research (2019)

World seaborne trade in tonne-miles by vessel type
 
Units: Gt-nm/yr
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even the strictest emission limits target only a very 
small fraction of waters, ships going to and from 
these waters are obliged to obey the stricter 
regulations, either by using scrubbers that capture 
and neutralize sulphur, or by converting their 
engines to run on distillate – i.e., refined, low 
sulphur fuels. The former option has an energy, 
and thus CO2 emissions, cost, while the latter 
option is very expensive, especially if it is neces-
sary to retrofit the entire engine.

In the longer run, the IMO – supported by both 
shipowners and governments – has targeted a 
50% reduction in CO2 emissions from 2008 to 
2050. Our forecast is that a mixture of improved 
utilization and energy efficiencies, combined with 
a massive fuel decarbonization, and including 
conversion from oil to gas and ammonia, electric-
ity, and biofuel use, will enable this goal to be met.

World cargo shipping is an integral part of our 
analysis. Fossil-fuel demand and supply are 
regionally determined, and so any mismatch 
between regions is shipped from the regions in 
surplus to those with a deficit. Similarly, manufac-

tured products and base materials are partly 
shipped on keel within regions, but, more impor-
tantly, between regions. Logistics efficiencies and 
supply-chain improvements, resulting from 
digitalization, sensors, and smart algorithms, will 
increase fleet efficiencies. However, a world with a 
GDP that increases by over 130% will see cargo 
needs that considerably outweigh efficiency 
improvements and therefore cargo tonne-kilo-
metres will increase significantly in all sectors. The 
exception is coal and oil transport, where tonne-
miles will be reduced by more than two thirds and 
one third, respectively, as show in Figure 4.1.14. In 
the later part of the forecast period, the growth is 
minor - or non-existent - for most segments, as 
efficiency improvements outweigh demand 
growth.

Driven by the decarbonization push, the fuel mix 
will change dramatically. Unlike with road trans-
port, the potential for electricity in the maritime 
sector is limited to short-sea and in-port opera-
tions. In road transport, a 3-4 times efficiency 
improvement can be obtained with electrification, 
but this is not possible for the maritime sector. 

Natural gas includes LNG and LPG. Biomass includes advanced biodiesel and LBG.
Historical data source: IEA WEB (2018)

World maritime sub-sector energy demand by carrier
 
Units: EJ/yr
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Instead, the efficiency improvement is achieved 
through a mixture of logistics and hull and engine 
efficiency measures. The fuel switch from being 
entirely oil today to an even mix of natural gas 
(mostly LNG) and hydrogen in 2050, is based on 
increasing carbon prices, as well a host of success-
ful, regionally imposed, decarbonization efforts. 
We refer to our special Maritime report (DNV GL, 
2019c) for further details on the Maritime 
segment’s fuel mix and use. The report’s fuel mix 
information is included here, converted into the 
main energy-carrier categories used in this 
Outlook.

 “Despite the 165% increase in air 
travel, fuel use in aviation will only 
increase by 38%. The fuel mix will 
contain almost 42% biofuels by 
2050 

AVIATION 
Slightly over 2% of world’s energy is consumed by 
civilian aircraft. Driven by increasing standards of 
living, influenced by regional geographies and 
travel cultures, aviation has recently shown strong 
growth. This is partly due to efficiency gains, as 
higher load factors, along with developments in 
engines and aerodynamics, have yielded impres-
sive improvements in energy efficiency. We see 
strong passenger – and also cargo - growth ahead. 
As with shipping on keel, we envisage that pockets 
of short-haul flights will become electrified, with 
about 6% of all passenger-trips being made with 

electric planes by 2050. A more significant driver 
of emissions reduction will be biofuel blends. 

We have investigated the global relationship 
between standard of living and air travel, and 
derived an income elasticity for air travel. Figure 
4.1.16 shows how this 1.31 income elasticity of GDP 
per capita growth and increasing population 
drives air travel to increase by 165% to 2050 – as 
measured in trips per year, where cargo is also 
converted into passenger-trip equivalents. We 
assume that the average trip distance will remain 
constant, but numbers will rise. Whereas trip 
numbers will grow very strongly in poorer parts of 
the world, quintupling in Sub-Saharan Africa and 
quadrupling in South East Asia, the OECD regions 
will see less than a doubling in growth.

Despite the 165% increase in air travel, fuel use in 
aviation will only increase by 38%. This is due to 
significant efficiency improvements that we have 
forecast to continue. The fuel mix will contain 
almost 7.5 EJ (42%) biofuels by 2050 – a quarter 
more than the road sector, and electricity will 
account for 3%, as shown in Figure 4.1.17. A 
combination of technology advances and success-
ful decarbonization policies will prompt the strong 
growth in biofuels. In Section 2.6, we discuss the 
challenges of provisioning such a large biofuel 
demand.
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Historical data source: ICAO (2016), Airbus GMF (2018)

Air trips by region of origin         
 
Units: Billion trips/yr
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Historical data source: IEA WEB (2018)

World aviation energy demand by carrier
 
Units: EJ/yr

FIGURE 4.1.17 

0

6

3

15

12

9

18

Oil

Electricity

Biomass

1980 1990 2000 2010 2020 2030 2040 2050



DNV GL ENERGY TRANSITION OUTLOOK 2019

94

RAIL
The rail subsector consists of all rail-using trans-
portation, including urban rail systems. Less than 
2% of transport, or about 0.5% of global energy 
use, comes from the rail sector. The rise in passen-
ger numbers will be substantial – owing to income 
growth elasticity to above unity - with a global 
passenger increase of more than 150% by 2050. 
Freight growth, however, will continue on its 
downward slope in many regions, although not all. 

For passenger transport, especially in urban areas, 
the space efficiency of rail is superior to other 
options, and the ease of electrification also makes 
it a favourite in transport decarbonization. 
Another related reason for growth is the increas-
ing speed and competitiveness of high-speed 
trains vis-à-vis aviation, again with decarbonization 
as a main differentiator. The greatest passenger 
growth will happen in India and China, driven by a 
combination of a significant rise in standards of 
living and a strong public push for rail transport – 
resulting in preferential treatment of this subsec-
tor. As shown in Figure 4.1.18, almost the entire 
global passenger rail growth will occur in these 
two regions, which will see, respectively, over 60% 
and 25% of global rail passenger transport in 
2050.

In all regions, apart from Europe, where rail freight 
has traditionally been strong, GDP is a driver of 

increased rail freight. Europe has seen the great-
est increase in road-freight demand, as the 
potential for further growth in rail freight has met 
already crowded tracks, better roads, and prioriti-
zation of passenger rail transport. The world will 
see about a doubling of freight-rail demand by 
2050.

Energy-efficiency improvements are strong, and 
related to electrification, as diesel-powered trains 
have much higher energy losses than electric 
drivetrains. However, diesel-powered units will 
also experience significant efficiency gains. As 
shown in Figure 4.1.19, we forecast current growth 
trends in electrification to be sustained, with a 54% 
electricity share, 41% diesel share, and 5% biofuel 
share by 2050. No significant use of gas (nor 
hydrogen) is envisaged.

 “ The greatest passenger growth will 
happen in India and China, driven 
by a combination of a significant 
rise in standards of living and a 
strong public push for rail transport – 
resulting in preferential treatment of 
this subsector
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Historical data source: IEA UIC (2019)

Rail passengers by region         
 
Units: Trillion passenger-km/yr
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1980 1990 2000 2010 2020 2030 2040 2050
0

10

8

6

4

2

NAM

LAM

EUR

SSA

MEA

NEE

CHN

IND

SEA

OPA

Historical data source: IEA WEB (2018)

World rail sub-sector energy demand by carrier
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4.1.2 BUILDINGS

In 2017, about 29% of the world’s energy was 
consumed in the buildings sector, with most of 
it used for heating (Figure 4.1.20), and about 
three-quarters consumed in residential buildings. 
For these, we estimate a final energy demand for 
five end-uses: appliances and lighting, cooking, 
space cooling, space heating, and water heating. 
We have allocated all cooking-related energy 
use to residential buildings, assigning none to 
commercial buildings. As direct historical data 
are not available for end uses, the relevant figures 
presented in this report are our own estimates.

For buildings, energy-efficiency improvements 
typically have a short payback time, but develop-
ers and retrofitters frequently fail to implement 
them. Smarter energy policies will continue to 
target this short-sightedness; the potential gains 
to society are too positive to ignore. Developing 
countries will seek to reduce both burning of solid 
biomass for cooking and local use of kerosene, a 
major health hazard that is responsible for more 

deaths than any disease. Co-evolution of rising 
living standards, electrification, and improved 
bioenergy use is at the heart of the energy transi-
tion, and is the raison d’être of the USD 100bn Paris 
Agreement Green Climate Fund targeting devel-
oping countries. This Fund, and similar knowl-
edge- and financial-transfer mechanisms, will 
contribute significantly to the transition to more 
environmentally friendly and climate-wise cleaner 
fuels.

Floor area is one of the most important drivers of 
energy demand in buildings, as energy consump-
tion in key end uses, such as space heating and 
cooling, scale with floor area. Figure 4.1.21 
presents the total of residential and commercial 
floor areas in 10 regions. While Greater China 
remains the region with largest floor area to 
mid-century, Sub-Saharan Africa shows the largest 
percentage increase in this period.

APPLIANCES AND LIGHTING
The residential appliances and lighting subsector 
encompasses everything from reading lights, 
phone chargers, and computers, to refrigerators, 

Historical data source: IEA WEB (2018), IEAETP(2016), Nakicenovic et al (1996), EIA RECS (2015), Urge-Vorsatz et al (2015)

World buildings sector energy demand by end use        
 
Units: EJ/yr
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Historical data source: IEA WEB (2018)

Floor area of buildings by region         
 
Units: Thousand km²

FIGURE 4.1.21 
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washing machines, and dryers. Appliances and 
the services that they provide evolve; but instead 
of modelling the evolution of equipment and its 
efficiency separately, we have estimated the 
electricity used directly.

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

We therefore estimate the energy demand of 
residential appliances as a function of regional 
GDP, adjusted for a continuation of the historical 
0.6%/year efficiency improvement. Due to lifestyle 
differences, the income elasticity of such demand 
is by far the strongest in North America, which 

leads us to use a higher “appliances’ electricity 
demand per unit GDP” multiplier for this region.

Energy demand of commercial buildings for 
appliances and lighting is a function of a region’s 
service-sector GDP. As income per capita 
increases, the tertiary sector’s share in GDP tends 
to rise. Consequently, the energy demand of 
appliances in commercial buildings increases in all 
regions, albeit at varying rates. We also expect the 
electricity consumption of data centres and 
computers, which together constitute about 4% of 
commercial buildings’ electricity demand (IEA , 
2017a), to increase by 2.5% annually (Sverdlik, 
2016), reaching 1.6 EJ/yr, or 5% of the electricity 
demand of commercial buildings in 2050. We 
forecast that the combined energy demand for 
appliances and lighting for both residential and 
commercial buildings will double between 2017 
and 2050. Three regions - Greater China, the 
Indian Subcontinent, and North America - will 
account for half the growth.
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SPACE COOLING
We estimate that space cooling accounted for only 
4.6% of the energy demand of the buildings sector 
in 2017, but that its share will increase to 11% by 
2050 (Figure 4.1.20), split roughly equally between 
residential and commercial. Demand for space- 
cooling energy is shaped by: 

 − increasing market penetration by air-condi-
tioners, driven by rising standards of living and 
more cooling degree days; 

 − greater air-conditioner usage per unit of floor 
area, as more people need, and can afford, to 
air condition more space in their homes, and for 
longer; 

 − developments in building-envelope insulation 
that reduces the loss of cool air inside buildings; 

 − improved efficiency of air conditioners. 

The increase in final energy demand for space 
cooling – due to larger floor space and more use of 
air conditioners, with market penetration averag-
ing more than 86% globally – will exceed savings 
from insulation and improved equipment effi-
ciency. The result will be a net increase of 10.5 EJ/
yr from 2017 to 2050 (Figure 4.1.22). This is despite 

an average efficiency improvement of 71%, and a 
reduction in energy losses of 17% over the period 
2017-2050 due to insulation.

These trends will affect the geographical distribu-
tion of cooling demand. North America presently 
accounts for about 40% of global electricity 
demand for cooling. However, in 2050, about 27% 
of cooling demand will come from Greater China, 
and another 49% from other regions dominated 
by countries that are currently non-OECD.

SPACE HEATING
In terms of market penetration and potential 
efficiency gains, space heating is a more mature 
market than space cooling. To understand the 
dynamics of energy demand for space heating, we 
need to make a distinction between final energy 
and useful energy. Final energy is the energy 
content of the fuel used for heating. That is, it is the 
amount of energy reported to be used for build-
ings or any other demand sector. Useful energy is 
the amount of heat received after accounting for 
losses in conversion and distribution in the 
building. Think of an apartment building using a 
gas boiler for space heating. Final energy is the 

Sources of change in world energy demand for space cooling between 2017 and 2050 
 
Units: EJ/yr
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energy content of the natural gas purchased from 
the local distribution company; useful energy is 
the heat that the apartment receives from its 
radiators after some is lost in the boiler and piping.

With increasing population and floor area, 
useful-energy demand for space heating will 
continue to grow towards 2050. Two other drivers 
affecting this trend negatively are improvements 
in insulation and fewer heating degree days due to 
climate change, without which useful heat demand 
would be 13% and 6% higher, respectively.

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

With continued improvements in individual 
technologies, and a shift to more efficient and 
cost-effective equipment, the average efficiency 
of space heating will increase from about 59% in 
2017 to more than 90% in 2050 (Figure 4.1.23). 
Consequently, the final-energy demand for space 
heating will decline from 50 EJ/yr in 2017 to 44 EJ/

yr in 2050. As market penetration and income are 
not as significant in space heating as in cooling, 
the regional split in demand will remain stable, 
with North America, Europe, North East Eurasia, 
and Greater China constituting around 70% of the 
final energy demand for heating.

WATER HEATING
Hot-water usage per person varies greatly world-
wide. In developed regions, hot-water tanks are 
frequently used continuously to serve multiple 
needs, from daily showers to washing machines 
and dishwashers. In some less-developed coun-
tries, water is heated on demand by inefficient 
methods and used only for basic needs. For 
residential buildings, GDP per capita is the single 
biggest driver of hot-water demand per person; 
colder climates also drive usage. The water-heat-
ing demand of commercial buildings – about 10% 
of global final energy used for water heating – is 
driven primarily by floor area.

Globally, we forecast that useful energy demand 
for water heating will grow from 9.4 EJ/yr in 2017 to 
14 EJ/year in 2030, and to 20 EJ/year in 2050 
(Figure 4.1.23). The average efficiency of water 

Historical data source: IEA WEB (2018), IEA ETP (2016), EIA RECS (2015), Urge-Vorsatz et al (2015) 

Heat losses between final and useful heat demand by end use     
 
Units: EJ/yr
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heating will increase from 50% in 2017 to 59% in 
2030, reaching 78% in 2050.

COOKING
Energy demand for cooking is driven mainly by the 
number of households, but the average number of 
people per household also plays a part. The 
global average household size is currently about 
3.5 people. We estimate that a typical household 
of 3.5 people needs 2.1 GJ of useful heat for 
cooking per year, based on 2014 estimates for final 
energy use for cooking (IEA, 2017b) and an 
average global energy efficiency of 15%. We can 
then adjust this number for household size, where 
one additional person creates an additional 300 
MJ/yr of useful-heat demand. By 2050, the 
average household size is expected to decline to 
2.4 (Urge-Vorsatz et al., 2015), which will reduce 
useful-energy demand per household for cooking 
to 1.8 GJ/year. Taking all these factors into 
account, global total useful-energy demand for 
cooking will rise from 4.5 EJ/yr to 7.0 EJ/yr 
between 2017–2050.

While cooking made up 25% of the global final 

energy demand of residential buildings in 2017, its 
share is expected to reduce to below 16% by 2050 
due to large improvements in efficiency. Globally, 
31% of the population uses traditional cooking 
methods, burning biomass (animal waste, char-
coal, wood) with efficiencies of around 5-10%. This 
involves about 2 billion people, with the majority in 
Sub-Saharan Africa and the Indian Subcontinent. 
By 2050, this number will decline by 56%, bringing 
large efficiency improvements that will be further 
boosted by switching from coal to gas or from gas 
to electricity everywhere.

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

For many of world’s regions, the energy source for 
space cooling and for appliances and lighting is 
simply electricity from grid-connected sources. 
With the exceptions of Sub-Saharan Africa and the 

Historical data source: IEA WEB (2018)

World buildings sector final energy demand by carrier        
 
Units: EJ/yr
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Historical data source: IEA WEB (2018)

Solar thermal energy demand in buildings by region         
 
Units: EJ/yr
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1980 1990 2000 2010 2020 2030 2040 2050
0

1

3

2

4 NAM

LAM

EUR

MEA

CHN

IND

Hydrogen demand in buildings by region         
 
Units: EJ/yr

FIGURE 4.1.26 

1980 1990 2000 2010 2020 2030 2040 2050
0

0.75

0.50

0.25

1.50

1.25

1.75 NAM

EUR

CHN

OPA



DNV GL ENERGY TRANSITION OUTLOOK 2019

102

Indian Subcontinent, more than 90% of people 
can already access such power. For those two 
regions where the electricity load is low and the 
cost of grid connection is high due to large 
distances, off-grid solar PV systems will be an 
economically feasible alternative for some of the 
population. This applies mostly for appliances and 
lighting rather than space cooling.

Nonetheless, global off-grid solar PV demand will 
reach only 520 TWh in 2050, meeting 45% of 
Sub-Saharan Africa’s energy demand for space 
cooling, appliances, and lighting, and 9% of that of 
the Indian Subcontinent. More information about 
electricity access is presented in the Energy 
Access feature overleaf. 

Electrification and lower use of biomass are the 
two large-scale transitions evident for other end 
uses. As alternative fuels become available and 
affordable, there will be a switch from traditional 
cooking and water-heating methods. By 2050, 
people lacking access to modern cooking and 
water heating will constitute only 9% of the world 
population.

The decline of biomass use in space heating, water 
heating, and cooking is mostly matched by 
increases in electricity and direct solar thermal, 
i.e., solar water heaters (Figure 4.1.24). This does 
not mean that everyone who abandons using 
biomass will immediately move to electricity; 

many will move to natural gas, making it the  
largest single source of energy for these three 
heat-related end uses.

Solar water heaters are used for both residential 
and commercial applications, ranging from 
supplying hot water and for heating pools to space 
heating. With government support and estab-
lished knowhow in the development and installa-
tion of evacuated tube technology, China has a 
70% market share in the global solar water-heater 
market. We forecast that energy supplied from 
solar water heaters will roughly double between 
now and 2050, mostly due to developments in 
Greater China, North America, Europe, the Indian 
Subcontinent, and the Middle East and North 
Africa (Figure 4.1.25).

Hydrogen will also appear as a new energy source 
for heat-related end uses in buildings in four 
regions (North America, Europe, Greater China, 
and OECD Pacific) where available gas-distribu-
tion networks make it a viable alternative (Figure 
4.1.26). This is further described in Section 4.2.2.

 “ The decline of biomass use in space 
heating, water heating, and cooking 
is mostly matched by increases in 
electricity and direct solar thermal
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Rooftop solar-heated water 
tank, Old Town, Morocco.
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4.1.3 MANUFACTURING

The manufacturing sector is an aggregation of all 
related activities in the extraction of raw materials 
– excluding coal, gas, and oil – and their conversion 
into finished goods. We analysed the sector as two 
categories:

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

 − Manufactured goods including general 
consumer goods; food and tobacco; electron-
ics, appliances, and machinery; textiles and 
leather; paper, pulp, and print; and vehicles and 
other transport equipment. This category also 
includes energy used in the construction sector. 

MANUFACTURING SUPPLY AND DEMAND
There is historical evidence that the industrial 
(secondary) sector of a region evolves as the 
standard of living - as measured by GDP per capita 
- increases. As this gauge of income per person 

rises, a region transitions from an agrarian 
(primary) economy to an industrial one, and then 
to a service-based (tertiary) economy.

Whereas the Indian Subcontinent, South East Asia, 
and Sub-Saharan Africa display growing second-
ary sector shares, the trend is much more marked 
in the remaining regions – notably so in Greater 
China – whose economies are transitioning to ones 
dominated by service sectors (Figure 4.1.27). One 
consequence is that the monetary value of global 
manufacturing output will grow more slowly than 
GDP.

Figure 4.1.28 shows how manufacturing-sector 
GDP translates to physical output. Historically, 
there has been a steady increase in the ratio 
between the weight of manufactured goods and 
the unit of manufacturing revenue. The main driver 
of this has been the shift of manufacturing to 
low-cost regions, such as Greater China, which 
deliver more output per dollar. As standards of 
living rise in these low-cost regions, this trend will 
level off and reverse.

Points show historical data from 1980 to 2017 (World Bank, 2018). Dashed lines show forecast until 2050. 

Share of secondary sector in GDP as a function of GDP per capita
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Continually improving efficiency in the use of 
materials in manufacturing is already well-estab-
lished, and charts a steady decline in the amount 
of base materials needed for each kilogram of 
manufactured goods. We forecast that this trend 
will continue uninterrupted, reducing the require-
ment for base materials, partly because of circular 
economic processes and partly based on contin-
ual changes in the types of manufactured goods 
that are produced.

Thus, during the 2017–2050 period, although the 
output, by weight, of manufactured goods will rise 
by 93%, from 14 to 27 billion tonnes, the global 
production of base materials will reach its peak in 
2040, and then slowly decline when circularity and 
efficiency improve. Thus, overall growth over the 
whole 2017-2050 period will be just 44%, from 32 
to 46 billion tonnes (Figure 4.1.29). 

The regional demand for manufactured goods is 
assumed to be proportional to each region’s GDP. 
Consequently, Greater China, Europe, the Indian 
Subcontinent, and North America will be the 
largest consumers of manufactured goods. 

Regions producing the greatest proportions of 
world-manufacturing output are also those with 
bigger shares in demand for base materials. Since 
big consumers will also be big producers, the 
need for inter-regional trade will diminish and 
global trade will grow less than manufacturing 
growth.

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

Figure 4.1.30 shows our forecast for the total 
manufacturing production and demand of regions 
in the years 2030 and 2050. We see Greater China 
remaining the largest manufacturer and net 
exporter. Although all the developing regions 
increase their manufacturing output between 
2030–2050, these regions, with the exceptions of 
the Middle East and North Africa and South East 
Asia, are net importers by 2050 due to increased 
demand for goods. The recent trend of moving 
production to ever-cheaper countries will be 

Historical data source: World Bank (2018), UN Environment International Resource Panel 

Trends of the unit value of manufacturing and the ratio of manufactured goods to base materials         
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Manufacturing production and consumption by region
 
Units: Gt/yr
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partly countered by automation and robotization, 
making manufacturing less dependent on labour 
cost. However, energy use will rise due to the use 
of machines and appliances in manufacturing 
goods. This will influence the future location of 

manufacturing. Large global initiatives, such as 
China’s “One Belt, One Road”, will also play a role 
by creating new markets and energy demand 
based on targeted infrastructure investments.

Historical data source: UN Environment International Resource Panel Global Material Flows Database 

World manufacturing output by sector 
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ENERGY DEMAND FROM THE  
MANUFACTURING SECTOR
The manufacturing sector is the largest consumer 
of energy. As shown in Figure 4.1.31, 126 EJ of final 
energy was consumed by the sector during 2017, 
representing 30% of global final-energy demand. 
We forecast the manufacturing sector’s energy 
demand will rise by some 18% until the early 
2030s, peaking at around 148 EJ/year, before 
decreasing to 134 EJ by 2050. This slowdown and 
reduction happen despite continued increases in 
manufacturing output, and is due to continued 
and significant improvements in energy efficiency. 

We forecast a range of energy-efficiency improve-
ment rates, which vary between regions due to 
policy and technology differences. Global energy 
efficiency of manufacturing is forecast to improve 
by 47% over the period 2017-2050, giving an 
average annual improvement of 1.2%.

Manufacturing will change further as we enter the 
so-called fourth industrial revolution, involving 
increased automation. Customization and effi-
ciency will probably improve as part of this, both 
for production of base materials and for manufac-

tured goods. This is included in the efficiency 
factors used in our Outlook.

Evolution of the energy mix within the manufactur-
ing sector is dependent on technological innova-
tion, resource availability, and policy and economic 
incentives. We estimate this mix separately for 
different energy end uses within the sector, 
including heat, iron ore reduction, machines & 
appliances, and on-site industrial vehicles. 
Currently, about 68% of the global energy used in 
manufacturing is for heating purposes, which 
includes both process and non-process heating. 
Another 23% is used for machines and appliances, 
7% for iron ore reduction, and 2% for on-site 
vehicles. Heating will see the largest efficiency 
gains, due to changes in the energy mix as 
described below, and, as a result, its share of total 
energy use will decrease to 63% by 2050. Machines 
and appliances will see its share increase to 30%, 
the result of continuing trends of automation and 
digitalization. These changes will result in an energy 
mix for the manufacturing sector with significantly 
reduced amounts of coal (from 35% in 2017 to 16% 
in 2050) and increasing shares of electricity (from 
25% in 2017 to 45% in 2050); see Figure 4.1.31. 

Historical data source: IEA WEB (2018)

World manufacturing sector energy demand by carrier        
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As shown in Figure 4.1.32, some 41% of the world’s 
manufacturing heat is currently supplied by coal, 
followed by natural gas at 29%. Adding oil, fossil 
fuels have a supply share today of 80% that will 
decrease to 62% by 2050, with natural gas taking 
over coal’s pole position. We forecast the change 
in the heat mix by estimating the levelized cost of 
heating for manufacturing processes in the 
different regions. Important inputs to the levelized 
cost are the technology cost, fuel price, efficien-
cies, and policy measures such as carbon prices, 
local pollution taxes, and other preferential 
treatments for cleaner technologies.

In the manufactured goods sector, where average 
temperature requirements are lower, there is 
competition between boilers using different fuels 
and industrial heat pumps. The latter will become 
increasingly available for higher temperatures, 
reaching up to 200°C. We find that the relatively 
lower per unit investment cost of gas boilers, 
offsetting the lower fuel cost of coal in most 
regions, means that gas is already the most 
favoured heat provider, with a 36% share in 2017, 
compared with 19% for coal. The share of natural 
gas will continue to increase in all regions, espe-

cially in Greater China, which is by far the largest 
producer of manufactured goods in the world. 
Due to concerns over local pollution, the govern-
ment has put in place a coal-to-gas switching 
programme, which we forecast to be continued. 
Globally, we see the natural-gas share in the heat 
mix increasing to some 50% by the mid-2030s, 
beyond which it will level off. This levelling off is 
the result of the uptake of industrial heat pumps, 
which will become increasingly competitive due to 
technology cost reductions, efficiency benefits, 
carbon taxes on fossil fuels, and policies favouring 
industrial electrification. All in all, the global share 
of electricity in the manufactured-goods sector’s 
heat demand will increase from about 2% in 2017, 
to 4% in 2035, and to 22% by 2050. 

In the base-materials sector, we forecast a differ-
ent energy transition. Due to the higher tempera-
ture requirements, the fuel cost will have a 
stronger effect on the levelized cost. We therefore 
see coal remaining important throughout the 
forecast period, retaining a share of over 50% in 
the heat mix until the 2030s, and thereafter 
declining to 36% by 2050. Natural gas will see its 
share grow much more slowly than for manufac-

World manufacturing heat mix         
 

FIGURE 4.1.32 
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tured goods, and it will only catch up with coal’s 
share by the end of the forecast period. In all 
regions, electrification of heat will be significantly 
less pronounced, mainly the result of the limited 
efficiency gains from switching to electricity in 
high-heat furnaces, as electricity in the near term is 
still mainly produced from fossil-fuel sources. 
Thus, there are associated losses and increased 
costs with electrification compared with direct 
heat use from fossil-fuel sources. 

The energy used in the electrochemical process of 
iron ore reduction in the steel sector, which 
represents about 12% of total base-materials 
energy use, has, historically, been dominated by 
coal. We do not forecast a significant energy 
transition, especially as growth in steel production 
will predominantly occur in regions where coal use 
is more competitive. We do see significant growth 
in regional natural gas use, for example in North 
America and in the Middle East and North Africa, 
where it will reach a share of 18% by 2050. Hydro-
gen is an alternative, but it will only enter the mix in 
the OECD Pacific, where the hydrogen price will 
be most competitive. This is due to higher demand 
in other energy sectors that will increase the 

utilization rate of electrolysers. The overall hydro-
gen share of energy demand in global manufac-
turing is therefore only 0.4%.

4.1.4 NON-ENERGY USE

In 2017, about 8% of global primary fossil-fuel 
supply was used for non-energy purposes. This 
category represents the consumption of coal, oil, 
and natural gas as feedstock, 95% of which is 
consumed within the manufacturing sector. The 
petrochemical sector is the largest consumer of 
non-energy and, of the consumption in this sector, 
about 30% is used to produce plastics, with the 
rest going to the manufacture of cosmetics, 
fertilizers, paints, and other chemicals. 

As most of the non-energy is consumed within the 
base-materials sector, we calculate the demand 
for non-energy in each region based on the 
“non-energy use intensity” (non-energy use per 
unit output) as a multiplier of energy use by base 
materials. The non-energy use intensity is derived 
from historical data and is adjusted towards the 
future by accounting for an increase in plastic 
recycling. 

Historical data source: IEA WEB (2018)

World use of energy carriers as feedstock in manufacturing     
 
Units: EJ/yr
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We estimate the global rate of plastic recycling to 
improve modestly, from around 11% in 2016 to 
16% in 2050. Although recycling rates in regions 
like Europe and the OECD Pacific are rising consid-
erably, the global growth rate is relatively modest, 
as plastic production will see the largest growth in 
regions where recycling rates are lower. Chemical 
recycling initiatives may change this dynamic 
considerably, and we suggest that early develop-
ments in this field to be one of the trends to watch 
in the next five years (see Chapter 6). 

The resulting non-energy use as feedstock is 
almost flat until around 2030, then declines by 25% 
by mid-century (Figure 4.1.33), due to reduced 
demand for base materials combined with 
efficiency and recycling. 

The share of natural gas as a feedstock is forecast 
to grow in North America, Europe, and the Middle 
East and North Africa, while oil will continue to 

provide the major share of feedstocks globally. 
Coal will remain an important feedstock in Greater 
China, with coal-gasification capacity growing. 
Bio-based feedstocks have the potential to reduce 
fossil-fuel demands in the long term, but they will 
need strong policy support to take off and grow. 
We do not forecast this support to become 
significant, as, given that non-energy use does not 
produce carbon emissions accounted for in 
national inventories, governments are likely to 
focus their efforts elsewhere.

 “ The ongoing transition is dramatic in 
relation to the growing dominance 
of electricity in the mix. In 2017, 
electricity represented just 19% of 
the world’s final energy use, but 
in 2050 will represent 40% of final 
energy use

We estimate the global rate of plastic recycling 
to improve modestly, from around 11% in 2016  
to 16% in 2050.
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Historical data source: IEA WEB (2018)

World final energy demand by carrier        
 
Units: EJ/yr
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4.1.5 FINAL ENERGY DEMAND FROM ALL 
SECTORS 

By combining the energy demand of each of the 
energy sectors, we forecast the world’s final 
energy demand by energy carrier, as illustrated in 
Figure 4.1.34. ‘Final’ energy here means the 
energy delivered to end-use sectors, excluding 
losses and excluding energy used by the energy 
sectors themselves.

The ongoing transition is dramatic in relation to 
the growing dominance of electricity in the mix. In 
2017, electricity represented just 19% of the 
world’s final energy use, but in 2050 will represent 
40% of final energy use, growing from 77 EJ/yr to 
177 EJ/yr. The annual average growth in electrifi-
cation in our forecast is 2.3% per year, which is 
double the rate of growth that we have experi-
enced since 2000.

The reason for a steady rate of electrification is the 
combination of cost, technology, and policy. As 
the share of renewables in the electricity mix 
increases, and the costs of solar and wind decline 
rapidly, electricity will become cheaper relative to 

other fuels. Electric systems have small losses 
compared with fossil and biomass-fuelled 
systems, and when technological progress makes 
electricity available in new applications, more and 
more users will make the switch. Furthermore, 
there are new applications requiring energy – e.g., 
modern communication appliances and air 
conditioning – where there are few or no alterna-
tives to electricity. Finally, more ambitious decar-
bonization policies favour electricity, especially 
the fraction generated by renewable low-emission 
energy sources.

As total demand will start to reduce, electricity will 
replace coal, oil, and – later – gas in the final energy 
demand mix. For coal, oil, gas, and biomass, 
additional energy use from electricity, direct heat, 
and hydrogen production will be added to the 
final energy demand figures, as described in 
Section 4.2 below. Total demand and supply of 
these energy sources is discussed in Section 4.3.
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Secondary energy carriers, which include electric-
ity, direct heat, and hydrogen, are derived by 
transformation from primary energy sources. The 
energy system as a whole includes chains of 
transformations, from the primary source to the 
point of service, providing heat, cooling, illumina-
tion, mobility, and other forms mechanical work. In 
this section, we focus on the large-scale transfor-
mations that create electricity, direct heat, and 
hydrogen, and that happen before the energy is 
delivered to the consumer. In this Outlook, hydro-
gen is only referred to in its role as an energy carrier. 

Up until today, in the transformation of primary to 
final energy, we have experienced a decline in 
efficiency, but this trend is reversing. In 1980, 87% 
of total final energy was delivered directly to 
consumers in its primary form (Figure 4.2.1). The 
other 13% was composed of electricity (11%) and 
direct heat (2%), which were obtained by transfor-

mation of fossil- and non-fossil fuel sources in 
power stations, using a quarter of the total primary 
energy supply. At that time, the average efficiency 
of power stations was about 28%. By 2017, the 
share of electricity had increased to 19%, and 
direct heat had grown to almost 3%, but the 
average efficiency of power stations had only 
increased marginally, reaching 34%. Since 
increased electrification was not accompanied by 
an equally strong improvement in the efficiency of 
power stations, the primary energy supply had to 
grow by 93% in order to meet the 82% growth in 
the final energy demand. In this period, the energy 
lost in power stations as waste heat, and also lost 
in transmission and distribution lines, increased 
from 76 EJ/yr to 172 EJ/yr.

In our forecast period, the share of electricity, heat 
and hydrogen in final energy demand will continue 
to increase. We predict that in 2050, 43% of final 

Historical data source: IEA WEB (2018)

Transformation and direct use of primary energy sources 
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energy will be in the form of secondary energy 
sources, with electricity having the largest share at 
40%, and direct heat and hydrogen providing 
1.7% and 1.8%, respectively. Since most tools that 
use electricity, such as motors, are more efficient 
than those using primary energy sources, such as 
engines, this is good news for reducing the final 
energy demand. But electrification alone is not 
enough to reduce the use of fossil fuels. Without a 
step change and improvements in electricity 
generation efficiency, electrification alone only 
serves to shift losses from end uses to electricity 
generation. Fortunately, a fast uptake of renewa-
ble power stations, which are assumed to be 100% 
efficient, will boost the average efficiency of 
transformations to 60% and the losses will drop to 
131 EJ/yr. The Energy Counting factbox on page 
134 provides alternative energy-accounting 
methods, where the efficiency of renewable 
power generation is the main source of difference.

In the rest of this section, we provide outlooks for 
the three secondary energy carriers that we 
consider in this analysis: electricity, hydrogen, and 
direct heat. 

4.2.1 ELECTRICITY

Section 4.1 describes drivers for increased 
electricity demand in various sectors. Figure 4.2.2 
shows that world electricity demand will grow by 
125%, from 24 PWh/yr in 2017 to 53 PWh/yr in 
2050, with buildings and manufacturing taking the 
lion’s share, and mobility growing the fastest. 
From 2017 to 2050, the growth in electricity 
demand will be 87% for manufacturing, 92% for 
buildings, and a 30-fold increase for the transport 
sector. Buildings will remain the sector with 
highest electricity demand, creating 39% of the 
total electricity demand in 2050, while 32% of the 
world’s electricity demand will originate from the 
manufacturing sector. With the electrification of 
road vehicles, the share of the transport sector in 
world electricity demand will rise from 1.3% in 
2017 to 17% in 2050. 

Electricity’s share of total final energy use will 
increase from 19% to 40% between 2017 and 
2050. As discussed in Section 4.1, the share of 
electricity in the final energy demand is sensitive 
to many parameters. For example, electricity 

Historical data source: IEA WEB (2018)

World electricity demand by sector         
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demand from the road sector is significantly 
affected by battery cost-learning rates, EV subsidy 
levels, and EV lifetimes. The price of electricity 
compared with that of its competitors is also 
relevant. As fuel prices remain an important 
determinant of electricity price in the coming 
decades, changes in fuel prices do not create wild 
differentials in the price of electricity versus other 
fuels. Differences in the prices of energy carriers 
are mostly dictated by taxes and subsidies. 
However, once the price of electricity starts to 
decouple from the price of the fuels, carbon prices 
will impact the price of fossil fuels without signifi-
cantly impacting on the price of electricity. This will 
result in electricity being even more competitive.

 “ In 2050, 63% of world’s electricity 
will be generated from variable 
renewable sources 

The transition in electricity supply from fossil fuels 
to renewables will accelerate (Figure 4.2.3). In 
2017, only 26% of electricity was supplied from 
renewable sources, and two thirds of this was 

hydropower. With continued declines in costs of 
solar, wind, and battery, variable renewable 
energy sources (vRES) will gradually – but steadily 
– transition from being marginal electricity sources 
to become the major sources in 2050. By then, 
63% of world’s electricity will be generated from 
variable renewable sources.

By 2050, solar PV will be the leading source of 
electricity, providing 33%, with onshore wind 
following at 18%. An additional 14% will be 
provided by hydropower. The role of fossil fuels in 
power supply will still be central in some regions, 
such as North East Eurasia and the Middle East 
and North Africa, due to their lack of financial 
support and infrastructure for renewables. In 
developed regions, however, fossil fuels will 
become increasingly marginal in terms of their 
share in electricity supply. Their role will be 
reduced to providing flexibility and back-up to the 
power system when vRES are not available, 
especially through low-CAPEX gas-fired power 
stations. In 2050, fossil fuels will generate 18% of 
the power needed, and nuclear will provide 4%. 
Nonetheless, dispatchable power will still be 

Historical data source: IEA WEB (2018), IRENA (2019)

World electricity generation by power station type
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price-setting and hence continue to play a pivotal 
role in the power system. Therefore, we are still 
likely to see considerable attention being paid to 
fossil-fuel generation, despite its declining weight 
in electricity supply.

The share of variable renewables in the electricity 
mix is sensitive to many parameters. In our model, 
there is a causal relationship from capacity 
utilization to capacity retirements. We assume  
that should capacity utilization drop by 10% of its 
expected capacity, then the lifetime would drop to 
50% of its nominal value. This is a simplified way of 
reflecting early capacity retirements of unprofita-
ble power stations in the model. Doubling this 
impact creates further retirements of conventional 
generation, thereby increasing the share of vRES 
in the electricity mix from 63% to 66%. Increasing 
the learning rate of solar and wind also affects the 
results, but only marginally. For a one third 
increase in wind-turbine learning rate, the share of 
vRES increases only from 63% to 64%. However, 
differential differences in wind and solar learning 
rates will create shifts between the two. Doubling 
the carbon price does not change the share of 
renewables in the energy mix, as they are already 
the most competitive technologies in the base 
case. However, removing the carbon price would 
reduce the share of renewables in the electricity 
mix by 10%.

MODELLING ELECTRICITY GENERATION
Unlike other energy carriers that can be cheaply 
stored for prolonged periods, the supply of, and 
demand for, electricity over the grid must always 
be balanced. Historically, variability and uncer-
tainty in the power systems were due to changing 
demand patterns and to failures. To ensure 
continued reliable delivery of energy to the 
consumers, several mechanisms have been 
implemented. These vary from spinning reserves 
to correct any frequency deviations at the second 
or millisecond level, to fast-response generators to 
meet peak demand that occurs for only a few 
hours every year, and to demand-side manage-
ment (DNV GL,2017).

The most important question around the wide 
adoption of vRES is whether the power system will 
have sufficient flexibility to meet the electricity 
demand reliably. In a future with high shares of 
solar and wind, several technologies will provide 
flexibility to the power system. On the supply side, 
oil- and gas-fired power stations with quick 
ramp-up/ramp-down rates are already used to 
match the demand on slightly longer time scales. 
With the value of flexibility increasing, many other 
conventional generation technologies are seeking 
ways to accelerate their ramp rates and decrease 
their start times. Energy storage technologies are 
also increasingly used to allow power generation 
to be separated from power demand in time. On 
the demand side, some consumers use price 
signals to shift their load from times with tight 
supply to periods with abundant and cheap 
electricity, and new technologies and market 
mechanisms will allow more consumers to provide 
flexibility in the form of demand response. 
Converting cheap electricity from vRES to other 
energy carriers, such as hydrogen, is another 
option that will help in providing flexibility. In order 
to have a better representation of the interaction 
between various sources of variability and options 
for flexibility, we increased our temporal resolution 
from years to hours for the power sector in ETO 
2019.

Our Energy Transition Outlook Model (ETOM) 
represents the power sector in 10 regions with 11 
power-station types: coal-fired, gas-fired, oil-fired, 
nuclear, geothermal, biomass-fired, hydropower, 
solar thermal, solar PV, onshore wind, and offshore 
wind; and three storage technologies: pumped 
hydro, EV storage (i.e., storage provided by EVs via 
vehicle-to-grid/grid-to-vehicle solutions), and 
battery storage (i.e., battery storage dedicated to 
providing flexibility to the grid). 

We have divided these supply options into four 
categories. The first category is non-dispatchable 
generation, which is composed of solar PV, 
onshore wind, and offshore wind. Only limited 
control is possible on how much electricity these 
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technologies provide. We have used normalized 
deterministic profiles for their generation 
patterns. The generation profiles vary over years, 
representing technological improvements and 
geographical changes.

The second category is dispatchable generation 
with no storage constraints, consisting of: coal-
fired, gas-fired, oil-fired, biomass-fired, and 
nuclear power stations. The operators of such 
plants can control how much power to generate, 
and they have no limit regarding duration (their 
fuel supply is assumed to be unlimited). Power 
stations in this category use their variable cost 
calculations to determine how much they are 
willing to generate. By doing this, we have ignored 
constraints such as start-up times, ramp up/down 
rates, or the heat demand of combined heat and 
power plants. The variable costs of power stations 
are assumed to follow a normal distribution, 
estimated from the variances in efficiencies, fuel 
prices, and the costs of operations and mainte-
nance. 

The third category is dispatchable generation with 
storage constraints, and hydropower and solar 
thermal fall into this category. The inflow to the 
storage (water reservoir or thermal storage) is 
uncontrollable and estimated from a representa-
tive year. As the total energy output is limited, 
opportunity-cost-based operation is simulated by 
making the supply quantity of these power 
stations proportional to the electricity price. The 
supply curve is calibrated over the course of 
simulation using the previous year’s price distribu-
tion, such that total generation is equal to total 
inflow. 

The last category is storage. Storage technologies 
are also constrained by their capacity, but they can 
control both inflow and outflow. Both charging 
and discharging behaviour of storage is guided by 
price. Each storage technology has a “forecast 
horizon”, varying from hours to days depending 
on its capacity. Using recent simulated history, an 
“expected price” within this horizon can be 

calculated and used to determine how much of 
their charging/discharging capacity they are 
willing to use at what price level. Expected price is 
constantly updated as the simulation proceeds.

On the demand side, we take into account 12 
categories of end-uses. Each demand segment 
has a normalized profile that represents the 
regional demand over the year. These normalized 
profiles are established on the basis of a repre-
sentative year and do not change between years. 
In addition, power-to-hydrogen conversion 
through electrolysis is modelled. We do not 
consider hydrogen-based electricity generation in 
the model, as we expect the costs associated with 
storing and using hydrogen to be prohibitive, due 
to efficiency losses in the process. Instead, we 
have assumed that all hydrogen from electrolysis 
will be used as an energy carrier in the transport, 
manufacturing, and buildings sectors. EV charg-
ing, heating, cooling, and manufacturing 
segments respond to price, with varying price 
elasticities. This “demand response” is strength-
ened over the years.

At each hour, the model finds the market equilib-
rium by adding up the potential supply and 
demand at different prices and calculating the 
price at which total supply equals total demand. If 
the reduction in price is not enough to reduce an 
oversupply case, then supply is curtailed. The 
infographic summarizes how our model’s 
power-market overleaf module operates on 
different time scales.
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Energiwende:  
Biomass plant in Germany
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The area highlighted in the box is expanded in the following figure

Europe electricity demand by sector, 
2017-2050 

Europe electricity generation by power station 
type, 2017-2050 

Units: PWh/yr Units: PWh/yr
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The area highlighted in the box is expanded in the following figure

Europe electricity demand by 
sector, 2050 

Europe electricity generation by
source, 2050 
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HOW OUR MODEL’S POWER SECTOR  
OPERATES ON DIFFERENT TIME SCALES

Here, we illustrate how our model determines the operating hours of power stations, using Europe as an 
example. Annual electricity demand by sector use comes from the corresponding parts of the model.

We expand the year 2050 over 52 weeks. All profiles are aggregated over the whole region. As seen below, increased 
solar-PV generation coincides with increased activity of storage and power-to-hydrogen, flattening the demand.  
This is due to the high variability of solar PV.

The area highlighted in the box is expanded in the following figure

Europe electricity demand by 
sector, 2050 

Europe electricity generation by
source, 2050 

Units: TWh/wk Units: TWh/wk

FIGURE 4.2.5 

0

40

20

120

60

80

100

1 14 27 40 53

Appliances & lighting Manufacturing

EV storage Battery storage Pumped hydro EV storage Battery storage Pumped hydro

Road vehicles CoolingHeating & cooking
T&D losses Other transportPower-to-H Offshore wind Onshore wind Solar PV

Solar thermal Hydropower Biomass-fired
Geothermal Nuclear Gas-fired

Energy sector own use Demand + T&D losses Oil-fired Coal-fired Demand + T&D losses

Week

0

40

20

120

60

80

100

1 14 27 40 53
Week



121

THE ENERGY TRANSITION CHAPTER 4

121

The area highlighted in the box is expanded in the following figure

Europe electricity demand by sector,
week 46, 2050 

Europe electricity generation by source, 
week 46, 2050 

Units: TWh/h Units: TWh/h

FIGURE 4.2.6
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Europe electricity demand curve,  
18 November 2050, 00:00 CET

Europe electricity supply curve, 
18 November 2050, 00:00 CET
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This next chart zooms in on week 46. How storage and power-to-hydrogen plant operators behave is based on price signals, 
as previously described. Thus, they tend to store energy when vRES output is ample and vice versa. However, as many 
operators compete, the result is not optimal with respect to reducing variability.

At each hour, the model establishes demand and supply curves, as shown below, demonstrating regional supply and demand 
at each possible price. The point at which supply and demand curves cross, indicates the realized supply, demand, and price.

Europe electricity demand curve,  
18 November 2050, 00:00 CET

Europe electricity supply curve, 
18 November 2050, 00:00 CET

Units: TWh/h Units: TWh/h
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Please note that, unlike other models, our hourly 
model does not assume a perfect market (where 
the supply curve is the ‘clean’ merit order), but 
instead considers a region-wide market that 
reflects geographical variations through normal 
distribution of power-station dispatch prices. For 
example, the first biomass unit will already start 
running before the last gas unit. This is because we 
have used a normal distribution of marginal costs 
of different power plants, simulating differences in 
efficiency, grid costs, and local circumstances, 
such as differences in national markets.

Our hourly model ignores any grid constraints, 
meaning that, within the model, any demand can 
be met by any generator in the region, regardless 
of location. This simplistic assumption favours 
geographically concentrated generation technol-
ogies and power-station types that have limited 
grid connections, particularly variable renewables 
and storage. However, neither power stations nor 
demand are spread homogenously around the 
world, and, in reality, grid constraints can pose 
problems with delivering generated electricity to 
consumers. Thus, we are aware that the assump-
tion of no grid constraints does not hold, particu-

larly in regions, such as OECD Pacific, where 
power systems are geographically diverse or even 
disconnected. Nevertheless, we have chosen to 
use this approach to simplify the model.

MODELLING INVESTMENTS
In the ETOM, there are two drivers of power-sta-
tion investments: energy requirements and firm 
capacity requirements. To make sure that energy 
requirements are met over the course of the 
simulation, the model compares annual available 
generation capacity with the peak electricity 
demand of a region (plus a safety margin). If 
available capacity falls behind demand, then this 
triggers capacity additions. 

The mix of capacity additions is determined by the 
profitability of different power-station types. In 
order to prevent a “winner takes it all” situation, 
and to represent local/national differences within 
a region, a probabilistic approach has been taken. 
The profitability of each power-station type is 
assumed to follow a normal distribution, with 
variances stemming from geographical, techno-
logical, and temporal variations. In this way, even if 
a technology is not the most profitable one, it still 

Shaded area shows 90% probability range

Profitability before subsidy by power station type in Europe     
 
Units: US¢/kWh
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retains the chance of being in the additions mix 
should the high end of its profitability distribution 
coincide with the profitability distribution of the 
leading technology (Figure 4.2.8 shows Europe as 
an example). This is also the case in the real world. 

To be certain that firm capacity requirements are 
met over the course of the simulation, additions 
happen if the existing firm capacity (or dependa-
ble capacity) of the system falls below peak load. 
In this case, low-CAPEX dispatchable generation 
capacity is added to meet this requirement.

 “ The generation capacity of coal-fired 
power stations around the world 
will stay flat until around 2030 and 
rapidly decline thereafter, dropping 
to almost half of present capacity  
by 2050

Profitability is calculated as the difference 
between the average expected received electric-
ity price at the year of decision making and the 
expected levelized cost of electricity (LCOE). 
Expected received price is calculated dynamically 
from the hourly power-market sector. Technolo-
gies that supply more electricity when the electric-
ity price is elevated receive a higher price. In 
calculating the LCOE, we have also made use of 
the hourly model to find the expected running 
hours. The levelized costs of thermal power 
stations reflect expected increases due to declin-
ing capacity factors, as well as the cost of any 
carbon price or carbon capture and storage (CCS). 
We also consider subsidies for renewables and 
learning rates in technology costs. The discount 
rate that we have used is 7% for the OECD regions, 
and 8% for all others. Note that in this definition of 
profitability, the cost of equity is a part of LCOE. 
Thus, even if profitability turns out to be negative 
(as is the case in Figure 4.2.8), the investor could 
still make a margin on the investment.

Existing plants are retired on reaching their end of 
life. We have assigned an average lifetime of 40 

years for coal-fired power plants, 30 years for oil- 
and gas-fired power plants, 75 years for nuclear 
power plants, and 200 years for hydropower 
stations. In addition, a 23-year lifetime is used for 
onshore wind-turbines, 28 years for offshore wind 
turbines, and 25 years for solar PV panels. As previ-
ously noted, the lifetime of under-utilized plants is 
reduced from these nominal values.

There is no desired level of storage in the system. 
Storage investments are based purely on profita-
bility, with no additional financial support. The 
electricity prices received and paid by different 
storage technologies over the course of the year 
have been calculated in the hourly power market 
module. Based on the paid price, efficiencies, and 
running hours, the levelized cost of storage could 
be calculated. The investment cost of battery 
storage declines with accumulated investments at 
a rate of 19% for every doubling of cumulative 
capacity additions.

Grid investments are driven by three different 
factors. The first is increased electricity demand, 
the second is requirements for new connections 
for power stations geographically distant from the 
grid, and the third is the requirement for reinforce-
ment of transmission and distribution systems due 
to expansion of variable renewable generation. 
We have distinguished between different types of 
grids, including line type (overhead, underground, 
and underwater) and five classes of voltage that is 
transmitted through them, and whether the 
associated current is AC or DC.

TRENDS TOWARDS 2050 
Although we assume a flat trajectory for coal 
prices, added cost of carbon (directly or through 
CCS), along with fierce competition from gas and 
renewables, will make coal lose its competitive-
ness in many parts of the world. As Table 4.2.1 
shows, the generation capacity of coal-fired power 
stations around the world will stay flat until around 
2030 and rapidly decline thereafter, dropping to 
almost half of present capacity by 2050. The 
decline in actual generated electricity from coal is 
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even more dramatic. From 2017 to 2050, the 
electricity output of coal-fired power stations will 
fall by 74% (Figure 4.2.3), implying that average 
utilization will be halved. 

Our sensitivity tests show that the decline of 
coal-fired generation could be delayed by around 
10 years, until the 2030s, should the carbon price 
disappear or should electrification in transport 
occur faster, with no additional incentives for 
renewables.

With relatively low carbon emissions, higher 
flexibility to complement variable renewables, and 
stable prices, gas will stay competitive in the 
power sector. Although the installed capacity of 
gas-fired power stations will decline by 22% by 
2050 as old capacity is retired, electricity output 
will increase by 25%, increasing the average 
utilization of gas-fired power stations from 31% in 
2017 to 49% in 2050. 

Gas-fired power generation is most sensitive to 
gas prices. A gradual increase in gas prices, 
reaching 50% above the base-run prices by 2050, 
would decrease gas-fired power generation by 

29% from our best estimate of 7.2 PWh/yr, reduc-
ing its share in the world electricity mix from 13% 
to 9%. A similar reduction in price would increase 
the share to 17% at the expense of renewables.

Despite the global reduction in nuclear electricity 
generation in the wake of Fukushima in 2011, 
nuclear power will show a small but steady 
increase until the early 2030s, with new capacity 
additions largely in Greater China and the Indian 
Subcontinent. However, nuclear is expensive, and, 
as older plants in Europe and North America are 
decommissioned, global electricity generation 
from nuclear power stations will be reduced to 
below current levels by 2050. In relative terms, 
nuclear reduces its share from 10% in 2017 to 3.6% 
in 2050. The future of nuclear through to 2050 is 
mostly contingent upon whether the lifetimes of 
existing power stations are extended through 
further investment. With the expectation that 
extension is relatively likely, we have assumed a 
lifetime of 75 years in our base forecast, which is 
longer than the period regarded as a technical 
lifetime. Should countries choose not to invest in 
extension, then the decline will be steeper.

TABLE 4.2.1
World installed electricity generation capacity

Installed capacity (GW)

2017 2030 2040 2050

Coal-fired 2 270 2 240 2 030 1 280

Oil-fired  540  550  450  320

Gas-fired 2 130 1 750 1 460 1 670

Nuclear  390  490  480  400

Biomass-fired  420  280  290  420

Hydropower 1 240 1 430 1 860 2 200

Solar PV  390 3 270 7 880 11 560

Onshore wind  500 1 570 2 650 3 420

Offshore wind  20  150  610 1 550

Other  20  20  20  20
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Hydropower includes dammed, run-of-the-river, 
pumped-storage, small, micro, and conduit 
hydropower stations. With the advantage of 
having no emissions and providing a reliable 
supply, we forecast that hydropower will grow by 
78% until 2050. However, growth in hydropower 
will be outpaced by the other renewables, reduc-
ing its share in the global electricity mix from 17% 
in 2017 to 14% in 2050.

In a few decades, power systems in most regions will 
be dominated by solar and wind. From 2017 to 2050, 
solar PV capacity will grow by 30-fold, whilst onshore 
and offshore wind capacity will increase six-fold and 
80-fold, respectively. With improved technologies in 
solar tracking, bifacial solar panels, larger and taller 
wind turbines, and with investments in locations with 
better insolation and wind characteristics becoming 
financially feasible, the worldwide annual electricity 
output per unit capacity (capacity factor) will rise. 
Specifically, between 2017 and 2050 solar PV will 
increase from 13% to 19%, onshore wind will increase 
from 21% to 34%, and offshore wind will increase 
from 29% to 51%. According to our best estimates, 
solar and wind will provide 49% of the world’s 
electricity in 2040 and 63% in 2050.

With this high penetration of variable renewable 
sources, the stability of the electricity system will 
be challenged. Figure 4.2.9 shows the annual 
cumulative energy deviation from the average 
load and residual load (i.e., the load that remains 
after subtracting vRES generation from demand) 
and which technologies will be used in 2050 to 
provide flexibility to counter this deviation, using 
Europe as an example. In 2050, 67% of electricity is 
expected to be provided by solar and wind. Even 
without variable renewables, the electricity load is 
far from flat. The sum of hourly deviations from the 
average demand add up to 472 TWh per year, 
after accounting for demand response. Solar PV 
creates an additional 793 TWh of variability due to 
changes in outputs between day and night, and 
throughout the year. On top of these, the addi-
tional deviation introduced by wind is small, 
bringing the cumulative deviation in residual load 
to 1,355 TWh over a year.

Battery storage, pumped hydro, and storage 
provided by EVs are able to reduce the deviation 
by 36%. A further 12% reduction comes from 
power-to-hydrogen plants. Of the remaining 700 
TWh/yr that should be handled by conventional 

Annual cumulative energy deviation from the average
and contributions to flexibility in Europe's power system, 2050  
 Units: TWh/yr

FIGURE 4.2.9 
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generation, 436 TWh/yr is provided by gas-fired 
and hydropower stations.

In a system without vRES and storage, the only 
source of deviation would be the demand, and the 
only source of flexibility would be conventional 
generators. Note that in 2050, due to high pene-
tration of solar and wind, the flexibility burden on 
conventional generators exceeds the cumulative 
deviation of demand from its average. The 
conclusion from this analysis is that conventional 
generators will have a more central role in provid-
ing flexibility in 2050.

This example illustrates the feasibility of a power 
system with such a vRES penetration from an 
hour-to-hour fluctuation perspective. However, it 
should be noted that this analysis does not take 
into account the technical and economic limita-
tions of ramp-up/ramp-down rates, and also 
ignores the grid constraints. Also, the impact of 
high vRES penetration on below-hour time scales 
is not considered. Nonetheless, dedicated 
battery and EV storage present in the system 
would provide a significant amount of ancillary 
services.

The speed of grid expansion will vary between 
regions (Figure 4.2.10). Measured in petawatt-kilo-
metres, Sub-Saharan Africa, South East Asia, and 
the Indian Subcontinent will experience the fastest 
growth in grid capacity. In 2050, 29% of world’s 
electricity grids will be in Greater China, followed 
by the Indian Subcontinent with 21%. The share of 
underground cables in world grids will continue to 
increase. As long-distance connections become 
more important, by 2050 10% of grid capacity (in 
PW-km) will be covered by ultra-high voltage 
(power lines operating above 800 kV) DC lines. 
This Outlook’s companion publication on Power 
Supply & Use (DNV GL, 2019a) provides further 
insights about power grids. 

 “Conventional generators will have 
a more central role in providing 
flexibility in 2050

Historical data source: NRGExpert (2013), Eurelectric (2017), EIA (2013), national sources

Transmission and distribution grid capacity by region         
 
Units: PW-km
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4.2.2 HYDROGEN 

Hydrogen emits only water when consumed for 
energy. Conversely, only water and energy are 
needed to produce hydrogen. This is hydrogen’s 
main strong point. Its weakness is that its transfor-
mation from electricity requires costly electrolysis 
equipment and generates substantial energy 
losses. The main alternative production method 
from gas, via steam methane reforming (SMR), is 
similarly CAPEX and OPEX intensive. Thus, for 
energy applications, we see hydrogen being 
favourably compared with electricity when its cost 
advantages associated with distribution, handling, 
and storage are higher than its cost disadvantages 
associated with its manufacture. In road transport 
especially, hydrogen can also serve as an ener-
gy-storage medium, competing with battery 
storage in zero-emissions usage.

For simplicity, we have omitted learning rates for 
hydrogen. Neither have we included explicit 
distribution costs. These two would work in 
opposite directions.  

We have included two competing zero-emission 

technologies in our assessment – SMR with CCS, 
and electrolysis. Electrolysis will be seen as one of 
many flexibility options to take advantage of low 
power prices when variable renewable (vRES) 
production is plentiful and demand is lacking. This 
will increasingly be the case – but there is a host of 
takers for such cheap electricity: demand 
response, pumped hydro, BEV storage, and 
bespoke grid batteries. So 'free electricity' will 
never appear for significant periods. In fact, it is 
beneficial for the energy transition that the power 
price remains at a reasonable level, otherwise it 
would cannibalize the profitability of vRES. 
However, after 2035, abundant vRES will result in 
increasing shares of electrolysis-based hydrogen, 
as shown in Figure 4.2.11. Electrolysis-based 
production will differ significantly by region. A 
combination of high demand, wide vRES penetra-
tion, and decarbonization policies will enable 
Europe to boast an outsized position among 
producers, as a full one third of global electrolysis 
will happen there.

When used in buildings, the main purpose of 
hydrogen will be to replace another gas – natural 
gas – as a fuel for space heating, water heating, 

World hydrogen production by source         
 
Units: EJ/yr
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World hydrogen demand by sector         
 
Units: EJ/yr

FIGURE 4.2.12 
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and cooking. At similar appliance-production 
volumes, we assume similar costs for hydrogen- 
burning appliances as for natural gas-burning 
appliances. However, in the time horizon of this 
forecast, hydrogen usage in buildings will be 
limited and so the appliance cost will be a disad-
vantage. Another disadvantage will be the 
explosiveness of hydrogen, being higher than that 
of natural gas. However, we consider this will not 
be a significant problem after the first few years of 
learning how to contain the explosion risk at a 
minimum cost. Moreover, we assume that hydro-
gen distribution can be achieved by retrofitting 
current gas grids at a minimum cost. Distribution 
can be not only by blending natural gas and hydro-
gen – with blend rates up to about 20% – and which 
can be burned as for natural gas, but also for 
piping pure hydrogen through the grid. Only the 
latter technology will require an additional total 
upgrade of appliances. 

In the three OECD regions and in China, the 
current and planned gas grids are substantial, and 
will easily accommodate hydrogen piping. In line 
with higher carbon prices, hydrogen will be used 
in the most appropriate geographies and have 

some use. Nevertheless, on a global scale, 
hydrogen for heating will represent only 1.4% of 
energy use in the buildings sector, or about half of 
coal’s fraction. Regionally, hydrogen will represent 
about 6% of energy use in the buildings sector in 
Europe, equal to about a fifth of natural gas use. In 
China, hydrogen use in buildings will be about 7% 
of that of natural gas use.

Similarly, we see hydrogen as a potential zero- 
emission energy for heat applications in manufac-
turing. To compete on costs, this would require 
carbon prices that are higher than those envisaged 
(being USD 60/tonne CO2 in 2050 in Europe and 
China). Still, a low number of installations are 
expected to emerge before 2050, and such 
installations will use 7% of global hydrogen by then.

In maritime transport, the story is different. As we 
discuss more thoroughly in our Maritime compan-
ion report (DNV GL, 2019c), there is no significant 
battery-electric option for decarbonization, as 
ammonia and hydrogen are the only zero-emis-
sion choices available. Here we see a mix of 
hydrogen and ammonia burned as a gas, and its 
use through fuel cells (FC). Also implemented in 
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hybrid configurations with diesel and gas-fuelled 
propulsion, we see these high cost fuels having 
significant uptake and providing almost 26% of 
shipping’s energy needs by 2050, most of which 
being ammonia. Note that we do not have ammo-
nia as a separate category in this Outlook, but 
instead we have classified it under hydrogen as its 
manufacture shares many similarities. Again, our 
Maritime companion report (DNV GL, 2019c) 
provides further details.

Similarly, long-haul, heavy road transport cannot 
rely on batteries as their main energy storage, and 
so must turn to FC solutions, despite these being 
only half as energy efficient, as well as being more 
complex and costly. Siphoning off from the 
buildings sector’s distribution grid, we see the 
same four regions – Greater China and the three 
OECD regions – fielding hydrogen use in transport 
also. Although this amounts to only 3% of 
road-transport energy use worldwide, in Europe 
the fraction is over 10%.

For global hydrogen demand, as depicted in 
Figure 4.2.12, by 2050, 7% is used in manufactur-
ing, 23% is used in buildings, 33% is used in ships, 
and almost 37% is used in heavy, long-range road 
transport.

We have tested the sensitivity of global hydrogen 
demand to 14 different uncertainties, ranging 
from learning rates, to EV subsidies, to carbon and 

gas prices. We have chosen to highlight insensitivi-
ties to solar PV and wind learning rates, (increase 
and decrease by a third from base) and carbon 
price (cutting to zero versus doubling from base), 
along with the effects of gas prices (increase and 
decrease by a third from base). The results are 
shown in Table 4.2.2.

Carbon price matters a lot for hydrogen uptake. 
The main effect is in the buildings and transport 
sectors, where policies are tied to carbon prices – 
and so, with higher carbon prices, the assumption 
is that there is also a stronger decarbonization 
push for hydrogen. Hydrogen use will triple in 
those two sectors. Interestingly, lower natural gas 
prices will cause hydrogen uptake to quintuple in 
manufacturing, but from a very low, to a still 
modest, level. In this sector, hydrogen and natural 
gas are main competitors. In contrast, our analysis 
indicates that hydrogen uptake is insensitive to 
solar PV and to wind cost-learning rates – at least 
within the boundaries that we have tested. The 
explanation for this is that in the main hydro-
gen-uptake sectors, which are buildings and 
transport, hydrogen uptake is policy driven. 
Although higher vRES penetration will increase 
the share of electrolysis, it will not change the 
uptake in sectors other than manufacturing. 
However, here the hydrogen price remains too 
high for it to be any more than marginally used in 
most applications.

TABLE 4.2.2
Hydrogen demand sensitivities

Parameter uncertainly tested

2050 level 
values

Carbon price  
100% change

Gas price  
50% change

PV learning  rate 
1/3 change

Wind learning  rate 
1/3 change

Base Low Hi Low Hi Low Hi Low Hi

Hydrogen 
demand PJ/yr 7 500 4 800 10 200 7 300 8 000 7 500 7 500 7 400 7 600

w
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Historical data source: IEA WEB (2018)

World direct heat demand by sector         
 
Units: EJ/yr

FIGURE 4.2.13 
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4.2.3 DIRECT HEAT

We define direct heat as the thermal energy 
produced by power stations for selling to a third 
party, as in the case of district heating, or by 
industries for their own requirements for support-
ing their industrial activities. In practice, such heat 
is always delivered as hot water or steam. As the 
use of direct heat in manufacturing declines, so 
will the direct heat demand, falling from 12 EJ/yr in 
2017 to 8 EJ/yr in 2050 (Figure 4.2.13). The histori-
cal anomalies seen in this figure are due to 
switches between fuels and sectors reported in 
the energy accounts, especially at around the time 
of the disintegration of the Soviet Union.

 “ By 2030, coal will be replaced by 
biomass-fired technologies that 
mostly use municipal and industrial 
waste as fuel, bringing the share of 
coal down to 29%

Accounting for losses in distribution, global 
direct-heat generation will correspondingly move 
from 14 EJ/yr to 8.9 EJ/yr over the same period. In 
2017, coal and gas provided 43% and 44%, 
respectively, of global direct heat supply. By 2030, 
coal will be replaced by biomass-fired technolo-
gies that mostly use municipal and industrial waste 
as fuel, bringing the share of coal down to 29%. In 
2050, biomass will provide 29% of direct heat, 
while coal’s share will reduce to below 4%. Simul-
taneously, the share of gas will increase to 67%.
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Smokestacks from  
peat-fired power station, 

Oulu, Finland
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Primary energy supply is the total amount of 
energy that the world needs in order to satisfy its 
energy demand. There are several ways in which 
to measure this energy, and in the factbox “Energy 
counting”, we explain some of the various meth-
ods, including the Physical Energy Content 
Method that we use in this Outlook.

In the energy system, considerable losses occur. 
These mainly happen when one energy form is 
converted to another – such as heat losses in a 
power plant converting coal to electricity – but 
they also occur during transport of energy, such as 
losses in electrical power lost as friction in the 
grids. World primary-energy consumption is 
therefore considerably higher than final-energy 
consumption, with conversion losses alone 
exceeding 100 EJ. Primary energy also includes 
the energy sector’s own use of energy, which is 
considerable, being typically around 7% of the 
primary energy.

The historical and forecast world energy supplies 
derived from various primary energy sources are 
shown in Figure 4.3.1 and Table 4.3.1. A key result 
from our analysis, as shown in Figure 4.3.1, is that 
the global primary energy supply will peak within 
the forecast period. This will occur despite the fact 
that the global population and economy will still 
be expanding by mid-century, albeit that both will 

be happening at slower rates than now. Although 
the world will be engaging in more energy-con-
suming activities, such as heating, lighting, and 
transport, and will also be producing more goods, 
it will do so with less energy. Owing to the steady 
electrification of the world’s energy system and to 
cumulative advances in energy efficiency, we will 
need less energy within a few decades.

Our forecast shows that the world’s annual primary 
energy supply, currently 586 EJ, will grow by 9% 
and will reach a peak of 638 EJ in 2030. Thereafter, 
it will decline gradually, reaching some 577 EJ in 
2050, approximately the same level as it is today 
(2017).

The energy mix will change significantly over this 
period. In recent decades, the fossil-fuel share has 
stayed steady, at just above 80%. Decarbonization 
of the energy mix will continue throughout the 
forecast period, with 56% fossil fuels, 4% nuclear, 
and 40% renewable energy by mid-century. 
Already in 2026, gas will overtake oil as the largest 
energy source, and hold a 29% share of the world 
energy mix in 2050. Wind and solar will both show 
impressive growth in relative  terms from 2017  
to 2050, with 16-fold and 45-fold increases, 
respectively. Starting from a low base, however, 
their combined share will still be less than a 
quarter of the world’s primary energy by 2050.

4.3 PRIMARY SOURCES OF ENERGY 

We are approaching a future in which the world will need less 
energy, even as the global population increases and the economy 
continues to grow. Large energy-efficiency improvements in all 
sectors and accelerated electrification will see primary energy 
supply peaking at 638 EJ in 2030. The fossil-fuel share of the energy 
mix will decline slowly, falling from 81% today to 56% by 2050.
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Historical data source: IEA WEB (2018)

World primary energy supply by source        
 
Units: EJ/yr

FIGURE 4.3.1 
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TABLE 4.3.1

World primary energy supply by source (units: EJ/yr)

2017 2020 2030 2040 2050
Share in 

2050

Wind 4 5 17 37 61 11%

Solar PV 2 3 19 47 70  12%

Solar thermal 2 2 3 4 4  1%

Hydropower 16 16 18 24 29  5%

Biomass 55 57 58 62 65  11%

Geothermal 3 3 4 4 4  1%

Nuclear fuels 29 31 33 28 22  4%

Natural gas 146 157 177 178 169  29%

Oil 172 175 162 128 96  17%

Coal 158 154 147 100 56  10%

Total 586 603 638 611 577 100%
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There are several ways of calculating primary 
energy, each producing a different energy mix as 
each method assigns a different efficiency value 
to each energy source. The differences are most 
pronounced when measuring primary energy 
from non-combustibles, such as renewables.

The primary energy of combustible sources, such 
as fossil fuels and biomass, is commonly defined 
as the heating value of combustion (or enthalpy). 
For primary energy of non-combustible sources, 
such as nuclear or renewables, debate over 
calculating the primary energy is often polarized. 
One view is that renewables are 100% efficient 
because the input energy – solar, for example – is 
neither captured nor extracted as such, and is 
therefore assumed to be outside the boundary of 
the energy system. Other analysts, however, 
assign a low conversion efficiency because, for 
example, solar panels convert only a small 
percentage of the solar energy that reaches them.

These differences are apparent in the three key 
primary energy-counting methods. (There is also 
a fourth method, called “Resource Content 
Method, assigning efficiency factors for solar and 
wind, but this method is not used by any of the 
larger forecasters.)

THE THREE KEY METHODS: 

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

 − The Physical Energy Content Method distin-
guishes between thermal and non-thermal 

sources of electricity. It assumes that the 
thermal energy generated from nuclear fuels, 
geothermal sources, solar heat, and fossil fuels 
is primary energy, while the electricity from 
non-thermal sources – such as wind, solar PV, 
and hydropower – 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 combus-
tion power station for the efficiency of non-com-
bustible sources. 

In our Outlook, we use the Physical Energy 
Content Method. This approach is in line with 
organizations such as Eurostat, IEA, and OECD, 
and allows for easy comparison with most other 
reference forecasts. Furthermore, the conversion 
of individual categories (gas, oil, solar PV, wind 
etc.) is directly comparable with the ‘tradeable 
energy’ metric familiar to energy producers. Put 
simply, whereas a tonne of crude oil is tradeable 
and a day’s electricity generation from a solar-PV 
panel is also tradeable, a day of sunshine is not. 
The tradeable-energy metric is both measurable 
and has a clear economic value as the energy that 
is produced is also sold.

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

ENERGY COUNTING: IS PEAK ENERGY COMING SOON?  
YES, BUT IT DEPENDS ON HOW YOU COUNT ENERGY
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HOW WOULD OUR FORECAST DIFFER IF WE 
USED AN ALTERNATIVE METHOD?
Using one primary energy-counting method over 
another significantly affects energy forecasts. 
When the renewables share of the energy mix was 
low, this hardly mattered. However, as the share of 
renewables is now growing rapidly, and will 
continue to do so, the different energy-counting 

methods produce different results, and it 
becomes important to understand the variations. 
Figure 4.3.2 illustrates how the main Outlook 
results for primary-energy demand will change if 
we use another counting method. If the Substitu-
tion Method is used, then peak energy supply 
would not be reached during the DNV GL forecast 
period.

Final energy demand 

Primary energy supply using three methods of primary energy accounting 
 
Units: EJ/yr

FIGURE 4.3.2 
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4.3.1 COAL

The world’s coal demand showed a rapid growth 
from below 5 Gt/yr in 2000 to a peak of 7.9 Gt/yr in 
2014 (Figure 4.3.3). Since then, total demand for 
coal has been on a bumpy ride. There has been a 
strong reduction in coal use in North America and 
Europe, driven by low gas prices and the expan-
sion of renewables; a flattening in coal use in 
China, due to implementation of policies aiming to 
curb air pollution in manufacturing and power 
supply; and an increase in coal use in the Indian 
Subcontinent and South East Asia. Summarizing 
these opposing trends, we do not expect coal 
demand to exceed its peak demand in the coming 
years, but to remain relatively flat until 2030, and 
thereafter to decrease fast, reaching 38% of the 
current level in 2050. 

Our sensitivity tests showed that coal demand may 
exceed its previous peak should climate action be 
significantly blocked (reflected in our model in the 
form of zero carbon price) and/or very rapid 
electrification of the road-transport sector occurs 
without an equally speedy decarbonization of the 
electricity mix.

In the long term, all regions except Sub-Saharan 
Africa will show a reduction in coal demand 
compared with 2017 levels. However, in the period 
until 2030 especially, coal demand in Greater China 
and the Indian Subcontinent will remain strong. 
Recent and near-future build-up of coal-fired power 
stations and coal-burning equipment in manufac-
turing will create an inertia, and this will result in 
these two regions continuing to consume 70-80% 
of the world’s coal production until 2050. 

In 2017, 63% of the world’s coal consumption was 
used for power generation (Figure 4.3.4); as a 
cheap and reliable source of power, coal has been 
the preferred technology for electricity generation 
in many countries around the world. As Figure 
4.3.5 shows, between 2000 and 2017, 1.2 TW of 
coal-fired power-station capacity was installed 
worldwide, almost all of it in Asia. 

However, since 2010, there have been signs of a 
downturn for coal-fired power worldwide. Despite 
a 30-50% decline in coal prices from its peak in 
2008, the global average utilization of coal-fired 
power capacity started to drop from its peak at 
60% (5,200 hours a year) to 50% (4,400 hours). This 

Historical data source: IEA WEB (2018), US DOE (2010), Heat Roadmap Europe (2015)

Coal demand by region         
 
Units: Gt/yr
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Historical data source: IEA WEB (2018), US DOE (2010), Heat Roadmap Europe (2015)

World coal demand by sector         
 
Units: Gt/yr

FIGURE 4.3.4 

1980 1990 2000 2010 2020 2030 2040 2050
0

1

3

2

8

7

6

5

4

Buildings

Heat for 
manufactured goods

Heat for 
base materials

Iron ore reduction

Non-energy

Energy sector 
own use

Power station fuel

Other

reduction may not appear significant, but it signals 
a decrease in the competitiveness of coal relative 
to alternative sources of power. This reduction in 
competitiveness resulted in the closure of old 
power stations, particularly in Europe and North 
America, and the cancellation of several projects 
in their pre-construction phase, especially in 
China. 

We forecast that coal-fired power station capacity 
additions will remain roughly equal to retirements 
up until 2030, with the utilization of installed 
capacity staying at around 50%. After 2030, 
however, stricter climate policies, increased 
competition from renewables, and ramping-up of 
various storage technologies will reduce the value 
of coal-fired power plants in terms of providing 
both energy and flexibility. Consequently, capac-
ity utilization will decrease further, and capacity 
additions will gradually fade away, while retire-
ments increase.

Coal is also used as a heat source in the manufac-
turing sector, and for iron-ore reduction in steel 
manufacturing. For low-heat processes used for 
sectors that we classify under manufactured 

goods, we foresee a diminishing role for coal. 
China’s policies to switch from coal to gas for 
industrial processes in order to curb local pollu-
tion will continue, and, in other regions, gas boilers 
and electricity will gradually contribute to the 
phasing out of coal. 

Requirements for higher temperature in the base 
materials sectors (such as iron, steel, aluminium, 
non-metallic minerals) will make the switch from 
coal more difficult. The cost advantage of coal in 
these instances will enable coal to retain its 
importance throughout the forecast period. Coal 
demand for high-heat processes will first increase 
and then fall, starting from 1.4 Gt/yr in 2017, 
peaking at 1.6 Gt/yr in 2030, and then more than 
halve to 2050. We do not forecast a significant 
decrease in coal use for iron-ore reduction, as 
steel production will expand most in those regions 
where coal will remain competitive. 

The regional breakdown of the world’s coal 
production (Figure 4.3.6) resembles that of coal 
demand (Figure 4.3.3), as almost all brown coal 
and a significant share of hard coal is consumed 
within the region of production. Of the 7.6 Gt of 
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coal produced in 2017, 1.2 Gt was transported by 
sea, with four of the 10 regions being net import-
ers of coal, namely: Europe, Middle East and North 
Africa, Greater China, and the Indian Subconti-
nent. As the largest producer and consumer of 
coal, China is also the largest importer of coal. 
Driven by quality concerns, we expect China to 

continue to import 70-90% of its coal demand. In 
contrast, driven by India’s efforts to increase 
self-sufficiency, countries in the Indian Subconti-
nent will reduce their share of imported coal. 
Indonesia, Russia, and (albeit with diminishing 
shares) Australia, and South Africa will continue to 
be major exporters.

Historical data source: IEA WEB (2018)

Coal production by region         
 
Units: Gt/yr
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Historical data source: Platts WEPP (2018), Global Coal Plant Tracker (2019)

Coal-fired power station capacity additions and retirements by region 

Units: GW/yr

FIGURE 4.3.5 
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4.3.2 OIL

For the last 30 years, the world’s oil demand has 
been increasing at an average rate of 1.4%/yr, with 
Greater China, the Indian Subcontinent, and South 
East Asia experiencing growth rates exceeding 
4%/yr. As Figure 4.3.7 shows, oil demand in 
developed economies has been steady, showing 
either a modest growth (North America and 
OECD Pacific) or even a slight decline (Europe). 
North America is still the largest consumer of oil, 
but will be overtaken by Greater China after 2025. 
Global oil demand will remain relatively flat for the 
next decade and start to decline thereafter. By 
2050, oil demand will be reduced by more than 
40% from the current consumption level.

Two-thirds of the oil demand is from the transport 
sector, and the rest is divided between non-energy 
use, particularly as petrochemical feedstock, and 
other energy uses (Figure 4.3.8). Most of the 
transport sector’s 54 Mb/d oil demand in 2017 was 
from road vehicles. Passenger vehicles and two 
and three-wheelers will experience the most 
dramatic conversion to electricity and, by 2050, 

will reduce their oil consumption recorded in 2017 
by 65%. The decline in oil demand from commer-
cial road vehicles will be slower. Aviation and 
shipping will be dependent on oil for longer. In 
these segments, it will be biofuels, rather than 
electrification, that will drive decarbonization.

Our forecast for oil demand is that it will be 
relatively flat, but highest in 2022, however, this 
prediction is sensitive to many parameters and 
assumptions, particularly those related to uptake 
of EVs. Figure 4.3.9 shows how our oil-demand 
estimate alters in response to changes in Li-ion 
battery learning rate and EV subsidies. Should the 
learning rate of Li-ion batteries be one-third 
higher than our estimate of 19%, then a more rapid 
decline in EV costs would move peak oil demand 
to 2021, and by 2050 oil demand would decline by 
13%. Should there be an equivalent one-third 
change, but in the opposite direction, then peak 
oil demand would be delayed by two years. A 
similar two-year delay would occur should EV 
subsidies follow a path corresponding to a 90% 
reduction of our expectations presented in 
Section 4.1.1. 

Does not include natural gas liquids and bioliquids. Historical data source: IEA WEB (2018)

Oil demand by region         
 
Units: Mb/d
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As the EV subsidies are expected to be phased 
out, even in the base case, the impact of a subsidy 
reduction would be mostly temporary, and the 
long-term oil demand would follow a path very 
similar to the base case. This would be a result of a 
slower, but continued, decline in battery costs and 
increased utility of EVs. Doubling the level of 
subsidies with respect to our base case would 
bring peak oil demand forward to 2020, but, 
again, the impact would mostly be short term. 

Our sensitivity tests are conducted on an individ-
ual basis, but there could, obviously, be a combi-
nation of factors that would lead to continued 
oil-demand growth for longer, such as a high 
vehicle demand in combination with large oil 
subsidies and minimal support for EVs, the latter 
driven by a lack of political will for decarbonization. 

Stranded assets are those that, due to economics, 
innovation, or regulation, lose value or become 
liabilities before the expected end of their design 
or economic lives. Carbon risks and concerns 
about stranded assets appears to be increasingly 
gaining the attention of policy makers. Should this 

be the case, oil production will find it increasingly 
difficult to attract preferential policy treatment. 
Employment fears will extend the continuation of 
pro-extraction policies, but these concerns will 
probably reduce over time as economies trans-
form, with skill sets and expertise transferred to 
other industry areas. We have assumed that 
capital costs for fossil-fuel extraction will slowly 
increase.

The Middle East and North Africa region will 
continue to dominate the oil-supply picture 
(Figure 4.3.10), as the cheapest oil resources with 
the easiest access are located there (Figure 4.3.11). 
North America will maintain its production levels, 
despite a reduction in its own regional demand, 
with shale oil taking a larger share in total produc-
tion. By mid-century, the Middle East and North 
Africa, North America, and North East Eurasia will 
continue to be the largest oil suppliers of the 
world.

Our companion publication for the Oil and Gas 
industry (DNV GL, 2019b) details our projections 
for oil production in terms of onshore conven-

Does not include natural gas liquids and bioliquids. Historical data source: IEA WEB (2018)

World oil demand by sector         
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Crude oil production only. Does not include natural gas liquids. Historical data source: IEA WEB (2018)

Crude oil production by region        
 
Units: Mb/d
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Does not include natural gas liquids and bioliquids. Historical data source: IEA WEB (2018)

Sensitivity of world oil demand to changes in input parameters 
 
Units: Mb/d 

FIGURE 4.3.9 
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tional, unconventional, and offshore fields. 
Although conventional oil production will decline 
by, on average, 1.9%/yr until 2050, it will continue 
to play a critical role in production. We expect 
offshore oil production to lose share as producers 
increase their focus on easier-to-access oil 
resources. 

As oil fields are depleted faster than the demand 
for oil declines, continued investment in new fields 

will be needed. As Figure 4.3.12 shows, invest-
ments in the Americas with high unconventional 
share will prevail until 2050, as depletion rates in 
unconventional fields are higher. The reduction in 
oil demand will make it less attractive for the 
industry to expand production to challenging 
environments, such as deep water and/or Arctic 
locations. Regions that are dominated by conven-
tional fields will require very little capacity addi-
tions after 2040.

Data year: 2018. Does not include NGLs, bioliquids and refinery gains. Historical data source: Rystad (2019) 
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Does not include natural gas liquids and bioliquids

Crude oil production capacity additions by region         
 
Units: Mb/d/yr
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As there are many variations of hydrocarbons, 
based on differences in chemistries and various 
properties, we have used the umbrella terms of 
“oil” and “natural gas” to describe a collection of 
fuels.

Oil (petroleum) is in liquid form at room tempera-
ture, whereas natural gas is mainly methane gas. 
In addition to methane, raw natural gas also 
contains fuels like natural gas liquids (NGLs). 
These include: ethane, propane, butane (mixes of 
propane and butane are also known as LPG), 
pentane, etc. These other fuels are separated 
from methane during the processing of raw 
natural gas. In this Outlook, we categorize all 
these side products under the energy carrier 
“natural gas”, but elsewhere others have some-
times categorized them as “oil”.

As extracted in its natural form, crude oil is also 
made up various hydrocarbons, and must also be 
processed in refineries for conversion into usable 
“oil products”, such as gasoline, diesel, fuel oil, 
lubricants, or asphalt. About 6% of refinery 
outputs are fuels that fall under our “natural gas” 
category, such as LPG.

OIL OR NATURAL GAS?
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Includes natural gas liquids. Historical data source: IEA WEB (2018)

Natural gas demand by region         
 
Units: Gm³/yr
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4.3.3 NATURAL GAS

Natural gas demand will grow for another decade, 
plateau in the following decade, and thereafter 
decline towards 2050, as illustrated in Figure 4.3.13. 
In 2026, natural gas will pass oil to become the 
largest primary energy source, a position that it 
will retain throughout the forecast period. In 
OECD countries, gas consumption will decline. In 
emerging economies, especially India, gas use will 
spread, notably in the power and the buildings sectors.

As seen in our sectoral outlook in Sections 4.1 and 
4.2, gas use will remain substantial. In Figure 
4.3.14, we show that while almost one third of all 
gas use in 2050 will be for power, the manufactur-
ing and buildings sectors will each be responsible 
for about 22% of use. Some 7% will be used as 
feedstock and a full 12% will be for the energy 
sector’s own use. Some of this use in the energy 
sector will be for liquefaction of gas to be used in 
the LNG system (see below for the separate LNG 
forecast).

The direct use of gas in the buildings sector (for 
heating) will mimic the global pattern of plateau 

and later decline and at the same speed. Gas 
demand in the manufacturing sector will peak in 
the early 2040s, while the third major gas user – the 
power sector – will see natural-gas generation 
peak within a decade, but power sector use 
remains quite flat towards 2050.

Gas production will have to keep up with the 
increasing – and later plateauing – demand, as 
shown in Figure 4.3.15. In summary, gas produc-
tion will increase and move to new locations 
around the world. Although already small in 
relative terms, Europe is the region that will 
experience the most dramatic reduction, with 
production halved between 2017 and 2050, as 
shown in Figure 4.3.15. In terms of absolute 
output, the three dominant players at present, 
North East Eurasia, North America, and the Middle 
East and North Africa, will maintain their current 
levels of production throughout the forecast 
period. 

In the natural-gas growth period of a decade and a 
half, offshore gas will be the main beneficiary, 
while conventional and shale gas will see more 
stable production volumes. 
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Includes natural gas liquids and refinery outputs. Historical data source: IEA WEB (2018)

Natural gas supply by region         
 
Units: Gm³/yr
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Includes natural gas liquids. Historical data source: IEA WEB (2018)

World natural gas demand by sector         
 
Units: Gm³/yr
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Natual gas net imports by region 
 

World LNG trade capacity 
 

Units: Mt/yr Units: Mt/yr 
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As there will be larger regional shifts in demand, 
LNG and pipeline transport will experience 
greater increases than occurs in production. Gas 
transport is expensive and accounts for a signifi-
cant fraction of the cost of delivered energy. 
Although piping is less expensive than shipping 
for transport over shorter distances and will grow, 
as production sites and consumption sites move 
steadily further apart, shipping will increase its 
share of between-region gas transport. Transport 
costs will also continue to rise as both transforma-
tion of gas-to-liquid forms – liquefaction – and 
on-keel transport, in the forms of LNG and LPG, 
will increase, as shown in Figure 4.3.16.

Importing regions will import more natural gas, 
and consequently exporting regions will export 
more, resulting in the global capacity for liquefac-
tion more than tripling by 2050. As regional LNG 
capacity utilization will not alter considerably over 
the forecast period, staying between 70 and 90% 
for liquefaction, and between 30 and 60% for 
regasification, the dynamics of actual volumes 
shipped will mimic those of capacity dynamics. 
Fleet dynamics are similar, with the present (2019) 
fleet size of 69 Mdwt LNG and LPG tonnage 

increasing to 280 Mdwt by 2050. The slightly 
stronger fleet growth than would be expected 
from liquefaction and export data reflects the 
longer trade distances and a slower average 
speed of vessels – to ensure a lower fuel demand 
and the corresponding reduction in emissions. 

As gas fields are depleted – especially the uncon-
ventional ones – the world will need to add 
production capacity. Figure 4.3.17 shows that 
capacity additions from the recent past will not be 
reached again, although the addition levels in 
towards 2050 will be relatively flat.

North America’s high share of global gross 
capacity additions is partly explained by its 
production being mainly shale, i.e., unconven-
tional. Unconventional fields tend to have dispro-
portionally higher gross capacity additions 
because they usually have a significantly shorter 
lifetime than the other extraction technologies. 
Drilling costs per m³ is, however, also cheaper, so 
drilling expenditure data cannot be derived 
directly from the graph.

Gas is frequently considered as a bridge to a 
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Includes natural gas liquids from wells, but not refinery outputs.

Natural gas production capacity additions by region         
 
Units: Gm³/yr²
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decarbonized future, as, per energy output, its 
unit CO2 emissions are typically half those of coal, 
as explained in Section 7.1. However, gas use can 
also be perceived not as a bridge, but as the 
decarbonizing energy future. In this case, the gas 
then needs to be carbon-free, which can be 
achieved by converting CH4(natural gas – meth-
ane) to hydrogen or to other carbon-free gases, or 
by converting electricity to hydrogen by electroly-
sis or similar technologies. 

Although purported to be a low-cost solution for 
decarbonizing heat in buildings, and also in 
manufacturing, as it enables (re-)use of existing 
infrastructure, we currently do not foresee this 
avenue as being generally viable. The main reason 
is that lower costs for gas infrastructure will be 
offset by the higher costs for energy production 
than those for carbon-free electricity. Additionally, 
much of the gas infrastructure will have to be 
replaced before 2050, and the cost advantage of 
gas-grid replacement compared with that of 
power-grid newbuilds is assumed to be relatively 
minor. Nevertheless, as alternative decarboniza-
tion options may be subject to an electrification 
bias, due to the dramatic cost declines of variable 

renewable costs, we are investigating these 
gas-cost assumptions in further detail, and plan to 
report on them in our ETO in 2020.

The road to greener shipping will see significant 
uptake of gas-driven propulsion. Most of the fuel 
will be LNG and LPG, but some will be LBG (liquid 
biogas), which is included in our biomass cate-
gory. Biomethane is currently in vogue as a 
carbon-neutral fuel, and many cities require that a 
significant share of their buses run on such fuels, 
which is mainly derived from organic waste. 
Production costs are, however, many times greater 
than those of natural gas, and we envisage only 
modest uptake. For the road and aviation sectors, 
biofuel-blend mandates will gain momentum, but 
as liquid – not gaseous - fuels, due to less-costly 
combustion, storage advantages, and the higher 
energy density by volume. For green shipping, 
however, the big increase in propulsion gases will 
be in ammonia, as we describe extensively in our 
companion report for Maritime (DNV GL, 2019c). 

In our analysis, the use of natural gas is based on 
competing costs in three sectors: hydrogen 
production, manufacturing, and the power sector. 
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We have investigated the sensitivity of natural-gas 
uptake to both gas and coal price assumptions, as 
well as to solar-PV and wind learning rates. The 
latter two only compete in the power sector, while 
coal also competes in manufacturing. 

As noted earlier, coal is the main competitor to 
gas, and, allowing for the coal price in 2050 being 
33% lower than base case, gas production would 
fall globally by 38%; however, the equivalent 
relative increase in gas price would result in only a 
12% drop in gas production. However, should 
carbon prices disappear, then gas production 
would not be much affected, with only an increase 
of 7%. Again, we know that gas is in between more 
carbon-intensive coal and zero carbon nuclear 
and renewables. Hence, changes in carbon price 
will favour and disfavour gas, depending on the 
competition. Similarly, wind and solar power 
cost-learning rates will have a very limited effect 
on reducing the demand for gas-fired power 
stations through such offsetting dynamics. 

It should be added that building sector dynamics 
are not included in the above uncertainty discus-
sions, as these have been modelled differently in 
our forecast. Hence, total sensitivity might be 
somewhat higher than indicated in Table 4.3.2.

4.3.4 NUCLEAR

The fate of nuclear energy will be determined by 
its cost and by its environmental impact. On the 
one hand, there is the fact that nuclear energy can 
provide reliable, carbon-free electricity via large, 
centralized power stations. In the 1970s and 1980s, 
when energy security was the top priority for many 
countries, investment in nuclear had strong 
appeal. In more recent decades, when controlling 
carbon emissions moved up the list of priorities, 
advocates of nuclear energy believed that another 
golden age for nuclear was on the horizon. 
However, the inability of governments to agree 
upon a long-term, viable solution to the waste 
problem, along with rising costs and construction 
times due to increased safety concerns, resulted in 
changes in the perception of nuclear energy by 
governments, the public, and investors. 

Several factors have been shown to be detrimental 
for nuclear. These include: actual investment costs 
for nuclear projects consistently exceeding their 
planned budgets; uncertainties about decommis-
sioning costs; and, increasing competition from 
renewable energy technologies, as a faster-to- 
market option for meeting the growing energy 
demand in developing countries. Adding these 

TABLE 4.3.2
Gas sensitivity  analysis

Parameter uncertainly tested

2050 level 
values

Coal price  
50% change

Gas price  
50% change

Carbon  price  
100% change

PV learning  rate 
1/3 change

Wind learning  rate 
1/3 change

Base Low Hi Low Hi Low Hi Low Hi Low Hi

Natural gas 
primary supply 
EJ/yr

169 105 173 192 149 179 172 170 167 175 163

w
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disadvantages to the environmental risk will 
reduce the willingness of markets to treat relatively 
expensive nuclear power preferentially, as has 
often been the case until now.

Nuclear power output globally has grown almost 
fourfold since 1980, and 2,670 TWh of electricity 
was produced in 2017, with 387 GW of installed 
capacity. Figure 4.3.18 shows that we forecast that 
nuclear power will peak around 2030, thereafter to 
fall to 2.0 PWh/year by mid-century, more than 
20% below current production. North America, 
Europe, and North East Eurasia are currently the 
three most nuclear-dominant regions, and they 
will be joined by Greater China as a major nuclear 
power within a decade. Although several nations, 
such as UAE, Bangladesh, Belarus, and Turkey, are 
just entering the nuclear scene, the future of 
nuclear will be determined by retirements. These 
will mainly occur in North America and Europe, 
and, to a lesser extent, in OECD Pacific and North 
East Eurasia. 

Half of the world’s installed nuclear capacity is over 
33 years old, and many reactors are approaching 

the end of their technical lifetimes. However, the 
high cost of decommissioning and the difficulty in 
replacing sudden capacity retirements with low- 
carbon alternatives has led some governments to 
consider extending the lifetimes of some old 
nuclear capacity. While some countries, like 
France, are revising their nuclear shutdown plans, 
Japan is working towards bringing its reactors 
back online after the Fukushima disaster led to 
suspension of operations.

In our best estimate, we use 75 years as the 
average lifetime of nuclear power stations. With 
our sensitivity tests, we show that a reduction to an 
average 50-years lifetime results in a faster decline 
in nuclear capacity, with the installed capacity 
already halved by 2037, and the capacity in 2050 
reduced to 150 GW instead of 400 GW. A reduc-
tion in lifetime would decrease the share of nuclear 
energy from 3.6% in the world’s 2050 electricity 
mix to 1.4%.

Historical data source: IEA WEB (2018)

Nuclear electricity generation by region         
 
Units: PWh/yr

FIGURE 4.3.18 

1980 1990 2000 2010 2020 2030 2040 2050
0

1.5

1.0

0.5

2.5

2.0

3.0 NAM

LAM

EUR

SSA

MEA

NEE

CHN

IND

SEA

OPA



DNV GL ENERGY TRANSITION OUTLOOK 2019

150

Historical data source: IEA WEB (2018)

Hydropower generation by region         
 
Units: PWh/yr

FIGURE 4.3.19 
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4.3.5 HYDROPOWER

Hydropower is at a policy crossroads, as planning 
permission for large dams must be balanced with 
protection of biodiversity and the livelihoods of 
residential communities. Although we expect 
broader environmental concerns to gain primacy 
in the hydropower debate, we believe that many 
countries will still want to exploit this formidable 
source of reliable, renewable power. 

In many parts of the world, variable renewables 
will be a strong competitor against hydropower, 
causing average electricity prices to decline, and 
creating harsh conditions regionally for new 
hydropower projects. Overall, however, we 
predict policy continuity for hydropower projects, 
and, in the first decade, that large hydropower 
developments will still be supported in develop-
ing economies due to the robust new demand for 
electricity.

Hydropower will also be increasingly valuable for 
balancing load and generation, both for short-
term, daily variations, and for medium-term, 
seasonal variations. Pumped hydro, which 

increases water volumes by harnessing surplus 
solar and wind energy to pump water back up to 
the reservoir, will become increasingly important. 
However, this is not suitable for all hydropower 
production; pumped hydro requires new invest-
ments and involves energy losses, so many areas 
will continue with traditional hydropower, includ-
ing reservoirs without pumping facilities and 
run-of-the-river hydro. Compared with wind and 
solar power, hydropower benefits from being 
dispatchable and therefore production can be 
withheld on sunny and windy days. This enables 
hydropower to receive much higher average 
prices and ensure profits, despite hydropower 
being unable to compete with wind and solar on 
the basis of LCOE. 

World hydropower production has doubled over 
the last 30 years, and Figure 4.3.19 illustrates our 
prediction that it will continue to grow throughout 
the Outlook period. Towards 2050, most of the 
suitable resources in prime locations will be 
developed, and production will start to level off, 
providing 7.9 PWh/year, or 14% of the world’s 
electricity, at the end of the forecast period. 
Greater China, Latin America, and North America 
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are the regions producing most hydropower 
today. Production in Greater China will continue to 
grow steeply, and production in Latin America will 
also increase while growth in Sub-Saharan Africa 
will occur later in the forecast period. 

How will hydropower fare in light of significant 
power-sector uncertainties? Table 4.3.3. shows the 
result of our sensitivity investigations.

The table indicates that higher fuel prices, either 
directly for coal and gas, or indirectly through 

carbon taxes, will benefit hydropower. In contrast, 
significant changes in the learning-rate assump-
tions for variable renewables will have only a 
marginal impact.

4.3.6 BIOMASS

Biomass is currently the largest source of renewa-
ble energy. However, as described in the factbox, 
its carbon neutrality is debated, and there are also 
other environmental concerns like biodiversity 
loss. Consequently, policies tend to focus on 

TABLE 4.3.3
Hydropower sensitivities

Parameter uncertainly tested

2050 level
Coal price  

50% change
Gas price  

50% change
Carbon  price  
100% change

PV learning   rate 
1/3 change

Wind learning rate 
1/3 change

Base Low Hi Low Hi Low Hi Low Hi Low Hi

Hydropower 
primary energy 
supply EJ/yr

28 22 29 26 30 21 30 28 28 30 27

w

Combustion of biomass, including biofuels, is 
considered carbon neutral, and thus no carbon 
emissions are counted. This is in line with the IPCC 
assumptions that carbon contained in biomass is 
eventually absorbed from the atmosphere by 
photosynthesis, assuming that the burned plants 
are replaced with new plants.

Biomass used in the future will differ from that of 
today, and third and fourth generations of 
biofuels are likely to be subject to close scrutiny 
before they are approved for use and labelled as 
sustainable and carbon neutral. Between now 
and 2030, while the next generation of biofuels is 
being developed, it is likely that biofuels 

produced from unsustainable sources will be an 
important part of the biomass mix. 

The time perspective of biomass emissions is 
important and is a concern. In our forecast, 
potential additional emissions due to e.g. 
deforestation to make room for crops producing 
biofuel are accounted for under agriculture, 
forestry, and other land-use (AFOLU) emissions. 
Emissions during transport of biomass are 
accounted for under transport. We still adhere to 
the overall view that biomass, including biofuel, is 
carbon neutral over time. However, we will follow 
this subject closely and update our calculations 
should research conclude otherwise.

CARBON-NEUTRAL BIOMASS?
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Historical data source: IEA WEB (2018)

World biomass demand by sector         
 
Units: EJ/yr

FIGURE 4.3.20 
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better use of biomass residues and waste, hitherto 
left to rot and produce methane, a significant 
GHG. Support for such efforts will increase in 
many regions. 

Biomass can take several different forms. These 
include, for example, wood or charcoal used for 
heating and cooking, gas produced from waste, 
and liquid fuel produced from crops, algae, or 
genetically-modified organisms. We have not 
differentiated quantitatively between the various 
biomass forms, but have used the gross energy 
output from its combustion as a metric. We have 
not modelled the biamass sector’s capacity, other 
than in power generation, where we explicitly 
follow the building of biomass power capacity. 

The world’s use of biomass has grown by 53% over 
the last 30 years. Figure 4.3.20 shows that growth 
will level off before receiving another boost in the 
latter half of the forecast period, with the transport 
and power sectors being the main contributors to 
growth. Although biomass has seen its share in the 
energy supply declining until now, a gradual 
increase in its consumption suggests that its 
current 10% share will remain in 2050. Global 

biomass composition will change considerably, 
from the previous poor efficiency associated with 
traditional biomass use (for example, in cooking) 
to greater shares being derived from waste (used 
for power generation) and modern crop-based 
biofuel (being used, e.g., in aviation). In some 
regions, traditional biomass is currently the 
dominant energy source in residential buildings. 
This will change, but direct use of biomass will 
remain a considerable energy source in some 
regions.

Biomass contributes 6% of the energy mix in the 
manufacturing sector, and this will decline to 2% in 
2050, with large regional variations. In electricity 
production, biomass usage will double. However, 
the share is still small and will remain stable at 
around 2% until 2050, but, again, with large 
regional variations. 

As seen in Figure 4.3.20, the use of biomass in the 
transport sector, in the form of liquid biofuels, will 
experience the highest growth. With a predicted 
increase of 230%, biomass will grow to become 
one of the major energy sources used for trans-
port, especially aviation, where it will account for 
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Historical data source: IEA WEB (2018)

Greater China biomass demand by sector 
 
Units: EJ/yr

FIGURE 4.3.22 
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Biomass demand by region         
 
Units: EJ/yr

FIGURE 4.3.21
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over 40% of energy use. The major driver for this 
growth will be decarbonization policies, imple-
mented as regulations and CO2 pricing. 

As seen in Figure 4.3.21, the composition of 
regional demand will not change dramatically over 
the forecast period, with the exception of China, 
where biomass demand will triple. Biomass use for 
heating buildings will almost disappear, but power 
stations will increasingly use biomass (a category 
that includes all form of waste) and Greater China's 
consumption will increase eightfold by 2050, as 
shown in Figure 4.3.22.

 “Our analysis indicates that carbon 
prices will benefit biomass 
production, with anabsence of any 
carbon price resulting in a 26% 
reduction in biomass use in 2050

 

The sensitivities of our biomass results are shown 
in Table 4.3.4. Our analysis indicates that carbon 
prices will benefit biomass production, with an 
absence of any carbon price resulting in a 26% 
reduction in biomass use in 2050. Doubling the 
carbon price, however, will only increase biomass 
use by 6%. Similar effects will result from higher 
and lower prices of the main competitors to 
biomass, namely, coal and gas. In contrast, 
biomass use will be only slightly affected by prices 
on variable renewables (vRES). It should be noted 
that the reason why high vRES learning rates have 
only a negligible effect on biomass uptake is partly 
because lower vRES prices also promote higher 
electrification rates.

TABLE 4.3.4
Biomass sensitivities

Parameter uncertainly tested

2050 level
Coal price  

50% change
Gas price  

50% change
Carbon  price  
100% change

PV learning rate  
1/3 change

Wind learning rate  
1/3 change

Base Low Hi Low Hi Low Hi Low Hi Low Hi

Biomass 
primary energy 
supply EJ/yr

65 47 69 62 69 51 69 69 65 67 64

w
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4.3.7 SOLAR PV

Solar PV may be scaled from the smallest rooftop 
installations to big, utility-scale farms that tend to 
be located on remote, unproductive land. Cost-
wise, smaller installations cannot compete with 
utility-scale facilities (DNV GL, 2019e), but their 
advantages of flexibility and security of supply will 
enable roof-top and micro-grid-sized installations 
to grow significantly in absolute terms, although 
their market share will dwindle.

The main driver for growth is our assumed unit 
investment cost-learning rate of 18% (per capacity 
doubling). However, the OPEX-learning rate of 9% 
is also substantial and is expected to remain 
unchanged until mid-century. 

There are, and will continue to be, a host of 
flexibility options being developed. These include, 
but are not limited to: financial forward-purchase 
flexibility arrangements; hydrogen production 
through electrolysis; shifting of demand to 
periods with lower costs (using, e.g., home boilers 
as an energy storage option); various forms of 
storage, like pumped and other hydropower, EVs 

and bespoke power batteries, and exporting 
power through a reinforced power grid.

However, despite its cost advantages and flexibil-
ity solutions, there is widening recognition (e.g., 
IEA, 2018a) that proponents of PV overstate their 
case when using LCOE as an indicator of PV’s 
competitive position in the power-investor 
community. We allow for various generation 
technologies to receive different power prices. In 
the case of solar PV, even after the use of these 
flexibility options, it remains the technology that, 
due to its variability, receives the lowest power 
prices. These lower received prices will vary 
between regions, influenced both by the regional 
solar-PV share, the competing power mix, and the 
affordability of flexibility options, as shown in 
Figure 4.3.23. All the same, the lower received 
prices, will not be a show-stopper for PV genera-
tion in any region. 

Solar PV generation will grow strongly. From being 
just 10% of hydropower generation in 2017, it will 
supply one third of global electricity, or 18.7 PWh, 
in 2050. At that time, solar PV will contribute 
almost three times the generation of hydropower, 

World average received electricity price for solar PV and gas-fired power stations 
 
Units: US¢/kWh

FIGURE 4.3.23
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or more than both onshore and offshore wind 
power combined. 

PV capacity factors cannot possibly exceed 50%, 
due to the lack of sun after sunset. Growing 
through technology improvements, PV capacity 
factors will improve by half from today, reaching 
20 to 25% in most regions by 2050, still, however, 
the lowest of all power-station types. We see a 
mixture of approaches, notably lower-cost devices 
that angle the solar panels perfectly towards the 
sun, and thereby increase capacity factors. We 
also foresee bifacial solutions. Capacity additions 
will – in nominal terms - be about equal to all other 
power-station types combined in the 2040s. This 
implies that capacity additions will grow six-fold 
from 2017 to 2050, reaching about 600 GW/yr, as 
shown in Figure 4.3.24.

Figure 4.3.25 show installed capacity for all power 
stations. Compared with its 2017 capacity, solar PV 
will grow 30-fold from its 2017 level to reach 11.6 TW.

Regional capacity already is and will be dominated 
by China, as seen in Figure 4.3.26, with its share of 

global installations peaking in a decade at a level 
of almost 48%, and then declining to below 40% 
by mid-century. By then, the Indian Subcontinent 
will be home on 17% of global installations, which 
will be twice the share of the next regions.

Note that while solar PV has been given significant 
preferential treatment in many regions thus far, 
with support for PV manufacturers and consumers 
tempted by ‘feed-in-tariffs’, such mechanisms will 
become of decreasing importance, and market 
mechanisms will increasingly take over. However, 
the declining, but still significant, PV receiving 
prices shown previously, are predicted on the 
basis of market designs that do not put PV genera-
tion at a disadvantage.

We contend that the stability disadvantages of PV 
to power systems are overstated by some utilities, 
and we foresee the continued role of conventional 
generation, storage and digitalization helping out, 
supporting, for example, frequency stabilization 
once PV penetration increases to potentially 
challenging levels.

Solar PV in world power station gross capacity additions         
 
Units: GW/yr

FIGURE 4.3.24
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Historical data source: IRENA (2019)

Installed solar PV capacity by region         
 
Units: TW

FIGURE 4.3.26 
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Solar PV in world installed power station capacity
 
Units: TW
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As capacity factors will grow at similar rates in all 
regions, generation dynamics will mimic that of 
capacity. As an example, Greater China’s genera-
tion will account for 37% of global generation by 
2050. Our Power Supply and Use report (DNV GL, 
2019a) contains further details on solar PV, and 
there our charts also include a category called 
‘off-grid solar PV’, which is only applied to Sub-Sa-
haran Africa and the Indian Subcontinent. 
Although by 2050 the energy contribution of 
off-grid solar PV to solar will be small, for the next 
two decades, the inexpensive equipment – solar 
panels supported by limited battery storage - will 
provide hundreds of millions of Africans with 
access to energy. Such equipment will be critical 
to the electrification of the road sector in both 
Sub-Saharan Africa and the Indian Subcontinent, 
as it allows inexpensive, distributed, off-grid EV 
charging.

From the sensitivity testing in Table 4.3.5, we can 
see that the uptake of solar PV is not significantly 
affected by coal, gas, or carbon prices. As 
described in sections on the use of natural gas, 
hydropower, and biomass, combustion fuels 
compete with each other – and with hydropower. 
In our estimate, solar PV competes mainly with 
wind power, and is therefore most sensitive to the 
assumptions on wind and PV cost-learning rates. 
One of the reasons improvements in PV learning 
rates itself would not contribute more, is that PV 
already is the lowest cost option in most regions.

 “Off-grid solar PV will provide 
hundreds of millions of Africans with 
access to energy

TABLE 4.3.5
Solar PV sensitivities

Parameter uncertainly tested

2050 level
Coal price  

50% change
Gas price  

50% change
Carbon  price  
100% change

PV learning rate  
1/3 change

Wind learning rate 
1/3 change

Base Low Hi Low Hi Low Hi Low Hi Low Hi

Solar  primary 
energy supply  
EJ/yr

69 70 68 67 69 66 68 64 74 75 63

w
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4.3.8 WIND

In 2017, wind power provided 4.1% of the world’s 
electricity output. In some regions, like Europe 
and North America, its share reached levels as 
high as 9.5% and 5.6%, respectively. This uptake 
has been driven by financially supportive policies 
and a growing awareness of the impact of conven-
tional energy sources on the environment and 
climate. With respect to the future, we foresee 
onshore wind being more cautiously supported in 
some developed countries, where the industry has 
reached a high maturity level, and where conflicts 
on wind turbine location are looming. For offshore 
wind, we expect strengthened support in coun-
tries with limited land areas, bypassing community 
opposition. 

As wind power expands, costs will continue to 
decline. Consequently, public subsidies will be 
reduced, disappearing in many regions. Neverthe-
less, low costs will enable continued growth in 
wind power.

As shown in Figure 4.3.27, we foresee electricity 
generation from wind increasing from 1.1 PWh/yr 

in 2017 to 17 PWh in 2050, with Greater China, 
North America, Europe, and the Indian Subconti-
nent providing largest output. After 2030, regions 
like OECD Pacific, and the Middle East and North 
Africa will also see significant growth. The share of 
offshore wind in the total wind electricity genera-
tion will increase steadily, rising globally from 4.5% 
in 2017 to 40% in 2050. Further details on onshore 
wind and offshore wind, and their individual 
shares, are given in our Power Supply and Use 
report (DNV GL, 2019a)

Global wind capacity has been growing steadily 
since the early installations in the 1980s. Installed 
capacity reached 515 GW in 2017, and, in our 
forecast, will reach 1 TW in 2024, 2 TW in 2032, 3 
TW in 2039, and 4 TW in 2050, of which 1.5 TW will 
be offshore (Table 4.3.6). We don’t separate in our 
forecast between fixed and floating offshore wind.

However, as the industry has grown, year-over-
year rates of capacity growth have been steadily 
decreasing, falling from 30% in 2000s to just below 
10% in 2017. We forecast that capacity growth 
rates will drop further, sliding to 8.5%/yr in 2030, 
and down to 4.0%/yr in 2050.

Historical data source: IRENA (2019)

Wind electricity generation by region         
 
Units: PWh/yr

FIGURE 4.3.27 
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TABLE 4.3.6

Installed onshore and offshore wind capacity by region

Units: GW 2017 2030 2050

Onshore Offshore Onshore Offshore Onshore Offshore

NAM North America  100  0  318  69  476  355

LAM Latin America  22  0  66  1  169  100

EUR Europe  155  16  287  56  330  168

SSA Sub-Saharan Africa  3  0  8  1  100  27

MEA Middle East and North Africa  9  0  39  1  207  94

NEE North East Eurasia  1  0  9  0  75  0

CHN Greater China  162  3  641  8 1 543  175

IND Indian Subcontinent  34  0  34  4  122  360

SEA South East Asia  1  0  8  7  104  159

OPA OECD Pacific  10  0  162  2  296  116

World  496  19 1 571  148 3 421 1 554

Historical data source: IRENA (2019)

Wind power station capacity additions and retirements by region 

Units: GW/yr

FIGURE 4.3.28 
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As Figure 4.3.28 shows, global capacity additions 
will increase from 60 GW per year in 2017 towards 
340 GW/yr in 2050. Starting from the mid-2020s, 
some of these additions will be due to the replace-
ment of early capacity installations that have 
completed their lifetimes. In our model, we use 23 
and 28 years for the lifetime of onshore and 
offshore wind turbines, respectively. As wind 
technology is still in its early stages, it is not clear 
when existing capacity will complete its technical 
life, nor what will happen afterwards. However, it is 
likely that wind farms that complete their lifetimes 
will be repowered with new wind turbines that 
reflect the state-of-the-art technology. This is 
already happening, with some existing wind farms 
being repowered, even before the end of their 
technical lifetimes in order to take advantage of 
favourable financial conditions.

In 2017, a 1 MW onshore wind turbine generated, 
on average, 1.8 GWh of electricity per year. In 
other words, the average utilization, or capacity 
factor, of all onshore wind turbines in the world 
was 21%. With continued increases in turbine, 
blade, and tower size, we foresee this increasing to 
34% by 2050. For offshore wind turbines, the 
average capacity factor is already at 29%, owing to 
the more favourable wind conditions offshore. 
Due to the factors listed above, along with floating 
offshore projects starting to become financially 
feasible, we expect this to rise to 51% by 2050.

From Table 4.3.7, we see that the global primary 
energy supply from wind is sensitive to many 
parameters. Although a gradual decline in coal 
price, from a constant level to 50% in 2050, results 
in a 50% decline in wind output, a symmetrical 
gradual increase in coal price does not help 
further replacements of coal with wind, as coal is 
already being phased out in our most likely future. 
A similar change in gas prices impact wind output 
to a lesser extent. Removing the carbon price 
completely creates a 16% decline in wind output in 
2050, whereas doubling the carbon price 
increases wind output by 6%.

The learning rate applied to the decline in wind 
costs also alters the results. Based on historical 
trajectories, our best estimate for the learning rate 
for onshore and offshore wind turbines is 16% for 
every doubling of cumulative additions. We 
foresee a parallel 8% learning rate for operations 
and maintenance costs, and 1% for other fixed 
costs. A one-third increase in learning rates raises 
wind output by 18%, and a one-third change in the 
opposite direction creates an equivalent impact. 
Similar changes in solar PV-learning rates work 
against wind, indicating that there is significant 
competition between solar and wind.

TABLE 4.3.7
Wind sensitivities

Parameter uncertainly tested

2050 level
Coal price  

50% change
Gas price  

50% change
Carbon  price  
100% change

PV learning rate   
1/3 change

Wind learning rate 
1/3 change

Base Low Hi Low Hi Low Hi Low Hi Low Hi

Wind  primary 
energy supply 
EJ/yr

60 30 60 56 64 50 64 63 57 48 71

w
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4.3.9 OTHER

Other energy sources, such as solar thermal and 
geothermal, will remain marginal towards 2050, 
both providing less than 1% of world primary 
energy in 2050.

In this Outlook, we use the term “solar thermal” to 
refer to both solar water heaters and concentrated 
solar power stations (CSP). Globally, primary 
energy supply from solar thermal energy will grow 
from 1.5 EJ/yr in 2017 to 3.9 EJ in 2050, most of 
which will be in the buildings sector. As discussed 
in Section 4.1.2, we foresee expansion in solar 
water heaters and other uses of solar thermal 
energy, but, with preference towards solar PV, CSP 

costs will remain high and only limited uptake will 
occur. Although CSP plants have the advantage of 
including energy storage, the combination of solar 
PV with other storage technologies will be more 
cost effective.

Geothermal energy, from hot springs or from low 
temperature sources, has many potential applica-
tions, ranging from power generation to heat 
pumps. As of 2017, geothermal energy provided 
3.4 EJ or 0.6% of the world’s primary energy 
supply. Although geothermal energy has the 
technological potential to increase in some 
applications, economic factors will limit its expan-
sion, keeping its share at 0.7% in 2050.

Tidal current provides green 
electricity from the sea using 
turbines.
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As discussed in Chapter 1, we base our forecast 
on continued development of proven technolo-
gies, including advances in these technologies. 
Such improvements, like technological develop-
ments in solar PV and wind, are already included 
in their respective chapters. Our companion 
reports also go into greater detail on improve-
ments in mainstream technologies that are 
expected to impact on the energy transition.

Emerging technologies that are not, as yet, 
proven, along with marginal technologies that are 
not expected to scale, are not included in our 
forecast.

Ocean energy is one such example. Several 
technologies for capturing energy from oceans 
are currently being pursued (OES, 2018), includ-
ing: wave energy (shore line and open-sea 
devices), tidal energy (stream and range devices), 
ocean currents, ocean thermal energy, and 
reverse osmosis. 

For these technologies, proof of concept has 
been demonstrated, but none has progressed 
sufficiently to push the technology cost/learning 
curve down to a level at which ocean-energy 
technology can achieve significant deployment. 
During the period covered by this Outlook, one or 
more of these technologies may achieve a break- 
through, such that they become cost competitive. 
However, to have any material impact on our 
predictions for our forecast period, they would 
need to grow at faster rates than those of other 
renewables, which is unlikely. The technologies 
are often confined to sites where the conditions 
are particularly favourable to the technology’s 
operation, making the solution cost effective, but 
not enough to scale. Thus, we estimate that the 
global contribution from emerging ocean-energy 
technologies will be very small.

Nuclear fusion is another example. For several 
decades, nuclear-fusion technologies have been 
discussed as a potential breakthrough, carbon-
free source of nuclear energy. Several promising 
research projects focusing on smaller fusion 
systems are currently being piloted. However, 
none has progressed very far, and no plant has yet 
produced more energy than that required to 
initiate and sustain a fusion reaction.

The potential lies in high power-generation 
density and uninterrupted power delivery with a 
small carbon footprint. The availability of fuel – 
primarily deuterium – is almost limitless. It is 
believed that at least 10 years are needed before 
a breakthrough may be achieved, and hence 
there is a minimum of 20 years before such 
solutions could scale. Our nuclear forecast is 
therefore confined to traditional fission technolo-
gies.

Over the course of the next 30 years, we are likely 
to see breakthroughs in new technologies. Such 
advances could occur in the above-mentioned 
areas, or in others, but we don’t know which. As 
this Outlook represents our best estimate of the 
energy future, it is too speculative to quantify 
them and include them in our forecast. 

 “During the period covered by 
this Outlook, one or more of 
these technologies may achieve 
a breakthrough, such that they 
become cost competitive

ALTERNATIVE TECHNOLOGIES
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The broad effects of digitalization are starting to 
gather pace in power systems, industrial produc-
tion, transport, buildings, and in oil and gas, and 
these effects are captured in our forecast. 

CROSS-CONNECTIVITY OF THE  
ENERGY SYSTEM
Smart technologies are changing how power is 
transmitted, distributed, and managed. The 
complete automation of energy billing and 
accounting processes is already well advanced in 
certain regions, but, by 2030, will be standard 
practice across most parts of the world. IT plat-
forms will open the door to new distributed 
providers of energy and flexibility, helping to 
balance grids connected to ever-more sources of 
power. These sources will include individual 
households, communities, or investor groups 
selling electricity from wind, rooftop solar, and EVs 
back to the grid.

Connectivity is an important enabler of variable 
renewables, which, even at utility scale, typically 
have a smaller generation capacity than traditional 
power plants. For solar PV, assuming, on a global 
basis, that the average size of a utility-scale power 
plant is 200 MW, then 40,000 solar-PV power 
plants will need to be connected to achieve our 
total installed utility-scale capacity of 8 TW by 

2050. Smaller PV installations, i.e., hundreds of 
millions of rooftop installations, will increase 
demand for connectivity. Applying the same 
principles for wind, and using a 300 MW average 
power plant size, then 12,000 onshore, and 5,000 
offshore, wind farms will be connected to the 
nearby grid. 

Variable renewables require storage, and much of 
this will be provided by the EV fleet, comprising 
almost 3 billion vehicles in 2050. Achieving this will 
require smart connections to the grid. It will also 
need business models that incentivize vehicle 
owners to make their batteries available as 
temporary components for balancing the grid.

With ever-greater and ever-more distributed 
electrification, the electricity grid will triple in size 
from today to 2050. Not only will this future grid be 
vastly bigger, but it will also be more efficient – 
controlled by AI, using data platforms – and will 
effectively become the hub of an ‘Internet of 
Energy’. 

In all sectors, digitalization will increase asset 
utilization, optimization, and integration. For 
example, digital information and communication 
technologies will allow tighter integration of gas 
use in power plants and electricity networks. 

4.4 DIGITAL TRANSFORMATION  
  OF THE ENERGY SYSTEM 

More and better data, advanced data analytics, greater  
connectivity, and automation are already making energy  
systems cheaper, and more efficient. Although those aspects  
of digitalization will deepen, it is artificial intelligence (AI) and 
machine learning that will open up new business and value- 
creation models for a greater number of players, including  
aggregators and prosumers.
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Impact of digitalization on world 
passenger vehicle fleet 
 
Units: Billion vehicles 

Impact of digitalization on world passenger 
vehicles energy demand 
 
Units: EJ/yr 

FIGURE 4.4.1 
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Consumers who use both gas and electricity for 
heat, depending on the local energy mix, will be 
contingent on automated, digital control systems 
in order to manage this complexity in real time and 
for utilities to deliver the best price for the consum-
ers’ needs. Supporting digital platforms will also 
provide regulators and other stakeholders with 
greater insights into markets. This will lead to more 
competition and lower prices, including across 
national boundaries.

AUTOMATION ENABLED BY DIGITALIZATION
Turning to key demand sectors for energy, digitali-
zation will enable further automation of industrial 
and manufacturing production. Energy demand in 
the manufacturing sector is mainly for heat. The 
sectors with the greatest heat demand, such as 
steel or cement, have already achieved optimized 
systems regarding energy use in their operations. 
However, growth in connectivity will spur on 
further improvements in efficiency, such as 
electrification of low heat demand, and greater 
automation of manufacturing through, for exam-
ple, advances in additive manufacturing.

Digitalization will enable increased car-fleet 
automation and ridesharing. The effects of 

automation and ridesharing on fleet size and 
energy use are included in our forecast (Figure 
4.4.1). Research using early data from the ride-hail-
ing firm Uber, and from electric scooters, indicates 
that while higher utilization will result in more 
operating hours, and so will increase energy use, 
this will be offset by less use of energy in the 
manufacture of vehicles. In our forecast, we have 
included only the impact of faster fleet rejuvena-
tion, thus implying that the other energy effects 
cancel each other out.

Digitalization is also becoming one of the most 
transformative forces in a maritime sector that is 
seeking to meet the IMO’s ambitions for reducing 
greenhouse gas (GHG) emissions from interna-
tional shipping. Several emerging and predicted 
energy-saving and emissions-reducing trends in 
maritime operations rely on quicker, more reliable, 
and, ultimately, more automated communications 
between ports, ships, shipowners, cargo owners, 
weather forecasters, and suppliers of fuel and 
power onshore.

Better logistics will enable greater deployment of 
‘slow steaming’. The DNV GL GHG Pathway Model, 
described in our companion report for the 
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Maritime sector (DNV GL, 2019c), indicates that up 
to 30%–35% less fuel could be used by the world 
fleet by reducing its speed by 20%, and 60%–67% 
less fuel when the speed reduction is 50%. 
Potential savings of this magnitude, combined 
with other technological advances, along with use 
of alternative fuels, explain why we expect the 
IMO’s targets to be met. 

An increasing share of operational-technology 
(OT) systems will be connected to the internet for 
updating and optimizing over time. For example, 
the latest EVs can add new functionality through 
wireless updating of onboard software, without 
switching hardware. Not only can this enable 
automation or remotely-controlled operation, but 
it can also improve operating/energy efficiency, 
reduce downtime for maintenance, and allow 
machine learning for further optimization of 
performance.

 “We expect vessel utilization towards 
2050 to increase by about 25% for 
deep-sea trades except bulk, by 
approximately 5% for deep-sea 
bulk, and by some 20% for short-sea 
trades

Digital transformation of the buildings sector 
includes a vast and growing array of control 
technologies, as well as connectivity effects. For 
example, the uptake of smart thermostats is 
growing and could receive a boost from the 
spread of smart speakers, bringing with them the 
increasing convenience of using voice commands. 
We expect technological progress in sensors, 
communication, and data processing to continue 
to drive the adoption of more-advanced building 
controls and thus contribute to the projected 
improvement in energy efficiency in buildings. 
Growing connectivity will allow the owners/
managers of buildings to collaborate with energy 
suppliers to use electricity when it is needed, most 
abundant, and/or cheapest. Buildings will also 
increasingly generate and/or store energy, with 

connectivity enabling ‘prosumption’; i.e., supply-
ing energy back to grids. 

HIGHER UTILIZATION
Digitalization and connectivity will enable increas-
ing asset utilization across all demand sectors, 
reducing energy use per unit of service delivered. 
As the assets themselves become more efficient 
(e.g., EVs), this will have profound implications for 
the global energy system.   

Similar effects in the maritime sector explain, in 
part, why we expect vessel utilization towards 
2050 to increase by about 25% for deep-sea trades 
except bulk, by approximately 5% for deep-sea 
bulk, and by some 20% for short-sea trades.

In addition, energy asset data, when combined 
with external weather and market data, provide 
opportunities for further improving forecasting 
and utilization across the energy value chain. 
Organizations that are able to utilize all connected 
information will be able to drive the digital trans-
formation, creating new business models that 
would further reduce costs for the consumer, and, 
at the same time, allow the companies to increase 
their profitability.  Examples are where asset-heavy 
industries use digital transformation to re-emerge 
as organizations that provide services to their 
customers – the so-called servitization of an 
industry. This leads to increased efficiency, 
including maximizing asset use - but decreasing 
energy use - per unit of service delivered, and thus 
providing the opportunity for more players to 
become producers, as well as consumers, of 
energy services.

ENERGY CONSUMPTION AND SECURITY
In order to operate efficiently and reliably, the 
digitally-connected and increasingly distributed 
energy system that we have described will require 
reliable, high-capacity, rapid-access, integrated 
cloud services. These, in turn, require greater data 
storage for all devices that propagate data at a 
higher time resolution, as well as additional 
computational power to generate insights through 
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machine learning. According to our model, 
operating data-centre infrastructure currently 
accounts for about 0.7 EJ (0.2%) of the global 
energy demand. This energy demand for cloud 
computing and storage has grown by 70% since 
2000. Our Outlook forecasts continued growth of 
125%, reaching 1.6 EJ in 2050, which will then 
represent 0.4% of the global energy demand. This 
is less than might be expected, and is due to 
continuous increases in the energy efficiency of 
data-centre operation. However, some regions 
that currently have limited data-centre capacity 
will see significantly larger growth rates in related 
energy demand. The Indian Subcontinent and 
Sub-Saharan Africa, for example, will experience 
400% growth in energy demand from data centres 
by 2050.

Automation and increased connectivity between 
IT and OT offer great advances, but also bring 
additional risk. Digitization of all data and many 
processes increases the complexity and exposure 
of the energy system, making it more vulnerable to 
cyber attacks. IT product manufacturers and 
device manufacturers will need to assure and 
validate that their products and processes are 
cyber secure, and governments will need to 
ensure that regulations are in place to be certain 
that operations and infrastructure can be trusted 
as being safe and secure.

In the new distributed, democratized energy future, 
trust is the key to establishing and operating 
networks that connect a wider range of energy 
suppliers and customers. The potential for 
blockchain – and distributed ledger technology,  
in general - to scale up as a coordinating tool, will, 
if successful, be a game-changer for how the 
power sector evolves. It will enable a more 
intelligent energy system for decentralized energy 
transactions, and for metering and billing for 
power from certified, renewable sources. It will 
allow local energy suppliers and consumers to 
cooperate over significantly larger areas, without 
the intervention of third parties. Cooperatives will 
collectively operate grids, or parts of grids, using 

blockchain technology to store all transactions in a 
distributed ledger. This will solve the problem of 
agreeing on who should own the information on 
the energy web. Furthermore, this will enable low 
overhead costs for operations and open the door 
for small players to join through micropayments 
connected to the supply and demand of energy.

 “ In the new distributed, 
democratized energy future, trust 
is the key to establishing and 
operating networks that connect a 
wider range of energy suppliers and 
customers 

We forecast a substantial increase in the use of 
electric power in three key energy-demand 
sectors: transport, buildings, and manufacturing. 
This comes with a significant decarbonization 
effect, because renewables will grow rapidly and 
will eventually dominate power generation. 
Digitalization is at the heart of distributed genera-
tion and sector coupling, and as such can be 
viewed as a key enabler of decarbonization.



DNV GL ENERGY TRANSITION OUTLOOK 2019

168

ENERGY INTENSITY
Global energy intensity is measured as primary 
energy consumption per unit of GDP. This has 
been reducing by, on average, 1.6% per year for 
the last two decades. This decline has not been 
smooth, with spikes along the way, notably over 
the past few years. The large reduction in energy 
intensity in recent years has mainly been driven by 
developments in China, where the economy 
expanded while growth in energy use per unit 
output slowed down considerably.

Over our forecast period, for which we foresee a 
130% increase in global GDP and a 2% reduction in 
overall primary energy consumption, energy 
intensity will more than halve, falling from  
4.6 MJ/USD in 2017 to 1.9 MJ/USD in 2050. Thus,  
we forecast a shift from a historical annual improve-
ment rate in energy intensity of 1.6% per year, to  
an average of 2.5% per year world-wide over the 
forecast period. Figure 4.5.1 shows how the 
historical and forecast annual improvement rates, 
while fairly stable for the next three decades, will be 
strongest in the 2030s.

4.5 ENERGY EFFICIENCY

World energy intensity 
 
Units: MJ/USD

FIGURE 4.5.1 
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One of the key features of the energy transition is the increased 
efficiency of the energy system. Efficiency can be measured in a 
several ways, as referred to by, for example, Lovins (2018). In this 
section, we concentrate on the energy intensity of the economy 
and the sectoral energy efficiency of the various demand sectors.
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Primary energy supply growth as a function of population, GDP/capita and energy intensity growth 

Units: Percentages 

FIGURE 4.5.2  
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The main reasons for accelerated energy intensity 
improvements are faster electrification of the 
energy system and the increased share of renewa-
bles in the power mix. In a steadily electrifying 
energy system, efficiency is greater and with 
smaller losses, and thus less energy is needed to 
produce the same services. As the renewables 
share of electricity accelerates, energy intensity 
benefits from smaller heat losses during power 
generation. 

Based on our results, the third measure of UN 
Sustainable Development Goal (SDG) #7 – to 
double the rate of improvement in energy effi-
ciency – will not be met, although we are 
approaching those levels. More specifically, our 
estimates do not foresee the world more than 
doubling its energy efficiency by 2030. Our 
forecast of an improvement of 2.4% per year in 
2015–2030 is significantly higher than, but not 
double, the historical 1.5% per year in 2000–2015. 

The importance of energy intensity for the world’s 
energy use is shown in Figure 4.5.2, where world 
growth in population, GDP/person, and energy 
intensity are plotted in the same figure. After 2030, 

the reduction in energy intensity is stronger than 
the combined growth of population and GDP/
person, and hence, growth in the global primary 
energy supply is negative, as primary energy 
supply peaks. 

Although regional changes in energy intensity can 
be measured, the results are often flawed, as they 
do not consider trade. Hence, regional decoupling 
fails to account for manufacturing being largely 
outsourced from Europe and North America to 
China over the last few decades. In our Outlook, 
the world follows the same overall trend, although 
some of the less affluent regions will still be 
growing their energy use at the end of the forecast 
period, although not on a per capita basis.

SECTORAL ENERGY EFFICIENCY
Table 4.5.1. shows our forecast for energy-effi-
ciency trends by sector, broken down into subsec-
tors. Sectoral efficiencies are highest in the 
transport sector, where road transport has the 
largest improvement, due to the dual effect of 
steadily improving efficiency for ICEVs and the 
introduction of highly efficient EVs. The average 
energy use per kilometre driven reduces by, on 
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average, 2.5%/year over the forecast period, 
giving a total reduction in energy use per km over 
the period of 56%. In aviation and maritime, there 
are also considerable efficiency gains of 2.0%/year 
per passenger trip and 1.7%/year per tonne-mile, 
respectively.

Energy use in the buildings sector will increase by 
21% between 2017 and 2050, while end-use 
services will grow by 98%, so that energy effi-
ciency will rise by 1.5% per year, as the average in 
the buildings subsectors.. The biggest subsector 
efficiency improvement in the buildings sector is 
in cooking, with an average improvement rate of 
2.5% per year. This is mostly thanks to the transi-
tion from traditional cooking by burning biomass 
into the use of gas and electricity. Water heating, 
space heating, and space cooling all experience 
energy improvements, with rates ranging 
between 1.3% to 1.6%/year. These improvements 
are due to electrification, fuel switching, and 
technological advances. Finally, the overall 
efficiency improvement of appliances and lighting 
is expected to be 0.6%/year, although the rate for 
lighting alone is much higher. These figures reflect 
many factors, including the fact that some of the 
economic growth will be used for improving 
comfort, for example, through air conditioning 
and new appliances. Nevertheless, the main driver 
for energy-efficiency improvements is the use of 
more-efficient energy sources, such as replace-
ment of the inefficient use of biomass for cooking 
and heating. 

Energy use for production of base materials 
decreases by 17% over our forecast period, while 
output increases by 44%, representing an annual 
energy-efficiency gain of 1.7%. The efficiency 
improvement for production of manufactured 
goods will be lower, at 0.9%/year, but this includes 
a change in the composition of these goods. This 
will be influenced by increased wealth and new 
technologies, steering purchases towards more 
production-intensive electronics and other 
appliances that require more energy for produc-
tion than, say, textiles, furniture, or general 
machinery.

In order to demonstrate the importance of energy 
efficiency, Figure 4.5.3 illustrates how the global 
energy demand would appear without any 
improvements in energy efficiency. The gains are 
largest in the transport sector, at 130 EJ, but the 
buildings and manufacturing sectors also show 
huge gains of between 70 and 80 EJ for both. 

Without any efficiency improvements in transport, 
buildings, and manufacturing sectors, final energy 
demand in 2050 would have been 730 EJ, which is 
more than 63% higher than the demand predicted 
in our forecast, and growth in final energy demand 
growth would have been 77% instead of 8% in the 
forecast period, with enormous implications for 
resources and climate.
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TABLE 4.5.1

Energy efficiency improvement by sector

Sector Sub-sector Sectoral output Energy used
Improvement 
per year 
(2017-2050) 
CAGR

2017 2050 2017 2050

Transport Road 28T km 60T km 90 EJ 84 EJ 2.5%

Aviation 4G pass-trips 11G pass-trips 13 EJ 18 EJ 2.0%

Maritime 57T tonne-miles 81T tonne-miles 11 EJ 9 EJ 1.7%

Buildings Space heating 2.0 EJ 2.7 EJ 50 EJ 43 EJ 1.3%

Space cooling 0.5 EJ 2.3 EJ 6 EJ 16 EJ 1.6%

Water heating 1.0 EJ 2.1 EJ 19 EJ 26 EJ 1.4%

Cooking 1.5 EJ 2.3 EJ 22 EJ 15 EJ 2.5%

Appliances & lighting 1.2 EJ 2.8 EJ 24 EJ 44 EJ 0.6%

Manufacturing Base materials 32G tonnes 46G tonnes 74 EJ 62 EJ 1.7%

Manufactured goods 14G tonnes 27G tonnes 52 EJ 74 EJ 0.9%

Units: EJ/yr

The effect of the sectoral energy efficiency improvements on final energy demand
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But, as discussed in Chapter 7, it is far from rapid 
enough to meet the goals of the Paris agreement. 
The ‘carbon budget’ associated with a 1.5°C 
warming will be exhausted in a decade, and the 
2°C budget will be exhausted before 2050. 

Nevertheless, the acid test of the energy-transition 
forecast is its affordability. Will the future energy 
system that we predict unfolding necessitate a 
higher annual cost than that of today? If so, then 
less costly options than those that we forecast will, 
perhaps, crowd out our projections. 

Contrary to other modelling frameworks, such as 
IEA’s TIMES and EU’s PRIMES, our modelling 

approach does not ensure the global optimality of 
solutions – there may well be other forecasts that 
could serve humanity better. 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, established 
on the basis of production costs in its energy 
sectors (power, oil, and gas), to drive the selection 
of energy sources / production technologies over 
each other through time. 

What should be defined as “energy expenditures” 
is open to debate. We have chosen to use a strict 
definition, and therefore have included only 
fossil-fuel extraction, and refinement, such as 

4.6 ENERGY EXPENDITURES

World energy expenditures by source         
 
Units: Trillion USD/yr

FIGURE 4.6.1 
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Our forecast - of the power share of the world’s final energy 
demand more than doubling, of a vehicle fleet that will soon 
become mostly electric, and of an energy supply that will peak in 
about 15-years time - indicates a fast transition.
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World upstream oil and gas expenditures
 
Units: Trillion USD/yr

FIGURE 4.6.2 
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liquefaction, regasification, and refineries, and 
conversion to hydrogen and electricity. Similarly, 
all costs in the power sector, including power 
grids, are incorporated, as well as installation and 
operation of renewable energy plants. We have 
excluded oil and gas pipeline costs, as well as any 
energy-efficiency measures. 

What actually should be considered to constitute a 
subsidy would deserve a chapter in its own right, 
and we have decided against this. Even the 
modelled subsidies that we report in this Outlook, 
are seen as subsidies that benefit consumers, and 
are not counted as energy expenditures. 

Although our simulated decision makers discount 
their expected future cash flows, in this chapter 
we report annual sectoral outlays in terms of 
capital and operations expenditures, CAPEX  
and OPEX. 

Using this definition, we show in Figure 4.6.1 that 
the global energy expenditure will increase by 
22%, rising from USD 4.5trn in 2017 to USD 5.5trn 
in 2050. The fossil-fuel upstream share will decline 
to almost half its 2017 share of 68%, dropping to 
38% by mid-century.

Figure 4.6.2 shows clearly that oil CAPEX will be 
where most of the upstream fossil-fuel expendi-
ture will disappear, falling by a factor of 10 from its 
peak in 2020 to mid-century. Neither oil OPEX, nor 
gas CAPEX will decline by more than a quarter to 
2050, while gas OPEX will remain at the same level.

On the power-system side, grid expenditures will 
represent one third of global-energy costs. Strong 
growth in electricity demand and high penetration 
of variable renewable energy sources (vRES) will 
probably result in expansions in transmission and 
distribution grids around the world. Moreover, old 
power cables will require replacements near the 
end of their technical lifetimes, thereby increasing 
the required level of investments. In terms of 
monetary value, world grid expenditures will 
increase from about USD 790bn per year in 2017 
to about USD 1.7trn in 2050 (Figure 4.6.3). 

The increase in electricity demand will be the 
reason for the majority of the expenditure changes. 
Additional expenditure will be needed to create 
connections to new power stations, especially 
offshore and onshore wind farms and utility-scale 
solar power stations. Finally, the expenditure due  
to vRES-related grid reinforcement will make up 
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World electricity grid expenditures by driver         
 

2050 world electricity grid expenditures 

Units: Billion USD/yr

FIGURE 4.6.3 
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World energy expenditures as a fraction of world GDP
 
Units: Percentages

FIGURE 4.6.4 
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about 17% of total expenditure globally.

Low-voltage grids will be the largest expenditure 
category in 2050, using just slightly less than a 
third of the grid funding. Considering grid costs 
differently, i.e., by AC or DC, we see a doubling in 
the share of DC expenditure, rising from 17% now 
to 33% by 2050. Also, with respect to location, 
there will be fractional changes. Underground, 
and, more specifically, underwater, installations 
will grow faster, and so will undersea expendi-
tures, currently a small niche that will grow from 
less than 1% today to 5% by 2050.

The grid cost numbers include all costs. Globally, 
grid OPEX will increase by 130% from 2017 to 
2050, rising to USD 380bn, while grid CAPEX will 
increase slightly less in the same period, increas-
ing by 110% to USD 1.4trn, thus ensuring a three 
quarters CAPEX share of total expenditures. Note 
that doubling the electricity share of energy 
demand to 40% by 2050 requires no more than a 
doubling of grid costs.

Investments in Greater China will account for 27% 
of all grid-related CAPEX that will accumulate from 

2017 to 2050. The rest will be distributed among 
the Indian Subcontinent (18%), North America 
(13%), South East Asia (12%), Europe (8%), and 
others (21%).

Power-sector investments also include those 
made in power plants and generation. As shown in 
Figure 4.6.1, such CAPEX in non-fossil plants 
almost triples, reaching USD 1.7trn globally by 
2050. 

Finally, with a world GDP growing by more than 
130% to 2050, the 22% energy-expenditure 
increase is minute. In fact, as shown in Figure 4.6.4, 
the share of world GDP devoted to energy is 
halved, falling from 3.6% in 2017 to 1.9% by 
mid-century. 

Hence, despite major expansions in high-capi-
tal-cost renewables and electricity networks, the 
total energy expenditure will fall substantially as a 
fraction of GDP over the forecast period to 2050. 
This leads us to conclude that the energy transition 
that we forecast is affordable.
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The energy transition unfolds differently in the 
various regions, and its speed and scale are 
influenced by a number of factors. These include: 
geographical and resource issues; legacy techno-
logical systems; stages of economic development; 
governmental strategies, priorities, and policies; 
and people and electorate preferences. 

Thus, every region has a different starting point 
and a different trajectory – from OECD countries 
and post-industrial progress to emerging and 
fast-growing economies, to regions entering an 
era of development. 

Our ETO model generates insights and captures 
this granularity, and, in the following sections, the 
regional story for each of the 10 regions is told, 
including:

Regional characteristics and the current position

The transition explained and illustrated

Pointers to the future

A case example of a prominent feature of the 
transition

Energy-transition indicators

HIGHLIGHTS
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WE ANALYSE 10 GLOBAL REGIONS

 

NORTH AMERICA
Business cases and 
sub-regional policies will 
drive towards substantial 
regional decarbonization

Electricity in final energy 
demand grows from 21% in 
2017 to 44% in 2050 

An LNG export boom 
will unfold in the 
coming decades

EUROPE
A frontrunner in transition 
policy, but its targeted 32% 
of final energy consumption 
from renewables by 2030 
will not be met before 2036

There is increasing focus on 
the ‘economic case’ for the 
energy transition

58% of Europe’s primary 
energy mix in 2050 will be 
non-fossil, but natural gas 
will overtake oil as the 
region’s largest primary 
energy source before 2030

LATIN AMERICA
Modern biofuels will grow 
strongly, especially in 
road transport

Electricity production from 
hydropower and fuel oil will 
diversify into natural gas, 
solar, and wind 

Natural gas will be one third 
of the primary energy mix  
in 2050

SUB-SAHARAN AFRICA
Least-developed and least-electrified world 
region; only 45% of its people currently have 
access to electricity

Soaring energy demand from a growing population 
and economy will be counteracted by efficiencies, 
e.g. biomass replacement by gas and electricity

Off-grid solar PV plays a hero role in energy 
access, and together with grid-connected solar, 
accounts for almost 40% of power generation  
in 2050

MIDDLE EAST AND 
NORTH AFRICA
Natural gas and oil 
dominate the primary 
energy mix and will continue 
to do so until 2050

Natural gas consumption in 
the region remains high 
throughout the forecast 
period reaching 57% of the 
regional primary energy mix 
in 2050

The region will start to 
realize its vast potential for 
renewable energy

 

KEY

Share of 
non-fossil 

primary energy 
sources 2050

Share of 
fossil 
primary energy 
sources 2050
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INDIAN 
SUBCONTINENT
500 million more people 
and GDP growing fourfold 
will see rising energy 
demand in this region

Despite the rapid growth 
of renewables, fossil 
energy sources will still 
represent 65% of the energy 
mix in 2050

The region’s enormous 
two- and three-wheeler 
vehicle fleet will transition 
almost entirely to electricity 
before 2040 

GREATER CHINA
Undisputed leader in 
the energy transition, 
topping expansions in 
renewable power

The share of electricity in 
final energy demand will 
grow from 21% in 2017 to 
52% in 2050 – the highest  
of all regions, over 90% 
from renewable sources

China’s energy mix, 
currently dominated by 
coal, will reduce its coal 
share from 60% to 16%  
over the forecast period

SOUTH EAST ASIA
Energy demand, especially 
from space-cooling and 
appliances, will grow before 
levelling off towards 2050

Electricity expands from 
15% to 41% of final energy 
demand during the forecast 
period, with strong 
contributions from solar PV 
and offshore wind

Manufactured goods 
production triples to 2050, 
driving demand for natural 
gas and transforming this 
region into a net-importer 
of LNG

OECD PACIFIC
Primary energy use will 
fall more rapidly than the 
population decline in 
this region

2050 electricity mix is 
dominated by wind, and at 
50% of final energy demand, 
is the second-most 
electrified region in 2050 
after China

Hydrogen will gain a 
foothold (5% of energy use), 
sourced initially from 
Australia through SMR 
processes, but later 
mainly via renewably-
powered electrolysis

NORTH EAST 
EURASIA
The region’s dependence 
on oil and gas export 
revenues will remain strong

On most decarbonization 
indicators this region lags 
and remains a laggard, 
although there is intense 
focus on energy efficiencies

Only one fifth of the region’s 
primary energy needs will 
be met by non-fossil sources 
in 2050
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CHARACTERISTICS AND CURRENT POSITION

Recent shifts in US federal policy have created 
uncertainty over future energy developments, 
environmental protection, and central govern-
ment support for climate-change mitigation. 
However, Canada has taken strong federal policy 
action on greenhouse gas (GHG) emissions 
through changes in the electricity-generation mix, 
industrial mix of energy sources, and other 
measures.

Decentralized decision making by individual US 
states, Canadian provinces, and some large cities 
is equally important as federal or national policies 
in determining the region’s energy transition. 
They maintain strong climate policies and have 
publicly linked recent extreme-weather events 
and drought to climate change. Hurricanes 

Harvey, Irma, and Maria revealed the scale of 
damages and costs. 

In the US, owing to an absence of supportive 
federal regulations, the energy transition is driven 
forward by global energy-efficiency trends, 
technological developments, market forces, and 
pioneers at the subnational level. 

Various energy transitions are unfolding: adoption 
of renewable energy, retrenchment of fossil-fuel 
usage, and the emergence of abundant unconven-
tional hydrocarbon production. Energy intensity is 
improving, and the region is decarbonizing the 
energy sector at a healthy pace. GHG emissions 
have fallen, partly owing to the substitution of gas 
for coal.
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*All GDP figures in the report are based on 2011 purchasing power parity and in 2017 international USD

NORTH AMERICA 

Population (M)

Energy use/person (GJ)
Energy use (EJ)

361 437

58 400 
21.1

74 700 
32.7

292 
105

156 
68

2017 2050

(NAM)

GDP/person (USD) 
 GDP* (USD TRN)

181181

THIS REGION CONSISTS OF:  
Canada and the United States (US)
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ENERGY TRANSITION 

North America’s final energy demand, as shown 
below, has levelled off and will begin to decline 
over the coming years. The transport sector will 
reduce significantly, due to the electrification of 
the road vehicle fleet. Energy demand from the 
manufacturing sector will decline strongly 
because of further reductions in the secondary 
sector in North America and increased efficien-
cies. Energy demand in buildings will remain 
nearly constant over the forecast period, with 
counteracting forces of population increase and 
improved energy efficiency. 

The share of electricity in final energy demand 
will continue to increase, from 21% in 2017 to 
44% in 2050. The building sector has the highest 
electricity share and will continue to grow, while 

the fastest growth is within the transport sector. 
In 2050, electricity generation will be dominated 
by onshore wind, offshore wind, and solar PV, 
each comprising between 22% and 26% of the 
mix.

The electrification of transport will be the strong-
est driver for the reduction in oil consumption 
over the forecast period. Natural gas will over-
take oil as the region’s largest primary energy 
source, as shown in Figure 5.1.2, and will consoli-
date that position over the coming decades. Coal 
will continue to decline rapidly, as it is outcom-
peted by natural gas in power generation. As 
electricity use expands and renewables become 
cheaper, wind and solar PV will see their energy 
use grow 10-fold and 25-fold, respectively. By 
2050, wind and solar PV together will be almost 
as large as natural gas. 

5.1 NORTH AMERICA

North America final energy demand by sector         
 

2050 electricity mix

Units: EJ/yr

FIGURE 5.1.1 
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 − Liquefied natural gas (LNG) supply-chain 
expansions will boost exports. The use of coal 
for electricity generation will decline precipi-
tously, transitioning to gas and renewables, 
primarily due to market forces in the US and 
federal government policies in Canada. 

 − The Climate Mayors initiative, backed by 407 
US mayors, is committed to controlling local air 
pollution and backing climate action. Cities will 
control energy-efficiency measures, municipal 
transport systems, investment in renewable 
energy, and joint orders in EV purchasing.

 − Corporate renewable energy procurement will 
continue, triggered by the falling costs of 
technology and the use of power purchase 
agreements to secure long-term energy price 
certainty. This will push policy makers, regulators, 
and utilities towards cleaner energy supplies. 

 − Electricity market designs will evolve, led by the 
experiences of New York, California, and other 

states with high penetration of renewables. 
California aims to have 100% renewables by 2045.

 − Canada intends to reduce GHGs by 30% by 
2030, compared with levels in 2005. In 2016, it 
committed to phasing out traditional coal-fired 
electricity by 2030. An economy-wide 
carbon-pricing system was established in 2018 
and will be in force from 2019.

 − The longer-term outlook in the US indicates 
greater federal-level recognition of the need 
to reduce CO2 emissions through reducing 
the energy intensity and incentivizing 
lower-carbon energy sources. In the shorter 
term, carbon prices regionally will be shaped 
by the Regional Greenhouse Gas Initiative in 
Northeast US and California, the Western 
Climate Initiative, and Canada’s national 
carbon price. The 2017 Carbon Pricing in the 
Americas (CPA) declaration suggests future 
system linkages. 

Historical data source: IEA WEB (2018)

North America primary energy consumption by source         
 
Units: EJ/yr

FIGURE 5.1.2 
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STRONG LNG EXPORT GROWTH 

North American shale gas represents over 20% of 
global gas production. However, considering 
unconventional gas production only, North 
America provides 90% of global supply. Produc-
tion levels, as well as capacity additions, are 
expected to resemble today's levels throughout 
the forecast period, maintaining North America’s 
position as a major gas producer. Today's 
regional demand is on a par with production 
output, so there is little excess gas for export, and 
most gas is used for electricity production. The 
mix will gradually shift as gas gives way to 
cheaper power from solar PV and wind; after 

2030, power production from solar PV and wind 
will surpass gas. 

As indigenous gas consumption declines and 
production remains at current levels, excess gas 
will increasingly be exported, mainly to countries 
with growing energy demands, primarily China 
and India. Such long export journeys, will require 
shipping as LNG, creating a boom in liquefaction 
capacity additions. As shown in Figure 5.1.3, such 
capacity will need to grow from scratch to reach 
almost 500 million tonnes in 2050, requiring 
substantial investments in LNG infrastructure. In 
the coming 5 years, over 60% of global LNG 
capex will be invested in North America.

North America gas liquefaction and LNG regasification capacity 
 
Units: Mt/yr

FIGURE 5.1.3 
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North America energy-related CO2 emissions by sector        
 
Units: GtCO2/yr
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FIGURE 5.1.4 
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CHARACTERISTICS AND CURRENT POSITION

Latin America’s energy sector is the least carbon- 
intensive among major economies in the develop-
ing world, mainly due to high penetration of 
hydropower. Climate variability influences hydro-
logic conditions – and hence the energy matrix. 
Long periods of drought in Brazil, Colombia, 
Panama, and Venezuela hamper security of supply. 
Air pollution and poor air quality in major cities are 
growing concerns. Transport is the fastest-growing 
source of energy-related emissions.

Brazil, Mexico, and Venezuela lead regional oil 
production. Argentina has world-class unconven-
tional oil and gas resources, but development is 
uncertain. Hydropower is long–standing in the 
region, but expansion is constrained by social and 
environmental considerations.

Latin America is rapidly transitioning from fuel oil 
and hydropower as main electricity sources to a 
diversified mix, including natural gas, solar, and 
wind. Argentina, Brazil, Chile, and Mexico are 
among the top 20 on EY’s Renewable Energy 
Country Attractiveness Index.

Non-hydropower renewables compete on price 
with fossil-fuel energy. Most countries in the 
region support renewables in various ways. 
Blending mandates have created markets for 
biofuels in transport. Brazil’s long-established 
biofuel economy and its world-leading role in 
biofuel ethanol production will translate into the 
world’s largest fleet of flexible-fuel vehicles.
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LATIN AMERICA

*All GDP figures in the report are based on 2011 purchasing power parity and in 2017 international USD

Population (M)

GDP/person (USD) 
 GDP* (USD TRN)

645 763

16 000 
10.3

30 900 
23.5

56 
36

59 
45

(LAM)

2017 2050

Energy use/person (GJ)
Energy use (EJ)

187

THIS REGION STRETCHES FROM  
Mexico to the southern tip of South America, 

including the Caribbean island nations
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ENERGY TRANSITION  

Latin America’s final energy demand, as shown in 
Figure 5.2.1, has levelled off proportionally with 
economic stagnation, but will soon start increas-
ing again. The largest increase in energy demand 
will come from buildings, as a result of population 
growth and an increase in income per capita 
leading to greater demand for appliances. There 
will also be growth in the energy demand from 
transport and manufacturing, although efficiency 
gains will have a dampening effect. 

The share of electricity in final energy demand will 
continue to increase, from 18% in 2017 to 37% in 
2050. The building sector has the highest electric-
ity share and will continue to grow, but the fastest 

growth will be within the transport sector. Hydro-
power will maintain its present status as the largest 
source of electricity in 2050 with a 29% share, 
followed by wind and solar PV. 

Figure 5.2.2 illustrates that oil, the region’s 
largest energy source, will see a slow reduction 
towards the end of the forecast period, when the 
uptake of EVs starts to accelerate. Natural gas will 
continue to grow, driven by demand from the 
manufacturing and power sectors, and will 
overtake oil as the largest primary energy source 
by around 2030. Coal will remain an insignificant 
energy source in the region, while renewables, 
led by biomass and hydropower, and supported 
by strong solar PV and wind growth, will supply 
44% of primary energy by 2050.  

5.2 LATIN AMERICA 

Latin America final energy demand by sector   
 
Units: EJ/yr

2050 electricity mix

FIGURE 5.2.1 
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 − Energy security will remain a challenge in 
countries with weak infrastructure and a lack of 
interconnections. Challenging topography will 
require the region to focus on infrastructure 
investments, better integration of networks, 
and interconnections. Regional cooperation 
can unlock benefits and reduce the need for 
fossil baseload. 

 − Lack of integration, due to geographical factors 
and regulatory frameworks, as well as instability 
in political and financial environments, are 
barriers to the transition.

 − The region will host some of the most competi-
tive wind and solar markets, building on 
hydropower to balance electricity systems. 
Governments will increase their focus on energy 
efficiency, and on distributed generation for the 
6% of the population that still lacks access to 
modern energy services.

 − Recognizing renewables as catalysts for industry 
and job creation, deployment policies will seek 
to maximize local value creation and foster 

community acceptance for renewable-energy 
projects through local-content provisions.

 − Country-specific initiatives are expected to expand 
the extraction of unconventional oil and gas in 
the region – especially in Argentina, where the 
transition from exploration to full-scale develop-
ment looks promising; however, investments in 
infrastructure, as well as water, remain necessary.

 − With the combination of population increase 
and urbanization, urban planning is expected to 
adopt building standards and stimulate use of 
efficient technologies in building-sector 
expansions. Car ownership will accelerate with 
stronger growth. Worsening air pollution will 
push officials to reduce emissions and improve 
air quality by increasing fuel efficiency, public 
transit options, and alternative fuel availability. 
Electrification of transport will increase. 

 − Carbon pricing through implementation of 
market instruments is expected, e.g., in Brazil, 
Columbia, Mexico, and Chile, to meet GHG 
reduction commitments.

Historical data source: IEA WEB (2018)

Latin America primary energy consumption by source         
 
Units: EJ/yr
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Historical data source: IEA WEB (2018)

Share of hydropower in electricity production by region 

Units: Percentages 

FIGURE 5.2.3  
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HYDROPOWER AND BIOFUEL 
 
Latin America currently obtains 8% of its primary 
energy from hydropower, and is the region with 
the highest share of hydropower in the electricity 
mix, see Figure 5.2.3. Hydropower will continue 
to be important, increasing to a 10% share in 
2050, but will become complemented by the 
other renewable sources coming online. The 
major role played by hydropower is evident: 
today almost 50% of all electricity generation 
comes from hydropower. By 2050, the actual 
output will grow by 50%, but will be constrained 
by social and environmental considerations. 
Meanwhile, the electricity mix will shift towards 
solar PV and wind supplying 50% of electricity, 
while hydropower reduces its share to 29%. This 
large fraction of solar and wind is possible due 
to the ability of hydro to be used for supple-
menting power when the variable sources need 

balancing. Thus, the Latin America grids are 
effective and relatively less costly than other 
regions needing storage. 

Bioenergy has traditionally been an important 
part of the Latin American primary energy mix. 
Today it is the third-largest energy provider at 
16% and will keep this position in 2050. 
However, the way biomass is used will be 
transformed in the next 30 years. The two major 
sectors currently using biomass are buildings 
and manufacturing, both using solid biofuel for 
heating purposes. A mix of technology devel-
opments, combined with blend-in mandates, 
will grow bio-fuel production, and, by 2050, the 
transport sector will have expanded to become 
the largest user of bioenergy. The road-trans-
port sector will be responsible for 77% of the 
demand, and the remaining demand will be 
from aviation using advanced bio-jet fuel.
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Latin America energy-related CO2 emissions by sector        
 
Units: GtCO2/yr

FIGURE 5.2.5 
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CHARACTERISTICS AND CURRENT POSITION

This region is a frontrunner in the transition. Despite 
Brexit, the European Union (EU) continues to set the 
direction for energy policy, aiming to align with the 
Paris Agreement objectives and integrate economic, 
industrial, and environmental policies. 

End-use energy demand is moderate, consider-
ing the region’s developed state. Europe’s 
fossil-fuel energy net-importer status is an 
impetus for energy-efficiency ambitions, and the 
share of fossil fuels in the energy mix is in decline, 
owing to ambitious low-carbon transition policies.

Europe’s climate and energy targets for 2030 have 
been strengthened over the last year, as follows: 
GHG emissions reductions by at least 40% 
compared with 1990; at least 32% of final energy 
consumption from renewable energy; 14% of 
renewables in transport; and an energy-efficiency 
target of at least 32.5% (compared with the 2007 
primary-energy baseline). 

Denmark, Germany, Spain, Portugal, Ireland, and 
Italy have led the deployment of renewables, and 
Norway has been an early-mover in EV uptake. 
While coal retains the largest share in the 
power-generation mixes of the Baltics and Poland, 
eight EU members have a commitment to phase 
out coal in their National Energy and Climate Plans 
(2021-2030). Germany’s phase-out year is 2038.

Interests and opportunities vary widely, given 
legacy power systems, domestic resources, and 
the urgency with which national governments 
perceive climate action. An EU-wide 2050 
carbon-neutral target was recently blocked by 
central and eastern EU members. 

In balancing the energy trilemma, there is increas-
ing focus on the ‘economic case’ for the energy 
transition, focusing on economic opportunity, 
employment, and health and environmental bene-
fits, and also on rising levels of energy poverty.
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EUROPE

*All GDP figures in the report are based on 2011 purchasing power parity and in 2017 international USD

Population (M)

Energy use/person (GJ)
Energy use (EJ)

GDP/person (USD) 
 GDP* (USD TRN)

540 542

40 500 
21.9

58 000 
31.4

137 
74

84 
46

(EUR)

2017 2050
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THIS REGION CONSISTS OF: All European  
countries including the Baltics, but excluding  

all the former Soviet Union states and Turkey
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ENERGY TRANSITION 

Europe’s final energy demand, as shown in Figure 
5.3.1, has been on a downward trend over the last 
decade, and will continue to decline towards 
mid-century. The transport sector will see the 
strongest reduction in energy demand, with 
transition to efficient EVs. Energy demand from 
the manufacturing sector will also decline owing 
to the shrinkage of the secondary sector in 
Europe’s economy, but also due to increased 
efficacy in manufacturing. With a stable popula-
tion and efficiency gains from switching to more 
efficient technologies, especially in heating, 
energy demand in the buildings sector will 
decrease slightly. 

As Figure 5.3.1 shows, the share of electricity in 
final energy demand will continue to increase, 

from 20% in 2017 to 41% in 2050. The building 
sector has the highest electricity share and will 
continue to grow, but the fastest growth will be 
within the transport sector. The 2050 electricity 
mix will be dominated by wind, with onshore and 
offshore wind having 23% and 17% shares, 
respectively, and by solar PV with a 26% share.

Electrification of the transport sector will be the 
strongest driver for the reduction in oil consump-
tion over the forecast period. Natural gas will 
overtake oil as the region’s largest primary energy 
source before 2030, as shown in Figure 5.3.2, and 
will consolidate that position over the coming 
decades. Coal will continue to decline, while 
biomass (in Europe’s case modern biomass from 
waste-fills and similar) will maintain a high share and 
will be the second-largest energy source in 2050. 
Fossil energy share will be down to 42% in 2050.

5.3 EUROPE

Europe final energy demand by sector         
 
Units: EJ/yr

2050 electricity mix

FIGURE 5.3.1 
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 − With the “Clean Energy for All Europeans” 
package adopted, Europe will advance the 
implementation of its 2030 climate and energy 
framework. 

 − The EU Commission’s 2050 strategic vision “A 
Clean Planet for All” will seek to strengthen 
long-term climate policy and efforts towards 
Nationally Determined Contributions (NDCs).  
A long-term strategy for a climate-neutral 
economy by 2050 is firmly on the table and will 
shape negotiations. Regional dialogues will 
strengthen with other leading climate-change 
players, notably China and Canada. 

 − The combination of long-term, low-carbon 
investment signals and the 2030 reform and cap 
trajectory for the EU Emissions Trading System, 
will help to correct persistently low carbon 
prices. 

 − The increase in variable renewable energy at 
transmission and distribution levels has resulted 

in a strong focus on stability, reinforcement of 
the power system, and flexibility management, 
as well as on further market and network 
integration through continental and subsea 
interconnectors.

 − There will be increased focus on power-to-X 
(gas, heat) technology deployment driven by 
lower-cost electricity from renewables and an 
increasing need for energy storage. Develop-
ment of hydrogen supply (through steam 
methane reforming (SMR) and electrolysis) will 
provide a source of sustainable energy supply 
in hard-to-decarbonize economic sectors.

 − The region’s hydrocarbon production will 
continue its decline, while natural gas becomes 
the largest primary energy source before 2030.
Global LNG supply and more LNG import 
terminals will increase natural gas imports. 

Historical data source: IEA WEB (2018)

Europe primary energy consumption by source         
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Europe electricity demand and supply over the year in 2050  

Units: GW

FIGURE 5.3.3
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TOWARDS A FLEXIBLE POWER SYSTEM

With 13% of its electricity provided by solar and 
wind in 2017, Europe is already at the forefront of 
uptake of variable renewable technologies. 
Between 2017 and 2050, installed wind capacity is 
expected to more than double, and solar PV 
capacity will grow eight-fold. This increase in 
variable renewables, combined with a 26% 
demand growth from 3,300 TWh in 2017 to 4,150 
TWh in 2050, will create variability and uncertainty 
challenges, and require increased flexibility in the 
European power system.

Towards 2050, many flexibility technologies will be 
implemented simultaneously. Reinforcing and 
expanding transmission and distribution networks 
provide flexibility by connecting points of supply 
and demand. From 2017 to 2050, Europe’s power 
line capacity will grow by 39%, with some 23 
TW-km of ultra-high voltage DC lines. Electricity 
storage capacity will expand from 156 GWh of 
pumped hydro storage to 2.1 TWh of storage, 

mainly in the form of battery storage, providing 
balancing services from the time scale of seconds 
to days. An additional 2.4 GWh of storage will be 
provided by grid-connected EVs. 

Figure 5.3.3 shows the electricity demand and 
supply over the hours of the year 2050, ranked by 
the total load. Conventional supply sources will 
continue to provide flexibility, especially during 
periods with no or low solar generation. EVs and 
dedicated storage capacity will store large amounts 
of cheap electricity generated by solar PV for 
resupply to the power system when the price is high.

Additional flexibility will come from the demand 
side: expanding smart grids, new market mecha-
nisms that reflect price fluctuations to consumers, 
behind-the-meter storage solutions, and 
smart-charging options for EVs will incentivize 
flexibility. Power-to-hydrogen will become 
economically viable as cheap electricity will allow 
electrolysis to compete with SMR, supporting a 
growing demand for H2 for heating and transport.  
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Europe energy-related CO2 emissions by sector        
 
Units: GtCO2/yr
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CHARACTERISTICS AND CURRENT POSITION

This region is diverse regarding natural resources. 
Nigeria and Angola are the largest petroleum 
producers, while 94% of the region’s coal production 
is from South Africa, where it is the main primary fuel 
for power generation and also a major employer. 

This is the least-developed and least-electrified 
world region. Most Sub-Saharan countries are poor 
and are challenged by energy poverty, despite the 
region’s rich resource potential. Only 45% of the 
region’s people have access to electricity.

Energy deficiency is an impediment to economic 
development and progress. The region requires 
power generation and infrastructure to unserved 
and growing populations. Supply has hitherto not 
kept pace with population growth and industriali-
zation. 

Large parts of the region struggle with corruption 
and weak governance; some countries suffer long 
periods of internal conflict. Incumbent actors in 
centralized energy sub-sectors exercise significant 
influence on decision-making regarding energy in 
state-owned enterprises and ministries. 

Urbanization growth rates in Sub-Saharan Africa 
are among the fastest in the world; in the next 30 
years, urban dwellers will outweigh rural residents. 
Local value and job creation, including youth 
unemployment, are key challenges. The region 
holds large potential for leapfrogging develop-
ment stages through technology, such as less 
carbon-intensive generation, also by leveraging 
the capabilities of the large generation of youth, 
digital technologies, and connectivity as catalysts 
of entrepreneurial activity.
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SUB-SAHARAN AFRICA

*All GDP figures in the report are based on 2011 purchasing power parity and in 2017 international USD

Population (BN)

Energy use/person (GJ)
Energy use (EJ)

GDP/person (USD) 
 GDP* (USD TRN)

1.06 2.0

3 800 
4.1

10 000 
20.0

23 
25

20 
39

(SSA)

2017 2050
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THIS REGION CONSISTS OF:  
All African countries except Morocco,  

Algeria, Tunisia, Libya and Egypt
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ENERGY TRANSITION 

Sub-Saharan Africa’s final energy demand (Figure 
5.4.1), will continue to grow over the coming 
decades, as the population almost doubles and 
the region’s economy expands five-fold. Counter-
acting this is improved efficiency, particularly in 
the buildings sector, where very ineffective use of 
traditional biomass for cooking and kerosene for 
lighting can be replaced with electricity and gas. 
The largest increase in energy demand will come 
from manufacturing, with strong growth in that 
sector starting around the mid-2020s. The 
energy demand for transport will more than 
double, with a much higher share of the popula-
tion gaining access to modern transport. 

As Figure 5.4.1 shows, electricity in the final 
energy demand will continue to increase, from 
6% in 2017 to 23% in 2050; despite this growth, 

the 2050 electricity share is the lowest of all 
regions. The 2050 grid electricity mix is domi-
nated by solar PV, producing 29% of the electricity. 
On top of this comes off-grid-PV, producing 
almost half of the grid-connected solar PV, so that 
the accumulated power share generated by solar 
is almost 40% (see ‘Energy Access’ in Chapter 4.1). 

Biomass will remain the region’s dominant 
source of energy, although its share will almost 
halve over the forecast period (Figure 5.4.2). 
There are many challenges with this, including 
health effects, inefficiencies, and availability of 
transitional biomass impoverishing arable land. 
Oil and coal will remain relatively constant, and 
natural gas will see the largest growth, with 
increased demand for gas in building, manufac-
turing, and power generation. The largest 
percentage growth will come in solar PV, 
off-grid PV, and wind. 

5.4 SUB-SAHARAN AFRICA

Sub-Saharan Africa final energy demand by sector         
 
Units: EJ/yr
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 − SDG #1 and SDG #2, on poverty and hunger, 
respectively, remain paramount. Potential 
conflicts around natural-resource use related to 
the water, food, and energy sectors will require 
management. 

 −  Partnerships and global funding will play key 
roles in energy developments. Leapfrogging 
costly, polluting production and transport will 
be an opportunity, but development of local 
capabilities and skilled staff for renewable tech 
systems, such as achieved by Kenya in geother-
mal energy, is important. 

 − Decision makers, encouraged by foreign 
funding (particularly from China and Japan), will 
continue to favour large, centralized energy 
plants, thus perpetuating coal use, hydropower 
expansion, and greater use of natural gas. 

 − Lower renewable-energy costs create affordable 
energy opportunities for the region. Solar PV, 
onshore wind, and storage technologies will 
boom. Future national-energy plans will consider 
distributed technologies and mini-grids for rural 

electrification as quick, low-cost options. We 
anticipate supportive national policies for the 
build-out, starting in non-oil- producing econo-
mies. Pioneers include Ethiopia, with its ambition 
of achieving national energy access by 2025.

 − Ghana and Kenya both aim to boost renewables 
through feed-in tariffs. Kenya aims to raise 
electricity capacity ten-fold to 23 GW by 2033. 
Tanzania has a stated goal for renewable power 
to reach 70% by the mid-2020s, but its Power 
System Master Plan emphasizes the role of coal 
and gas-fired power generation until the 2040s. 
Political and economic turmoil regarding coal 
dominance in South Africa may steer the 
generation mix towards lower-cost renewables 
and gas from Mozambique.  

 − The region will have limited explicit carbon-pric-
ing instruments. South Africa’s first phase of 
carbon-tax implementation is scheduled for 
mid-2022. Carbon-pricing policies are 
expected to be announced in NDCs for 2025  
or 2030 onwards.

POINTERS TO THE FUTURE

Historical data source: IEA WEB (2018)

Sub-Saharan Africa primary energy consumption by source         
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POWER & OTHER INFRASTRUCTURE  
CHALLENGES 

With the exception of South Africa, the countries 
in this region are very to extremely poor. Inter-
national development, mainly infrastructure-fo-
cused, has met with limited longer-term success. 
Lack of infrastructure – roads, power grids, and 
power generation – is a major hurdle for further 
development. The region is, however, well 
suited for power-system leapfrogging, as seen 
with other technologies like mobile telephony 
and banking. We have previously shown that 
off-grid PV solutions will provide electricity 
access to hundreds of millions over the next 
decade (DNV GL, 2019e). However, such installa-
tions will compete with small petrol or diesel 
power generators, and only provide sufficient 
power for smaller appliances, and not for 
cooking and space-cooling needs. 

The lack of power grids, and poor maintenance 
and reliability where these exist, has contributed 
to a downward spiral where defecting custom-
ers raise costs for the remaining customers. This 

is especially troublesome, as top-heavy deci-
sion-making structures have given preferential 
treatment to major power projects in coal and 
hydro power. These technologies scale less well 
than wind, solar PV, or gas power installations, 
and require large power infrastructure invest-
ments.

From 2030 onwards, we forecast significant 
uptake of EVs in this region. Although clearly 
hindered by the lack of grid quality, uptake will 
be helped by modest average vehicle sizes, with 
smaller batteries and lower costs. 

Figure 5.4.3 shows that the region’s lacklustre 
ranking in power generation per person contin-
ues, underperforming India which is in second 
place. The figure shows, however, that not all 
transition sectors suffer, as the EV fleet share in 
Sub-Saharan Africa is on a par with other devel-
oping regions. This will benefit otherwise 
increasingly polluted urban centres, and also 
remote villages where off-grid power will 
stimulate uptake of cheaper EVs, which, in turn, 
can provide energy-storage services. 

Electricity generation per person by region 
 
Units: MWh/yr/person 

Share of electric vehicles in passenger road vehicle 
fleet by region 
 Units: percentages 

FIGURE 5.4.3 

NAM

LAM

EUR

SSA

MEA

NEE

CHN

IND

SEA

OPA

2017 20402030 2050
0

6

4

2

8

14

12

10

16

2017 20402030 2050
0%

40%

30%

20%

10%

50%

80%

70%

60%

90%



203

 REGIONAL TRANSITIONS CHAPTER 5

203

Sub-Saharan Africa energy-related CO2 emissions by sector        
 
Units: GtCO2/yr
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CHARACTERISTICS AND CURRENT POSITION

Economically and politically, the region is diverse 
and has vast petroleum resources, the largest 
being in Saudi Arabia, Iran, Iraq, United Arab 
Emirates (UAE), and Kuwait. 

Being at the core of the geopolitical system of 
extraction and trade in oil and gas, the OPEC 
members in the region are trying to maintain a 
delicate balance of keeping oil price and revenues 
high. Volatilities in oil prices and conflicts have 
hampered economic growth in recent years.

The region faces challenges from rising socioeco-
nomic development, youth unemployment, and 
the need to meet rapidly-growing energy 
demands while considering water and food 
security, climate change, and local air pollution.

Dominance of fossil-energy resources drives 
policy in many of the region’s nations. Electricity, 
gasoline, and water subsidies are widespread, 

driving high consumption per capita and draining 
government finances.

The region is taking serious steps to realize its vast 
renewable-energy potential and diversify its 
energy sources, but continues to face external 
criticism for ignoring the sustainable-energy 
agenda. Saudi Arabia’s Vision 2030 strategy plans 
large investments in renewables. Jordan, 
Morocco, and Tunisia have set targets to transform 
their energy mixes. Egypt, Iran, and Turkey, which 
are the most populous nations in the region, have 
streamlined their policies to progress clean-energy 
sectors and renewable generation, and to attract 
foreign investors. 

The region is also taking steps to implement 
demand-side management measures, including 
subsidy and tariff reforms, building retrofits, 
energy-management systems, and private-sector 
involvement.
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MIDDLE EAST AND 
NORTH AFRICA

*All GDP figures in the report are based on 2011 purchasing power parity and in 2017 international USD

Population (M)

Energy use/person (GJ)
Energy use (GJ)

GDP/person (USD) 
 GDP* (USD TRN)

523 728

20 900 
10.9

40 300 
29.4

93 
49

78 
57

(MEA)

2017 2050
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ENERGY TRANSITION

The Middle East and North Africa’s final energy 
demand, as shown in Figure 5.5.1, will continue 
to grow before starting to level off around 2040. 
The growth in demand will be distributed across 
all sectors, although efficiency gains in the 
transport sector will see energy use peak there 
first. Efficiency improvements will counteract 
population and economic growth in all sectors. 

As Figure 5.5.1 shows, the share of electricity in 
the final energy demand will continue to 
increase, from 17% in 2017 to 36% in 2050. The 
building sector will see the strongest electrifica-

tion, while transport and manufacturing will 
follow later in the forecast period. The 2050 
electricity mix will be dominated by gas, solar 
PV, and wind.

Natural gas and oil dominate the primary energy 
mix and will continue to do so until 2050 as 
shown in Figure 5.5.2. Whereas oil use will 
remain relatively constant, natural gas will see 
strong growth, mostly from the power and 
manufacturing sectors. Beyond the 2030s, 
natural gas use will peak then start to decline as 
the uptake of solar PV and wind in the power 
sector increases. Coal, nuclear, hydropower, and 
biomass are all minor players in the region.

5.5 MIDDLE EAST AND NORTH AFRICA

Middle East and North Africa final energy demand by sector         
 
Units: EJ/yr
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 − The geopolitical shift towards a more electri-
fied world, the rise in unconventional sources, 
and the tapering of oil demand will force this 
region’s fossil fuel-producing countries to 
adopt more diversified economic models.

 − With these nations now feeling the effects of 
climate change, rising water scarcity, and a need 
to liberate fossil fuels for export, key policies will 
aim ‘to green’ supply chains and reduce per 
capita energy consumption. Water constraints 
will give a further push towards renewable 
energy, e.g., solar PV and wind, for which water is 
neither a major input nor cost component.

 − The region has vast potential in renewables, 
particularly solar PV. The renewable build 
starts from a very low base, but investment 
and uptake will mature. Egypt aims to obtain 
42% of its electricity from renewables by 
2025; Turkey has raised its target to 50% 
renewable power by 2023; Saudi Arabia 
targets 30% by 2030; and UAE is calling for 

70% decarbonization and 44% clean-energy 
power generation by 2050.

 − Rising power demand and increased variable 
renewable generation, will see grid intercon-
nections established between the Gulf nations 
and the rest of the Middle East, despite 
political tensions. Cooperation will have to 
overcome a historical preference for self-suffi-
ciency for security reasons, distortions in 
electricity prices due to subsidies, and state-
owned monopolies not yet run on a commer-
cial footing. Battery energy storage will also 
expand to support flexibility and more renewa-
bles integration.

 − Systemic subsidization of energy is expected 
to reduce slowly owing to growing budgetary 
pressures linked to rising populations and 
expanding consumption. Reduced fossil-fuel 
subsidies will be the first step towards a price 
on carbon, but we foresee slow adoption of, 
and low, carbon prices for the region.

POINTERS TO THE FUTURE

Historical data source: IEA WEB (2018)

Middle East and North Africa primary energy consumption by source         
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OIL FOR EXPORT, GAS AT HOME

Middle East and North Africa has been ex-
porting 60-80% of its oil production and will 
continue to do so (Figure 5.5.3). As a result, 
global trends have been more important than 
local trends. In the coming decades, oil-import 
demand will shift from west to east. With large, 
cheap resources and proximity to the new oil 
markets, oil-exporting countries in this region 
will strive to stay competitive. With a majority of 
OPEC members in this region, Middle East and 
North Africa plays a critical role in maintaining 
the strategy of keeping oil prices relatively high, 
while providing a steady stream of revenue

Many large gas-producing countries like Saudi 
Arabia, Iran, UAE, Algeria, and Egypt, consume 
significant fractions of their gas supply locally. 

Meanwhile, led by Qatar, countries are build-
ing gas-export capacity to supply growing gas 
demand around the world. Nonetheless, natu-
ral gas consumption remains high, not only in 
gas-producing countries, but all over the region. 
Gas use in manufacturing and industry will main-
tain steady growth until 2040s. In power supply, 
the rate of growth in gas use will slow down and 
peak around 2030, later settling at levels around 
current consumption. 

The push for diversification of the energy supply 
will start to make an impact towards the end of 
the forecast period. However, gas will maintain a 
critical role in providing energy for the growing 
population as it becomes more affluent, and 
providing flexibility in the power system.

Historical data source: IEA WEB (2018)

Ratio of regional oil and gas production to regional demand in Middle East and North Africa 
 
Units: Percentages 

FIGURE 5.5.3 

1980 1990 2000 2010 2020 2030 2040 2050
0%

40%

20%

60%

80%

100% Gas

Oil



209

 REGIONAL TRANSITIONS CHAPTER 5

209

Middle East and North Africa energy-related CO2 emissions by sector        
 
Units: GtCO2/yr
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CHARACTERISTICS AND CURRENT POSITION

North East Eurasia produces about one fifth of the 
world’s natural gas, and one sixth of global 
petroleum liquids. Coal is also abundant. The 
region’s dependence on oil and gas export 
revenues is strong. 

In this region, Russia is dominant in size, popula-
tion, and economy. The Russian Federation is the 
world’s second largest producer of hydrocarbons. 
National income is increasingly dependent on the 
fuel and energy industrial complex. Energy 
resources are responsible for about 55% to 75% of 
Russian annual export revenues. 

Europe and the countries of the Commonwealth 
of Independent States (CIS) are the main markets 

for Russia. Uncertainty and risks have recently 
increased significantly in world markets, includ-
ing unpredictable dynamics of oil prices, low 
growth in demand for Russian energy resources, 
and a looming long-term threat of peak oil 
demand.

Common to all North East Eurasian countries has 
been the high energy intensity of GDP and the 
recognition that energy saving and national 
policies to improve energy efficiency are key to 
national economic development. To serve as an 
example, maximizing the effective use of natural 
energy resources and decreasing the energy 
intensity of the economy are the primary objec-
tives in Russian energy policy. 
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NORTH EAST EURASIA 

*All GDP figures in the report are based on 2011 purchasing power parity and in 2017 international USD

Population (M)

Energy use/person (GJ)
Energy use (EJ)

GDP/person (USD) 
 GDP* (USD TRN)

317 316

17 900 
5.7

33 600 
10.6

139 
44

90 
28

(NEE)

2017 2050

211211

THIS REGION CONSISTS OF:  
Russia, Mongolia, North Korea and all the former 

Soviet Union states, except the Baltics
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ENERGY TRANSITION

North East Eurasia’s final energy demand, as 
shown in Figure 5.6.1, has started to decline and 
this will continue. The manufacturing sector will 
see the largest reduction in demand, resulting 
from significant improvements in energy 
efficiency. The energy demand from buildings 
and transport will also sink as population growth 
is flat, economic growth moderate, and technol-
ogies used in buildings and the vehicle fleet are 
becoming more efficient. 

As Figure 5.6.1 shows, the share of electricity in 
the final energy demand will continue to rise, 
from 14% in 2017 to 25% in 2050; but 25% is still 
second-lowest of all regions, after Sub-Saharan 
Africa. The building and transport sectors are 

both increasing their electricity share, while for 
manufacturing, North East Eurasia is the only 
region that does not see an increase in the 
electricity share of that sector, mainly due to high 
electricity prices. The 2050 electricity mix will be 
dominated by gas, with almost 40% of genera-
tion, while hydropower and onshore wind will be 
significant contributors.

The region’s primary energy mix remains 
dominated by fossil fuels over the forecast 
period as shown in Figure 5.6.2, with oil as the 
main energy source in the transport sector and 
natural gas in the manufacturing, buildings, and 
power sectors. In 2050, natural gas, oil, and coal 
will still cover 80% of the region’s primary 
energy use; nuclear is 7% and renewable 
energy, at 13%, is lowest of all regions. 

5.6 NORTH EAST EURASIA

North East Eurasia final energy demand by sector         
 
Units: EJ/yr
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 −  Abundant and cheap fossil-fuel reserves, 
along with substantial political will to develop 
these, eclipses the energy transition as a 
priority. The largest contribution to lower 
energy use and decarbonization will come 
from modernization and improved energy 
efficiency in all sectors. 

 − For Russian gas exports, the Energy Strategy to 
2030 foresees retention of volumes to CIS and 
European markets. Export infrastructure, such 
as the Nord Stream 2 pipeline, will aim for 
diversification of transit routes to supply EU 
markets. An increase of exports in an eastern 
direction (China, Japan, the Republic of Korea) 
is expected, but mainly as LNG.

 − Russia modestly aims for about 5% renewables 
in final energy consumption by 2030. A 
multi-sectoral focus of the Energy Strategy 
2035 aims to lower the energy intensity of GDP 
by 50% (compared with 2010 levels). 

 −  For Russia’s proposed reduction in GHG 
emissions of 70% over the period 1990–2030, 
the official announcements emphasize energy 
efficiency, reforestation, and carbon-free 
nuclear and hydropower. There are signs that 
Russia may move towards ratifying the Paris 
Agreement, motivated by the possibility that 
compliance will be a precondition for trade 
agreements. 

 −  Kazakhstan’s National Concept for Transition 
to a Green Economy sets a timeline for 3% 
renewable energy power by 2020, 30% by 
2030, and 50% by 2050. 

 −  Slow adoption of, and low, carbon prices are 
expected, although Kazakhstan’s Emissions 
Trading Scheme (ETS) relaunched in 2018. 
Russia could embrace some form of carbon 
pricing to avoid carbon border-tax adjust-
ments. Reduced fossil-fuel subsidies will likely 
be the early step towards a price on carbon.

POINTERS TO THE FUTURE

Historical data source: IEA WEB (2018)

North East Eurasia primary energy consumption by source         
 
Units: EJ/yr
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STATUS QUO?

It could be considered somewhat unfair to char-
acterize North East Eurasia’s energy transition as 
‘status quo’. The region does electrify and de-
carbonize – as do all other regions– and it has a 
continued focus on improving energy efficiency. 
But for several indicators, like energy intensity of 
the GDP, electrification rate, or share of renewa-
bles in primary energy consumption, the region 
is lagging and remains a laggard. 

Compared with other regions, the incentives for 
change are relatively small here, and the region 
is a dominant producer of gas and oil, and a 
large exporter of all the three thermal fuels. In 
Russia, in particular, the economy depends on 
continued export of oil and gas, and the incen-
tives for renewables and climate action are minor. 

That said, there is official recognition  
of the dangers of climate change for Russia, 
including melting permafrost in and around the 
Russian Arctic that could lead to “dangerous 
chemical, biological, and radioactive 
substances entering the human habitat.” 
(Moscow Times, 2018).

North East Eurasia’s gas share is the second 
highest of all regions (as shown in Figure 5.6.3), 
and it will maintain a share of above 50% of 
primary energy consumption towards the end  
of the forecast period. North East Eurasia’s oil 
share of primary energy is at 23% in 2050, 
highest of all regions, and the reduction is 
slower than elsewhere, closely linked to slow 
electrification and to low uptake of variable 
renewable energy. 

Top three regions in oil and gas share within primary energy comsumption 
 
Units: Percentages

FIGURE 5.6.3 
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North East Eurasia energy-related CO2 emissions by sector        
 
Units: GtCO2/yr

FIGURE 5.6.5 
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CHARACTERISTICS AND CURRENT POSITION

China is the undisputed leader in the energy 
transition, topping investments in renewable 
power and fuels. It is transforming its energy 
system to sustain rapid economic growth and 
protect local environments and the global climate. 
At least 35% of power consumption is to come 
from renewables by 2030. 

China has emerged as an important player in 
climate negotiations, and, as with previous shifts to 
an industrial economy, the central government is 
actively steering domestic decarbonization 
efforts. It is directing the energy transition by 
stipulating targets for energy efficiency, peak 
emissions, and non-fossil shares, the latter target-
ing 15% of primary energy use in 2020.

While Five-Year plans from 2000-2015 promoted 

coal and oil as the main fuels for China’s economic 
development, the 13th plan changed the trajec-
tory to ‘green development’. The overarching 
ambition is to secure supply while curbing environ-
mental degradation and restoring the 
already-fragile environment. 

The green strategy is a platform for leadership in 
renewable-energy technologies and EVs as 
strategic emerging industries. China combines 
energy, climate, and industrial-policy objectives. It 
promotes manufacturing technologies with export 
potential (solar, wind, nuclear, EVs, batteries) and 
also the benefit of large domestic markets.

LNG import is soaring, in line with a policy on 
coal-to-gas switching in the industrial sector, and 
in households to curb local air pollution. 
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GREATER CHINA

*All GDP figures in the report are based on 2011 purchasing power parity and in 2017 international USD

Population (BN)

Energy use/person (GJ)
Energy use (EJ)

GDP/person (USD) 
 GDP* (USD TRN)

1.44 1.33

17 700 
1.44

47 500 
1.33

95 
137

97 
128

(CHN)

2017 2050

217217

THIS REGION CONSISTS OF: Mainland China,  
Taiwan, Hong Kong and Macau
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ENERGY TRANSITION

Greater China’s final energy demand, shown in 
Figure 5.7.1, will continue to grow strongly for the 
coming decade, before peaking in around 2030. 
The peak and decline will be the result of a 
stabilization of the population, a reduction of the 
share of the secondary sector in the economy, 
and energy-efficiency gains in all sectors. These 
three forces are stronger than the effect of 
economic growth, which is also set to continue.

As Figure 5.7.1 shows, the share of electricity in 
the final energy demand will continue to 
increase, from 21% in 2017 to 52% in 2050 – the 
highest of all regions. The manufacturing sector 
will see a particularly strong electrification, and 
both the transport sector – where China is the 
frontrunner in EVs – and the building sector, will 
see a rapid shift to electricity. The 2050 electric-

ity mix will be dominated by solar PV, with 41% 
share. Wind and hydropower will also be main 
contributors, taking the renewable electricity 
share to above 90%.

We expect the energy mix of Greater China to 
do a complete turn-around in the forecast 
period as seen in Figure 5.7.2. Coal is currently 
by far the region’s largest primary energy 
source, although its use is almost flat and after 
2030 will see a strong decline. Oil is the region’s 
second largest energy source and it will remain 
relatively stable until around 2030, when 
electrification of the vehicle fleet starts to 
reduce demand for oil. The use of natural gas 
will double over the coming decade, mainly 
driven by increased demand from the manufac-
turing sector. Hydropower is growing, and wind 
and, particularly, solar PV will see strong growth 
during the coming decades.

5.7 GREATER CHINA

Greater China final energy demand by sector         
 
Units: EJ/yr
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 − Domestic renewable energy sources limit 
energy imports, which will remain high regard-
less. Growth in renewables will continue, although 
ongoing reform to financial support – a shift to 
market-oriented systems to alleviate subsidies –  
may halt developments in the short term. 

 − Local air pollution remains the key driver of 
climate policy. The Action Plan for Winning the 
Blue Sky will tighten emissions standards, 
mandate industry-conservation targets and 
coal-to-gas switching, establish fuel-economy 
standards, restrict internal combustion engine 
car sales, and massively expand public transit.

 − Decoupling economic growth from increased 
energy use will include game-changing busi-
ness models. World-leading ride-sharing 
models will spur the uptake of shared, autono-
mous EVs in urban mobility. Circular-economy 
initiatives will reduce the energy intensity of 
industrial districts.

 − In its NDC pledged under the Paris Agreement, 
China’s aims for 2030 are to meet 20% of its 

energy needs with non-fossil energy, to reduce 
carbon intensity per unit of GDP by 60–65% 
from 2005, and for GHG emissions to peak in 
around 2030. We foresee the carbon-intensity 
target being met. 

 − The nationwide emissions trading system (ETS) 
starts with the power sector alone, with 1,700 
power plants accounting for one third of China’s 
GHG emissions. The Ministry of Ecology and 
Environment is targeting these with new rules 
from the second half of 2020. Seven existing 
pilot schemes are expected to be gradually 
incorporated into the national ETS, eventually 
extending to all energy-intensive and 
high-emission sectors.

 − In international decarbonization efforts, China 
has a unique opportunity to replicate domestic 
progress abroad, by directing state bank 
invest ments ploughed into infrastructure 
projects across Asia and Africa – the Belt and 
Road Initiative – to low emission, clean-energy 
systems. 

POINTERS TO THE FUTURE

Historical data source: IEA WEB (2018)

Greater China primary energy consumption by source         
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ELECTRIFICATION OF ROAD TRANSPORT

China is a major industrial power, with an industrial 
policy to match. The country has an established 
strategy to be a future leader in new market 
segments, such as wind, solar PV, battery technol-
ogies, and vehicle electrification.

Over the last decade, China has used billions of 
dollars to support manufacturers and consumers 
alike to hasten the development of new sectors, 
frequently balanced with environmentally moti-
vated limits of fossil – especially coal – combustion. 
The result is that by 2019, it is the leader – at least in 
output volumes, in solar panels, wind turbines, 
and electric passenger and commercial vehicles. 

Chinese drivers bought over 1.1 million EVs in 
2018, 56% of plug-in vehicle sales worldwide, and 
purchases are growing at a faster rate than the rest 
of the world combined. The heavily-subsidized 

electric bus programme in China has helped to 
grow the fleet of electric buses to well over 
400,000. While that growth rate will taper with 
subsidy cuts, exports of electric buses are set to 
boom. The country already supplies over half of 
the world’s EV batteries, with significant capacity 
addition planned.

But support for advances in EVs and renewables 
has been costly, and support for low-carbon 
industries has recently been reduced. Renewa-
ble-energy investments dropped by 39% from the 
first half of 2018 to the first half of 2019 (Financial 
Times, 2019). Our forecast, however, sees a 
continued - albeit eventually declining – support 
for EVs. This will ensure passenger battery EV 
uptake is rivalled by no other region, as was 
already indicated by Figure 4.1.8. Moreover, for 
commercial vehicles, the position of China relative 
to others is the same – a clear pole position ahead 
of Europe, and it will stay that way through to 2050.

Electric vehicle government support by vehicle type in Greater China 
 
Units: USD/vehicle 
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Figure 5.7.3, however, shows the flip side of the 
pole position in electrification: the ample 
support needed to ensure the high EV uptake 
(the figure includes both producer-level and 
consumer-level support). While passenger cars 
will receive no support from the 2030s, commer-
cial vehicles will receive lavish support levels for 
another decade. Evidence that China will 
continue to support the promotion of EVs is seen 
in the New Energy Vehicle mandate, taking effect 
in 2018 (WEF, 2018), which will ensure that EV 
deployment continues to increase. However, 
support will become more market oriented, with 
EV production quotas on car makers, EVs as a 
mandated portion of sales, and only EVs with 
longer driving ranges qualifying for subsidies. 
Uptake will be further encouraged by the process 
for obtaining an EV registration plate being 
simpler and swifter than for other vehicles, such 
that consumers are deterred from purchase of 
ICE vehicles.

 Figure 5.7.4 provides an overview of the result-
ing vehicle fleet in China, and includes passen-
ger vehicles, commercial vehicles, and two- & 
three-wheelers. The latter require smaller 
batteries and no financial support (see also our 
two- & three-wheeler focus in our section on the 
Indian Subcontinent). 

Note that after decades of strong growth, the 
Chinese vehicle fleet flattens, in all segments, in 
around 2030. This saturation results from a 
combination of population stabilization and 
public policy favouring public transport. For 
more than a decade, Chinese authorities have, 
with some success, curtailed private car use in 
bigger cities, and we see this as being likely to 
continue in the future. After 2030, growth will be 
limited to rural areas, as cities become ever 
better served by subways, rail, and other public 
transport amenities.

Historical data source: OICA (2016), IEA GEVO (2018)

Greater China number of road vehicles by type and drivetrain
 
Units: Million vehicles
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DECARBONIZATION OF MANUFACTURING

Most of the energy in Greater China’s manufactur-
ing sector is used to produce heat for industrial 
processes and industrial sites, about 67% in the 
base-materials sector and 58% in the manufac-
tured-goods sector. Most of the heat is provided 
by direct burning of coal, as shown in Figure 5.7.5, 
in boilers for lower-heat processes and in furnaces 
for higher temperatures. In the manufacturing 
sector, coal is currently responsible for 81% of heat 
use in the base-materials sector and 57% in the 
manufactured-goods sector. 

Although coal will remain the most attractive heat 
source in the region on a fuel-cost basis, we 
forecast a transition away from coal in heating, 
driven by social and political pressure for decar-
bonization and by rising carbon prices. Comple-
menting carbon and local pollution taxation, we 

forecast a continuation of the direct government 
intervention in the manufactured-goods sector 
to replace coal by natural gas. In the base-materi-
als sector, the main policy instrument will be the 
relocation of industrial sites out of cities to reduce 
pollution. As a result, we see natural gas increas-
ing its share in the manufactured-goods heat mix, 
from 13% in 2017 to 30% by 2030, and in base 
materials from only 3.5% to 11%. 

Beyond 2030, higher carbon prices and preferen-
tial treatment for electrification will lead to a rapid 
uptake of industrial heat pumps and electric 
furnaces. In the manufactured-goods sector, 
electrification of heat will be rapid, from 2.4% in 
2030 to 75% by 2050. In the base-materials 
sector, due to limited efficiency gains from 
switching to electricity in high-heat furnaces, 
electrification will also be fast, moving from 4.0% 
in 2030 to 40% in 2050.

Historical data source: IEA WEB (2018), US DOE (2010), Heat Roadmap Europa (2015)

Greater China energy demand for heat in manufacturing by carrier        
 
Units: EJ/yr
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Greater China energy-related CO2 emissions by sector        
 
Units: GtCO2/yr
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CHARACTERISTICS AND CURRENT POSITION

The region’s energy demand is growing, fuelled by 
economic and population growth. Energy supply 
is the main issue. Regarding reliability of electricity 
supply, of the 137 ranked economies in the 2018 
Global Competitiveness Report, India is ranked at 
80th, Bangladesh at 101th, and Pakistan at 115th 
(Schwab, 2018). 

India’s choices for powering further economic 
growth, plugging energy gaps, and addressing 
local air pollution will largely determine the rate of 
the transition in this region. Its hazardous air 
consumes 7% of GDP in health and welfare losses 
(NITI Aayog et al., 2018). Although India’s coal-in-
tensive energy sector is vast, the past decade has 
seen a steady growth in renewables.

Pakistan faces severe energy deficiencies. Its 

energy mix is dominated by fossil fuels with 
reliance on imports, although it has domestic coal 
reserves. Unlike India with a slow-down in new 
coal, Pakistan targets coal as a way out of a short-
age of gas and growing reliance on oil-based 
generation. 

Bangladesh also faces high dependency on 
imported energy (LNG, coal, oil, power). Electricity 
access has expanded to over 80% of the popula-
tion, helped by off-grid rooftop solar power. 

With its high population density and cities in 
low-lying floodplains, the region is vulnerable to 
climate change. More frequent flooding and 
longer periods of drought are expected – Afghani-
stan, Pakistan, and India are already amongst the 
most water-stressed countries.
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INDIAN SUBCONTINENT

*All GDP figures in the report are based on 2011 purchasing power parity and in 2017 international USD

Population (BN)

Energy use/person (GJ)
Energy use (EJ)

GDP/person (USD) 
 GDP* (USD TRN)

1.79 2.29

6 500 
11.6

22 500 
51.6

27 
48

43 
98

(IND)

2017 2050
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THIS REGION CONSISTS OF:  
India, Pakistan, Afghanistan, Bangladesh,  

Sri Lanka, Nepal, Bhutan and the Maldives
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ENERGY TRANSITION

With the population increasing by some 500 
million people and GDP increasing fourfold, 
the region’s final energy demand, as shown in 
Figure 5.8.1, will continue to grow rapidly over 
the coming decades. The largest increase will 
come from manufacturing, while transport and 
buildings will also see strong growth. However, 
electrification of transport and switching away 
from the use of traditional biomass in house-
holds will provide efficiency gains.
 
As Figure 5.8.1 shows, the share of electricity in the 
final energy demand will continue to increase, from 
15% in 2018 to 33% in 2050. Both the building and 
transport sectors will experience strong electrifica-

tion. The 2050 electricity mix will be dominated by 
solar PV, for which the 43% share is highest of all 
regions. Wind represents around 20% of the power 
supply, followed by coal and gas.

Coal is currently the region’s largest source of 
energy, as shown in Figure 5.8.2, and it will 
continue its strong growth before peaking 
around 2030. The subsequent decline of coal 
beyond 2030 will primarily be due to its replace-
ment by natural gas in manufacturing. Natural 
gas will also become more competitive in the 
power sector, as will solar PV, and natural gas 
will eventually overtake coal as the main energy 
source. Despite the rapid growth of renewables, 
fossil-fuel energy sources will still represent 65% 
of the energy mix in 2050.

5.8 INDIAN SUBCONTINENT

Indian Subcontinent final energy demand by sector         
 
Units: EJ/yr
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 −  India’s 2019 National Clean Air programme, 
aiming for a 20-30% reduction in concentrations 
of particulate matter by 2024, will trigger 
initiatives across sectors, including emission 
standards on coal-combustion plants, and fuel 
mix and vehicle-emission standards in transport.

 −  India recently ramped up its renewable electric-
ity target from 175 GW to 227 GW by 2022. 
Annual auctions for 40 GW (30 GW solar + 10 GW 
wind) to 2028 will be key to achieving India’s NDC 
aim of 40% non-fossil fuel generation by 2030.

 − Storage and flexibility resources will progress. 
The National Mission on Transformative Mobil-
ity and Battery Storage (established in March 
2019) will enable progress in the integration of 
renewables, with distribution and transmission 
grids, rural micro grids or stand-alone systems, 
and will develop the storage component of 
electric mobility plans. 

 − Cross-border connectivity – India’s northeast, 
Nepal, Bhutan, Bangladesh, and Myanmar – will 

be an important route to boosting renewable 
energy in the region, e.g., from large hydro plants.

 − Pakistan is facing an energy-future crossroads. 
While the abundant potential in solar, wind, and 
hydropower resources are largely unexploited, 
government estimates suggest investments in 
coal-fired generation – in which the China-Paki-
stan Economic Corridor will be instrumental. If 
realized, the pivot to coal will add to GHG 
emissions and exacerbate poor air quality. 

 − Bangladesh is expected to strengthen renewa-
ble-energy and energy-efficiency programmes 
to bridge its shortfall in energy supply. 
However, plans to reduce dependence on 
natural gas, with a move towards coal for 50% of 
total electricity by 2030, will pose significant 
climate- and fiscal risks considering the 
cost-competitiveness of renewables. Address-
ing subsidies to industrial use of oil products 
and natural gas will be a key issue. 

POINTERS TO THE FUTURE

Historical data source: IEA WEB (2018)

Indian Subcontinent primary energy consumption by source         
 
Units: EJ/yr
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Historical data source: IEA WEB (2018)

Indian Subcontinent two and three-wheelers energy demand by carrier        
 
Units: PJ/yr

FIGURE 5.8.3 
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SMALL VEHICLES, BIG GROWTH

If North Americans drive the biggest cars, people 
of the Indian Subcontinent drive some of the 
world’s smallest – with several new models costing 
less than USD 4,000. They also mainly drive two- & 
three-wheelers that account for a significant 
fraction of Indian road-sector energy use, and 
these vehicles are vastly more energy efficient 
than small cars. A growing, wealthier population 
will see demand for passenger cars grow from 35 
million currently to 380 million in 2050, but two- & 
three-wheelers, starting today at about 260 
million, will grow to 680 million by mid-century. 

The two- & three-wheeler fleet adds greatly to air 
pollution in Indian cities. In order to mitigate this, 
compressed natural gas has been promoted. 
However, it is electric propulsion that will see this 
segment’s fossil-fuel use peak within a decade. 
Cheaper, small batteries, and a much shorter 

vehicle life expectancy, will complete the transi-
tion of the entire two- & three-wheeler fleet to 
electricity before 2040. In contrast, passenger 
and commercial vehicle fleets will, respectively, 
only be 50% and 25% electrified at that time.

Already in 2024, two & three-wheeler vehicles 
will consume more electricity than gas, and five 
years later, electricity will be the dominant 
energy source (Figure 5.8.3). This will be a boon 
to the environment in the long term, when the 
subcontinent’s power mix decarbonizes but, 
shorter-term, the power will come mainly from 
coal. Nevertheless, it is partly the high share of 
off-grid solar favoured by the subcontinent’s 
households that will enable them to afford more 
than one EV each by the end of the forecast 
period. Although too weak to power cooking 
and cooling needs, small vehicles with battery 
sizes typically below 8 kWh, will be well serviced 
by small-scale PV / battery units.
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Indian Subcontinent energy-related CO2 emissions by sector        
 
Units: GtCO2/yr
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CHARACTERISTICS AND CURRENT POSITION

The pursuit of economic growth is the single 
most-prominent unifying feature of national energy 
policies, and energy demand will increase with 
economic and population growth. A growing urban 
middle class is the main driver of electricity demand 
in residential and service sectors. 

Indonesia, Thailand, and the Philippines are the 
largest economies, while Singapore has the 
highest GDP per person. 

Reliance on fossil-fuel resources is high. Soaring 
demand and increasing dependence on energy 
imports mean energy security and energy prices 
are primary concerns. ‘Clean’ diversification of the 
mix are considerations in policy making to reconcile 
growth with domestic concerns over air quality and 
health, and to enhance national self-reliance.

Thailand has led the region in renewables, 
followed by Indonesia and the Philippines. Singa-
pore is pioneering new energy concepts in 
smart-grid technology and EV initiatives. Vietnam 
is gearing up attractive support to solar. However, 
the region has significant policy uncertainty 
regarding renewables ambitions and promotion 
policies. Corporate power purchase agreements 
for clean energy sourcing are gathering momen-
tum as global multinationals set green goals to 
power operations. 

Energy is highly politicized and fossil fuels remain 
effectively subsidized, with both producer and 
consumer subsidies from governments. These 
hinder renewable-energy developments and slow 
the transition towards new technologies in genera-
tion and energy efficiency. 
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SOUTH EAST ASIA

*All GDP figures in the report are based on 2011 purchasing power parity and in 2017 international USD

Population (M)

Energy use/person (GJ)
Energy use (EJ)

GDP/person (USD) 
 GDP* (USD TRN)

659 783

12 200 
8.0

32 400 
25.3

46 
30

58 
45

(SEA)

2017 2050

231231

THIS REGION STRETCHES FROM  
Myanmar to Papua New Guinea,  

including the Pacific Ocean states
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ENERGY TRANSITION
 
South East Asia’s final energy demand, as shown 
in Figure 5.9.1, will continue to grow over the 
coming decades, starting to level off towards the 
end of the forecast period. The largest increase in 
energy demand will come from buildings, 
associated with population growth and an 
increase in income per capita, leading to greater 
demand for space cooling and appliances. There 
will also be growth in the energy demand from 
transport and manufacturing.  

As Figure 5.9.1 shows, the share of electricity in 
final energy demand will continue to rise, from 
15% in 2017 to 41% in 2050. All three main sectors 
will see strong electrification in the period. The 
2050 electricity mix will be dominated by solar 

PV, with more than one third of the electricity 
supply, followed by natural gas and wind. Due to 
the region’s geography and topography, offshore 
wind is expected to be large, with 15% of overall 
electricity supply.

Oil is currently the region’s largest energy carrier, 
as shown in Figure 5.9.2, and it will remain 
relatively stable over the forecast period. 
Towards 2030, coal and natural gas will see the 
largest growth, mainly driven by growth in the 
manufacturing and power sectors. Beyond 2030, 
natural gas will outcompete coal in the manufac-
turing industry, with both coal and natural gas 
challenged by growing renewables in the power 
sector. Solar PV and wind will both see strong 
growth towards the end of the forecast period, but 
the fossil-fuel share remains high, at 63% in 2050.

5.9 SOUTH EAST ASIA

South East Asia final energy demand by sector         
 
Units: EJ/yr
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 − Meeting surging energy demands from 
ever-increasing populations in expanding 
economies is the key priority for South East 
Asian countries.

 − Soaring gas demand will drive LNG regasifica-
tion capacity growth by 330%. Governments in 
Thailand, Indonesia, Malaysia, and Vietnam 
have EV-manufacturing ambitions, with fiscal 
incentives to automakers. The well-established, 
traditional two-wheeler fleet will electrify.

 − The region is well placed for electrification 
through its renewable-resource potential. 
However, lack of certainty about policy direc-
tion, with bank-dominated funding categoriz-
ing large-scale renewable projects as risky 
(ADBI, 2018), as well as vested interests in 
hydrocarbons, are throttling renewable-energy 
investments in the region. Singapore is the first 
to introduce a carbon tax in 2019 and the 
region is expected to be pulled along by 
China’s carbon-pricing efforts. A likely first 
step is removal of fossil-fuel subsidies.

 − Gas and power networks largely operate in 
isolation, and the stresses on grid infrastruc-
ture from integration of variable renewables 
need to be handled. Grid initiatives will 
contribute to greater collective energy security 
and stability, and the Association of Southeast 
Asian Nations’ Power Grid vows to do more to 
build a regional power grid. The Laos-Thai-
land-Malaysia-Singapore Power Integration 
Project is a first step in this direction. Some 
countries in the region (e.g., Philippines, 
Vietnam, Malaysia) are transitioning from 
vertically integrated market structures towards 
competitive electricity markets, which will 
encourage new and efficient generation.

 − Cheap coal from Indonesia and Australia, 
combined with lower demand from other 
countries, will flood the regional energy 
market, putting pressure on transition mecha-
nisms. Australia is predicting a growth in 
export of coal to Cambodia, Myanmar, and the 
Philippines to replace potential lost exports to 
China.

POINTERS TO THE FUTURE

Historical data source: IEA WEB (2018)

South East Asia primary energy consumption by source         
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Historical data source: IEA WEB (2018)

South East Asia manufacturing sector energy demand by carrier        
 
Units: EJ/yr

FIGURE 5.9.3 
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A MANUFACTURING – 
AND NATURAL GAS - BOOM

South East Asia will continue its expansion as a 
manufacturing power, and, between 2017 and 
2050, production of manufactured goods will 
almost triple, while production of base materials 
will almost double. This manufacturing boom will 
lead to a significant increase in energy use, as 
shown in Figure 5.9.3. Coal is currently the largest 
energy carrier in the manufacturing sector, mainly 
used as a source for process heating. We see coal’s 
role as a heat source being increasingly challenged 
by natural gas, and, as a result, coal use will peak in 
ten-years’ time. Natural gas use, on the other hand, 
will double within the next two decades. 

Before 2030, electricity will become the region’s 
largest energy source in manufacturing. This 
electrification is due to the surging production 
of manufactured goods, where labour-intensive 
production processes become more and more 
automated. The electricity will also be increas-
ingly supplied by natural gas, and, later, also by 
solar PV and wind. 

All this additional demand for natural gas will 
transform South East Asia from being an LNG-ex-
porting region to becoming a significant 
importer. Most of the gas imports will originate 
from the OECD Pacific, North America, and the 
Middle East and North Africa. 
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South East Asia energy-related CO2 emissions by sector        
 
Units: GtCO2/yr

FIGURE 5.9.5 
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CHARACTERISTICS AND CURRENT POSITION

Stretching between the northern and southern 
hemispheres, this region is diverse with respect to 
energy use and resources. Australia is a net 
exporter of energy, whereas New Zealand, Japan 
and South Korea import energy for power genera-
tion or transportation. These are developed 
economies, with energy security and sustainability 
integrated into energy policies, but with varying 
levels of ambition. Japan, South Korea, and New 
Zealand have carbon pricing, but Australia repealed 
previous carbon-tax laws. 

Australia exploits its coal and gas resources for 
domestic energy use and export revenue. Energy 
policy is contentious and highly politicized. While 
Australia is undergoing a boom in renewables and 
storage projects, there are limited plans to meet 
international emissions targets.

New Zealand has significant geothermal and 
hydropower generation. Transition policy empha-
sizes renewables, and restrictions on future oil 
and gas developments.

Japan imports considerable amounts of coal and 
LNG. Most of its geothermal and hydropower 
potential is deployed and geographic factors 
constrain solar, onshore wind, and grid connectiv-
ity. Nuclear power remains contentious following 
the 2011 Fukushima disaster. Coal-fired genera-
tion has increased. 

South Korea is a major importer of coal and LNG, and 
relies on coal and nuclear power for about 70% of the 
country's electricity. Due to mounting focus on air 
pollution, a transformation of energy policy from 
nuclear and coal to renewables is being imple-
mented. Gas is seen as the bridge energy carrier.
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OECD PACIFIC

*All GDP figures in the report are based on 2011 purchasing power parity and in 2017 international USD

Population (M)

Energy use/person (GJ)
Energy use (EJ)

GDP/person (USD) 
 GDP* (USD TRN)

207 194

42 700 
8.8

59 700 
11.6

181 
38
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20

(OPA)

2017 2050
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THIS REGION CONSISTS OF: Australia,  
New Zealand, Japan and South Korea
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ENERGY TRANSITION

The OECD Pacific’s final energy demand, as 
shown in Figure 5.10.1, has started to decline 
and will continue to do so more rapidly than the 
fall in the region’s population. The manufactur-
ing sector will see the largest reduction, a result 
of production sites moving to lower-wage regions 
and to efficiency gains. The efficiency of the 
transport sector is also increasing strongly, 
partly due to fast uptake of EVs. 

As Figure 5.10.1 shows, the share of electricity  
in the final energy demand will continue to 
increase, from 24% in 2017 to 50% in 2050, the 
second highest of all regions after Greater 
China. Both the manufacturing and transport 
sectors will see high electrification. The 2050 

electricity mix will be dominated by wind, with 
more than half of all electricity production in 
2050 expected to come from wind, one third of 
which being offshore wind. With the solar PV 
share also significant, the share of fossil-fuels in 
power generation in 2050 will be minor.

Electrification of the transport sector will be the 
strongest driver for reducing oil consumption 
over the forecast period. Coal, the region’s 
second largest primary energy source, will 
continue to decline rapidly from the 2020s 
(Figure 5.10.2) due to its replacement in the 
manufacturing sector by natural gas and in the 
power sector by natural gas and renewables. 
Due to strong electrification in all sectors, wind 
will be the largest source of energy by 2050. 

5.10 OECD PACIFIC

OECD Pacific final energy demand by sector         
 
Units: EJ/yr
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 − Australia lacks clear policies on the Paris 
Agreement, and its overall GHG emissions are 
growing, despite reductions in electricity-sec-
tor emissions achieved by renewables. Reliabil-
ity concerns will drive interest in pumped hydro 
and batteries. Coal production has expansion 
capacity, but its social license is unclear, despite 
the financial importance of thermal coal exports. 
Australia will soon be the world’s largest exporter 
of LNG, and is starting to explore the domestic 
use and export of hydrogen.

 −  New Zealand continues to match policy with 
strategic energy actions. Leveraging the 
renewable electricity advantage is a priority in 
the transport sector. Other priorities will 
include: energy-efficiency improvements, 
efficient use of process heat in energy-intensive 
industries, and renewables. 

 − Japan’s dependence on imported fossil fuels 
has risen in the wake of Fukushima; the govern-
ment plans to continue re-opening nuclear 

plants that can demonstrate improved safety – 
beyond the 6 of 51 nuclear-power reactors that 
have already received permission to resume 
operation. Public finance is going to new 
coal-fired power plants, and the search for 
alternatives to energy imports continues. Japan 
is piloting liquid hydrogen for decarbonizing 
heat and transport, and is targeting offshore 
wind and rooftop solar PV growth for power 
generation. EVs and hydrogen-fuelled cars are 
increasing in use.

 −  South Korea targets 20% renewable power in 
2030 and 35% by 2040. In January 2019, the 
government announced the Hydrogen Econ-
omy Roadmap for production facilities, hydro-
gen in transport, and fuel-cell (FC) businesses 
by 2040, building on its existing strength in 
hydrogen fuel-cell electric vehicles (FCEV). 
Domestic energy policies will continue to favour 
LNG, renewable energy, and green transport, 
especially due to growing concerns over air 
pollution and public health.

Historical data source: IEA WEB (2018)

OECD Pacific primary energy consumption by source         
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OECD Pacific hydrogen production by source         
 
Units: PJ/yr

FIGURE 5.10.3 
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HYDROGEN ENTERING THE ENERGY MIX

In 2050, hydrogen will represent 4.8% of the 
region’s energy use, second highest after 
Europe’s 5.7%.

Although hydrogen and ammonia are consumed 
globally in significant quantities in various 
manufacturing processes, notably fertilizer 
production, hydrogen use as an energy carrier 
can be considered as pilot installations only. 
Presently, hydrogen is used by a few thousand 
FCEV, and also provides some Japanese homes 
with FC solutions, serving both heating and 
power needs. As in China, 50% of heating needs 
of buildings are served by natural gas in OECD 
Pacific, paving the way for grid conversion to 
hydrogen. Once the gas infrastructure is 
converted, a mix of steam methane reforming 
(SMR) with carbon capture and storage, and 
electrolysis powered by high variable renewable 
fractions, will serve heavy road transport, and 
manufacturing and maritime needs, in addition 

to buildings. OECD Pacific will use a constant 
share of 10% of global hydrogen production from 
2030 to 2050. Transport will be the heaviest user 
at 46%, buildings will take up to 34%, and manu-
facturing will consume 20%. 

Although we have included ammonia in our 
hydrogen category, as this will be the form used 
in maritime propulsion, hydrogen use will mainly 
be locally-sourced (i.e., in the same region). 
Current plans call for Japanese consumption 
being met mainly from Australian coal in SMR 
processes. Despite initially being sourced from 
SMR, hydrogen in the region will also be obtained 
from electrolysis in the late 2030s, and in 2050, 
the electrolysis share will be about 50% higher 
than the SMR share, as shown in Figure 5.10.3. 
The growth in electrolysis will be driven by 
increasing amounts of inexpensive variable 
generation electricity and is explained in the 
hydrogen section (Section 4.2.2), and further 
detailed in our description of how we have 
modelled flexibility options in electricity.
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OECD Pacific energy-related CO2 emissions by sector        
 
Units: GtCO2/yr

FIGURE 5.10.5 

1980 1990 2000 2010 2020 2030 2040 2050
0

1.5

2.0

1.0

0.5

2.5

Manufacturing

Transport

Energy sector
own use

Buildings 

Natural gas
processing

Other

Electrification
 

Energy intensity
 

Carbon intensity
 

Electricity share in 
final energy demand

Units: MJ/USD Units: tCO2/TJ

FIGURE 5.10.4 

50%

40%

30%

20%

10%

0%

5

4

3

2

1

0

60

50

40

30

20

10

0
2017 2030 2050 2017 2030 2050 2017 2030 2050

ENERGY-TRANSITION INDICATORS



DNV GL ENERGY TRANSITION OUTLOOK 2019

242

5.11  COMPARISON OF THE REGIONS

Carbon intensity of primary energy consumption
 
Units: tCO2/TJ

FIGURE 5.11.2 
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Energy intensity of GDP
 
Units: MJ/USD

FIGURE 5.11.1 
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Energy intensity is measured as primary energy consumption per unit of GDP. All regions experience a decline in this 
measure. This is explained by efficiency gains, partly due to steady electrification of energy end use. It is also because of the 
increasing share of renewables in electricity generation, through which electricity becomes more efficient as losses (to heat) 
are much lower. Consequently, the decline in overall energy intensity accelerates. Despite a 66% decline between 2017 and 
2050, North East Eurasia remains the region with highest energy intensity. Europe continues to require the least amount of 
energy per dollar of economic activity.

Carbon intensity is measured as tonnes of carbon dioxide per terajoule of primary energy consumption. Greater China has 
the most rapid decarbonization, with its carbon intensity declining by 66%, followed by OECD Pacific (64%), and Europe 
(54%). Sub-Saharan Africa will see a slight increase in carbon intensity (0.63%) and move from having the least carbon-inten-
sive energy system in 2017 (due its large share of traditional biomass use) to become the second worst by 2050.
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Share of renewables in primary energy consumption
 
Units: Percentages

FIGURE 5.11.4 
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FIGURE 5.11.3 
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Electrification is measured as the share of electricity in the final energy demand mix, and, as can be clearly seen, electrifica-
tion is taking place everywhere. The pace will be fastest in Sub-Saharan Africa, where the share of electricity will almost 
quadruple, from 6.4% in 2017 to 23% in 2050. However, this will not be enough to enable it to catch up with the other regions. 
After 2030, Greater China will overtake OECD Pacific as the leading region in terms of electrification.

Renewables include biomass, solar, wind, geothermal, and hydropower. With its high share of biomass, Sub-Saharan Africa 
remains the region with the highest share of renewables. The Middle East and North Africa will see the fastest relative 
growth rate on this measure, from 2.6% in 2017 to 21% in 2050, but can only move up one spot from the last place. OECD 
Pacific will see the second-largest relative increase, with its share of renewables growing from 6.7% to 50%.
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HIGHLIGHTS

We have a watch-list of short-term political, societal and technological accelerators of and brakes on the energy 
transition that may require adjustments to our forecast.

Potential accelerators include:

 − The strength of city, regional and national actions  
 to address pollution and increase recycling 

 − Investor sentiment shifting from hydrocarbons to  
 clean energy

 − Storage, wind and solar PV cost reductions  
 outperforming expectations

Potential brakes include:

 − Political polarization delaying key national  
 decisions on clean energy

 − The growth of tourism accelerating  
 hydrocarbon use

 − Variable renewable energy cannibalization  
 discouraging investors 
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ENERGY IS A POLITICAL ISSUE 
 
Governments at all levels have to solve the 
trilemma of simultaneously making energy 
affordable, clean, and reliable, and in a way that is 
acceptable to citizens. Whereas emerging econo-
mies may continue to prioritize growth and 
development over decarbonization, it is by no 
means certain that larger industrialized or mixed 
economies will move fast enough to meet the Paris 
COP 21 climate-change targets. 

 “ It is by no means certain that larger 
industrialized or mixed economies 
will move fast enough to meet the 
Paris COP 21 climate-change targets

Recent years have seen a rise in right-leaning 
populist movements in several countries that are 
either major primary energy markets, major 
primary energy suppliers, or both. Because they 
generally espouse policies that protect the 
domestic jobs of their political base, populist 
politicians are likely to delay the energy transition 
in countries that are significant producers or 
consumers of hydrocarbons, where such indus-
tries have a large employment base. For example, 
thermal power stations represent significant 

historical investments by utilities, many of them 
state-owned, and governments are under pres-
sure by their operators not to turn these into 
stranded uneconomic assets.

Protecting the electoral base also leads to 
economic protectionism, often veiled in the cloak of 
nationalism. If not curtailed in the near term, 
ever-increasing tariffs between the large independ-
ent economies and trading blocs will suppress 
trade volumes, reducing economic growth and 
thereby overall welfare, as well as affecting energy 
consumption.   Nationalistic tendencies also 
encourage the “not-invented-here” syndrome, 
delaying international acceptance of new ideas and 
technologies that are potentially cleaner and more 
efficient. Similar movements often discourage 
cross-border cooperation on shared infrastructure 
projects such as interconnectors, transnational 
gas pipelines, and large hydro power schemes, all 
of which are necessary to make the transition 
happen. This may lead to a slower transition, and 
also possibly lower energy use, than we forecast.

There is significant political mobilisation on both 
subsidies and price controls, but these tend to cut 
across both fossil and non-fossil sources, and may, 
in effect, cancel each other out. Examples of such 
contrary motion include the gilets jaunes (‘yellow 

6 THE NEXT FIVE YEARS

In this chapter, we focus on the next five years, and highlight  
political, social, and technological themes that may influence the 
direction and pace of the energy transition. These areas are either 
in rapid flux or are at a decision crossroads, and they are either 
accelerators or brakes for the energy transition. Observing their 
development in the short term may provide insights on whether 
we need to adjust our long-term forecast.
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vest’) movement in France and the youth-inspired 
climate-crisis protests that are widely seen to have 
influenced the resurgence of Green political 
power in the 2019 EU elections. However, we 
should also acknowledge the unknown of popular 
reactions which may well force government to act 
much faster that previously, as climate-change 
consequences accelerate. 

China and India are superpowers in terms of 
population and growing energy demand; and 
their clean-energy plans have the scale to influ-
ence the world. Driven by energy security, concerns 
over pollution in their mega-cities, and growing 
indigenous industrial-technology sectors, both 
countries are driving their own energy transitions 
at an accelerating rate. Due to the sheer size and 
growth rates of their energy markets, and the 
economies of scale that these factors have on the 
cost of energy-related equipment, they are also 
pulling the rest of the world with them on the 
transition. Both China and India have Nationally 
Determined Contributions (NDCs) with ambition 
levels lagging behind real developments; stronger 
pledges in the 2020 NDC updates may further 
accelerate the transition beyond our present 
Outlook.

 “China and India are superpowers 
in terms of population and growing 
energy demand; and their clean-
energy plans have the scale to 
influence the world 

A further political influence could come from large 
corporations setting internal targets on clean- 
energy use and other sustainability issues. In 
addition, the investor community is increasingly 
funding clean energy projects as good business, 
and not just for corporate responsibility green- 
washing. This may decrease over the next five 
years if governments respond to lower renewable 
energy costs by withdrawing subsidies and refusing 
to underwrite power-purchase agreements, while 
failing to withdraw fossil fuel subsidies. 

For investors in projects where governments oper-
ate auction systems for new renewables projects, 
the margins are already thin and getting thinner, 
and therefore this sector may also become less 
attractive in the near term. Against this, at a macro- 
investment policy scale, many large investment 
funds, especially sovereign wealth and pension 
funds, are withdrawing from fossil-fuel related 
investments owing to their associated long-term 
risks. This is likely to gather momentum: ahead of 
the 2019 G20 summit in Japan, 477 investors 
representing USD 34tn in assets (half the world’s 
invested capital), signed an open letter “to the 
governments of the world” demanding more 
urgent action on climate change.   

Divestment from fossil fuel companies will eventu-
ally lead to an increased cost of capital for those 
investing in hydrocarbon developments. However, 
in our view this shift will be gradual and marginal 
over the next ten years. Should the cost of capital for 
fossil-fuel projects start to differentiate perceptibly 
within the next five years, this could signal a faster 
transition rate than that of our forecast.

ACCELERATORS TO WATCH
 — Energy-security concerns leading to invest-

ments in domestic renewable energy 
 — Investors increasingly drawn to clean energy
 — The size and influence of the climate-crisis youth 

movement 

BRAKES TO WATCH
 — Populism protecting jobs in hydrocarbon and 

thermal power industries 
 — Political polarization leading to national 

stagnation on key decisions on energy infra-
structure and clean-energy incentives  

 — Trade wars depressing investment in cleaner 
development and hampering the exchange of 
new technologies



Concerns over pollution in 
mega-cities are driving change. 

Photo: Hong Kong, China

249

THE NEXT FIVE YEARS CHAPTER 6

249



DNV GL ENERGY TRANSITION OUTLOOK 2019

250

SOCIETY WANTS IT ALL

The energy transition might be accelerated by the 
co-benefits of addressing two major societal 
concerns:  climate change and pollution.

Addressing climate change is obviously a major 
driver of the energy transition. Public concern has 
been re-energised in the last year after a fall-off in 
the immediate afterglow of the COP 21 agreement 
in Paris. 

In 2019, inspired by Sweden’s Greta Thunberg, 
student strikes spread to thousands of schools in 
over 130 countries. Over the next five years, 
school-going protesters will become eligible 
voters, but even before then they may exert a 
strong influence on society, starting with their own 
families. Green parties in coalition governments 
are already having an impact on policy choices 
around clean energy and sustainability. If these 
parties succeed in broadening their appeal to the 
wider electorate, we can expect an acceleration of 
the energy transition.

Although public awareness of climate change has 
increased, its long-term nature makes it less 
tangible than the effects of air pollution that can 
be seen, smelt and touched by all – and, impor-
tantly, measured. The global market for air quality 
monitors is expected to grow at a compound 
annual growth rate (CAGR) of almost 7% to reach 
USD 25bn by 2024 (MnM, 2019). As a result, over 
the next five years, decarbonization will be driven 
more strongly by health concerns around air 
pollution in cities than by fear of climate change. 
The related costs in terms of healthcare provision 
to address pollution-induced illnesses are recog-
nized by many politicians. 

As the worst air pollution is concentrated in cities, 
local government entities often lead the way in 
addressing these issues. Citywide bans on internal 
combustion engine (ICE) vehicles in general, and 
diesels in particular, will spread over the next five 
years, and we will see the use of public transport 

encouraged through fare subsidies, denser 
networks, and more frequent services. Much of 
this transport will be electric, LNG, hydrogen, or 
hybrid driven. Municipalities will adopt similar 
alternative fuels for their broader public service 
vehicle fleets.

On the maritime side, over the next five years, port 
cities will increasingly insist on shore power (cold 
ironing). Ship owners will have to address the 
IMO’s long term 2050 strategy while complying 
with Emission Control Area regulations on coastal 
passages and the wider sulphur cap that comes 
into effect in 2020.

 “Decarbonization will be driven more 
strongly by health concerns on air 
pollution in cities than by fear of 
climate change 

Although the road and maritime transport effects 
outlined above will have a positive effect on the 
energy transition, this may be offset by the growth 
in tourism over the next five years. Low-cost air 
travel has boomed as “no-frills” airlines offer 
travellers cheap fares to an ever-increasing range 
of destinations, many of them long haul. Since air 
travel can be expected to remain fossil fuelled in 
the near-term, this growth may affect the speed of 
the transition, especially because a growth in air 
travel is accompanied by similar expansion in 
cruise tourism, hotels, resorts and shopping 
destinations.

This tension between demands for clean energy 
and more tourism, is further complicated by urban 
myths about the safety of energy sources. This 
applies particularly to hydrogen and nuclear, as 
well as fears over electro-magnetic radiation from 
power lines, leading to ‘not-in-my-backyard’ 
(NIMBY) attitudes. Public acceptance of new 
energy developments is often contested, 
frequently based on false narratives, and concerns 
over the visual pollution of large wind farms, solar 
parks, and overhead power lines, along with 
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agitation over hydro or tidal schemes drowning 
landscapes, also contribute to the confusion. Such 
public debate, although on a local case-by-case 
basis, will have a cumulative effect on the energy 
transition over the next five years. 

Perhaps, the greatest public debate, however, is 
over fracking, which is associated with the devel-
opment of shale gas and oil deposits. Outside of 
the US, no significant shale hydrocarbon deposits 
have been exploited. This is partly because of a 
lack of the necessary wherewithal in the prospec-
tive geographies in terms of land drilling rigs, frack 
trucks, and infrastructure – and access to cheap 
capital – but is also due to public and governmen-
tal concerns. These concerns focus on methane 
emissions, water-table contamination, water-re-
source competition with agriculture, and minor 
earthquake generation. The public reaction to 
fracking is not expected to dissipate in the next 
five years, and it may affect the uptake of gas in 
preference to other more polluting fuels.  We 
factor in some uncertainty around unconventional 
production in our forecast, but a delay beyond the 
limits that we define is also possible.

 “ The decline in the need for oil to 
make plastics may accelerate the 
longer-term decline of oil

While many of these factors may delay the energy 
transition, there are numerous examples of 
islands, small towns, industrial and port sites, plus 
individual domestic energy users, who are already 
converting to distributed generation, independ-
ent of utilities and the delays caused by other 
members of society or slow-moving local or 
national governments. Systems at this scale create 
‘prosumers’ who both produce power and sell it to 
others but consume it when their demand exceeds 
their own ability to supply. The number of prosum-
ers can be expected to increase over the next five 
years as they exploit the projected lower costs and 
flexibility of renewable generation and storage. 
However, growth of this market is highly depend-

ent on better regulatory frameworks for the 
large-scale market integration of prosumers.

The other form of pollution gaining increased 
public attention is that of single-use plastics and 
this can be expected to continue over the next five 
years. As with air pollution, in the public conscious-
ness, pollution by plastics is a tangible ‘see it/feel 
it’ issue compared with climate change. The 30% 
of chemical feedstock from hydrocarbons used in 
plastic generation can be expected to decline as 
more and better forms of recycling are established 
in the next five years. A critical development to 
watch will be whether chemical recycling is able to 
scale – shifting the balance from the current 
cascading model to ever more circular use. 
Whether the recycling industries will use more or 
less energy than processing original feedstock is 
not yet clear, but the decline in the need for oil to 
make plastics may accelerate the longer-term 
decline of oil as a fuel, as its attractiveness as an 
overall resource diminishes.

ACCELERATORS TO WATCH
 — Climate and pollution concerns of youth 

movements of future voters and the rise of 
Green political parties

 — Concerns over air pollution and pollution with 
plastics push cleaner options and recycling 

 — Regulations and target setting on clean-energy 
issues at state and city levels backed by individ-
ual large corporations

BRAKES TO WATCH
 — Mass tourism leading to increased energy 

needs from hydrocarbon-fuelled transport
 — Social media promoting a narrative on energy 

safety and supporting NIMBY-ism
 — Concerns over shale fracturing slowing gas 

uptake 
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The EU-funded joint industry project PROMOTioN, coordinated by 
DNV GL, has solved several key technical, regulatory,  economic and 
financial barriers to the European offshore HVDC transmission 
network. Pictured here is a novel ABB compact 320 kV HVDC gas 
insulated switchgear (GIS) prototype at the start of a long-term test in 
DNV GL’s KEMA High Voltage DC Laboratory (Arnhem, Netherlands).
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TECHNOLOGY TO THE RESCUE?

Rapid cost reductions have resulted in solar PV 
and wind being the lowest cost options in many 
new projects. Over the next five years, electric and 
hybrid vehicles will become mainstream. Several 
countries and many cities, independent of national 
requirements, are setting targets for the elimina-
tion of ICE vehicles and this trend can be expected 
to continue. However, the uptake will continue to 
depend on tax breaks and other incentives in 
countries where such growth has not yet taken off, 
as well as restrictions on ICE vehicle use or new 
licences. At the same time, investment in charging 
infrastructure must continue to grow rapidly and 
manufacturers must overcome public perceptions 
on range limitations by exploiting new battery and 
fast-charging technologies. With the indicators 
that all the major international vehicle manufactur-
ers are now producing EVs along with many 
start-ups, the competition in this evolving field 
should see many consumer concerns being met 
over the next five years, thus supporting the 
transition. 

 “ EV uptake will continue to depend 
on tax breaks and other incentives 
in countries where such growth has 
not yet taken off

Gas grids able to cope with multiple sources of 
hydrocarbon gas (e.g. natural gas, biogas from 
plants, and biogenic gas from waste) are already 
being tested. Such grids will, over time, add 
hydrogen to their mix while selling the gas based 
on its variable calorific value and not at a fixed 
specification as is currently the case. In addition, 
the use of hydrogen fuel cells for rail, shipping, or 
vehicle transportation can be expected to expand 
at selected hubs in the next five years and may be 
joined by the first ammonia fuel cells in transporta-
tion pilots.

In the shipping community, considerable 
attention will be directed towards zero- and 

low-carbon fuels over the next five years. The 
use of battery-powered and fuel cell-powered 
electric and hybrid ships for short sea shipping is 
expected to extend beyond the ferry sector. The 
evolution of LNG-fuelled shipping can be 
expected to progress, and the exploration of 
hydrogen, ammonia, and biofuels will continue. 

Provided that more airports offer refuelling 
capabilities, over the next five years, blended 
biofuels should comprise more of the aviation jet 
fuel market over the next five years. This devel-
opment, however, is entirely dependent on the 
buildout of advanced biofuel value chains. 
Electric-powered aircraft experiments will 
proceed, and although they are unlikely to 
establish a serious market foothold in the next 
five years, such trials will help in addressing the 
energy densities required to lower the high 
power-to-weight ratio of battery-powered 
aircrafts, while increasing their economic 
payload and expanding their range.     

To enable the electrification of land transport 
along with the evolution of maritime and air 
transport, using power generated from clean 
sources will require continued development of 
wind and solar technologies. While distributed 
generation and storage will develop a significant 
foothold in the overall power market, large-scale 
power projects will still be needed to support 
major cities, manufacturing and processing sites, 
data storage centres, rail networks etc. These 
large projects are increasingly attracting large 
International Oil Companies (IOCs), and this can 
be expected to continue over the next five years. 
IOCs will bring capital and project execution 
expertise to this market and will have a risk 
appetite to try not only large-scale offshore wind 
developments, with 10 MW turbines, but emerg-
ing technologies such as floating wind, concen-
trated solar, and air-to-fuel processes. In the 
longer term, the input from IOCs will help to drive 
such technologies down the cost curve. 

As the levelized cost of energy (LCOE) from wind 
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and solar continues to decrease over the next five 
years as expected, thermal and nuclear power will 
become less attractive, especially when variability 
issues associated with wind and solar are offset by 
storage and interconnectors. Hybridization of 
wind and solar will add to the solution.

However, a future danger to variable renewable 
energy may emerge in the next five years where 
developments have been built to exploit regional 
wind or solar irradiation resources supplying a 
single market.  As all the projects utilize the same 
local weather conditions to generate at the same 
time, the local market’s electricity price may be 

driven down, forcing the development to canni-
balize each other. This challenge is dealt with in 
detail in our forecast; our approach is described in 
Chapter 4.2 and in the Power Supply and Use 
report (DNV GL, 2019a). 

Regarding battery technology, there are concerns 
that the currently dominant lithium-ion technology 
is reaching its limits in terms of energy density (i.e., 
energy stored per unit volume). New battery 
chemistries may develop in the next five years, and 
fuel cells in transportation and flow batteries for 
grid support will continue to evolve.  Specific 
storage needs may also be met by other means.  

Concept design for ammonia-powered ships. 
Courtesy of C-Job Naval Architects/ c-job.com
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At one end of the spectrum, flywheels and super 
capacitors as high-power short period storage 
media will remain niche. At the other end of the 
spectrum, new large-scale pumped-hydro 
schemes will be limited by suitable sites and their 
large capital costs. 

Analyses of data from power-generating sites, 
hydrocarbon-production sites, distribution grids, 
all forms of transport, manufacturing and process-
ing plants, and commercial, retail and domestic 
properties will enable operators and owners 
across the energy value chain to improve their 
assets’ operability and maintainability and help 
them to lower costs. Machine-learning and 
artificial intelligence techniques should enhance 
the systems’ efficiency by optimizing assets.

Asset data, when combined with external weather 
and market data, should allow for improved 
forecasting across the energy value chain. 
Improved forecasting should facilitate demand 
response to tailor user demand to the generating 
supply. In addition, new business models will be 
developed that should decrease consumer costs 
while simultaneously allowing energy companies 
to maintain a fair level of profitability.

 “ The cumulative effect of 
digitalization will become clearer in 
the next five years

Digitalization will allow many current asset heavy 
industries to reconfigure themselves as services to 
their customers – the so called servitization of an 
industry – leading to increased efficiency, includ-
ing maximizing asset use but lowering energy use 
per unit of service delivered. It will also allow for a 
reconfiguration of many consumers as prosumers.

Finally, digitalization offers the ‘Internet of Energy’ 
whereby different power-generation sources 
combined with storage across the spectrum, from 
utility scale to localized distributed hubs, may be 
integrated via a smart grid. This would be 

controlled by artificial intelligence, using data 
platforms to maximize the efficiency of an energy 
system and the market that it supports. Over the 
next five years we will see a proliferation of pilots 
that will ultimately assist in bringing the predicted 
energy transition to fruition.  The cumulative effect 
of digitalization will become clearer in the next five 
years and may prompt us to adjust our forecast 
accordingly.

ACCELERATORS TO WATCH
 — Government push for EVs in the transport sector 

though financial incentives 
 — Cost reductions in storage, wind, and solar PV 

technology continue to outperform expecta-
tions

 — The ‘Internet of Energy’ integrates energy 
sources in more-efficient market-scale systems

BRAKES TO WATCH
 — Charging infrastructure for EVs cannot keep 

pace with demand, and lack of government 
support to advanced biofuel infrastructures 
prevents developments.

 — Variable renewable energy cannibalization 
discourages investors

 — Energy density of batteries struggles to improve 
further
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Our forecast suggests that, by the end of this century, 
the world is heading towards a dangerous level of 
warming, 2.4ºC above the pre-industrial average: 

 − Energy-related CO2 emissions are the dominant 
source of anthropogenic greenhouse gas (GHG) 
emissions 

 − Energy-related CO2 emissions will increase slightly 
before peaking in 2025. By 2050, emissions are still 
more than 50% of today’s levels 

 − Only a small fraction of fossil fuel-related emissions 
will be captured and sequestrated

 − The cumulative amount of GHG emissions in the 
atmosphere, where CO2 is the primary gas from 
man-made processes, gives a direct indication  
of the long-term temperature increase

 − The carbon budgets from 2018 for staying below 
2ºC and 1.5ºC warming are 1,170 GtCO2 and  
420 GtCO2, respectively

 − Our forecast indicates the 1.5ºC threshold will be 
exhausted in 2028 and the 2ºC threshold in 2049

HIGHLIGHTS
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With this information to hand, together with 
estimates of remaining carbon budgets, we  
are able to calculate the likely global average 

temperature increase, while remaining cognizant 
of the uncertainties related to carbon budgets and 
their climate implications.

7 EMISSIONS AND CLIMATE 
 IMPLICATIONS

The energy sector is the dominant source of anthropogenic 
greenhouse gas (GHG) emissions. In this chapter, we describe 
how we estimate emissions and assess their climate implications. 
We begin with the estimated energy-related CO2 emissions 
derived from our model, and then outline some assumptions  
on other, non-energy-related anthropogenic CO2 emissions. 
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Between 2014 and 2016, global energy-related 
CO2 emissions were virtually flat, at around 32 Gt 
CO2/yr, but they have increased by 3.4% in the last 
two years, reaching 33.1 Gt CO2 in 2018 (IEA, 
2018b). This increase is mostly due to higher 
coal-fired output in China and India. Our Outlook 
indicates that energy-related emissions will 
increase slightly over the next decade, reaching 
their highest level in 2025 at 34 Gt CO2, some 3% 
higher than today. Thereafter, they will decline 
steadily over the remainder of our forecast period 
to the point where they are reduced by over 40% 
to some 19.2 Gt by 2050, as illustrated in Figure 7.1.

COMBUSTION EMISSIONS
Based on our forecast of primary-energy use, by 
2050 emissions from coal will have declined by 
67% compared with today, emissions from oil by 
45%, and gas-related emissions will stay at about 
current levels, as indicated in Figure 7.1. We also 
see that whereas today’s emissions are driven by 
coal (45%, followed by oil at 33%, and gas at 23%), 
the situation in 2050 will be reversed, with 44% 
driven by gas, 31% oil, and 25% coal. It is note-
worthy that although gas has lower emissions per 
energy unit produced, gas consumption in 2050 
will be high enough to dominate CO2 emissions. 

7.1 EMISSIONS

Energy-related CO2 emissions primarily originate 
from burning fossil fuels. Each energy carrier 
generates different amounts of CO2 emissions, 
but, collectively, they are referred to as  

combustion-emission intensity. Shown below  
are the comparative emissions from each fossil-
fuel energy source per unit of energy generated  
as heat. 

COMBUSTION-EMISSION INTENSITY

94.6 74.1 56.1

Coal Oil Natural gas

Emissions per unit of energy from fossil fuels

Units: tonne CO2/TJ
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SECTOR EMISSIONS
The sector currently producing the largest CO2 
emissions is manufacturing. This situation is 
expected to be unchanged in 2050, although 
significant decarbonization will occur in the 
manufacturing sector, as well as in other sectors. 
We expect emissions from manufacturing to 
reduce by almost 50%, while the transport sector 
will see a reduction of 34%. Most of these reduc-
tions will happen in the latter part of the forecast 
period, with almost imperceptible reductions in 
any of the sectors before 2030; see Figure 7.2. The 
main reason for the later reduction in emissions is 
because electricity will gradually replace the use 
of coal in manufacturing and of oil in transport. 
Moreover, the electricity sector will itself be 
decarbonizing, with power generation increas-
ingly dominated by renewables towards 2050.

REGIONAL VARIATIONS
The ten Energy Transition Outlook (ETO) regions 
have very different emission trajectories during 
our forecast period. Sub-Saharan Africa is the only 
region that will continuously increase its emis-
sions, but is starting from a very low base. Greater 
China, currently the largest emitter by far, will 
reach peak emissions in the mid-2020s, with a 
subsequent reduction by more than two thirds 
from that peak. The biggest growth in absolute 
emissions will happen in Sub-Saharan Africa (70%), 
followed by Indian Subcontinent (50%), and South 
East Asia (8%). The other regions will have reduced 
their absolute emissions by 2050 from those of 
today, and, of these, OECD Pacific will experience 
the biggest decline (81%), as shown in Figure 7.3. 
From a per-capita perspective, in 2050, North 
America will continue to produce the highest 
emissions per person, followed by the Middle East 
and North Africa, and North East Eurasia. Emissions 
per person will remain lowest in Sub-Saharan Africa.

NON-ENERGY RELATED EMISSIONS
In addition to emissions from the energy sector, 
our ETO model (ETOM) includes emissions from 
industrial processes that consume fossil fuels as 
raw material, without using the fuel or transform-
ing it into another energy carrier. 

Conversely, our analysis does not include emis-
sions from industrial processes that are not 
associated with fossil-fuel combustion (e.g., 
calcination in the cement process), as emissions 
from these sources are not linked to the amount 
of fuel that is burned. Estimates for such industrial 
emissions are 2.7 Gt CO2/yr as of 2015. About 
50% of these emissions come from cement 
production. The remainder is split between coke 
ovens and the production and use of lime and 
other chemicals, metals, and CO2 venting (Olivier 
et al., 2016). Based on recent trends, we estimate 
that industrial emissions increased by 10% to 3.0 
Gt CO2/yr in 2017, but have since stabilized at that 
level. Although we forecast that the output of 
global base materials will increase by 44% by 
2050, we expect that non-energy industrial 
emissions will stay, on average, flat. This is due to 
process improvements (e.g., switching to more 
efficient kilns in cement production and other 
technical improvements). 

 “We expect emissions from 
manufacturing to reduce by almost 
50%, while the transport sector will 
see a reduction of 34%
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World energy-related CO2 emissions by fossil fuel
 
Units: GtCO2/yr

FIGURE 7.1 
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LAND USE
Emissions from AFOLU (agriculture, forestry, and 
other land use) are not included in our ETOM, but 
they are substantial, and must be factored into 
any calculation of global emissions. Historically, 
AFOLU emissions have contributed around 5 Gt 
CO2/yr to global emissions, with the most recent 
reading from 2018 at 4.8 Gt (Le Quéré et al., 2018). 
Future emissions from land-use changes have 
recently become more uncertain, as some 
countries with large forest areas are once again 
increasing deforestation. However, steps to 
reduce emissions from land-use change include 
measures on both the demand side and the supply 
side, and their effects can have a considerable 
impact, including negative carbon emissions 
(IPCC, 2014b). 

In our Outlook, we assume a future that is mainly in 
line with Shared Socioeconomic Pathway 2 (SSP2), 
described in Chapter 2, with climate and sustaina-
bility concerns resulting in certain policy decisions 
that place pressure on controlling AFOLU and 
other emission sources. Thus, in our model, CO2 
emissions from land-use changes are reduced 
linearly by 50%, falling from 5 Gt in 2017 to 2.5 Gt 
in 2050. Although a continued decline is uncertain 
in the short term, this is likely to be a conservative 
assumption in the longer term, as a much more 
aggressive reduction to zero, or even carbon- 
negative, emissions is possible.

 “ Future emissions from land-use 
changes have recently become 
more uncertain, as some countries 
with large forest areas are once 
again increasing deforestation

CARBON CAPTURE
Carbon capture and storage (CCS) starts from  
a low base, as CCS today is almost completely 
dominated by enhanced oil recovery. Only when 
carbon prices start to approach the CCS cost level 
in the 2040s, will uptake begin in earnest. Never-
theless, we forecast that by 2050 only a small 
fraction of fossil fuel-related emissions – 4% or 0.8 
Gt CO2 – will be captured and sequestrated. There 
will be large regional variations in this, with 50%  
of all captured emissions in Greater China, while 
Europe captures 20%, and North America 12%, 
and very little will be captured by the other seven 
regions.

The primary methods for capturing carbon are  
in the steam methane reforming (SMR) process, 
converting methane (CH4) to hydrogen, and 
point-source CCS in the power and manufacturing 
sectors. The SMR process, where we assume all 
production of hydrogen to include CCS, will 
dominate in the medium term, i.e., until the 
2030s. In the longer term, 25% or 200 Mt will be 
captured by the SMR process, while the rest of 
the emissions, 75% or 600 Mt, will be captured  
in manufacturing and the power sector, mostly 
from coal, as shown in Figure 7.4.  

The limited uptake of CCS is a function of high 
abatement costs versus weak incentives to reduce 
emissions. CCS is sensitive to carbon prices and to 
policies directed to reduce the cost and increase 
the implementation of CCS projects. Future 
deployment rates will be dependent upon a 
growth in cumulative installed capacity, the  
costs of which will decrease through technology 
learning curves and scale effects. However,  
as indicated, given the paucity of commercial 
opportunities at present, CCS will need an initial 
push to drive uptake. We expect this to occur in 
the 2040s, with an increase in carbon prices and a 
concurrent fall in costs due to a growing number 
of projects – as indicated in Figure 7.4.
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World CO2 emissions captured by CCS

Units: MtCO2/yr

FIGURE 7.4
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DECARBONIZATION
Decarbonization is happening in multiple areas  
of the energy system. This includes gas-for-coal 
switching, for example, in North American power 
production — and, more fundamentally, the 
decarbonization that follows the growth of 
renewables and their replacement of fossil-based 
energy, primarily in the power sector. Decarboni-
zation is often measured as carbon intensity in 
tonnes of CO2 per terajoule — tCO2/TJ. The rate at 
which the entire energy system is decarbonizing  
is shown in Figure 7.5.

We forecast a substantial increase in the use of 
electric power in the three key energy-demand 
sectors: transport, buildings, and manufacturing. 
This comes with a significant decarbonization 
effect, because renewables will grow rapidly and 
will eventually dominate power generation. That 
part of the energy mix that is not electrified will 
also change, largely through the replacement of 
coal by less carbon-intensive energy sources. The 
decarbonization rate is steady within buildings 
and manufacturing, but will remain slow in trans-
port until 2035, when the electrified road-trans-
port sector starts to use renewably-generated 
electricity. It should be noted that the energy use 
of the road sector reduces as well, so the total 
carbon footprint of this sector declines long 
before the carbon intensity does. Towards 2050, 
other forms of transport, such as aviation and 
shipping, will also decrease their use of oil, as it  
will be replaced by less carbon-intensive energy 
sources, including electricity and biofuel. 

DECOUPLING
Decarbonization is even stronger when viewed in 
contrast with economic activity, where improve-
ments in energy intensity, measured as joules per 
unit of GDP (J/USD), are multiplied by improve-
ments in carbon intensity (tCO2/J), combined 
giving a measure of the tCO2 emitted per unit of 
GDP. The carbon intensity of economic growth will 
decrease in all regions, and this will happen most 
rapidly in China. For a clearer understanding of 
how the energy system is changing, Figure 7.6 
provides a comparison of GDP, population 
growth, energy supply, and energy-related CO2 
emissions, with a base value of 100% assigned to 
all parameters in 2017. As can be seen in Figure 
7.6, economic activity (GDP) will continue to grow 
rapidly compared with population growth, which 
will continue to rise, but only relatively slowly. 
Energy use (primary energy supply) will first 
increase, and then essentially flatten out, as 
described in detail in Chapter 4; meanwhile, 
energy-related CO2 emissions will almost halve  
by 2050. 

 “ The carbon intensity of economic 
growth will decrease in all regions, 
and this will happen most rapidly  
in China
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Historical data source: UN (2017), World Bank (2018), Gapminder (2018), IEA WEB (2018)

The decoupling of economic growth from other key parameters 
 
Units: Percentages of 2017 levels
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Having identified all sources of emissions and 
forecast their developments in the coming 
decades, the next step is to try to determine the 
most likely outcomes from these in terms of 
climate-change consequences. In this analysis, 
we focus only on the first-order effect of global 
warming caused by increased emissions. Our 
scope does not encompass all possible conse-
quences, such as sea-level rises, ocean acidi-
fication, changes in biodiversity, and alterations 
in living conditions etc. However, as we have 
cautioned, these second-order consequences raise 
the risk of feedback loops, such as melting perma-
frost and peat fires, that accelerate global warming.

Calculating the cumulative amount of CO2 
emissions into the atmosphere gives a direct 
indication of the long-term temperature increase 
(IPCC, 2014a). This link between global warming 
and carbon emissions means that it is possible to 
convert the total amount of CO2 emissions into an 
expected range of temperature increase. This 
concept is normally referred to as the global 
carbon budget and is often used as a tool to 
communicate the relationship between emis-
sions and rising temperature. The method 
admittedly includes uncertainties, and is affected 
by several factors in addition to emissions from 
energy use. These factors include: accuracy of 
historical data on emission levels, contribution  
of other GHGs in addition to CO2, the use and 
inclusion of negative-emission technologies,  
how strongly the climate warms in response  
to cumulative emissions of CO2, earth system 
feedbacks and, finally, the amount of additional 
warming after CO2 emissions have reached net 
zero. All these parameters contribute to uncer-
tainties in the available carbon budget, especially 
when approaching the rise in temperature level 
that we wish to avoid.

Recent progress in collaborative research, summa-
rized by the IPCC in the Special Report Global 
Warming of 1.5 °C (IPCC, 2018), recommended 
updates to both the carbon budget and climate 
sensitivity. In this ETO, we use the framework 
described by Rogelj et al. (2019) to evaluate 
remaining carbon budget, giving budget figures 
for cumulative emissions from a specified date 
until the increase in global mean surface air 
temperature peaks, at 1.5 or 2.0°C. 

The CO2 budget we have used for staying below an 
increase of 2°C is 1170 Gt CO2 from 2018, using the 
66% (‘likely’) probability threshold reported by IPCC 
(2018). The ‘likely’ threshold budget for staying 
below an increase of 1.5°C is reported to be 420 Gt 
CO2. Thus, these are the total emissions ‘budgets’ 
that humanity has at its disposal from the year 2018. 
These budgets are net of estimated emissions from 
non-CO2 gases, such as CH4 and N2O. 

As our ETO model covers only energy-related CO2 
emissions, to these amounts must be added CH4 
emissions from fossil fuels, along with other 
non-CO2 emissions from land-use changes, 
agriculture, and waste. Large future changes in 
these non-CO2 emissions, including in agriculture, 
land fill, and the use of fertilizer, will have a consid-
erable influence on the size of the carbon budget. 
With anthropogenic emissions calculated from the 
global energy use and the energy mix predicted 
by our forecast, in combination with CO2 emis-
sions from other industrial process and land-use 
changes, the 2°C carbon budget will be exhausted 
in 2049, exceeding the budget by 21 Gt CO2 in 
2050. Alarmingly, with a temperature increase 
threshold set at below 1.5°C, the remaining 
carbon budget will already be exhausted by 2028. 
The overshoot in 2050, at the end of our forecast 
period, is 770 Gt CO2, as illustrated in Figure 7.7.

7.2 CLIMATE IMPLICATIONS
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Decarbonization overlaps with the goal of  
reducing local air pollution, which is often a stronger 

driver for change than climate concerns.
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TABLE 7.1
Estimated anthropogenic CO2 and remaining  
carbon in Gt/yr

2017 2020 2030 2040 2050

Energy-related emissions 33 34 33 26 19

Captured and stored by CCS 0.02 0.04 0.06 0.2 0.8

Industrial processes 3.0 3.0 3.0 3.0 3.0

AFLOU 5.0 4.8 4.0 3.3 2.5

Total Anthropogenic CO2 emissions 41 41 40 32 24

Remaining Carbon Budget for 2ºC 1170 1046 635 268 -21

In our Outlook, we stop the forecast at 2050, and 
therefore emission levels and captured emissions 
are not modelled for the latter part of this century. 
However, it is clear from the data in Table 7.1  
that we will overshoot both the 1.5°C and 2.0°C 
threshold levels, and that annual energy-related 
emissions will still be considerable in 2050. 

 “ It is clear from the data that we will 
overshoot both the 1.5°C and 2.0°C 
threshold levels, and that annual 
energy-related emissions will still 
be considerable in 2050

After 2050, we will continue to emit considerable 
amounts of CO2, but on a downward trend. For 
the sake of expediency, we have used a linear 
extrapolation of the emissions that we have in 
2050 to arrive at net-zero emissions in 2100. 
Thereafter, we expect the world to continue 
along a net zero-emissions path. Using this 
approach, cumulative emissions between 2050 
to 2100 are 630 Gt CO2. To this we must add the 
2°C carbon-budget overshoot amount prior to 
2050 (21 Gt CO2), reaching a total 2°C carbon-
budget overshoot through to 2100 of 651 Gt CO2. 
This calculation does not include any large-scale 
carbon-negative emissions from, e.g., bioenergy 
with carbon capture and storage (BECCS) or 
extensive afforestation, towards the end of the 

century. Such possibilities are discussed in 
Chapter 8, but we have not taken them into 
account here. 

Comparing the 651 Gt CO2 overshoot with the 
carbon budget, directly interpolating between 
2°C and 3°C, using 66% likely carbon budgets, the 
figures suggest that the world is heading towards 
a level of warming in the second half of this century 
that is 2.4 °C above pre-industrial levels. 

There are considerable uncertainties associated 
with this estimate, not only regarding energy- 
related emissions, but also in areas such as: 
availability of negative-emission technologies, 
future AFOLU emissions, climate tipping points 
and other non-linear Earth-system reactions (e.g., 
from release of methane stored in permafrost  
by ‘abrupt thawing’), which are beyond the scope 
of this Outlook. Furthermore, we acknowledge 
that combating climate change is not restricted 
to the energy transition. It requires profound 
behavioural changes associated with the sharing 
and circular economies, and a rebalancing of 
socio-economic inequities globally. Although  
it may be hoped that mankind will tread a more 
sustainable path into the future, our forecast 
does not predict anything beyond limited policy 
reform and elements of circularity where techno- 
economic momentum is already established 
(e.g., the so-called ‘War on Plastic’).
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Carbon emissions and carbon budget 
 
Units: GtCO2/yr

FIGURE 7.7 
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HIGHLIGHTS

Our forecast is not fast enough to meet Paris ambi-
tions: it overshoots the 1.5°C carbon budget in 2028 
and the 2°C budget in 2049.

 We focus on three sets of measures for reducing 
emissions more rapidly than forecast in this Outlook:

 — Reducing energy use by improving energy 
efficiency

 — Advancing decarbonization
 — Capturing carbon emissions

 

There is no silver bullet; none of these measures is 
sufficient if implemented in isolation.  A combination 
of all three measures is required, and at massive 
scale and speed, with a political turnaround over the 
next few years as the only possible driving force.

Technologically, it is possible to deliver the 1.5°C 
target, but not without considerable policy interven-
tion.
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CHAPTER

CLOSING THE GAP TO 
WELL BELOW 2°C 

8
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Climate change caused by anthropogenic carbon 
emissions is already visibly interfering with the 
world’s climate system, and any further small 
increases in temperature will worsen the effects. 
The 2018 Special Report on Global Warming of 
1.5ºC (IPCC, 2018) highlights the urgent need to 
take action, emphasizes the challenges associ-
ated even with 1.5°C global warming, and points 
out the huge difference between 1.5°C and 2°C 
warming, in terms of climate-change impacts and 
irreversible changes. Every tenth of a degree of 
warming matters, and risks and economic 
damage can be substantially lessened by limiting 
global warming to 1.5°C. Those pathways that 
overshoot the 1.5°C barrier, run a greater risk of 
triggering ‘tipping points’, thresholds where 
unknown, and potentially irreversible and 
unmanageable, earth-system reactions may 
occur, even if temperatures should subsequently 
be reduced. 

Modelling pathways to 1.5°C or 2°C ‘futures’ 
typically involves back-casting, not forecasting, 
and proceeds by starting with desired goals, then 
formulating a way to get there – essentially, a 
scenario. In contrast, our approach has been to 
determine a best estimate of the future energy 
system, and then establish how that future differs 
from, say, a 1.5°C warming outcome. We then 

propose ways in which our best-estimate trajectory 
could be altered to achieve the desired outcome. 

In Chapter 7, we described how our forecast 
indicates, relative to pre-industrial levels, a 2.4°C 
warming by the end of the century. This level of 
warming is considered to be associated with “very 
high risks of severe impacts” by the IPCC (IPCC, 
2014a) and the scientific community. 

 “ The technology does exist to  
deliver on the 2°C target, and  
even the 1.5°C target

Our forecast overshoots the 1.5°C carbon budget 
in 2028, and, according to our forecast, in 2049 the 
2°C carbon budget will also be exhausted. By 
mid-century, the overshoot of the 1.5°C budget is 
770 Gt of CO2, and the overshoot of the 2°C 
budget is 21 Gt CO2. But the overshoot continues 
beyond mid-century: in 2050 alone, emissions are 
still at around 25 Gt CO2/yr. 

Thus, the energy transition we forecast is, unequiv-
ocally, not fast enough. 

In other words; we need our forecast to be proven 
wrong – so that the future that we face is not our 

8 CLOSING THE GAP TO  
 WELL BELOW 2°C 

This Outlook provides DNV GL’s best estimate of the energy 
future. Alarmingly, this future does not meet the target of the COP 
21 Paris agreement of “holding the increase in the global average 
temperature to well below 2°C above pre-industrial levels and 
pursuing efforts to limit the temperature increase to 1.5°C”.  
Here we outline how humanity can close that gap and achieve a 
transition that limits global warming to safe levels.
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forecast future, but a future where global warming 
is limited to safe levels. 

To do this, we need to close the gap between our 
forecast and keeping future emission levels to 
within the bounds of the Paris-agreement target.

How can - and should - this gap be closed? 

In the absence of extraordinary action before 2050 
(i.e., beyond those actions already included in our 
forecast), then the budget overshoot is a certainty 
and net-negative emissions will be needed to 
bring the world within the 2100 warming targets 
established at COP 21. Net-negative emissions 
occur when the cumulative sum of emissions and 
negative emissions (see factbox on page 278) are 
below zero. As illustrated in Figure 8.1, should 
there be a temporary overshoot, then cumulative 
net-negative emissions through to 2100 will have 
to be enormous; some 650 Gt CO2 net-negative 
emissions if we are to meet the 2°C target and 
1400 Gt CO2 for the 1.5°C target. Given the 
inherent dangers associated with reaching tipping 
points, that are associated with high temperature 

increases following a carbon-budget overshoot, 
the strategy of temporary overshoot followed by 
programmes to achieve massive net-negative 
emissions should be recognized to carry consider-
able risks and costs. Nevertheless, if efforts to 
close the gap are not set in motion until 2050 then 
there is no other alternative to meeting the long 
term target than a temporary overshoot and a 
push towards net-negative emissions on a massive 
scale. 

 “We need to close the gap  
between our forecast and keeping 
future emissions levels to within 
the bounds of the Paris-agreement 
target

The strategy of using net-negative emissions to close the gap after 2050 
 
Units: GtCO2/yr 
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Our forecast predicts a rapid transition in easier-to abate sectors, such as 
power and light transport, and a slower transition in harder-to-abate 
sectors, like aviation and heavy industry. Shenzen, China
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Many 1.5°C- and 2°C scenarios ‘achieve’ their 
target by pushing actions into the future - typi-
cally, it is assumed that rapidly established, 
efficient, and large-scale net-negative emissions 
will be in place towards the end of the century. 

In our view, such approaches are too expensive, 
and the risk is too high. Although we accept that 
some form of net-negative emissions may be 
necessary, our preferred focus is on what can be 
done today. In our opinion, meeting the Paris 
ambitions requires swift, urgent action. 

Because we look at the entire world’s energy 
system, with its multiple inter-dependencies and 
feedback loops, our ETO model is well suited for 
assessing the feasibility and impact of various 
alternative mitigation measures that can be 
initiated during our forecast period, i.e., before 
2050. It is beyond the scope of this Outlook to 
propose measures such as limiting population 
growth or productivity gains outside of those 
already accounted for in our modelling. 

We therefore focus on three pragmatic options for 
reducing emissions more rapidly than we forecast:

 − Reducing energy use by improving energy 
efficiency

 − Advancing decarbonization; for example, by 
increasing the share of renewables in the 
energy mix and/or replacing carbon-intensive 
fuels with less carbon-intensive ones

 − Capturing carbon emissions 

ENERGY EFFICIENCY
In our Outlook, the energy intensity (i.e., unit of 
energy per USD of GDP) of the world’s energy 
system reduces by 2.5%/yr on average until 
2050. If everything else is held equal, then 1% 
additional energy efficiency (i.e., 3.5% intensity 
reduction per year) will result in cumulative 
emissions being 130 Gt CO2 lower to 2050, hence 
avoiding the 2°C overshoot by 2050, as illus-
trated in Figure 8.2. However, even with those 
substantial efficiency gains, emissions in 2050 

would still be at 19 Gt CO2/yr, and, with the 
carbon budget almost exhausted, the 2°C target 
would be exceeded well before the end of the 
century. 

If we are to achieve a level of cumulative emis-
sions the size of the 2°C carbon budget by 
reducing energy intensity alone, this would 
require an annual reduction of about 4.8% from 
today onwards. However, we think that a 4.8% 
improvement per year is unrealistic, and, 
although improved energy efficiency is essential 
to curb energy use and emissions, we do not 
consider that meeting the 2°C target by energy 
-efficiency improvements alone to be a viable 
solution.

That being said, there is, considerable potential 
for implementing energy-efficiency improve-
ments. Energy efficiency is probably the most 
cost-effective way to reduce emissions beyond 
our forecast, and best practices exist for house-
holds, transport, and industry sectors, alike. 
Examples of focus areas are: 

 − cross-regional transfer of best-practice technol-
ogies,  including funding to enable adoption by 
less affluent countries; 

 − global spread of more stringent standards, like 
building codes, and directives on insulation and 
vehicle emissions; 

 − minimum energy performance standards 
(MEPS) for industrial equipment; 

 − recycling of materials and further circularity 
measures;

 − behavioural changes, such as transport-mode 
shifts, sharing economy-models, and reducing 
ownership and demand for everything, from 
household tools to private cars to holiday 
homes 

Another crucial step is that energy prices should 
reflect real costs, such that consumers have 
greater incentives to reduce their own consump-
tion.
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INCREASE THE SHARE OF RENEWABLES
Modern renewables are mainly used in power 
production. Although use of renewables can occur 
by direct use of biomass and geothermal energy for 
heating or water heating, and various green gases, 
increases in the share of renewables are most likely 
to take place in electricity. Thus, greater electrifica-
tion will, itself, also be a means by which the share  
of renewables can be increased.

It is tempting to think that the 2°C budget can be 
met by producing electricity exclusively from 
renewables. A gradual increase in the renewable 
share, rising by 2% annually from the present 36% 
renewable-energy share to 100% share in 2050, 
would prevent 74 Gt of CO2 emissions during our 
forecast period, as illustrated in Figure 8.2. 
However, emissions from man-made processes 
will still be at 19 Gt/yr in 2050 and, because the 
power system would then be 100% decarbonized, 
further reductions would need to be achieved via 
a mechanism other than renewables.

Another way to the look at the problem is to recall 
that, as described in Chapter 7, the cumulative 
overshoot produced by the world’s energy system 

that we forecast, is, by 2100, 650 Gt of CO2 above 
the 2°C carbon budget. That amount of CO2 is 
significantly higher than the combined emissions 
from all power plants from today until the end of 
the century! Thus, even if all electricity produced 
from today onwards was carbon free, that still 
would not prevent warming above 2°C. Only when 
combined with extraordinarily high rates of 
electrification in demand sectors (e.g., massive 
electrification of the building sector by re-equip-
ping existing housing to be heated by electricity, 
electrifying and modernising large parts of the 
manufacturing sector, electrifying all passenger 
transport and most heavy-goods transport, and 
electrification of all rail) could we hope to achieve 
the necessary reductions in emissions by renewa-
bles alone.

On the building side especially, this can be done. 
However, the necessary investments are enor-
mous, and a combination of electrification and 
energy-efficiency measures, such as insulation, 
would be a far better option. Eliminating use of 
natural gas in buildings and replacing it with 
electricity or decarbonized gas has the potential 
to reduce emissions by around 4 Gt CO2 per year; 

Effect of improved energy efficiency, increased renewables, and increased carbon capture  
 
Units: GtCO2/yr 
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although this would be an important contribution, 
it would be far from enough.

We conclude that closing the gap to 2°C by 
increasing the share of renewables alone is not a 
viable solution. 

CARBON CAPTURE AND STORAGE
For large emission sources, such as power 
plants and large factories, carbon capture is 
normally considered as technically achievable, if 
not always economically viable at present. Most 
emissions from the combustion of coal and gas 
come from such point-sources. However, 
emissions from oil use are from billions of small, 
tailpipe sources; despite extensive research, the 
technology for capturing tailpipe emissions 
remains expensive and unrealistic.

The capture element of carbon capture and 
storage (CCS) should therefore target emissions 
from coal and gas, together with industrial 
emissions. Cumulative coal emissions from 2017 
to 2050, shown in Figure 7.1, are 380 Gt, 
whereas, in the same period, cumulative natural 
gas emissions are 300 Gt. Extrapolating cumula-
tive emissions from these sources from 2050 to 
2100 shows that coal continues to produce 120 
Gt of CO2, while gas emissions in the same 
period would be in the order of 210 Gt. It is 
therefore possible to capture carbon emissions 
removing the 650 Gt 2°C carbon budget over-
shoot. The challenge lies in how quickly and 
extensively CCS technology can ramp up from 
today’s negligible levels. 

The removal of 650 Gt of emissions using CCS 
would entail the capture and sequestration of 
100% of coal and gas emissions from 2032 
onwards; this is unrealistic. It is also possible to 
capture carbon from industrial emissions, and, if 
we captured all CO2 from coal, gas, and indus-
trial emissions from 2037 onwards, we could 
remove 650 Gt CO2. However, a CCS effort of 
this magnitude could only be initiated by a very 
high, and universally applied, price on carbon. 

Doubling the carbon price from our current 
estimates leads to a ten-fold growth of capture, 
being 8.8 Gt CO2 instead of 0.8 Gt CO2 in 2050, 
and cumulatively to 2050, we will capture 69Gt 
additional Gt CO2, as illustrated in Figure 8.2. 

We conclude, therefore, that although CCS 
could have an important role in any global effort 
to close the gap to 2°C, it is highly unlikely to be 
sufficient on its own.

A COMBINATION OF MEASURES
Our analyses show that there is no silver bullet for 
closing the gap to a 2°C future. Indeed, even when 
taken to impractical extremes, neither energy 
efficiency, nor renewables, nor CCS brings us on 
target. We therefore need a combination of 
measures. This should not be read as ‘a little bit of 
everything’; per contra, we require a lot of 
everything, and making sure such efforts work 
harmoniously is no easy task. For example, large 
improvements in two of the areas that we identify 
might be sufficient to deliver a 2°C future, but 
would not stretch to the target of 1.5°C.

When evaluating how to combine measures, we 
have to consider the changes in the energy 
system, the technical solutions that will deliver 
them, and the enablers that will make them 
happen. The technology does exist to deliver on 
the 2°C target, and even on the 1.5°C target, but, 
as with solar PV and wind that needed an initial 
boost and significant support to bring them to the 
competitive position that they have today, 
enabling policies are needed for the technologies 
to deliver. Furthermore, such policies can help to 
trigger investments flows.

Considering the various sectors, the forecast 
already predicts a rapid transition in easier-to-
abate sectors, such as power and light transport, 
and a slower transition in harder-to-abate sectors, 
like aviation and heavy industry. Hence, it is not 
possible for further measures to close the gap in 
easier-to-abate sectors. 
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“Negative emissions” is the term that describes the 
process of removing CO2 from the atmosphere 
beyond the natural cycle. Prime examples are 
afforestation and reforestation, bioenergy with 
carbon capture and storage (BECCS), and direct 
air carbon capture and storage (DACCS). Other 
examples include soil carbon, biochar, and 
enhanced weathering. Both the maturity and costs 
of these various options differ significantly.

 − Afforestation/reforestation: in simple terms 
this means planting trees in new areas and/or 
replacing all felled trees with as much forest as 
possible. The additional trees will store CO2. 
This solution is a mandatory part of all future 
1.5°C - or 2°C scenarios. The risk is low, but 
there is fierce competition for arable land for 
agriculture and other uses. The solution is easy 
to scale, yet it cannot be scaled sufficiently for 
this to be the only solution.

 − BECCS: as discussed in Chapter 4, burning 
wood is considered carbon neutral, because it 

only releases the CO2 that was captured when 
the plant was growing. If, in addition, CO2 is 
captured from the burned wood and stored 
safely underground, then we remove carbon 
from the atmosphere. The technology exists, 
but is only at the pilot stage, and the magnitude 
suggested for this solution in many 1.5°C- and 
2°C scenarios is alarmingly high, with enormous 
investment requirements and considerable 
challenges with CO2-transport infrastructure 
and finding enough storage sites. In addition, 
there are always timescale challenges when 
biomass is burned and the acreage is then 
replanted.

 − DACCS: removes CO2 directly from the air, and 
subsequently stores it underground. DACCS 
facilities can be located close to where the CO2 
is to be stored, thereby eliminating transport 
needs. The technology is unproven for all but 
laboratory-scale plants and has the same 
challenges as BECCS regarding storage of CO2.

NEGATIVE EMISSION TECHNOLOGIES 
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Examples of existing technologies in need of 
enabling policies include: electrification of parts 
of the steel industry; carbon capture technologies 
in power plants and industry; large-scale charging 
infrastructure buildout for EVs; UHV-transmission 
networks and extensive demand-response 
solutions to manage the variability of renewable 
energy sources; heat-pump technologies and 
improved retrofitting in buildings; massive rail 
expansion, both for city commuting and long-dis-
tance passenger- and cargo transport; and 
combustion-engine improvements.

Enabling policies to bring these solutions and 
technologies to commercial readiness, include 
well-known – but admittedly hard-to-implement 
– measures, such as carbon pricing and phasing 
out of fossil-fuel subsidies, in order to level the 

competitive playing field between energy technol-
ogies. Other policy measures are economic and 
direct regulation. These include tax incentives and 
investment grants; mandatory product/technol-
ogy standards on efficiency for buildings or 
transport; mandated renewable shares in imple-
mentation of newbuilds; mandatory low-carbon 
fuel blends; bans and enforced phase-outs; and 
financing of low-carbon technology research, 
developments, and deployment (see Section 2.5). 

Beyond technology, reducing emissions from 
agriculture, forestry, and other land use is frequently 
included on lists of this kind. We do not include 
these in our model, but any combination of cost- 
effective measures to reduce emissions needs to 
include policies to reduce deforestation, ensure 
afforestation, and promote more-efficient land use.
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The additional effort required to achieve a 2°C 
future, compared with a 2.4°C future, might sound 
trivial. But, as demonstrated above, this is certainly 
not the case. Whichever solutions we choose, 
closing the gap to a 2°C future is a tremendous 
challenge. Only extraordinary steps, combining 
the efforts of governments and the private sector, 
will get us there. However, it is essential to reiterate 
that it is indeed possible. As we explain in Section 
4.7 of this Outlook, there should, in theory at least, 
be funds available for stepping up actions of this 
kind as the world’s expenditure on energy reduces 
as a share of its growing GDP.

LIMITING THE TEMPERATURE INCREASE  
TO 1.5°C

Last year’s IPCC report highlighted that every 
tenth of a degree of warming counts in terms of 
climate impact: there are dramatic differences in 
holding global warming to 1.5°C rather than 2°C. 

Unfortunately, the measures needed to reach the 
different temperature thresholds are also huge, 
and limiting the temperature increase to 1.5°C is 
orders of magnitude more challenging. Commonly 

referenced 1.5°C scenarios require halving 
emissions every decade. Alternatively, huge – 
mainly speculative – net-negative emissions are 
required in the second half of the century. These 
two alternatives are illustrated in Figure 8.3. 

As stated in Chapter 7, the 1.5°C carbon budget is 
likely to be exhausted in 2028. Although technolo-
gies to achieve 1.5°C also exist, it is presently hard 
to envisage any realistic scale-up of solutions that 
will keep us within this budget. The options for 
mitigation outlined in this chapter must be 
implemented at massive scale and speed, with a 
political turnaround over the next few years as the 
only possible driving force. Given the urgency and 
the importance, this is something that DNV GL 
supports and encourages. 

Further, and more likely, a temporary overshoot  
of the 1.5°C budget, with large-scale net-negative 
emissions to be achieved later in the century, 
probably before 2050, is an alternative way to stay 
within the 1.5°C threshold. Although the tempo-
rary overshoot is a high-risk approach, the alterna-
tive - a permanent overshoot - is far worse.

Achieving 2°C or 1.5°C using a combination of measures  
 
Units: GtCO2/yr 

FIGURE 8.3 
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ENERGY TRANSITION OUTLOOK
Our main publication details our model-based 
forecast of the world’s energy system through to 
2050. It gives our independent view of what we 
consider the most likely trajectory of the coming 
energy transition, covering:

 − The DNV GL Model and our main assumptions; 
on population, productivity, technology, costs 
and the role of governments and policy

 − The global energy demand for transport, 
buildings and manufacturing, the changing 
energy mix, energy efficiency and expendi-
tures

 − Detailed regional energy outlooks
 − The climate implications of our outlook and an  
assessment of how to close the gap to well 
below 2°C

POWER SUPPLY AND USE
This report presents implications of our energy 
forecast to 2050 for key stakeholders involved in 
electricity generation, including renewables; 
electricity transmission and distribution; and 
energy use. 

Amidst electricity use increasing rapidly and 
production becoming dominated by renewables, 
the report details important industry implications. 
These include:

 − Substantial opportunities for those parties 
involved in solar and wind generation

 − Massive expansion and reinforcement of 
transmission and distribution networks

 − Further need for implementation of energy 
efficiency technology

 − Acceleration of the electric vehicle revolution 
 − The energy transition is fast, but not fast enough 
to meet the goals of the Paris Agreement

ENERGY TRANSITION OUTLOOK 2019  
REPORTS OVERVIEW
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REPORTS OVERVIEW

OIL AND GAS
Our Oil and Gas report discusses how these 
hydrocarbons remain key to the secure supply of 
affordable energy up to 2050. Key features 
include:

 − Gas becomes the primary energy source from 
the mid-2020s as oil and gas companies 
decarbonize portfolios and gas increasingly 
complements variable renewables

 − Gas demand growth plateaus in 2033 but it 
remains the dominant primary energy source, 
supplying 29% in mid-century. New sources of 
gas (e.g. biogas, hydrogen and synthetic 
methane) are will be introduced to domestic 
and commercial energy systems, helping  
to decarbonize gas consumption

 − Oil supplies 17% of primary energy in 2050, 
despite oil demand peaking in the mid-2020s 

 − A need for greater efficiency and investment in 
new oil and gas production are indicated

MARITIME
This year’s Maritime Forecast zeroes in on the 
IMO strategy to reduce greenhouse gas emis-
sions. New fuels, and energy-efficient design 
and operation, are key to this. We detail:

 − New ‘barometers’ indicating world-fleet 
decarbonization and readiness of alternative 
fuels

 − Uptake and characteristics of relevant  
technologies, i.e. dual-fuel engines, fuel cells, 
and battery electric power

 − How fuel flexibility and bridging technologies 
can smooth transition from traditional fuels

 − CO2 emissions and which fuels are likely to be in 
the mix towards 2050

 − A new multi-scenario approach for robust 
newbuilding strategy based on our expanded 
concept of future-proof ships
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DNV GL is a global quality assurance and risk management company.  
Driven by our purpose of safeguarding life, property and the environment, we  
enable organizations to advance the safety and sustainability of their business.  
We provide classification, technical assurance, software and independent expert 
advisory services to the maritime, oil & gas, power and renewables industries.  
We also provide certification, supply chain and data management services  
to customers across a wide range of industries.
 
Combining technical, digital and operational expertise, risk methodology and 
in-depth industry knowledge, we empower our customers’ decisions and actions 
with trust and confidence. We continuously invest in research and collaborative 
innovation to provide customers and society with operational and technological 
foresight. With origins stretching back to 1864 and operations in more than  
100 countries, our experts are dedicated to helping customers make the world  
safer, smarter and greener.
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