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1 Definition and acronyms
Acronyms
ARRA
BCA
BECCS
BAT
BEV
CAES
CAPEX
CAT
CCS
CEFC
CO2
CoC
DACCS
DALY
EDGE model
EDGE-T
EKC
ESDS
ESG
ETM-UCL
ETS
ETSAP
EU
EUA
EV
GDP
GEM-E3-FIT model
GHG
GIB
GJ
Gt
GW
H2
HHI
HGV
IAM
ICE
IEA
IPCC
KfW
LCA
LCPP
LCOE
LIMES (-EU) model
PU

Definitions
American Recovery and Reinvestment Act
Border Carbon Adjustment
Bioenergy with CCS
Best Available Technology
Battery electric vehicle
Compressed air energy storage
Capital expenditure
Cap and trade
Carbon capture and storage
Clean Energy Finance Corporation
Carbon dioxide
Cost of capital
Direct Air Carbon Capture and Storage
Disability adjusted life year
Buildings model managed by PIK
Transport model managed by PIK
Environmental Kuznets Curve
Energy System Decarbonisation Simulator
Environment, social, governance
Energy system model operated by UCL
Emission Trading System
Energy Technology Systems Analysis Program
European Union
EU ETS emission allowances
Electric vehicle
Gross Domestic Product
General equilibrium model managed by E3M
Greenhouse gas
Green Investment Bank
Gigajoule
Gigatonne
Gigawatt
Hydrogen
Herfindahl Hirschman Index
Heavy Goods Vehicle
Integrated Assessment Model
Internal combustion engine
International Energy Agency
Intergovernmental Panel on Climate Change
Kreditanstalt fuer Wiederaufbau
Life cycle assessment
Low Carbon Pathways Platform
Levelised cost of electricity
Power sector model managed by PIK
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LNG
LRF
LTS
MDB
MENA
Mha
MLP
MRIO
MSR
Mt
NDC
NET
NO2
OECD
OPEX
PHEV
PHS
PJ
PM2.5
PRIMES model
PV
RCP
R&D
R&I
RD&D
REF
REMIND model
RES
SIB
SSP
SWI
TFP
TIMES
TNAC
TWh
vRE
vRES
VSL
WACC
WITCH model
YLL

PU

Liquified natural gas
Linear Reduction Factor
Long-term strategy
Multilateral Development Banks
Middle East and North Africa
Million hectares
Multi-level perspective
Multi-region input output
Market Stability Reserve
Million tonnes
Nationally Determined Contribution
Negative emission technology
Nitrogen dioxide
Organisation for Economic Cooperation and Development
Operating expenditure
Plug-in hybrid electric vehicle
Pumped hydro storage
Petajoules
Particulate matter less than 2.5 micrometres in diameter
Energy system model managed by E3M
Photovoltaic
Representative Concentration Pathway
Research and development
Research and innovation
Research, development and demonstration
Reference scenario
Integrated Assessment Model managed by PIK
Renewable energy sources
State investment banks
Shared Socio-Economic Pathway
Shannon Wiener Index
Total factor productivity
Energy system modelling environment supported by IEA-ETSAP
Total Number of Allowances in Circulation
Terawatt-hours
Variable renewable energy
Variable renewable energy sources
Value of a statistical life
Weighted average cost of capital
World Induced Technical Change Hybrid model managed by CMCC
Years of life lost
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2 Synthesis Report of Work Package 3: Innovative
pathways for deep decarbonisation
NB The D-number after some sub-headings in this document refers to the Deliverable on which
that section of this Synthesis Report is based. Many of the Deliverables contain a number of
separate studies. This Synthesis both describes the Deliverable overall, and briefly reviews the
studies which it contains. The references in this Synthesis Report refer only to the studies in the
Deliverables, which in turn contain the detailed references to the literature which informed the
studies. The references give either the Deliverable in which the paper may be found, or the
reference to the literature in which the paper has already been published. The Deliverables may
be found on the INNOPATHS website at https://innopaths.eu/publications/#projectdeliverables.

2.1
•

•
•
•

•
•

PU

Overall Narrative
Four different narratives of deep decarbonisation were created through a process of codesign with stakeholders. The scenarios were differentiated by the principal actors and
the state of the world in which they operated. The scenarios were called: New Players
and Systems; Incumbents; Efficiency and Sufficiency; and Europe of Multiple Speeds.
From the narratives, scenarios were modelled using the models mentioned below.
Two different online tools were created to facilitate the development and exploration of
scenarios in general (Energy System Decarbonisation Simulator) and the scenarios
above (Low Carbon Pathways Platform)
Improvements were made to three energy system/Integrated Assessment Models:
PRIMES, REMIND and ETM-UCL.
The models were then used to model the INNOPATHS scenarios above. The results
show that all the models in all the scenarios can reach net zero emissions in 2050, but
all require negative emissions by that date in order to do so. Electricity plays a major
role in the decarbonisation of all sectors, with all three major fossil fuels (solids, liquids
and gases) reduced to less than half their 2015 usage. Synthetic fuels, bioliquids and
hydrogen may play a major role in the decarbonisaton of heavy industries and in heavyduty transport. By 2050, solar and wind are the major sources of electricity in most of
the scenarios and models, except for ETM-UCL in Incumbents, when the largest role is
played by nuclear. Energy efficiency reduces the energy demand in all sectors, but most
in the Efficiency and Sufficiency scenario.
Additionally, a number of detailed sectorial models were used to undertake new studies
of decarbonisation in different sectors: electricity; buildings (residential and commercial
sectors); transport and industry.
The studies of the electricity sector explored various aspects of electricity
decarbonisation:
• Pietzcker et al. (2021) explored the impact that tightening the ETS targets in
line with the EU Green Deal has on power sector decarbonization under
different assumptions of high and low energy demand, constrained or unlimited
transmission capacity, availability or lack of availability of nuclear power,
carbon capture and storage (CCS), and bioenergy with CCS (BECCS). Under
all the scenarios, the power sector reaches net zero emissions between 2040 and
2050. This fast decarbonization is reached through a substantial increase in ETS
carbon prices: tightening the ETS target raises the CO2 price in 2030 from
~35€/tCO2 to ~130€/tCO2. Despite this sharp increase in CO2 prices, total
Page 7
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system costs and average electricity prices increase by less than 8% under
default assumptions.
• Price and Keppo (n.d.) assessed the impact of better representing curtailment,
regional pooling and capacity adequacy in the ETM-UCL model. The results
show that a more detailed representation of these aspects of wind and solar
energy did not fundamentally change the results, but lead to a stronger
transmission grid expansion, earlier battery capacity upscaling and the use of
curtailed electricity to produce hydrogen, thereby doubling the amount of
hydrogen produced in 2050.
• Marni and Prato (n.d.), using the WITCH model, ran scenarios with
improvements relating to the modelling of capacity value, curtailment,
flexibility constraints, flexible operation, and the pre-existing grid and storage
formulation. Electricity storage and grid investments (in both transmission and
distribution) facilitated a larger deployment of solar and wind power in the
decarbonisation scenarios.
• Kannavou et al. (n.d.) explored the same issue with PRIMES, with two
scenarios that focused respectively on electrification and e-fuels. E-fuels
requires greater renewable generation capacity than using the electricity
directly, but is more compatible with current end-use infrastructure and
equipment (e.g. vehicles, boilers).
• The studies of the residential and services sector explored various aspects of the
decarbonisation of the use of buildings:
• A global study by Levecque et al. (2018) using the EDGE model shows that, by
2100, the dominant use of energy in buildings changes in developed regions
from space heating to lighting and appliances while, in developing regions, it
changes from cooking to both lighting and appliances and space cooling. Deep
electrification of buildings’ energy use is a characteristic of all the scenarios in
all regions.
• Levesque et al. (2019), also using EDGE, shows that extensive implementation
of energy-saving technologies and practices could reduce energy consumption
in buildings by 44% (against a Reference scenario) by 2050, mainly through
reduced space heating and cooling.
• Edelenbosch et al. (n.d.) also used the EDGE model to explore the impact of
adopting a range of standards for new buildings and the retrofitting of energy
efficiency measures in the existing building stock. Stringent standards for new
building save most energy in developing countries, which are likely to
experience most new construction, while in developed countries most energy is
saved through retrofitting the existing stock. However, the energy saving is
much reduced by delaying implementation of the new standards from 2020 to
2030.
• Levesque et al. (n.d.) combined the EDGE and REMIND models to explore
how four factors (market and behavioural failures, climate change,
technological improvements and changed preferences) affected the economics
of energy demand reductions in the EU. The results show that, when combined
with lifestyle change, carbon prices and energy-saving technologies can reduce
EU 2050 buildings’ energy demand by 53%.
• The building renovation rate is the focus of Fotiou and Capros (n.d.), using the
PRIMES model. In a Climate Neutral scenario, the average rate of renovation
over 2020-2050 rises from the Reference level of 0.8% to 1.7% p.a., resulting in
a 59% reduction in energy use for heating and cooling by 2050. The minimum
subsidy required for the measures in Climate Neutral to deliver these results
was €0.075/kWh saved, compared to an average electricity price in the model
of €0.18/kWh, which would increase up to €0.25/kWh with a carbon tax of
PU
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€100/tCO2. This suggests that a carbon tax should be combined with targeted
efficiency standards in order to achieve deep decarbonisation of buildings
through increased energy efficiency to be economically viable.
• The studies of the transport sector explored various aspects of transport decarbonisation:
• Siskos and Moysoglou (2019) explore the possible role of emission standards
for trucks in getting to net zero. While such standards do lead to an increase in
the uptake of low-carbon and more energy-efficient trucks, the latter has the
effect of causing a rebound effect of increased transport due to lower fuel costs
of the more efficient vehicles.
• Siskos et al. (n.d.) address the ‘chicken and egg’ problem of charging
infrastructure and EVs: people will not buy EVs until there is charging
infrastructure, but private companies will not install such infrastructure until
there is a minimum number of customers to use it. The conundrum can be
resolved by government: the modelling finds that if government facilitates the
installation of charging points, and EVs get cheaper (perhaps with government
subsidies) by 2025 there are enough EVs for private companies to find the
installation of charging points is profitable.
• Siskos and Statharas (n.d.) explore the relative attractions of the four major
future low-carbon energy carriers in transport: electricity, biofuels, synthetic
fuels and hydrogen. The modelling finds that in both scenarios, electricity
provides at least 25% of the transport final energy and more than half the
energy demand from cars and vans by 2050. If synthetic fuels become
affordable, they could play the largest single role in the decarbonised 2050
transport system, contributing 32% of the energy, but their production requires
a substantial increase in low-carbon generation capacity that may put stress on
renewable potentials. Without synthetic fuels, advanced biofuels (38%) and
electricity (30%) become the major energy carriers.
• Rottoli et al. (2021) present the coupling of the full-system model REMIND and
the detailed transport model EDGE-T. The baseline run with the improved
model suggests that, in the absence of strong climate policy, internal
combustions engines will comprise 75% of the fleet in 2050, with emissions
being reduced largely through the use of biofuels.
• Reis et al. (n.d.) model with WITCH the impact of RD&D investment
strategies for the decarbonisation of the transport sector, finding that RD&D
policy increases the practical feasibility of achieving stringent climate
targets.
• Drummond et al. (2020) analyse the responses of London and Freiburg to
the challenge of decarbonising urban transport through assessing them
against a number of ‘enabling factors’, which cast light on both their
similarities and differences.
• The studies of the industry sector explored various aspects of industrial
decarbonisation, with the key sub-sectors studied being iron and steel, non-metallic
minerals (including cement), chemicals and petrochemicals, and pulp and paper. Lowcarbon technological options in these sub-sectors are highly sector-specific.
• An exercise with the PRIMES model projects four scenarios that achieve an
80% decarbonisation by 2050, with each scenario prioritising one of the key
mitigation options, including electrification, hydrogen, e-gas, and moves
towards a circular economy. One scenario combines these approaches to reach
100% decarbonisation by 2050. Fuel prices rise modestly in the scenarios such
that energy expenditures increase from 13.4% of value added in 2020 to a 2050
level of 16.0% in the combined scenario to carbon neutrality.

PU
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•
•

2.2

A modelling exercise in REMIND shows that the availability of CCS permits
greater use of fossil fuels in those sectors where CCS can be installed (steel,
cement, and chemicals).
A bottom-up study exploring the CO2 reduction potential of the European
industry via direct electrification of heat supply shows that even with today’s
technologies, more than two thirds of current energy demand can be electrified.
Using technologies currently under development, this share could be increased
to above 90%. Assuming a decarbonized electricity supply with only
12gCO2/kWh in 2050, full electrification could almost completely abate
energy-related CO2 emissions from industry, reducing the industry bottleneck to
only residual process emissions.

The scenarios of deep decarbonisation (D3.2, D3.3, D3.5,
D3.11)

The scenarios were developed through an extensive process of co-design with stakeholders, that
involved a survey (the results of which were reported in D3.2) and two workshops (the results
of which were reported in D3.2 and D3.5).
The survey was designed to strike a balance between enabling co-designers to express broad
beliefs and expectations through open-ended questions, while also ensuring that the survey
prompted participants to provide specific information of direct relevance to the technologies and
policies that can be modelled in INNOPATHS scenarios. The survey thus included a blend of
open-ended questions, and those that scored technologies and policies against perceived
importance. Participants were explicitly invited to consider both more techno-economic
considerations that are relatively closely aligned to the modelling frameworks represented in the
consortium, and broader issues: politics, culture, and behavioural dimensions of possible
futures.
The survey had two sections. In the first, respondents were invited to comment on the relative
importance of ‘big-picture’ issues: (1) cooperation vs. fragmentation; (2) efficiency vs. equity;
(3) co-benefits; and (4) the preparedness of governments to intervene in markets. All four issues
were thought to be important, especially numbers (1) and (4).
The second section was about innovation dynamics, in respect of technologies, particular
sectors and policy. On technologies, diffusion rates and cost reductions in existing technologies,
with non-technological innovation such as business models also seen as important in order to
facilitate this, were seen as more important than the emergence of new technologies.
The technological priorities in different sectors were reported as follows:
• Power sector: wind, solar and the control mechanisms to manage these (e.g. networks,
demand side management, storage) were listed as most important;
• Transport: EVs and PHEVs were listed as the key technologies for both freight and
passenger transport, with rail also emphasised; for passengers, public transport was also
thought important;
• Buildings: electrification and efficiency emerged as the main priorities;
• Industry: efficiency, fuel switching, novel processes and material substitution were all
thought important, with CCS a lesser priority;
• Agriculture: non-CO2 abatement and increased crop yields were the priorities identified

PU
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In respect of policy, co-designers believed that the most appropriate policy types differ across
sectors. Pricing instruments were seen as leading policy instruments for the power sector,
industry and for road transport. Regulatory standards were seen as very important in all sectors,
and especially in buildings, given the inertia in people’s behaviour with regard to investments in
energy efficiency in buildings. R&D and innovation support were generally seen as less
important than other instruments, but received relatively high scores in agriculture, industry and
the power sector. Despite the substantial roles of feed-in tariffs in re-shaping Europe’s power
system in recent years, technology-specific subsidies were not seen as the most important form
of policy instrument in any of the sectors. This is perhaps a surprising result. It seems that
respondents see such subsidies as a supporting policy across all sectors, with either regulatory
instruments or prices setting the direction, and technology-specific subsidies playing a
supportive role.
The importance of energy and power market design was raised repeatedly, with participants
raising the concern that current market designs shield consumers from dynamic power pricing,
and thus dilute incentives and opportunities for demand-side response. Other respondents
expressed the need for power market design to respond to the shift towards high penetration of
zero-marginal-cost power generation technologies. A question was also raised as to which
policy agents are of greatest relevance: member states, the EU, or individual cities or regional
governments. Strategic investments in large scale infrastructure were also seen as being
qualitatively different from technology-specific subsidies, and represent a distinct kind of policy
action. Such strategic investments may, it was argued, be necessary for the deployment of an
EU-wide supergrid, CCS infrastructure, or hydrogen. Finally, it was also suggested that
scenarios should deal with broader strategic approaches and policy directions.
In conclusion, although the survey sample was small (24 returns), it provides valuable insight
into the issues and trends that stakeholders believe to be important in shaping the
decarbonisation pathways that Europe might pursue. The responses suggest that many of the
participating co-designers share a loosely defined vision of a European decarbonisation
pathway, which is characterised in terms of:
• specific energy technologies (in particular, accelerated diffusion of wind, solar and
electric vehicles, coupled with flexible integration of these into “smart” grids);
• the enabling power of pervasive digitisation (which is seen as facilitating integration of
renewables; and also facilitating efficiency gains elsewhere, particularly in the built
environment);
• a policy and political environment in which political will to take action coevolves with a
public that largely supports such action, and in which trends towards populist
nationalism and mutual hostility between regions and states fail to develop further.
However, this future was by no means seen as inevitable, and indeed participants suggested a
number of potential barriers — such as cyber security or privacy concerns; grid constraints
slowing adoption of EVs; or persistent inertia in adoption of energy efficiency measures. It was
also interesting that participants displayed much greater ambivalence about the prospects for
three technology groups that have often been seen as having critical importance for
decarbonisation in the past: bioenergy, nuclear and CCS.
However, given the size and non-representativeness of the sample, these views should not be
interpreted as representing a consensus view about European energy futures. On the basis of
these stakeholder inputs, four scenarios were developed and explored in a further workshop,
resulting in the following outline characterisation of the four scenarios that were finally
modelled.
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The first depicts a world driven by new players bridging the divide between utilities and
customers, fundamentally changing both supply and demand and their market-driven
interactions. Electricity produced from renewable technologies becomes the core of the energy
supply sector, while customers embrace new electricity-based end-use technologies like batteryelectric vehicles and heat pumps, thus enabling wide-spread electrification in order to achieve
the ambitious mitigation goals. This narrative is called New Players and systems. The second
is an incumbent’s renewal world, where today’s big utilities adapt to remain relevant. Carbon
capture and storage (CCS), nuclear power and synthetic and bio-based fuels lead to a
fundamental reshaping of the energy supply side to provide emission-neutral fuels, while the
current energy infrastructure, cars and end-use appliances remain largely in place: the
Incumbents narrative. The third possible outcome is a world in which changing lifestyles and
stronger awareness for health and other system effects steers the energy revolution though
efficiency measures and reduction in consumption: the Efficiency and sufficiency narrative.
Finally, a fourth alternative pathway prescribes a high level of climate policy heterogeneity
across European countries, such that countries focus on their traditions and supposed strengths
to determine short-term strategies for their own energy transition pathways: the Europe of
multiple speeds narrative. Table 3.1 summarises these four scenarios.
Table 3.1 Narratives summarized description.
Narrative

Brief Description

New Players
and systems

Focus on end-use/scalable technologies enabling, electrification and largescale expansion of variable renewable energy combined with storage
development.

Incumbents

Supply side change focus; large scale technologies (CCS and nuclear); clean
synfuels allow end users to keep their liquid/gas-based appliances and the
current energy infrastructure.

Efficiency and
sufficiency

Demand savings and usage patterns focus; new lifestyle changes and
efficiency measures and related investment, including in building retrofits,
circular economy, etc.

Europe of
multiple speeds

Strategy heterogeneity across European countries based on traditions and
supposed country strengths

Because of the importance of the detail of each scenario to the modelling of them, a more
detailed description of the main characteristics of each scenario is now given.
Table 3.2 Key characteristics of the scenarios.
New Players

Incumbents’ renewal

New players and
technologies play
an increasingly
dominant role in
energy systems.
Consumers
embrace
changing
consumption
practices.
Innovation drives
down the costs of
cleaner
technologies,

Consumers are relatively
resistant to change.
Large incumbents find ways
to maintain the value of
assets and core competences,
through investment and
innovation, and political
influence.

PU

Efficiency and
sufficiency
Social movements play a
role in shaping lifestyle
changes and related
economic change.
Circular economy
innovations change
consumption practices
An aging society puts
greater emphasis on
public health, as direct
health-care costs rise.
This plus a continued
trend towards
urbanization creates
Page 12

Europe of multiple
speeds
Lead countries seek
first-mover advantage.
Activism and the politics
of urgency and identity
create opportunities for
strong climate policy.
Deployment in early
markets allows relatively
rapid deployment of
technologies and
infrastructure in later
regions.
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Digitalisation
allows for better
integration and
control.
A very high
renewables
scenario

Incumbents use their
continued power to ensure
that some of their CO2intensive plants are shielded
from policy measures, thus
running for 5-10 years
longer than would be
optimal based on economywide CO2 prices

High solar and
wind deployment
(and lower costs);
Increased storage
competitiveness

More sector-specific support
and policy instruments
(associated with incumbent
advocacy coalitions securing
support for decarbonisation),
with weaker economy-wide
carbon prices.

Increased smart
grids and
transmission
network
capability to
integrate variable
renewables.
Demand response
facilitates
renewables
integration
Higher rates of
transport
electrification

Variable renewables, grid
development and storage
develop more slowly, and
renewables integration is
more challenging, compared
to the new players and
systems storyline.

PU

The passenger car remains
the dominant form of
personal mobility, with a
relatively slow adoption of
electric vehicles, and
relatively little disruption of
existing modal split in
mobility demand.
Synthetic liquid/gaseous
fuels become important
energy carrier substitutes;

greater policy pressure
on urban air quality, and
efforts to promote
healthier lifestyles.
Circular economy:
Lower industrial energy
demand by 2050: e.g. at
least 10% reduction
against baseline in
demand for cement, at
least 15% reduction
against baseline in
demand for steel in
205026; at least 10%
reduction against
baseline in demand for
plastics.
Technology-driven
efficiency gains can
generate rebound effects:
carbon pricing is an
essential complement to
other policies to prevent
carbon-intensive
economy-wide rebounds.

Modal Shift towards
greater shares for
walking, cycling, e-bikes
and public transport.
Vehicles see strong
electrification,
generating well-towheels efficiency
improvements
Local freight transport
demand does not
decrease, and may
increase slightly relative
to baseline: despite lower
overall demand for
material goods, circular
business models and
resource efficiency
generates greater
complexity in reverse
logistics supply chains.
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Leading regions push for
deeper decarbonization
and thus do more in the
years to 2030; delayed
initial action for lowerspeed decarbonization
countries; concerted
efforts after 2030

Low-speed countries
have less optimistic cost
assumptions compared
to the first two scenarios
for the first 10 years

Leading transition
countries push harder on
their decarbonization
pathways, ex. building
up more support
infrastructure;
implementing supporting
policies – potentially
pushing earlier
experimentation and
nurturing of more radical
technologies (e.g.
earlier-than-optimal
introduction of zero
carbon steel; BECCS;
H2 in HGVs, potentially
direct air capture), as
well as accelerating
those technologies that
are more-or-less mature
(building energy retrofit
measures and batteryelectric vehicles).
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Fuel switching to
electricity is
widespread in
heating and in
industrial sectors,
facilitated mainly
by accelerated
deployment of
heat pumps.
Hydrogen for
more challenging
decarbonizing
activities:
aviation, heavyduty
transportation and
certain industries.

Concern for ‘just transition’
drives strong government
support for building energy
efficiency measures for
lower-income consumers
and regions

Hurdles to CCS
realization make
CCS use more
expensive and
slower to scale
up.

CCS and/or nuclear driven
by renewed political push.
CCS innovation benefits
from energy sector
incumbents seeking to
exploit existing assets and
competences. CCS
availability increases the
probability of BECCS use
for generating net negative
emissions.

2.3

Hydrogen potentially
displaces traditional gaseous
fuels in network
infrastructures where
conversion of end uses is
easy: gas boilers in industry
and buildings are replaced;
Gas-infrastructure owners
push ‘green-gas’ options –
both biogas and hydrogen

Very high levels of
efficiency in buildings,
and saturation of energy
service demands –
resulting in substantially
reduced final energy
demand (and reduced
energy service demands)
against the baseline.
Dietary shift to lower red
meat and dairy
consumption, largely
driven by health
concerns and shifting
social norms in some
societies. This involves a
continuation of longterm trends away from
beef so that beef
consumption is 50%
lower in 2050 than in
2015; significant but less
dramatic reductions in
dairy, with compensating
growth in poultry &
plant-based protein.
A higher level of
resource nationalism
maintains existing
diversity and different
technology system
choices across Europe,
in a continuation of the
historically observed
pattern: e.g. some
countries favor
expansion of nuclear;
others develop domestic
bioenergy resources.

Exploring scenarios with online tools (D3.1, D3.4, D3.6,
D3.12)

The modelling of scenarios requires a large number of assumptions to be made both about how
the world might develop in the future, and about the more detailed evolution of technological
costs and capacities, and human behaviours, as described in the previous section. In order to
permit interested parties to explore some of the different aspects of scenarios, researchers
produced two online tools: the Low Carbon Pathways Platform (LCPP); and the Energy System
Decarbonisation Simulator (ESDS).
The LCPP permits users to visualise the different results, briefly described below, from the
INNOPATHS scenarios described in section 3.2, providing easy access to these newlydeveloped technologically-detailed decarbonisation pathways for Europe. It consists of two
parts. The Scenario Explorer is a user-friendly visualization interface that gives access to and
permits comparison between the relevant variables (quantities and prices of emissions, energy
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use, technology deployment etc) of the pathways developed with the energy-economy-models
used in INNOPATHS (described in the next section).
LCPP contains the results of three models: ETM-UCL, PRIMES and REMIND. The first two
only give results for European countries. REMIND provides global results. The models are
briefly described below.
The LCPP may be found at http://innopaths-lcpp.niceandserious.com/ (login details:
Username: guest
Password: Pik_guest2020)
The ESDS is a tool that enables the user to construct their own decarbonisation pathways for
EU countries. It aims to provide users with a fully transparent, user-friendly and interactive
modelling tool to quantify energy system developments, associated CO2 emissions, energy costs
and investment. Its objective is to fill the gap between large-scale energy-economy models and
the needs of policy makers, energy industries and investors, by providing a user-friendly online
tool to explore alternative decarbonisation pathways to 2070 for EU Member States.
The ESDS has a large disaggregation in terms of countries, technologies and policies providing
projections for the period 2020-2070. The user can interact with the tool by providing input for
a variety of model parameters, including technology costs, potentials, policy drivers and other
assumptions. The ESDS is intended to be a helpful reference to decision-makers as it allows
them to explore the impacts of different energy and climate policies, assess the potential,
constraints and costs of a wide spectrum of mitigation options in each sector and quantify the
synergies and trade-offs of alternative system configurations.
The ESDS may be found at https://innopaths-esds.eu/ (login details:
Username: user
Password: badpassword1)

2.4

The models used for the INNOPATHS scenarios (D.3.7,
D3.11)

INNOPATHS used a number of energy system and Integrated Assessment Models. Three of
these models – ETM-UCL, PRIMES, REMIND – were each used to simulate three of the
INNOPATHS scenario narratives1 described above. These models and the results of these
simulations are briefly described below.
During the course of INNOPATHS research a number of improvements were implemented in
the three models above and in the WITCH model. These models were then used with the
improvements to carry out simulations, with the improvements and results discussed in detail in
D3.7 and summarised below. What follows in this section are brief descriptions of the models
used for the INNOPATHS scenarios – ETM-UCL, PRIMES, REMIND – followed by a
description and some results of the simulations incorporating model improvements.

2.4.1 REMIND2

1

Modelling work on the fourth scenario narrative, Europe of Multiple Speeds, is outstanding
More detailed information about REMIND can be found at https://www.pikpotsdam.de/research/transformation-pathways/models/remind/remind
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REMIND (Regional Model of Investments and Development) is a global multi-regional
energy-economy-climate model spanning the years 2005–2100. Figure 3.1 illustrates its
general structure.

Figure 3.1. General structure of the REMIND model.

The REMIND-EU model version divides the world into 21 regions (see Figure 3.2): ten regions
outside Europe, nine regions that represent the European Union and two additional regions that
represent the remaining continental European countries.

Figure 3.2: Regions in the REMIND model
The macro-economic core of REMIND is a Ramsey-type optimal growth model in which intertemporal welfare is maximized. The model explicitly represents trade in final goods, primary
energy carriers, and in the case of climate policy, emissions allowances. Macro-economic
production factors are capital, labour, and final energy. REMIND uses economic output for
investments in the macro-economic capital stock as well as consumption, trade, and energy
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system expenditures. The macro-economic core and the energy system module are hard-linked
via the final energy demand and costs incurred by the energy system. Economic activity results
in demand for final energy such as transport energy, electricity, and non-electric energy for
stationary end uses. A production function with constant elasticity of substitution determines the
final energy demand. The energy system module accounts for endowments of exhaustible
primary energy resources as well as renewable energy potentials. More than 50 technologies are
available for the conversion of primary energy into secondary energy carriers as well as for the
distribution of secondary energy carriers into final energy.
The model accounts for the full range of anthropogenic greenhouse gas (GHG) emissions, most
of which are represented by source. The MAGICC 6 climate model is used to translate
emissions into changes in atmospheric composition, radiative forcing and climate change.
REMIND does not monetize climate damages, and therefore is not applied to determine a
(hypothetical) economically optimal level of climate change mitigation (“cost-benefit mode”),
but rather efficient strategies to attain an exogenously prescribed climate target (“costeffectiveness mode”).

2.4.2 PRIMES3
The PRIMES (Price-Induced Market Equilibrium System) energy model simulates the
European energy system and markets on a country-by-country basis and across Europe for the
internal electricity and gas market. The model provides projections of detailed energy balances,
CO2 emissions, investment in demand and supply, energy technology penetration, energy prices
and costs over the period from 2015 to 2070 in 5-years intervals. The PRIMES model covers
individual projections for the EU Member States, and for neighbouring countries including
Norway, Switzerland, Turkey and the Balkans.
PRIMES is a large scale applied energy system model that provides detailed projections of
energy demand, supply, prices and investment to the future, covering the entire energy system
including emissions. The model represents a variety of instruments for policy impact assessment
related to energy markets and climate, including market drivers like the ETS, efficiency
standards, and targets for renewable energy or CO2 reduction by sector or overall. It handles
multiple policy objectives, such as emissions reductions, energy efficiency, renewable energy
targets and provides pan-European simulation of internal electricity and gas markets.
PRIMES determines the equilibrium by finding the prices of each energy form such that the
quantity producers find best to supply match the quantity consumers wish to use. The market
equilibrium is forward looking and includes dynamic relationships for capital accumulation and
technology vintages in energy supply and demand sectors. The model formulates agents’
decisions according to microeconomic theory, at the same time representing, in an explicit and
detailed way, the available energy demand and supply technologies as well as pollution
abatement technologies. The formation of energy prices reflects considerations about market
competition economics, industry structure, energy and climate policies and regulation.
Information about alternative policy options is also included at a considerable level of detail.
The model is designed to handle renewable, energy efficiency and climate change mitigation
targets, with representation of various possible policy instruments. The model produces detailed
analysis of technology uptake, investment requirements, energy system costs and other
implications of policies as required by impact assessment analysis.
PRIMES comprises a number of interlinked models, as shown in Figure 3.3.

3

Further details on the PRIMES model can be found at https://e3modelling.com/modelling-tools/primes/
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Figure 3.3: The suite of interlinked models in PRIMES

2.4.3 ETM-UCL4
The European TIMES Model at UCL (ETM-UCL) is a partial equilibrium linear optimisation
energy system model with an inter-temporal objective function to minimise total discounted
system costs, based on the ETSAP-TIMES model generator. It is a technology-rich, bottom-up
model with perfect foresight and covers energy flows and infrastructure investment from the
supply of primary energy through various secondary energy processing sectors to five demandside sectors, i.e. residential, commercial, industry, transport and agriculture. The model
comprises a total of thirty-one countries (EU28 plus Norway, Iceland and Switzerland), grouped
into eleven regions.
Each region is modelled with primary and secondary energy and demand side sectors, and is
linked through trade in crude oil, hard coal, pipeline gas, LNG, petroleum products, biomass
and electricity. In addition, there is a “global” region which serves as a simple ‘basket of
resources’ from which other regions may import the above products (except electricity). The
model is calibrated to a base year of 2010, with energy service demands projected into the
future using the exogenous input drivers of GDP, population, household numbers and sectoral
output (linked to GDP), for each region. The countries that form these regions have been
aggregated or modelled as single-country regions considering several factors: geographic
proximity, relevance in terms of energy production and/or consumption to the EU28 system,
and gas and electricity transmission networks.
ETM-UCL models the evolution of the European energy system from 2010 to 2050 subject to a
range of techno-economic and policy based constraints which can be adjusted and/or added
based on the particular scenario being modelled. A simplified version of the reference energy

4

Further details on ETM-UCL may be found at https://www.ucl.ac.uk/energy-models/models/etm-ucl
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system in ETM-UCL is shown in Figure 3.4, which depicts the energy flows that may occur
within the model.

Figure 3.4: A simplified representation of the Reference Energy System in ETM-UCL
Each of the models was extended in some way in the course of INNOPATHS. In REMIND,
improvements were made to the buildings, transport and industry sectors. Improvements to
PRIMES were made in the buildings, electricity, transport and industry sectors. Work in ETMUCL focused on improving the modelling of European energy systems with high shares of
variable renewable energy sources (VRE). The work undertaken on these models is discussed
below in the relevant sectoral sections.

2.5

The overall scenario results (D3.11)

The figures that follow show the overall results for the three scenarios (New Players,
Incumbents, Efficiency), in three variants (differentiated by carbon budget, as shown in Table
3.3) from the three models REMIND, PRIMES and ETM-UCL.

Table 3.3. Variants of three climate policy scenarios
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Figure 3.5 shows how each of the models reduces CO2 emissions to 2050, given the different
carbon budgets, with the shaded areas showing the range between the model results.
(a) Total CO2 Emissions (Mt CO2 per year)

(b) Carbon price for the 1p5 scenarios (€2015/t CO2)

Figure 3.5: Total CO2 emissions and carbon prices for the 1p5 scenarios
It may be noted that all the models reach zero emissions by 2050 under the 1.5oC carbon budget.
The Efficiency scenario in each variant generates the lowest carbon prices, as it assumes
substantial advances in energy efficiency and behaviour changes towards lower consumption,
thus shrinking the overall size of the energy system and requiring less investment in low- and
zero-carbon energy supply to stay within the carbon budget.
Figure 3.6 plots (a) CO2 emissions by sector; (b) the carbon management results for 2050; (c)
the net emissions in 2050; all for the three scenarios, three models and 1p5 variant. All
scenarios show that the electricity sector provides the bulk of the emissions reductions to 2030,
with deep reductions in both transport and buildings in the following two decades. By 2050 the
remaining emissions are divided across the models between transport, industry and buildings, to
make up for which substantial quantities of negative emissions from BECCS and sometimes
DACCS are required – by 2050 all scenarios have negative emissions of several ten to hundred
MtCO2/yr, and in the Incumbents scenario all models project at least 500MtCO2 negative
emissions in that year.
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Figure 3.6: (a) CO2 emissions by sector; (b) 2050 carbon management; (c) 2050 net emissions;
MtCO2 all for the three scenarios, three models and 1p5 variant
Figure 3.7 shows (a) the growth and decline of different energy carriers; (b), (c) and (d) the
distribution of these different carriers in 2050 in transport, buildings and industry. In all the
scenarios, electricity becomes the dominant carrier. The New Players scenario has the highest
share of electrification in final energy – up to 62% by 2050 – but even in the Incumbents
scenario the electrification share rises to between 39% and 48% (depending on the model).
The residential and commercial sector has the highest electrification share in 2050, up to
80% of the total final energy. In transport and industry liquids (clean synfuels) also play a
considerable part. Hydrogen, from renewables or biomass gasification, is most apparent in
transportation, mainly freight, in all the scenarios, with some also in heavy industry. Solid
biomass, gases and heat are apparent in buildings.
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Figure 3.7: Final energy per carrier (a). Final energy per sector and carrier in 2050:
Transportation (b), Buildings (c) and Industry (d). (units: PJ per year)
Figure 3.8 shows the dominance of wind and solar by 2050 in the generation of electricity in all
the scenarios, except the Incumbents scenario with ETM-UCL, which has a significant amount
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of nuclear electricity in all the scenarios. In the Incumbents scenario, CCS technologies supply
up to 40% (ETM-UCL) or around 10% (PRIMES, REMIND-EU) of electricity in 2050, while
in the other two scenarios the share is substantially lower.. Hydrogen (PRIMES and
REMIND) and natural gas with CCS capacity (ETM-UCL) are used to balance out the high
intermittence of variable renewables.

Figure 3.8: Electricity generation (TWh per year) in the scenarios
Energy efficiency improvements in end uses can reduce the demands on the energy supply
system from all sectors. Hydrogen demand is driven by difficult-to-mitigate activities in
industry and freight transportation, while its production is enabled by electrolysers and high
renewables penetration, which in turn requires generation flexibility that can be provided by
hydrogen itself or other alternatives like natural gas with CCS and increased storage capacities
(mostly through batteries). Transportation and electricity market integration can speed up the
electric mobility adoption, which in turn stimulate electricity storage development and
deployment, and facilitate renewables integration. Electricity system coupling with buildings
increases energy efficiency through the use of heat pumps. Advanced biofuels replace oil
products in transport sectors.
The next sections explore in more detail some of the sectoral outcomes of the scenarios,
including a description of some of improvements in the modelling of these sectors made by
INNOPATHS researchers.

2.6

Sectoral results: the electricity sector (D3.7)

INNOPATHS carried out significant model improvements in order to gain better insights into
the implications for electricity generation of the European Union (EU) increasing its ambition to
net-zero CO2 emissions by 2050, and of reliance on a high share of variable renewables.
Pietzcker et al. (2021) analysed how the power sector would have to change in reaction to a
tighter EU ETS target that is consistent with the EU Green Deal ambition. To do so, they
constructed two main EU-ETS scenarios for the model LIMES that combines a detailed power
sector model with a representation of ETS-covered industry and district heating plants: the
Reference (REF) scenario with the current ETS target that is consistent with the previous EU
target climate target of an 80%-95% reduction in CO2 by 2050 (40% in 2030), and an
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ambitious (AMB) scenario in line with the Green EU Deal that calls for net-zero GHG emissions
by 2050 (55% reduction in 2030). Sensitivities were then run for these scenarios for a high
electricity demand, and depending on whether transmission infrastructure was unlimited or not,
and on the availability or not of nuclear power, carbon capture and storage (CCS) and bioenergy
with CCS (BECCS). Table 3.4 shows the architecture of the scenarios and sensitivities.
Scenario
Energy
demand
Transmission
expansion
Technology
restrictions

REF
Default
Unrestricted (default)

AMB
High
Restricted

Five technology
restrictions:
No nuclear
No fossil CCS
No BECCS
No CCS
No nuclear or CCS

Default
Unrestricted (default)

High
Restricted

Five technology
restrictions:
No nuclear
No fossil CCS
No BECCS
No CCS
No nuclear or CCS

Table 3.4: The scenarios and variants for sensitivity analysis
This Synthesis Report can only summarise the very many results yielded by all these scenarios
and sensitivity variants.
Increasing the stringency of the target
In both REF and AMB the electricity sector changes fundamentally over the next decades, with
the share of renewable energy sources (RES) in gross demand increasing from 30% in 2015 to
at least 65% in 2030, and 95% in 2050. The main impacts of the ambitious target (with default
demand and unrestricted transmission expansion) are a faster expansion of wind and solar
power, a faster phase-out of coal, and in the long-term a deployment of bioenergy with CCS
(BECCS). Wind and solar increase strongly in the short-to-medium-term: the share of
renewable energy sources (RES) in generation increases from 30% in 2015 to 58% in 2030 for
REF, and 63% in AMB. This requires a substantial ramp-up of investments to an average of
~30GW/yr for wind and ~50GW/yr for PV for the period 2020 to 2030 in the EU.
As a result, fossil-based generation decreases more rapidly in AMB, and thus reliance on fossil
fuels decreases substantially by 2030. Gas-based generation remains roughly the same in both
scenarios in 2030, In both scenarios RES increase further until 2050, leading to a share of
~90%. AMB has 40 TWh/yr of BECCS in 2050. Fossil-based generation coupled with CCS is
also present from 2035 onwards in both scenarios. Although this is higher in AMB than in REF,
fossil with CCS remains <70 TWh/yr by 2050 in both scenarios, less than 2% of total
generation. The picture is different for non-CCS fossil. While in REF there is a tiny bit of coalbased generation (without CCS) until 2045 (27 TWh/yr), coal is almost completely phased out
already by 2030 in AMB (<20 TWh/yr). Gas-based generation slowly decreases in REF is, going
down to ~70TWh in 2045. always above 230 TWh/yr, reaching a share around 10% of gross
demand before 2050, while in AMB, its share in gross demand decreases visibly after 2025,
decreasing to 15% of 2015 use in 2035. Nuclear decreases in both scenarios from 887 TWh in
2020 to 20 TWh/yr in 2050 due to the decommissioning of old capacity, and commissioning of
only those plants currently under construction, i.e., no new investments, due to the high costs of
building new nuclear power plants in Europe. The carbon prices is moderate in REF (35€/tCO2
in 2030, 90€/tCO2 in 2050), but increase substantially in AMB to 130€/tCO2 in 2030 and
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350€/tCO2 in 2050. Full generation costs in AMB are around 7% (0.4 ct/kWh) higher than in
REF, averaged over 2025-2050.
Impact of higher electricity demand and constrained transmission
Higher electricity demand poses additional pressure on the electricity sector and requires
additional investments, but doesn’t change the picture fundamentally. Until 2030 the phase-out
of fossil generation is slowed a bit and wind and solar are upscaled faster; by 2050, the
additional 2100 TWh/yr of electricity consumption are supplied almost completely by vRES in
the AMB scenario, with complementing additional investments into batteries and hydrogen
storage. As a result of the interim higher fossil-based generation in the high demand scenarios,
cumulative emissions from the electricity sector are 12.4 (5.4) GtCO2, i.e., 13% (6%) higher
than the emissions in REF (AMB) with default demand. This implies that higher electricity
demand requires deeper decarbonization in the industry sector covered by the EU ETS.
Transmission capacity in 2030 and 2050 across scenarios with unrestricted transmission
expansion is respectively ~50% and >300% higher than when transmission capacity is limited to
2020 levels. The ETS cap stringency (difference between REF and AMB) does not appear to
have a significant impact on transmission investment decisions. This implies that deeper
decarbonization can be achieved, at slightly higher costs by relying on national (less efficient)
RES potentials. The level of demand does have a small impact on transmission expansion by
2050 when transmission is unrestricted: further expansion is carried out, aggregated
transmission capacity being ~20% higher when demand is high.
Limited expansion leads to more expensive decarbonization because of technology lock-ins.
This effect is three-fold: (i) fossil-based generation in countries where such technologies are
dominant remains more competitive due to the limitation to import (cleaner) electricity; (ii)
countries with high RES potential are discouraged to invest beyond their own needs because
demand remains limited as export potential is constrained; (iii) less pooling over larger areas
implies higher balancing requirements within the confines of a country. Hence, transmission
expansion allows for a more efficient use of resource endowments, e.g., investing in RES with
high availability and transporting them instead of relying on local RES with lower availability
factors.
Limited transmission increases the total discounted power sector costs aggregated from 2020 to
2050. With default demand, in both REF and AMB, limited transmission expansion increases
total system costs by ~3%, more than half of the 5% cost increase that comes from tightening
the target from REF to AMB. This means that putting strong political will behind realizing the
optimal transmission extensions could partially offset the additional costs from tightening the
emission target. Equivalently, not managing the transmission expansion would make tightening
the emission cap almost twice as expensive as it would be with well-managed transmission
expansion.
Despite the limited impact of restricted transmission expansion on costs, this has an impact on
the technology choice in the long-term, with some differences in the generation-mix appear,
these being more marked when demand is high. With limited transmission expansion it becomes
more difficult to accommodate large shares of wind output, thus encouraging generation from
non CCS gas (only in REF), PV, hydrogen and batteries.
Conclusion
Tightening the EU ETS targets in line with a more stringent EU climate target of 55% reduction
in 2030 instead of 40%, speeds up the transformation of the electricity system, with renewables
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contributing two thirds of gross demand already in 2030, coal almost completely phased-out by
2030, and zero emissions reached by 2040. As a result, cumulated power sector emissions from
2018-2057 would decrease by 54%, from 11GtCO2 to 5.1 GtCO2. Carbon prices within the EUETS would more than tripple, increasing to 129 EUR/tCO2 in 2030 and 212 EUR/tCO2 in 2040.
However, total discounted system costs would only increase by 5%, and the average electricity
price would be below 1 ct/kWh.
Increased electricity demand from sector coupling would not fundamentally change the picture
– it would mostly lead to a longer reliance on gas, increased deployment of hydrogen and a
faster and larger expansion of wind and solar in combination with batteries. Constraining
transmission expansion would increase costs by 3%, and the technology mix would shift
towards more PV, hydrogen and batteries. Not using fossil CCS or nuclear power has no
relevant effect on decarbonization costs, CO2 prices or emissions for the EU. However, not
using BECCS would increase cumulated power sector emissions by roughly 18% and thereby
require stronger decarbonization in the industry sector, but in this case electricity prices still
increase by less than 1%. BECCS is thus not essential for power sector decarbonisation, but its
use could decrease the decarbonization burden for industry. In general, for BECCS to
effectively contribute to decarbonization requires limiting the emissions from associated direct
and indirect land use change as well as emissions from processing and transporting the biomass.
Price and Keppo (n.d.) assessed the ability of battery storage and extra transmission capacity to
make better use of Europe’s renewable energy resources (e.g. by reducing curtailment). Doing
this required the renewable energy sources to be included in the ETM-UCL model in a way that
captured more of the spatial and distribution of these resources. This was accomplished by
including detailed weather data from across Europe in the high-RES electricity system, and then
using this to improve the representation of vRES in ETM-UCL by adjusting the following
parameters: curtailment, capacity value, battery storage, transmission capacity, and regional
capacity factors and potentials. Following the inclusion of these adjusted parameters, an 80%
emissions reduction scenario was modelled, both with the adjustments and without them, so see
the difference that they made.
The changes make a significant difference. With the more detailed modelling of renewable
resources in ETM-UCL, to take account of curtailment, declining capacity values and the need
for battery storage and transmission capacity for greater renewables integration:
• vRES are still deployed to the same extent in 2050, but with battery capacity being
installed earlier and to a greater extent in 2050
• Transmission capacity in 2050 increases from a little more than 150GW to nearly
400GW in order to reduce curtailment and make better use of the available renewable
resource across the continent
• Hydrogen production is nearly doubled by 2050 as the model makes use of the available
resources that were previously curtailed, with large amounts of hydrogen being
produced by electrolysis from 2045.
Marni and Prato (n.d.) carried out improvements to the WITCH model related to the modelling
of capacity value, curtailment, flexibility constraints, flexible operation, and the pre-existing
grid and storage formulation. These improvements are described in detail in D3.7.
The model was then used to run three scenarios: one with no carbon mitigation policy (BAU),
one with a carbon tax (CTAX), rising from USD30/tCO2 in 2020 to around USD460/tonCO2 in
2100 and one with a carbon tax designed to meet the objective to limit the temperature increase
to 2°C by the end of the 21st century (CTAX2DEG), when the carbon tax rises to more than
USD2000/tonCO2 in 2100.
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Somewhat surprisingly, the quantity of electricity generation is similar in the three scenarios,
though the two CTAX scenarios have far more renewables (mainly solar and wind) and
substantial deployment of CCS. Investments in the grid increase in all the scenarios, doubling in
BAU and CTAX and trebling in CTAX2DEG, but in BAU and CTAX the investments are quite
evenly divided between transmission and distribution, in CTAX2DEG the distribution grid
investments are much larger, reflecting the importance of decentralised renewable generation in
this scenario.
Electricity storage grows in all the scenarios, reaching more than 30TWh in 2100 in
CTAX2DEG (with CTAX a little more than, and BAU a little less than, 20TWh), with
approximately equal shares in batteries and compressed air energy storage (CAES), though the
installed capacity in batteries is much higher (7.2 TW in 2100 for CTAX2DEG) than for CAES
(1.8TW), as batteries require a much larger installed power capacity compared to CAES if they
are to store the same amount of energy. For seasonal storage using electrolysers and fuel cells
the installed capacity is much lower than for the short-term technologies, reaching, in 2100,
49GW in CTAX and almost 127GW in CTAX2DEG. Not surprisingly, allowing storage in the
model increases the quantity of vRES that can be integrated into the grid – in CTAX2DEG the
share of vRES in 2100 increases from around 35% to around 50% of generation.
Kannavou et al. (n.d.) addressed the fact that achievement of the ambitious EU climate and
energy targets for 2030 and 2050 will require the EU power system to accommodate high shares
of renewable energy sources that are not dispatchable (vRES, e.g. solar PV and wind). Dealing
with the variability of vRES to maintain system reliability will require resources that provide
storage and flexibility.
Flexibility resources allow the power systems to react to both predictable and unpredictable
changes in electricity demand and generation in a way that meets reliability standards and
avoids curtailments of load or variable renewables. Failure to provide required flexibility will
have negative impacts on emissions targets due to the curtailment of vRES, as well as negative
economic impacts if demand shedding is required (or additional power generation capacities are
built). Furthermore, with significant volumes of variable generation installed at the distribution
level, distribution system planning methods may also need to incorporate flexibility
considerations.
Flexibility may be required in the short, medium and long term, and its requirement increases
significantly with the rise of vRES in the system. Short-term flexibility is required mainly from
short-term fluctuations in wind resources, and may be provided by fast ramping generation and
storage resources. The need for medium-term, i.e. over multi-hour and multi-day time
frameworks, flexibility arises from the periodicity of sunshine and the variation in wind speeds.
This may be addressed by the cyclical operation of generation plants, where applicable, and
storage. Long-term flexibility is required because of the seasonal variations in vRES, and is best
provided by chemical storage, i.e. storage of fuels, such as hydrogen or methane, used to
produce electricity when renewables are less available, and originating from electricity when
renewables are abundant. Flexibility may also be provided by demand response and electricity
trade across borders. Planning the availability and use of flexible thermal power plants, storage
technologies, demand response, cross-border flows and dispatchable RES (e.g. bioenergy) is a
complex issue, requiring the modelling of dynamic changes and the future availability of new
technologies, notably for storage technologies and the chemical storage based on power-to-X.
Kannavou et al. (n.d.) modelled the energy system operation in time slices to optimise at the
same time electricity system operation, storage use, sectoral coupling (power and gas) and
cross-border flows. The results confirm that energy system planning needs to couple electricity
grids with the gas (and heat) grids to get flexibility through conversion and storage of energy
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which can then be used to generate clean gas (power-to-X) or electricity. The modelling showed
that storing hydrogen and methane through infrastructure located in gas distribution systems can
provide additional flexibility services to the power system, notably for large-scale seasonal
storage of electricity indirectly (chemical), which is of great economic value in the future under
very high vRES shares in the power generation.
The study used a model version based on PRIMES, modified, expanded and enhanced to
improve the research on power system flexibility, with comprehensive and high-resolution
modelling of the European power system by country, considering in a detailed way the technical
characteristics of power and heat plants and several storage technologies. The fluctuations in
generation considered include: i) the largely unpredictable variations in very short time intervals
(e.g. reduction of PV generation due to clouds, wind gusts influencing wind-based generation),
ii) the largely predictable daily multi-hour variability, for example due to the solar diurnal cycle,
iii) the variability over a few days due to meteorological conditions (e.g. wind regimes or
weekday/weekend demand patterns), and iv) the seasonal variability of solar PV, wind and
electricity consumption (which may lead to multiple days with weak availability of vRES
combined with a high load). The model includes open-cycle gas plants, CCGTs,
interconnectors, Power-to-X facilities, batteries, pumped storage, demand response (to a lesser
degree) and hydropower plants with a dam. The results show that sharing balancing and
flexibility resources within the internal market can be a great source of cost-efficiency.
Two contrasting energy system decarbonisation scenarios are analysed that achieve the 80%
reduction target in domestic EU-28 GHG emissions by 2050 relative to 1990 levels based on
different technological options and system configurations. The “Electrification” scenario
(ELEC) assumes the extensive electrification of all energy end-uses through the cost
improvement and commercial upscaling of technologies like electric vehicles and heat pumps.
In contrast, in the “E-fuels” scenario (EFUELS), hydrogen and clean synthetic fuels (produced
through power-to-X and RES-based electricity) replace the use of fossil fuels in mobility,
heating and industrial applications. The two contrasting low-emission scenarios are selected in
order to assess how the different long-term decarbonisation pathways interact with power sector
flexibility and to explore the flexibility impacts of different technological and policy options to
reduce emissions.
In both low-carbon transition scenarios, electricity production in the EU-28 increases massively
relative to current levels, in ELEC driven by the electrification of heating and mobility end-uses
and the penetration of electric vehicles and heat pumps. The increase is even higher in EFUELS,
as the production and large-scale deployment of hydrogen and synthetic fuels require high
amounts of electricity. In both decarbonisation scenarios, vRES expand significantly and cover
about 65%-70% of total EU-28 electricity generation in 2050. This leads to increasing needs for
balancing and storage, which is covered by a combination of storage facilities, mostly batteries
and synthetic fuels (power-to-X).
Most of the short-term flexibility requirements by 2030 are covered by gas-fired plants, CCGTs,
peak devices and dispatchable RES, which are able to respond to unpredictable variations of the
net load (the remaining system load not served by variable renewable generation and other
must-run generation (i.e. industrial onsite CHP plants)) due to their high ramping rates. In
contrast, solids-fired and nuclear power plants are considered as inflexible plants due to their
technical characteristics (i.e. low ramping rates and high technical minimum operating levels).
In the longer term, storage plants, mostly batteries in ELEC, also provide short-term flexibility
to the power system; while in EFUELS gas plants are being dispatched more, using a mix of
natural gas and RES-based hydrogen among others, and contribute to short-term flexibility. The
optimal mix from a system perspective is to use batteries for coping with the very short-term
fluctuations, and use other resources (such as gas-fired plants or dispatchable RES) as a back-up
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to handle the short-fluctuations of several minutes. While in principle vRES can also provide
short-term flexibility to the system, RES curtailment has negative impacts both on the financial
viability of investments in renewable energy sources and on CO2 emissions.
Multi-hour flexibility is required by net load variations on a multi-hour timescale within a day,
induced by the variability of electricity demand and the variable renewable generation patterns.
The dispatched-as-available nature of vRES changes drastically the net load curve, which must
be met by dispatchable plants and storage facilities. The penetration of solar PV, whose
generation presents a diurnal cycle with a peak in noon hours, poses additional challenges to the
system: it increases the need for downward and upward ramping to accommodate PV generation
patterns and increases the risk of over-generation (and thus curtailment) in hours when solar PV
generation peaks and dispatchable plants operate close to their technical minimum levels. The
study finds that multi-hour flexibility needs increase exponentially with the share of v RES,
driven by the variation of net load when the share of variable RES is very high.
The two decarbonisation scenarios use a different mix of storage technologies to cover the
multi-hour flexibility requirements of the system. The chemical storage through power-to-X
technologies is massively deployed in EFUELS. Multi-hour flexibility provided by batteries
increases significantly by 2030 and 2050, driven by the anticipation of a rapid decrease in
battery costs, but batteries have dispatchability limitations. The model results suggest that the
deployment of diverse storage technologies, operating in a complementary way and providing
flexibility in different timescales is the cost-optimal solution (i.e. pumped storage plants and
batteries provide short-term flexibility, while chemical storage can also provide long-term
flexibility). Flows over interconnectors are increasingly used to provide balancing at times of
complementary renewable (mostly wind) generation across different countries.
The economic competitiveness of power-to-X technologies heavily depends on the future
learning-by-doing potential and mostly on the cost of electricity used as a feedstock for
producing green hydrogen and synthetic methane. Reasonable assumptions regarding industrial
production at large scale of electrolysers and methanation plants are not enough to drive costs
down. Electricity costs are of crucial importance. This further depends on market conditions that
will prevail in the future. Under well-functioning market conditions throughout the internal
market, large-scale power-to-X may use electricity priced very low when renewables are
abundant, which would have had to have been curtailed in the absence of power-to-X. In this
case, power-to-X becomes very competitive.
The modelling in this project suggests that investing in “oversized” power-to-X facilities (where
the power-to-X capacity is higher than the average demand for synthetic fuels demand, enabling
the use of the surplus of renewable energy when available) is the most cost-effective option in
the low-carbon transition context. In EFUELS, the achievement of economies of scale of powerto-X installations allow the production of synthetic fuels not only for power system flexibility
through chemical storage but also to meet the demand for synthetic fuels through gas
distribution to final energy consumers, while at the same time producing clean fuels for fast
ramping gas power plants. The increased competitiveness of chemical storage in the provision
supply of multi-hour flexibility services limits the scope of developing large-scale batteries at a
system level. In contrast, the absence of demand for synthetic fuels in final energy consumption
limits the scope of power-to-X and increases the need for large-scale batteries, as in ELEC.
The left diagram in Figure 3.9 presents the annual system costs for power generation, while the
right figure presents the projection of the average cost of electricity generation and provides a
split between the capital (CAPEX) and operational (OPEX) component of the generation cost.
A first conclusion is that although significant amounts of investment expenditures are required
for the transformation of the power sector, the average generation cost of electricity generation
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follows a decreasing trend implying the affordability of the decarbonisation effort, mostly due
to reduced costs for the purchase of fossil fuels.
Regarding the decomposition of the total cost to different components, the model results reveal
a strong shift from OPEX to CAPEX, as the power mix in 2050 is dominated by capitalintensive renewables, with storage technologies covering the flexibility needs of the system. In
ELEC, the capital cost component of the average generation costs is higher by 3 pp., compared
to EFUELS, mostly due to the different mix of flexible resources. EFUELS uses power-to-X
technology, in order to cover a part of the flexibility needs mostly in multi-hour and long-term
timeframe, while ELEC deploys mostly batteries and pumped hydro (PHS) storage plants. The
provision of flexibility via the use of direct chemical storage (power-to-X) is less capitalintensive than using batteries and PHS, as it includes the use of synthetic fuels, which entails
somewhat higher operational costs due to significant fuel costs. Looking at the average cost of
electricity generation in total, this was found to be comparable across the two decarbonisation
scenarios in 2050.

Figure 3.9: Annual system costs for power generation (left) and average cost of electricity
generation (right). Source: PRIMES results
Conclusions on the electricity sector
Management of an electricity system with a high proportion of variable renewable energy
sources (vRES), and very low or zero carbon emissions, requires a variety of technologies and
practices if the system is to be stable and reliable, especially when output from vRES is very
low. In their different ways, the four studies summarised here show that on reasonable
assumptions this is a problem which, by 2050, can be addressed at affordable costs. The
REMIND study suggests that a net zero target for the EU in 2050 can be met even with
relatively high energy demand, with constraints on transmission capacity, without nuclear
power, industrial CCS and BECCS, although absence of BECCS leads to the highest increase in
costs over an 80% reduction target.
The modelling using ETM-UCL linked to a detailed electricity sector model that includes
detailed meteorological data shows the importance of batteries, increased transmission and
hydrogen production for system balancing. The WITCH model shows the importance of both
batteries and compressed air energy storage, with a lesser role being played by fuel cells.
PRIMES modelling contrasts scenarios with high direct electrification of transport and heating
and the substantial use of renewable electricity to produce synthetic fuels, with the latter
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requiring less modification of end use equipment and energy infrastructure. The scenarios come
out at broadly equivalent costs in 2050, although the production of synthetic fuels requires
significantly increased electricity system investments. However, the regulation and market
design required to secure storage investment at the scale required are not in place. Given the
importance shown by this research of storage technologies for the transition to a decarbonised
power system, efficient mechanisms procuring flexibility on power systems in all timeframes
(short term, multi-hour, seasonal) should be designed and implemented both at national and
European levels.

2.7

Sectoral results: the residential and services sector (D3.8)

In 2015, 38% of final energy was consumed in buildings in the European Union. In terms of
CO2 emissions this sector accounted for 34% when including indirect emissions from energy
supply (e.g. emissions from the generation of electricity consumed in buildings). During
INNOPATHS, three modelling tools — PRIMES, REMIND and EDGE — have been either
created or improved to better represent the dynamics at work in the buildings sector. The
models and/or their improvements have been described in detail in D3.8. This section
concentrates on the results which were generated using these improved models.
A first exercise was carried out by Levecque et al. (2018) using EDGE to estimate the range of
possible energy use in buildings in the period to 2100 across the five Shared Socio-economic
Pathways (SSPs). The SSPs embody different assumptions about how the world develops in the
future, in relation to population and economic growth, the speed of low-carbon technological
development, and concern about climate change and willingness to change lifestyles and
behaviour in order to reduce emissions.
Buildings' energy consumption in developed countries amounts to 42 GJ/cap/yr, which is used
primarily for space heating (50%) and is fuelled with electricity and gas (73%). Buildings’
energy consumption in developing countries is much lower (11 GJ/cap/yr), is used primarily for
cooking (47%) and is fuelled with biomass (53%). The modelling in this paper suggests that this
picture will change dramatically by 2100, given economic and population growth in developing
countries, and climate-induced temperature changes. Figure 3.10 shows the development of
buildings’ energy demand in the different SSPs, while Figures 3.11 and 3.12 shows how this
develops in developed and developing countries.
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Figure 3.10: Global final energy demand for buildings disaggregated by end-use. The
transparent purple area shows the range of demand pathways in a number of Integrated
Assessment Models (IAMs). The grey area shows historical demand from the IEA.

Figure 3.11: Regional shares in global buildings' final energy demand
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Figure 3.12: End-use shares in 2100 for developed and developing regions
From Figure 3.11 it can be seen that convergence in per capita energy use over the century
means that OECD countries’ share in buildings’ final energy demand falls to below 25% in
2100, while Figure 3.12 shows that lighting and appliances’ share by that date is the largest in
all developed regions and in SSP1 for developing regions, and is comparable to space cooling in
the other SSPs. A crucial assumption for this lighting and appliances’ outcome is that energy
use for these purposes, unlike the other uses, does not saturate as incomes continue to grow.
Deep electrification of buildings’ energy use is a characteristic of all the scenarios in all regions,
rising to 63-90% globally, depending on the scenario.
Levesque et al. (2019) also used the EDGE model to explore through three scenarios the
possible impact on energy demand through the adoption of energy-saving technologies and
practices in buildings leading to Low and Very Low energy demand, compared to that in a
Reference scenario. Figure 3.13 shows that the effect on energy consumption of adopting these
technologies and practices could be dramatic, reducing energy consumption in buildings by
61% in 2100 in the Very Low scenario, compared to the Reference Scenario. The main areas of
reduced energy consumption were in space heating and cooling the buildings, mostly through
improvement of the building envelope and the adoption of efficient heat pumps and air
conditioners, and in reductions in hot water use through water-saving technologies and changes
in personal habits.
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Figure 3.13: Final energy demand by end-use shown for historical values (left) as well as for the
three scenarios of future energy consumption practices in 2050 and 2100.
Edelenbosch et al (n.d.) developed the EDGE model as a global building stock model, in which
the construction of new buildings is modelled as a function of income, population growth and
age, and household size. For example, in 2050 in China, 69% is built after 2015, in Africa it is
80%, while in Europe it is 38%. The estimated lifetime of buildings, with construction and
demolition cycles, determines the building stock turnover rate, affecting the number of new
buildings needed to fulfil buildings demand. The model is used with the SSP story line to
explore five scenarios of energy demand with building standards of different stringency and
different amounts of retrofitting for energy efficiency (reflected in changes in U-values), and
taking account of the effects of climate change on the number or heating and cooling degree
days. The five scenarios are:
• Reference no climate (REFNOC): no change in either global temperatures or climate
policy
• Reference RCP6.0 (REF6RP): no change climate policy, but global temperatures rise
according to RCP6.0
• Global standards (GLOBAL): all new buildings are net-zero emissions from 2020 and
all buildings are retrofitted to that standard by 2050
• Delayed standards (DELAY): as for GLOBAL, but starting from 2030.
• Mild standards (MILD): U-values are increased from 0.3 W/m2/K to 1.0 W/m2/K.
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Figure 3.14: Space heating and space cooling final energy savings across regions for different
scenarios. Top row: GLOBAL; middle row MILD; bottom row DELAY
Figure 3.14 shows the energy demand for the different scenarios, where post-1980 and pre-1980
refer to the date of building construction of the current building stock, the energy savings from
which derive from retrofitting. The pink blocks refer to the residual energy demand after
improvements to the stock, which reduce demand from what it would have been in their
absence. The headline messages from the figure are clear: the energy savings in developing and
emerging economies are largest from standards for new construction and, not surprisingly, are
largest when they are stringent standards imposed early (i.e. GLOBAL). In OECD countries
more energy saving is achieved through retrofitting both pre- and post-1980 buildings, but delay
to 2030 (DELAY) or less stringent standards (MILD) dramatically reduces these savings.
Levesque et al. (n.d.) uses both the EDGE and REMIND models to explore the economics of
energy demand reductions, as they are affected by four factors: market and behavioural failures,
climate change, technological improvements and changed preferences. Various scenarios are
compared with a Reference scenario (REF), which is influenced by economic and population
dynamics and assuming a continuation of key current EU policies (e.g. Directives on EcoDesign, Energy Labelling, Energy Efficiency, and Energy Performance of Buildings).
The scenarios are:
• An ‘efficiency gap’ scenario (EFFGAP), in which market and behavioural failures (e.g.
the landlord/tenant problem, inertia or status quo bias, or environmental externalities)
that inhibit the take up of cost-effective energy efficiency measures are mitigated
through adjusting the discount rate.
• A carbon price scenario (CPRICE) which imposes a uniform carbon price across the
economy such that cumulative EU carbon emissions are limited to 43 GtCO2 over the
period 2020-2050, while the rest of world has a total carbon budget of 600 GtCO2, in
line with the Paris Agreement temperature targets. The trajectory of the carbon price
from the REMIND model (which represents the whole energy system and economy) is
shown in Figure 3.15, and this is the price applied in the EDGE model (which only
represents the building sector).
• A narrow economic scenario (NARECON) which combines the assumptions of the
EFFGAP and CPRICE scenarios.
• A broad economic scenario (BRECON) which, in addition to the measures in
NARECON, envisages a fall in the cost of energy efficiency and energy-saving
technologies.
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•

A SUFFICIENCY scenario in which, in addition to the assumptions in BRECON,
people modify their preferences towards energy-saving behaviours, such as reduced
indoor winter temperatures, and reduced hot water use through more efficient
equipment and shorter showers.

Figure 3.15: Carbon price trajectories for REMIND scenarios. The REF and EFFGAP scenarios
have no carbon price.
Figure 3.16 shows the energy demand reduction in the EU arising from the scenarios,
disaggregated by end use.

Figure 3.16: EU energy demand reductions in buildings in 2030 and 2050 compared to REF for
each of the scenarios, disaggregated by end use
REMIND shows the larger energy demand reductions because the scenarios incorporate a wider
range of energy efficiency outcomes in this model than in EDGE. However, in both models the
energy demand reductions arise mainly from improvements in space heating, with increased
insulation or more efficient conversion technologies (e.g. heat pumps). In 2030, the economic
potential for reductions in the NARECON and BRECON scenarios 12% and 20.7%,
respectively, rising in 2050 to 31.1% and 46.1%. The SUFFICIENCY scenario takes these
reductions reach up to 28.1% in 2030 and 53% in 2050. Comparing these model results with the
scenario from the PRIMES energy system model used for modelling EU energy demand, it
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seems that the EU 2030 target of a 32.5% reduction in energy demand from energy efficiency
goes beyond narrow economic potential (NARECON) revealed in these models, and will
require the faster technological improvements or the behavioural adjustments in BRECON or
SUFFICIENCY, to be achieved.
Fotiou and Capros (n.d.) use the model PRIMES-BuiMo to explore the implications of policies
relating to the energy use of residential buildings in the future. This model projects energy
consumption, the depth and rates renovation in buildings, equipment choice and replacement,
fuel mix, and CO2 emissions for the buildings sector in each European country by 2050 and
2070 in 5-year time steps. The stock of buildings is highly disaggregated representing different
building types, geographic locations, ages of construction, income classes, and service
subsectors. The model also represents heterogeneous decision-makers across consumers with
different preferences.
Three main scenarios are modelled: a Reference case (REF) with broadly current policies to
2020, but no policies thereafter, in which the building renovation rate is close to historical
trends at 0.8% p.a.; an Enabling case (ENABLE), with the EU legislative package measures on
energy to 2030, when they cease to apply, but also ambitious institutional and informational
measures; and a Climate Neutral scenario (CLIMNEUT), where new policies deliver energy
consumption reduction by 2050 in line with the climate neutrality target by mid-century, as set
out in the EU Green Deal. ENABLE increases the renovation rate to 2.1% p.a. until 2030, which
falls back to 1.5% p.a. when the legislation-based obligations stop applying, leaving only the
institutional-informational measures. In CLIMNEUT the refurbishment rate of the building
envelope reaches 1.7% p.a. throughout the period in order to achieve climate neutrality.
Figure 3.17 shows the average final energy consumption per household in these scenarios
through to 2050. Compared to REF, total energy consumption in ENABLE falls by 32% in 2030
and by 50% in 2050, with energy efficiency being enhanced by electrification and a shift
towards heat pumps. In CLIMNEUT, because of significantly higher and deeper energy
refurbishment of the building envelope, there is a 59% decrease in useful energy consumption
for heating and cooling by 2050.

Figure 3.17: Final energy for heating and cooling of houses
In the detailed disaggregation of results, the model distinguishes between old and recently
constructed buildings for each of three income groups (low, medium and high), and between
light, medium and deep renovation.
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Table 3.5 shows the breakdown of the energy savings by the different stock vintages and
incomes classes. Compared to REF, ENABLE and CLIMNEUT deliver a 42% and 46%
reduction in energy consumption per square metre for heating and cooling by 2050 respectively.

Table 3.5: Energy consumption for heating and cooling after renovation, average in kWh/m2 of
the house and in % difference from current average level
Table 3.6 shows the results for different depths of renovation for the different scenarios,
showing how the renovation rate increases for the different scenarios over the 20 years from
2030, the investment required for the different depths of renovation, and the associated average
energy savings.
EU28

Average annual refurbishment
rate, 2031-2050 (%)

Investment for renovation (average
in €/house)

Average energy savings from
refurbishment (%)

Renovation
category

All

Light

Medium

Deep

All

Deep

All

Light

Medium

Deep

Total

0.90

0.75

0.15

0.00

14728

24.8

19.4

49.5

71.8

Total

1.55

0.27

0.86

0.42

14686

51.3

22.9

58.4

75.1

Total

1.8

0.19

0.93

0.68

14712

57.2

24.0

59.0

74.5

Light

Medium

REFERENCE
7396
6721
10697
ENABLE
11376 6222
11407
CLIMNEUT
12147 6067
11488

Table 3.6: Summary of model results for house renovation
A final experiment applied different policies, in the form of efficiency standards and subsidies,
to the scenarios. The most cost-effective policy turned out to be a uniform energy efficiency
subsidy for all categories of buildings. The minimum subsidy required to deliver the energy
savings in the CLIMNEUT scenario was 0.075 €/kWh saved. This is a relatively high subsidy
compared to the 0.080 €/kWh-fuel, that is the average fuel price for heating and cooling in 2015
in the EU. However, the scenarios project carbon prices of the EU ETS to reach high levels,
above 100 EUR/tCO2, which would increase fuel prices for residential heating to 0.25 €/kWhfuel, at which level the subsidy would represent roughly 30% of the fuel price, giving a
significant incentive for energy efficiency investments.
.
Conclusions on energy use in the buildings and services sector
Globally, energy use in buildings is set to increase by a factor of 2-4, depending on the
development in world conditions envisaged by the different SSPs. Most of the increase in
energy use is in emerging and developing economies, as their energy use per person converges
with that of old industrial countries, with appliances and lighting and space cooling becoming
the predominant users of energy in buildings. The widespread the adoption of energy-saving
technologies and practices in buildings (e.g. through improvement of the building envelope and
the adoption of efficient heat pumps and air conditioners, and in reductions in hot water use
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through water-saving technologies and changes in personal habits) could reduce energy
consumption in buildings by up to 61% in 2100. Improved building standards for both new
buildings and retrofitting could also lead to substantial energy demand reductions by 2050
across all world regions, but these reductions are much reduced if they are delayed to 2030 or if
the standards are less stringent than those required to deliver net zero emission buildings.
For the EU a carbon price rising to around €400/tCO2 by 2050, combined with cost reductions
in energy efficiency technologies and more energy-conserving behaviours could reduce 2050
energy demand in buildings by more than 50%. However, both these energy efficiency
improvements and behaviour shifts are required if the 2030 energy saving target of the EU is to
be achieved. Climate neutrality will require building renovation rates roughly to double from
current levels, with nearly 40% of the renovations being deep renovations, at an average
investment cost per renovation of around €14,700. This amounts to about €0.075/kWh-fuel,
which is around the same as the current average fuel price. However, with a carbon price of
€100/tCO2 the electricity price would increase from €0.18/kWh-fuel to around €0.25/kWh-fuel,
making energy-saving investment very cost-effective.

2.8

Sectoral results: the transport sector (D3.9)

In 2015 trucks contributed 25% to the CO2 emissions from road transport which will need to be
substantially reduced if the EU’s emission reduction targets for 2030 and 2050 are to be met.
When the EU emissions target was an 80% reduction from 1990’s level by 2050, it was
estimated that transport emissions would need to be reduced by 60%. To address this issue, the
European Commission proposed in May 2018 to set, for the first time ever in the EU, CO2
targets on truck manufacturers to limit carbon emissions from the sector, in a context where,
from 2012-2016, truck transport had an average annual increase of 2.1%. Siskos and Moysoglou
(2019) assessed the impacts of such standards on energy demand, technology deployment,
emissions and transport costs using the PRIMES-TREMOVE model, which simulates the
transport market, through multi-agent choices under several constraints, such that an optimum
technology and fuel mix produce transportation services to meet demand for transportation
services for passenger and freight mobility.
The model simulates four scenarios: a baseline with no emission standards (REF), and three
scenarios with different stringency of targets for 2025 and 2030 – 10% and 20% (MILD), 15%
and 30% (MEDIUM) and 20% and 35% (STRICT), respectively. In REF average annual growth
rate of overall truck transport activity is 1.7% between 2015 and 2030. In the standards
scenarios truck activity increases slightly (e.g. in STRICT by around 0.9%), because the new,
more energy-efficient trucks lead to savings that outweigh the additional capital cost of the more
expensive trucks, leading to a reduction in unit costs for the new trucks. The increase in activity
means that 2030 CO2 emissions (from the whole truck fleet) are only reduced below the 2020
level in MEDIUM and STRICT.
The CO2 standards also lead to an increased uptake in less CO2-intensive LNG (from 2.4% and
3.7% in 2025 and 2030 in REF to 12.8% and 22.5% in the same years in STRICT). There is also
a 1.32% share in battery electric and hydrogen fuel cell trucks in STRICT in 2030. Beyond
2030, significant further decarbonisation of the sector is likely to require a combined approach
of progressively more ambitious CO2 emission standards on truck manufacturers and policy
measures to manage the growth of road freight transportation, such as fiscal measures (e.g. road
charging based on environmental criteria).
It is widely accepted that a strategy promoting electric vehicles (EVs) is an essential component
of transport decarbonisation. However, scaling up the penetration of EVs is hampered by the
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limited recharging infrastructure and the range limitations of the EVs. Recharging infrastructure
with wide coverage addresses range limitations but requires high investment costs with
uncertain returns during the early stages of the process. Siskos et al. (n.d.) assesses how policy
options can resolve the so-called ‘chicken-and-egg’ situation in which consumers will not buy
EVs because of the lack of charging infrastructure, but investors will not provide charging
infrastructure because of the lack of EVs to use them.
The study models the interactions between the actors of the EV charging system (government,
private investors, government-regulated distribution system operators (DSOs) and consumers)
in order to assess how different factors (e.g. EV purchase costs, charging stations’ capital costs,
charging price, policy support via subsidies and variations in investors’ behaviour) influence the
uptake of private investors in developing recharging infrastructure in Greece for a ten-year
period, until 2030, with the objective of reaching the Greek national target of a 10% EV
penetration in the total fleet of cars in 2030’given negligible current penetration.
The modelling finds that the deployment of charging stations by government-regulated DSOs is
necessary early in the period 2021-2030 as, even with subsidies for charging stations, the
revenues are too uncertain to attract private capital. However, in the second half of the decade,
private investors start engaging in the deployment of charging infrastructure, benefiting from a
higher uptake of EVs by consumers and subsidies for charging stations, which is necessary to
move from a DSO-led deployment to a complete private business model. When this move takes
place is influenced by assumptions around the evolution of the costs of the charging points and
the purchase price of EVs, but takes place in this simulation around 2025. The analysis finds
that by 2030 the private model is fully deployed.
In order to be aligned with the 1.5oC temperature target, the European Commission has
suggested that the transport sector will need to reduce carbon emissions by around 90% from
1990’s level. The technological options for such decarbonisation include: electric vehicles
(EVs), advanced biofuels, hydrogen and the so-called e-fuels (i.e. synthetic fuels derived from
electrolysis-based hydrogen and other processes), but the feasibility and relative advantages of
these options are currently unclear. Siskos and Statharas (n.d.) used the PRIMES-TREMOVE
model with an explicit representation of e-fuels technologies by mode and linked with the
PRIMES energy system model to simulate two transport decarbonisation scenarios with 90%
emissions reduction by 2050: (i) one scenario without e-fuels (“No E-fuels” scenario), and (ii) a
second scenario with contribution from e-fuels (“E-fuel contribution” scenario).
The results of the simulation show that, in both scenarios, there is a substantial role for electric
light vehicles (cars and vans) in 2050, so that transport final energy demand falls by more than a
factor of 2, reflecting the greater efficiency of electric drive trains, with final energy demand
being 10% lower in the scenario without E-fuels because of the greater contribution of EVs.
However, EVs are less suitable for freight trucks, which make much greater use of synthetic
fuels when this option is available, so that their final energy demand falls much less. Figure 3.18
(a) and (b) show the final energy demands respectively of cars and vans, and trucks in the Efuels scenario.
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(a) Final energy demand for cars and vans

(b) Final energy demand for trucks
Figure 3.18: Final energy demand for different vehicle types in the E-fuels scenario
Figure 3.19 (a) and (b) show the consumption of the different fuels in the transport sector in the
two scenarios over 2020-2050. It can be seen that fossil fuels almost disappear and electricity
plays a major role in both scenarios, powering battery EVs that dominate urban, suburban and
inter-urban journeys of small and medium mileage. Without synthetic fuels, biofuels and
hydrogen are used for long journeys and most freight transport, while around half the biofuels
go to aviation (biokerosene), along with the remaining fossil fuels. With synthetic fuels, these
take the largest single share in the fuel mix, and substitute to a considerable degree for both
biofuels and hydrogen for these uses.
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(a) No E-fuel scenario

(b) E-fuel scenario
Figure 3.19: Consumption by fuel in the EU transport sector in the two scenarios over 20202050
Both scenarios have relative strengths and weaknesses, offer opportunities and face threats. The
major advantage of E-fuels is that they permit the continued use of mature vehicle technologies
(internal combustion engines, ICEs) and can use existing refuelling infrastructure. They also
require no change in passenger mobility habits or freight transport and logistics, and their fuel
mix is more balanced between more energy sources. Their disadvantages are that they continue
to produce noise and local air emissions, and that, even if they can make use of surplus
renewable electricity that would otherwise be constrained, their rather inefficient conversion
from electricity would require large additional capacities of renewable power generation. The
main threat from this scenario relates to the current cost of the E-fuels and the amount of R&D
resources they would consume with uncertainty as to whether R&D and early deployment
would lead to cost reduction and make them commercially viable.
The strengths and weaknesses of the No E-fuels scenario are in a sense a mirror image of the Efuels scenario. On the plus side they have no local emissions and battery EVs seem likely to be
cost-competitive with ICEs in a few years, due to rapidly falling costs of batteries. Using
electricity directly requires less of it than converting it to E-fuels. However, there are limits to
the availability of biofuels, the GHG savings from first-generation biofuels are variable and
depend on their method of production, and the cost and significant production of advanced
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biofuels are uncertain. Batteries and fuel cell technologies would require further technical
improvement to enhance their suitability for long journeys and could increase the costs of EVs
for these purposes. Freight logistics would need to be revised. At some level, the choice
between these technologies depends on perceptions as to whether technological breakthroughs
and cost-reductions are more likely to occur with long- range batteries, fuel cells and advanced
biofuels on the one hand, or E-fuels on the other, if the resources are not available to go for
both.
Rottoli et al. (2021) This study describes the newly developed EDGE-T model and the coupling
mechanism with the Integrated Assessment Model REMIND. The EDGE-T model provides a
much higher level of detail than the IAM by itself for different transportation modes and vehicle
choices, and creates a consistent modelling framework that allows to represent behavioral
aspects, technological options and detailed policies, while the IAM integrates this greater detail
into a fully delineated energy system and macro-economic framework. Results from testing
indicate that the modelling system REMIND/EDGE-T converges reliably and leads to a stable
solution.
In a baseline scenario, the system REMIND/EDGE-T projects an increase in European energy
services demand of about 20% for passenger transport and 40% for freight between 2015
and 2050. Emissions from the EU transport sector decrease by 25% with respect to 2015,
due to advancements in technology, energy efficiency and an increased acceptance of
alternative vehicles as well as a shift to bioliquids. The market penetration of battery
electric vehicles (BEVs) reaches 20% of the total car fleet in 2050, while internal
combustion engines (incl. hybrid) retain 75% of the total fleet. As expected and confirmed
by the model, results are significantly affected by assumptions on technological
development of BEVs and consumer preferences.

It is likely that research, development and deployment (RD&D) strategies for new
technologies will assist the achievement of stringent climate targets and reduce the cost of
achieving them. Reis et al. (n.d.) explored the impact of RD&D investment strategies for
the decarbonisation of the transport sector with the WITCH model.
Four main scenarios were constructed: (i) a reference scenario (REF) assuming an SSP2
pathway without additional climate policies, (ii) a scenario in which the optimal amount of
RD&D investments is used to achieve the 1.5oC temperature target aspired to in the Paris
agreement (OPT), (iii) a scenario that achieves the temperature target with the same RD&D
investments for transport (batteries and advanced biofuels) as in REF (NOXTRARDD), and
(iv) a scenario that achieves the temperature target but with the same investments in
batteries as in REF (NOXTRABATT), while investments in advanced biofuels are
optimized. In addition, a scenario was run which included the EU RD&D investment in
batteries for electric vehicles foreseen by the EU mid-century strategy (MCS), which also
envisaged an EU carbon budget from 2020 to 2050 of 43GtCO2 and zero net emissions
from then on.
The results from the modelling suggest that, in all the scenarios assuming optimal RD&D,
the EU sees a reduction in the mitigation cost of achieving the 1.5oC target, and a reduction
of the global carbon price. Moreover, the optimal solution delivers EU emissions below
43GtCO2, so that the MCS constraint is non-binding. RD&D policy therefore increases the
practical feasibility of achieving stringent climate targets.

2.8.1 Governance of urban transport (D4.6)
Note: This study was part of WP4 but is placed here with the papers on transport of WP3.
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The modelling results in relation to transport assume active public policy to facilitate the
low-carbon transition in this sector. Much of this possibility in Europe is enacted at the city
and municipal levels. Drummond et al. (2020) explore the details of the transport
governance arrangements in two very different cities: London and Freiburg. Both cities are
active on climate policy, with ambitious targets.
Their starting point, building on earlier literature, is the eight ‘enabling factors’ for effective
climate governance at the urban level: a supportive political and legal context; autonomy; access
to funding for climate action; vertical co-ordination (coordination between a city government,
the national government and any other regional or supranational governance levels); horizontal
co-ordination (coordination across different departments, agencies and organisations within the
city); participation in capacity-building and learning networks; collaboration with and
participation of stakeholders; presence of a local climate champion. To these factors two more
are added: societal pressure; conducive urban form and infrastructure.
On the basis of existing literature and semi-structured interviews, the cities are then scored on a
scale of 0-3 against these enabling factors, using two lenses: the capacity of the city to respond
to climate challenges, and, where appropriate (i.e. not supportive political and legal context,
conducive urban form and Infrastructure, and societal pressure), their action to date in utilising
their capacity to drive the low-carbon transition in their areas.
Both cities score highly on the presence of a climate champion, collaboration with stakeholders,
autonomy. Freiburg has more horizontal coordination than London, but London seems better
networked with external capacity-building and learning networks. Both cities have only
moderate access to funding for their climate action, and a form and infrastructure, and a political
and legal context, that are only moderately conducive to and supportive of emission reduction
from transport. Both cities have challenges with vertical coordination (their lowest scores).
Freiburg experiences considerably greater societal pressure than London. Figure 3.20
summarises these results. Further details from the London case study can be found in
Drummond (2021).

Figure 3.20: Scores against the enabling factors
Note: The ‘capacity’ and ‘action’ scores have been added together. Where there was only a
capacity score (dotted line), this has been doubled to facilitate visual comparison.
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Industry accounts for about 25% of EU final energy demand and its dominant energy carriers
are fossil fuels, mostly gas, coal, and oil. This means this sector is critical for the achievement
of European climate goals. Industry also accounts for 68% of Europe’s exports, with
manufacturing accounting for about 17% of total value added in the EU comes from
manufacturing, with the industrial sector employing around 32 million people. EU industrial
policy seeks to maintain or increase industrial activity in Europe (thereby avoiding ‘carbon
leakage’5) while substantially reducing overall carbon emissions.
Figure 3.20 shows the major energy-consuming industrial sectors in the EU in 2015.

Figure 3.20: Major energy-consuming sectors in the EU in 2015. The industrial sectors with
black bars are those explored in detail in INNOPATHS Deliverable D3.10.
Energy efficiency measures the energy input per unit of output of some product or services.
Where the output is measured in money terms, this is also called energy intensity. The
Improvements in energy intensity in the EU in recent decades can be explained by the general
economic shift from industry to services (so that industry comprises a lower share of economic
output), a shift within industry to less energy-intensive activities and production methods (e.g.
the use of electric arc rather than blast furnaces in steel-making), the closure of energyinefficient plants within an industrial sector, and the deployment of more energy-efficient
processes and equipment (e.g. more efficient electric motors). Energy efficiency in industry has
increased by 38% in the EU-28 over the period 1990-2016, at an annual average rate of
1.8%/year, but the rate of increase has slowed since 2005 (2.2%/year over the period 19902005; 1.2%/year 2005-2016). Overall, between 1990 and 2016 industry reduced its final energy
consumption by around 25%, and this trend is projected to continue to 2050, resulting in a
further 30% reduction from the level in 2000. The share of electricity consumption in industrial
energy use, as in final energy use more generally, is projected to increase.
Along with a reduction in energy consumptions has come a reduction in EU greenhouse gas
(GHG) emissions. The EU iron and steel and the chemical sectors have reduced their GHG
emissions by about 60% between 1990 and 2015. Figure 3.21 shows the 2015 GHG emissions
of the most carbon-intensive industrial sectors in the EU, with the six most intensive sectors
being iron and steel, cement, chemicals, ammonia, food and beverage, and pulp and paper.
Figure 3.22 shows also some of the industrial equipment and processes from which these
emissions derive.

5

Carbon leakage is the increase of carbon emissions abroad through the relocation or expansion of
industries in other countries due to climate policy in the home territory
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Figure 3.21: GHG emissions from EU industrial sectors in 2015. The industrial sectors with
black bars are those explored in detail in INNOPATHS Deliverable D3.10.

Figure 3.22: EU industrial direct emissions by end use and sub-sector in 2015
There is a number of possible methods to decarbonise energy-intensive industries: zero-carbon
fuels and feedstocks (e.g. synthetic fuels from zero-carbon hydrogen); innovative processes (e.g.
hydrogen direct reduction in steel-making); electrification (electric arc furnaces in steel-making,
heat pumps for heat); and carbon capture, use and storage (CCUS). There is also considerable
both technical and economic potential for further energy savings through energy efficiency and
energy management measures. Negative emission technologies, which remove carbon from the
atmosphere, are likely to be required to offset remaining carbon emissions from industry, in
those sectors where decarbonisation remains either difficult or very expensive.
In INNOPATHS options for decarbonisation were explored in detail for four major energyintensive sectors: iron and steel; chemicals and petrochemicals; non-metallic minerals; paper
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and pulp. The options explored for each of these sectors were: resource efficiency; energyintensive construction materials replacement; hydrogen (feedstock and fuel) and clean synthetic
methane; CCUS; electrification of heat; strong energy efficiency, including through energy
management (which was also discussed in some detail in the WP2 INNOPATHS case studies
for iron and steel and chemicals reported in Deliverables D2.1 and D2.4), and material
efficiency; waste heat utilisation; combined heat and power production; technology
replacement.
In all the four industrial sectors reviewed here there is a wide range of possible decarbonisation
technologies, but they are currently in operation mainly on a pilot or pre-commercial basis only,
with costs that are significantly greater than fossil-fuel based technologies. There is thus a need
across all these sectors for further R&D and policy support, leading to innovation that will
reduce costs and enable the zero-carbon technologies to be scaled up in a competitive manner.
Here, to give a flavour of the detail in Deliverable D3.10, one significant opportunity for
decarbonisation is highlighted for each technology.

2.9.1 Iron and steel
Figure 3.23 shows that the specific energy consumption has fallen to around 40% of its 1960
level, but that the decreases have more or less ceased since 2010.

Figure 3.23: Indexed global energy consumption/tonne of crude steel production
Table 3.7 shows that in 2017 nearly 73% of crude was made using basic oxygen furnaces (BOF)
in 2017. In the EU the proportion is lower (58.5% BOF and 41.5% EF). Final energy
consumption per tonne of crude steel in the EU declined from 0.41toe in 1990 to 0.30toe in
2016. Table 3.8 shows the ranges or specific energy consumption and carbon emissions from
steel production in 2015. Most obviously EAF production is considerably less energy- and
carbon-intensive than BOF production, but depends on the availability of scrap. Average GHG
emissions from steel production in the EU in 2010 were around 1.3 tCO2e/tonne steel,
significantly below the global average of 1.9 tCO2e/tonne steel. EU consumption emissions
(emissions from EU production, less the emissions from the production of exports, plus the
emissions associated with the production of imports, are around 40% than the EU emissions
from steel production). It is estimated that global CO2 emissions from steel reduction could be
reduced by 40% at a cost of below €40/tonne with a social discount rate of 4%, but by only 25%
at a commercial discount rate of 15%. It is estimated that current technologies (top gas
recycling, CCS, bio-coke substitution, electrolysis) could reduce emissions from BOF-produced
steel to 0.2-0.8 tCO2e/tonne steel. A range of pilot and demonstration projects for the almost
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complete decarbonisation of steel production are currently underway in Europe, but these are
not projected to be widely available until at least the 2030s.

Table 3.7: Production of crude steel and primary iron in the world (million tonnes)

Table 3.8: Energy and CO2 emission intensities of steel production processes
Note: The range in energy demand depends on the technology used and the steel product. The
specific CO2 emissions are country averages for the various routes and the ranges account for
the difference in CO2 emissions for CO2-free versus coal-based electricity generation.

2.9.2 Chemicals
The chemical sector globally is the largest industrial consumer of both oil and gas, accounting
for 14% of total primary demand for oil and 8% of natural gas. Despite being the largest
industrial energy consumer in the EU, it is the third industry subsector in terms of direct CO2
emissions – behind iron and steel and cement. This is largely because around half of the sector’s
energy input is consumed as feedstock, the emissions of which are calculated downstream in
other sectors (e.g. waste and agriculture).
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The EU chemical industry covers five main sectors (petrochemicals, polymers, basic inorganics,
specialties and consumer chemicals), broken down into 16 subsectors. Five of these subsectors
(paints, varnishes and similar coatings; printing ink and mastics; soap and detergents, and
cleaning and polishing preparations; perfumes and toilet preparations; plastics in primary forms;
and other organic basic chemicals) account for over 65% of EU chemical companies.
In the chemical industry, it is important to distinguish between ‘processes’ and ‘products’.
Processes refer to all steps – which may be both catalytic and non-catalytic, and involve a wide
range of technologies – by which feedstock is transformed into products (ethylene, propylene,
ammonia, methanol, etc.). The process typically involves a wide range of stages and
technologies, many or all of which require energy inputs and may result in GHG emissions. The
most energy-intensive processes in the chemical sector are related to the manufacturing of
petrochemicals and basic inorganics, and include technologies, such as cracking, reforming, the
Haber-Bosh process and electrolysis for chlorine. More than half of the energy inputs to the
sector are consumed as “feedstock”, or raw material. Feedstocks undergo a complex series of
chemical transformations and ultimately leave the sector embedded in chemical products, plastic
for example. The most important building blocks of the petrochemical industry are olefins
(ethylene, propylene, butylenes and butadiene) and aromatics (benzene, toluene, xylenes)
produced from hydrocarbon feedstocks such as ethane, naphtha, gas oil or aromatic mixtures
from catalytic reforming in refineries.
Figure 3.24 shows that energy consumption from the production of chemicals is dominated by
just five products – ammonia, ethylene, propylene, methanol and BTX (benzene, toluene,
xylene).

Figure 3.24: Global energy consumption versus production volumes of top 18 large-volume
chemicals in 2010
Global GHG emissions from the chemical and petrochemical processes in 2010 amounted to
1.24 GtCO2-eq annually, 960 million tonnesCO2-eq/y, or more than 75%, of which came from
the 18 largest volume chemicals. There is a very large range of possibilities for CO2 emission
reduction from the ten decarbonisation routes explored in this study (resource efficiency;
energy-intensive construction materials replacement; hydrogen (feedstock and fuel) and clean
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synthetic methane; CCUS; electrification of heat; strong energy efficiency, including through
energy management, and material efficiency; waste heat utilisation; combined heat and power
production; technology replacement. The Clean Technology Scenario of the IEA suggests that
the key means of reducing chemical sector CO2 emissions are CCUS, a shift from coal to
natural gas feedstocks, energy efficiency, plastic recycling and alternative feedstocks.

2.9.3 Non-metallic minerals
The non-metallic minerals (NMM) sector reduced its emissions, from 273 mtCO2eq in 1990 to
192 mtCO2eq in 2017, mainly through increased energy efficiency, use of alternative fuels
including a wide range of wastes, and through clinker substitution. The main source of
emissions in the NMM sector is cement production, which accounts for almost 70% of
emissions. It is followed by lime production (17%) and glass production (4%). The production
of one tonne of Portland cement is accompanied by the emission of roughly 1 tonne of CO2.
Figure 3.25 shows one projection of CO2 emissions from the NMM sector, in which through
CCS, electric kilns and smelter and increased efficiency, global CO2emissions fall by around a
factor of 4 from the level in 2010, despite a growth in the material output of the sector by more
than a factor of 5.

Figure 3.25: Deep decarbonisation in the non-metallic minerals sector

2.9.4 Pulp and paper
Between 2000 and 2017 the total primary energy consumption in the pulp and paper industry
decreased by over 3%. Between 1991 and 2017 specific primary energy consumption fell from
15.78 TJ/kt to 12.91 TJ/kt. A 2015 study of the UK suggested that CO2 emissions from the
sector could be reduced by 98% from 2012’s level by 2050, through increased energy
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efficiency, the electrification of heat, clustering and biomass. Technology replacement is also
considered a promising route for CO2 emission reduction, through deep eutectic solvents (up to
20% reduction), flash condensing with superheated steam (up to 50% reduction) and
superheated steam for drying (up to 50% reduction).

2.9.5 Modelling the industrial sector in PRIMES
Based on the detailed analysis summarised above on past and current transformation trends in
the EU industry and on available technological options to reduce industrial emissions, a
comprehensive assessment on which options and aspects should be incorporated in PRIMESIndustry model has been conducted. The improved PRIMES model version was then used to
explore the energy system and economic impacts of alternative transition pathways and
technological options and assess the enablers and barriers for deep decarbonisation in European
industries with a focus on energy-intensive manufacturing.
The industrial module of PRIMES represents 10 industrial sectors separately and 31subsectors,
namely: iron and steel (integrated steelworks, electric arc); non-ferrous metals (primary
aluminium, secondary aluminium, copper, zinc, lead, other non-ferrous metals); chemicals
(basic chemicals, petrochemicals, fertilizers, cosmetics/ pharmaceuticals); non-metallic minerals
(cement, ceramics, glass and other building materials); paper and pulp (pulp, paper and
printing); food, drink, tobacco; engineering goods; textiles; other industries (miscellaneous
industrial sectors); non-energy uses of energy products (petrochemicals and other non-energy
uses). For each sector different sub-processes are defined, including focus on materials and on
recycling; sectors are subdivided in sub-sectors based on major industrial grouping and on
whether processing is based on primary or scrap feedstock. At the level of each sub-sector
different energy uses are represented which are can either be common uses (e.g. lighting, lowenthalpy heat) or specialised uses (furnaces, rolling and casting etc.): in total the model includes
approximately 235 types of energy uses. PRIMES-Industry represents 22 different fuels,
including “new” energy carriers (like hydrogen and e-fuels). Process emissions are included.
The requirement to explore deep decarbonisation pathways for the EU industrial sector implies
that PRIMES had to include several options and disruptive technologies that were previously
not sufficiently represented in large-scale energy-economy system models, including: the use of
recycled or renewable carbon instead of fossil fuels as feedstock to produce feedstock for
petrochemical compounds (electro-chemical reduction technologies); integration of low carbon
solutions for combustion with process emissions; circularity: increase recycling of materials and
products; use of electricity in separation, heat uses and low enthalpy heat electrification (UV,
infrared, microwave, induction, etc.); direct reduction of iron ore for steel, using low-carbon
elements (e.g. green hydrogen); innovative cement production technologies; capture of CO2 and
syngas from processes (steel, cement) to reuse for recycled carbon feedstock; efficient
separation of CO2 from flue gas and process flows; electricity for vapour recompression
(electrical steam); medium to high temperature heat pumps; negative emissions in carbon
feedstock to polymers; industrial symbiosis – exchange to recycle carbon, syngas and others.
Figure 3.26 represents the horizon of commercial development for electrification and hydrogen
options in European industrial sectors.
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Figure 3.26: Horizon of commercial development for electrification and hydrogen options in
industry
Figure 3.27 shows the potential for electrification of different industrial sectors as considered in
PRIMES model, with substantial reductions of carbon emissions if the electricity comes from
zero-carbon sources.

Figure 3.27: Maximum potential achievable for direct electrification of energy demand by
sector
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With regard to hydrogen, the options currently represented in PRIMES are: direct uses of
hydrogen in high-temperature furnaces as a carrier of combustion; direct use of hydrogen as a
reduction agent for appropriate industrial processes (e.g. reduction of iron ore to iron); use of
hydrogen to replace partly or totally natural gas in medium and low enthalpy industrial uses; use
of renewable hydrogen to replace hydrogen from steam methane reforming (SMR) as a
feedstock in refineries, ammonia production and petrochemicals.
The improved version of PRIMES also incorporates a finer granularity in terms of sectoral,
process and technology representation. In particular, it splits alumina production from primary
aluminium production (previously grouped into one), clinker from cement production
(particularly important, as clinker imports tend to increase over time) and includes a large list of
sector-specific processes, including significant details for pyrometallurgy, fire refining, and
electro-refining options used for the production of non-ferrous metals. The energy saving
possibilities from technologies included in the eco-design directive (e.g. air compressors, etc.)
and in BAT were verified and included in PRIMES Industry modelling. Capital vintages are
treated in a fully dynamic manner, with endogenous scrapping and retrofitting, and new detailed
representations of heat recovery and other horizontal energy efficiency possibilities, and of
energy-intensive processing in industry.
With these improvements in the representation of the industrial sector, the PRIMES model was
used to shows how industrial sector emissions could be reduced through to 2050. Figure 3.28
shows the final energy demands of five different scenarios in 2050, compared to a Reference
scenario. In the Reference scenario, CO2 emissions had already fallen from 715 mtCO2 in 2015
to 538 mtCO2 in 2030 and 400 mtCO2 in 2050, i.e. a reduction of 44% between 2015 and 2050,
driven by an increased ETS carbon price and accelerated energy efficiency improvements. Each
of the four scenarios (electrification, H2, E-gas, circular) prioritises a different means of
decarbonisation (as shown by the different final energy demands) and reaches an 80% reduction
of CO2 emissions from 2015’s level by 2050; the Combined scenario includes all the
decarbonisation options including CCS, and reaches net zero emissions by 2050.
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Figure 3.28: EU-28 final energy consumption by energy form in 2050 in alternative scenarios
In terms of the investment required for this decarbonisation, average annual investment in the
EU (in the period 2021-2050) is projected to increase from 14 bn EUR 2015 in the Reference
scenario, to about 15.7-16.2 bn EUR 2015 in scenarios targeting 80% GHG emission reduction
and further to 27.5 bn EUR 2015 in the Combined scenario. In addition, the decarbonisation of
industries requires supply of clean energy forms, i.e. RES-based electricity, green hydrogen,
etc., that in turn require significant amounts of additional investments directed to new RES
installations, electricity grids, interconnections, storage facilities, electrolysers and power-to-X
plants. These supply-side investments are not directly accounted for in industry sector
investment; they are however included in the prices of the fuels used by the industrial sectors.
Energy-related expenses in the scenario rise from 13.4% of value added in 2020 to a 2050 level
of 14.1% (Reference) and 16.0% (Combined).

2.9.6 Modelling the industrial sector in REMIND
In INNOPATHS the following improvements were made to the industrial sector in the
REMIND model: splitting the aggregated industry sector in REMIND into four subsectors;
deriving base-line demands of industrial goods for model calibration; differentiating the fuelswitching facilities between different industry subsectors; representing investments into energy
efficiency measures explicitly; including the option of electricity use for providing hightemperature heat; adapting the representation of industry CCS to the subsector structure.
In the model industrial energy demand was subdivided into four industry subsectors: cement
production, chemicals production, iron and steel production, and ‘other industry’. Iron and steel
production sector was furthermore subdivided into production of primary steel (from iron ore)
and secondary steel (from scrap).
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Four scenarios were modelled to compare a Reference scenario with three climate mitigation
scenarios with CCS being available in different quantities, from no CCS to an optimistic CCS
scenario. Figure 3.29 shows that for all the industrial sectors modelled, the lack of CCS reduces
energy consumption in the sectors, but when CCS is permitted energy demand rises (for the
same level of climate mitigation). Because ‘other industry’ is not amenable to CCS, it is
unaffected by whether this technology is available or not.

Figure 3.29: Global final energy use by industrial subsectors

2.9.7 Electrification potential of eleven industrial sub-sectors
Madeddu et al. (2020) estimate the extent to which EU industry could be decarbonised through
maximum electrification. For eleven industrial sub-sectors (shown in Figure 3.xx) they estimate
possible electrification through three stages: Stage 1 – use of mature technologies that can be
applied in different sub-sectors; Stage 2 – more sector-specific and technologically advanced
electrification technologies normally supplying heat at above 400oC; Stage 3 – electrification
possibilities that are still technologically uncertain.
Figure 3.30 shows both the energy needs of the eleven industries (Panel a) and the Stages at
which these needs could be electrified (Panel b). Useful energy (UE), shown in the Figure,
subtracts from Final Energy (FE) efficiency and energy losses, and for EU industry UE is about
two thirds of FE. The analysis suggests that, in Stage 1, 42% of industrial UE could be
electrified (66% if feedstocks are excluded), with the complete electrification of food, wood,
and textiles, and 97% electrification of paper. Stage 2 would take the total to 50% (78%
excluding feedstocks), with paper, ceramics and glass, machinery and transport equipment now
fully electrified, leaving only chemicals, cement, steel and non-ferrous metals. Stage 3 reaches
the maximum of 60% electrification of UE, with the remaining 40% of energy use being used
for metallurgical purposes and chemical feedstock.
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b)

Figure 3.30: a) Energy use in eleven industrial sub-sectors; b) Electrification of this energy use
in three stages
The extent to which electrification reduces CO2 emissions depends on the carbon intensity of
the electricity system. At the 2015 carbon intensity of EU electricity (approximately 300
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gCO2/kWh), Stage 1 and Stage 2 electrification would actually increase carbon emissions. But
if the EU electricity decarbonises as is expected, then electrification would reduce industrial
CO2 emissions. For Stage 1 and Stage 2 the ‘breakeven’ carbon intensities are 246 and 255
gCO2/kWh respectively. Figure 3.31 shows the CO2 emissions that would be avoided if, by
2050, EU electricity had been almost completely decarbonised, as is envisaged in the EU Green
Deal. The carbon intensity at that date is taken to be 12 gCO2/kWh. At this carbon intensity,
Stage 3 reduces industry carbon emissions by 78%, with 87% of the remaining emissions
coming from non-energy-related industrial processes. While this estimate shows the technical
feasibility of deep industrial decarbonisation, the cost-competitiveness of the technologies
reviewed is another matter, and the technologies are unlikely to be implemented at scale without
considerable policy support, further efforts to reduce the price of electricity, and the imposition
of a price on carbon.

Figure 3.31: Avoided and remaining CO2 emissions in EU industry with maximum
electrification and an electricity carbon intensity of 12 gCO2/kWh
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3 Synthesis Report of Work Package 4: Managing the
Low-Carbon Transition
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Overall Narrative

The low-carbon transition may have significant implications for labour markets. Green
stimulus spending in the USA has been effective in creating jobs, mainly low-paying
manual jobs in construction and waste management, with a larger effect in the long than the
short term. High-demand skills in ‘brown’ sectors can be switched to ‘green’ sectors
relatively easily in terms of the extra training required, but there is a greater skill distance
between manual jobs and green jobs, and a greater requirement for on-the-job training in
green jobs. Given the skill bias in green jobs towards technicians rather than manual
labour, this implies that moving manual labour employment, whether lost from Covid-19,
automation or the energy transition, into green jobs is likely to require targeted support.
Increasing investment in innovation and human capital, through more spending on lowcarbon R&D and training, can reduce the cost of decarbonisation.
Exploration of emissions related to trade, and potential carbon leakage, found that stringent
environmental regulation was not the main reason for industrial relocation and that carbon
leakage effects were not strongly association with carbon leakage, if at all. EU emissions
associated with both exports and imports were substantially lower than those of non-EU
countries, but both had grown less slowly than value added in exports, so that the carbon
intensity of world trade had declined. In China, emissions from the production of
intermediate goods traded inter-provincially had increased, while emissions associated with
the trade in final goods in China had decreased.
Within Europe production of green goods is concentrated in relatively few sectors. It had
increased (from a low base) over 1995-2015, with most increase in those countries with an
initial comparative advantage in this area, although it diffused across countries overtime.
Firms engaged in ‘brown’ activities found it relatively easy to switch to ‘green’ activities in
terms of the skills required.
Modelling the EU Green Deal in a context in which our countries also seek to meet the
two-degree target reduces global GHG emissions in 2050 by 65% from a Reference case.
While major fossil fuel exporters face significant negative macro-economic impacts, on
average developed economies lose only around 1% of their cumulative GDP over 20152050. Global growth rates fall from 2.7% p.a. to 2.62% p.a. When the EU acts alone,
carbon leakage over 2025-2050 is 24% of EU emission reductions, due to the relocation of
energy-intensive and trade-exposed industries such as metals and chemicals. However,
with a Border Carbon Adjustment (BCA), this leakage can be reduced to 4%.
Supply-side policies that explicitly phase out the production of fossil fuels can, in
combination with demand-side constraints, reduce emissions more quickly than demandside policies alone, reducing the need for Carbon Capture and Storage and negativeemissions technologies later, and at relatively low additional cost.
Though discount rates for lower-income households vary widely across Europe, such
households in general have higher discount rates than richer households, which discourages
them from investing in low-carbon and energy-efficient technologies.
In the context of modelling the EU Green Deal, if carbon taxes are used to reduce
emissions, and the revenues are recycled through lump sum transfers to households and
reductions in social security contributions, inequality across the EU is reduced, whereas in
the Reference scenario it increased.
The allowance price in the EU Emissions Trading System (EU ETS) has been very volatile
and is subject to many influences. The ‘fundamentals’ of oil and gas prices have not been
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very strong influences, but policy interventions (sometimes leading to speculation in
allowances) have been, but not always in the intended direction. In a real-world context,
and contrary to mainstream theory, subsidies to low-carbon energy sources can increase the
economic efficiency of the EU ETS. Excessive allowance price increases before lowcarbon industries have become well established may lead to a softening of the cap through
lobbying from high-carbon industries. Through its effect on coal-powered generated, the
Market Stability Reserve (MSR) could actually increase emissions overall by encouraging
more coal consumption before this is phased out.
It is well-known that decarbonisation produces health co-benefits from reduced mortality
from air pollution. At a world level, in a two-degree scenario, these co-benefits exceed the
costs of decarbonisation, with China benefiting particularly from the reduced air pollution,
although the MENA region is a net loser (because of lost fossil fuel revenues), as is Africa
(because of low prior levels of air pollution). Another modelling exercise confirms that in
all SSPs the best welfare outcome is delivered by strong climate policy combined with
stringent air pollution control.
EU decarbonisation produces substantial energy security co-benefits, with a large reduction
in EU energy import dependency. Over 2020-2050 savings from reduced fossil fuel energy
imports range from EUR 4.3 to EUR 5.9 tr.
Bioenergy makes a significant contribution to EU decarbonisation in a wide range of
scenarios, to supply which biomass for energy would need to increase from its 2015 level
by a factor of 2 by 2050. This would need 60-100% more land than was used for bioenergy
in 2015.
The need for negative-emission technologies (NETs) is 1.5-degree scenarios is common,
but this depends on the tightness of the 1.5-degree carbon budget, over which there is some
uncertainty. A high-efficiency and high-electrification 1.5-degree scenario does not need
NETs if the carbon budget is at the upper end of its possible range.
The most economically efficient decarbonisation is delivered through a uniform carbon
price, but this produces widely differing economic burdens between countries in terms of
the percentage of GDP lost from mitigation. These can be equalised through inter-country
transfers, but countries are typically resistant to the large transfers involved. Alternatively,
the differential burden can be equalised through a carbon tax that differs by country, but
this induces efficiency losses. Only two of the three goals of efficiency, equity and
sovereignty can be satisfied simultaneously.
Investment in environmental, social and governance (ESG) issues can make sense for
companies, and there is no shortage of finance available in principle for deep
decarbonisation, but there is a mismatch between the sources of finance and the projects to
which it needs to be applied. In particular, there is a lack of private small-scale equity
investment and innovation finance, especially RD&D and venture capital and private
equity. On the basis of current investment patterns asset finance (debt and equity from
institutional investors) will need to make the greatest contribution to investment in
renewables.
Investors consider both risk and return in their investment, and there are several kinds of
risk to be taken into account: curtailment, policy, price, resource and technology risk.
Policy makers need to focus on reducing risk as well as increasing return if they wish to
encourage renewables deployment at scale, bearing in mind that most EU renewables so far
have been financed through project finance.
Financing costs are particularly important for relatively capital-intensive renewables
technologies. These costs have fallen substantially over this century, largely as a result of
low interest rates and a reduction in the costs of the technologies being financed, but there
is also a ‘financial learning’ effect as investors become more familiar with the
technologies. An increase in interest rates could seriously affect the competitiveness of
renewables technologies compared to the use of fossil fuels.
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Another issue is that costs of capital (CoC) vary markedly across countries, being lowest in
developed, and highest in developing, countries. This means that investment in renewables
in developed countries can be preferred economically, even though they may have worse
renewable resources than developing countries. Such variation in CoC should be taken into
account in modelling decarbonisation pathways, and this can make a significant difference
to the economic attractiveness of renewables in different countries, even within Europe.
Innovation in banking institutions has taken place. Some countries have set up State
Investment Banks (SIBs), which provide capital, often as a first or early mover, thereby
reducing perceptions of project risk and generate trust, and perform an important
educational role for the financial sector. Multilateral Development Banks (MDBs), for their
part, have shifted their investment portfolios in electricity technologies significantly away
from fossil fuels and towards renewables since 2005.

Low-carbon pathways for economic growth, industrial
competitiveness and employment in EU countries (D4.1,
D3.13)

This activity sought to provide to provide a comprehensive analysis of implications for growth,
employment, trade and competitiveness of current and future European energy and climate
policy measures towards decarbonisation.

3.2.1 Labour market effects
Popp et al. (2020), Chen et al. (2020) and Marin et al. (2020) explored the effects on economic
activity and employment of the US American Recovery and Reinvestment Act (ARRA) of
2009, with a particular focus on the way existing skills, and training, enabled communities to
benefit from the economic stimulus that it provided, differentiating between ‘green investments’
(broadly energy efficiency retrofits, tax breaks and loan guarantees for renewable energy and
grants for brownfield redevelopment) and non-green investments, with green investments
comprising just under 20% of the total stimulus. The sample employed in the research
accounted for $545 million of the $326 billion of direct investment in the stimulus package.
They were particularly interested in the relevance of this experience to post-Covid recovery
plans in Europe and beyond.
Popp et al. (2020) found that the ARRA green investment created employment at about the
same rate as other investment, but the effect was larger in the long term and smaller in the short
term. Nearly all the employment gains were in manual labour employment, with half of them in
waste management and construction, and were therefore relatively low-paying jobs. Most
importantly, the job creation was concentrated in those areas that had relatively high preexisting levels of green skills. The long-term effect of USD1 million dollars spent in an area
with high green skills was 20 jobs while it was only 10 in an average area. More detailed
analysis in Chen et al. (2020) of the General Green Skills levels in high-demand green jobs and
in high-demand ‘brown’ jobs (i.e. jobs in environmentally intensive sectors like oil and gas)
found that there was considerable overlap, suggesting that it should be relatively easy to switch
workers from the brown to the green sectors. However, green skills were lower in ‘low-demand’
brown jobs (mainly in manufacturing) and were much lower in those occupations that have been
most affected by Covid-19 (broadly in occupations requiring proximity to customers and not
amenable to working from home) and by automation, implying that reallocation costs would be
larger to reemploy low-skilled workers displaced by Covid-19 or by automation into green
occupations. Further analysis of training investments in ARRA suggested that training in green
skills was particularly important in creating long-term employment growth.
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These results from ARRA suggest that green stimulus spending post-Covid is likely to be
effective in creating long-term green jobs, and modest levels of training should enable workers
to switch from high-demand brown to green jobs. More training is likely to be required for
workers to make a similar switch from manufacturing sectors, especially in light of previous
results in the literature that mismatches in the skill, training and educational requirement
represent the main barrier for a successful reallocation of workers from origin (e.g., Covid-19
exposed or brown) to destination (green) occupations. Therefore, in order for green stimulus
spending effectively to help those sectors most affected by Covid-19, there will need to be
targeted support to help them switch to green sectors in cases where their previous jobs have
disappeared.
Also using data from ARRA, Marin et al. (2020) focus specifically on the issue of the potential
effects of a green stimulus on those occupations most likely to have been affected by Covid
lockdowns, namely those with limited opportunities to work from home and requiring high
face-to-face interaction. They conclude that the skill gap between green and generic low-skilled
occupations is similar, but the average green manual occupation requires on average 14 months
of on-the-job training compared to 7 months for the average occupation affected by the Covid19. This means that the transition from a generic low-skilled occupation to a green low-skilled
occupation is as difficult as the transition from a Covid-19 exposed low-skilled occupation to a
green low-skilled occupation. In addition, their results confirm the finding in Popp et al. (2020)
that the bulk of ARRA green stimulus labour market effects occur in the long-run, except that
they show a significant short-term effect on wages for green manual jobs in areas with
appropriate local training. Training programs complement green spending, helping create new
employment opportunities for workers displaced by other structural transformations, including
carbon pricing policies. The most important difference when considering job training is the
emergence of a positive wage effect for green manual workers in areas offering the appropriate
training for green jobs. This result provides more nuance to the conclusion of Popp et al. (2020),
who find that green spending can improve the employability of low-skilled manual workers, but
not their wages. Instead, these results suggest that, if green spending is combined with the
appropriate training, the productivity of unskilled workers will increase together with their
wages and thus the overall job quality.
Marin and Vona (2019) use data on French manufacturing enterprises to estimate the short- and
long-term effects of an energy price increase on the socio-economic (employment, wage,
productivity) and environmental (CO2 emissions and energy demand) performance over the
period 2000-2015. The authors compare the effects for different skill groups and sectors. The
effect is quantified using either the historical increase in energy prices or the planned French
carbon tax.
The results show that a 10% increase in establishment-level energy prices brings a 5% reduction
in energy consumption and an 11% reduction in CO2 emissions. The same 10-percent increase
in energy prices has a modest negative impact on employment (-0.8%) and total factor
productivity (-1.7%) and an even smaller effect on wages (-0.09% but not significant). The
short-term estimates are approximately two times smaller than the long(er)-term (3-years)
effects for energy use, CO2 and employment. The negative employment effects differ across
sectors and occupations, but do not disproportionately affect the least skilled workers and are
biased in favour of middle-skill technical competencies. The trade-off between environmental
goals and job losses of a €56/tCO2 tax is further amplified for energy-intensive and tradeexposed sectors. In addition, employment effects are mitigated by labour reallocation across
establishments within the same firm, while the positive effect of energy prices on the probability
of exit might suggest that our estimates represent a lower bound of the true effect.
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3.2.2 Decarbonisation, innovation, productivity and
competitiveness

3.2.2.1 Decarbonisation and innovation
Fragkiadakis et al. (2020) explore the impacts of different kinds of innovation on economic
growth, productivity and competitiveness. The starting point is that learning effects in the form
of learning-by-research or learning-by-doing are apparent in all energy-related technologies
(especially in renewable energy technologies), and the evidence suggests that climate policies
can enhance low-carbon innovation, and support subsequent emission reductions and structural
shifts away from carbon-intensive sectors and activities.
In order to assess the macro-economic impacts of low-carbon R&I, the GEM-E3-FIT model
was improved to represent low-carbon R&D expenditure – differentiated into public and private
R&D - and its relation with productivity improvements, innovation spillovers, workers’ skill
levels and households’ decisions for schooling and education linked with human capital
development and firms’ absorptive capacity. Key model parameters have also been updated
with empirically validated evidence including the link between R&I expenditure and
productivity growth and the impact of human capital on labour productivity. The development
of Total Factor Productivity (TFP), a key driver of economic growth, is modelled to include an
exogenous and an endogenous part, the latter of which represents innovation-induced growth
and is composed of: i) the learning by doing effect, ii) the learning by research effect, iii) the
impact of knowledge spillovers, and iv) the human capital stock measure. A number of policies
are constructed to represent these factors to simulate their effects on economic activity. In the
policy scenarios, the exogenous part of TFP does not change from Baseline levels, while
changes in the endogenous part are driven by variants of increased R&D expenditure and human
capital upgrade. All other exogenous parameters (i.e. trade or substitution elasticities, value
shares, price elasticities etc.) do not change from Baseline levels.
The Baseline (BASE) is constructed with a continuation of current trends and R&D intensities,
with no carbon constraint. A global carbon tax is then imposed to meet a carbon budget
consistent with a well-below-2-degrees scenario (2DEG), which leads to an EU emission
reduction of more than 80% by 2050 from 1990 levels. Six different scenarios then investigate
the impact of boosting low-carbon innovation through increasing public or private R&D
expenditure, investing in human capital (through education and training), or all of these.
2DEG results in lower GDP by 2050 than BASE, with a 1.5% cumulative decline in global
GDP over 2020-2050, with the EU, Japan and USA losing less than this, China and India losing
more (because they are less energy-efficient than the developing countries and therefore reduce
emissions more) and oil-producers being the worst hit. In all cases the extra low-carbon
innovation spending in the increased-innovation scenarios increases GDP from the 2DEG
levels, while maintaining the carbon constraint. Enhanced EU innovation spending improves its
competitiveness position vis à vis its major competitors, while support for human capital
development through education and training programmes increases the number of high-skilled
jobs. In the scenario that combines all the extra innovation factors, European GDP increases by
1.1% relative to 2DEG in 2050, triggered by impacts from increased public (0.08%) and private
low-carbon R&D (0.9%) and the upgrade of human capital (0.11%). Most of the GDP increase
comes from increased exports, indicating an improvement in the global competitive position of
the EU triggered by increased innovation, especially in countries that are competitive in green
energy like Denmark and Germany.
Reis et al. (2020a) use the WITCH model, linked to the GEM-E3 model, also to explore the
effects of innovation, in the form of R&D spending, on decarbonisation. Their scenarios are a
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Reference scenario (REF) with no climate policies after 2020, two climate policy scenarios,
with 2011-2100 carbon budgets of 1460 GtCO2 (CB1460) and 710 GtCO2 (CB710), and two
levels of R&D spending: the level in REF (FIX) and the optimal level (OPT) determined by the
WITCH model for the scenario concerned. The different levels of R&D spending apply to six
important decarbonisation technologies: energy efficiency, wind, solar, advanced biofuels,
batteries and CCS. These R&D spending levels, together with other economic details from the
WITCH scenarios, are then fed into the GEM-E3 model to assess the economic impacts. The
OPT climate policy scenarios show greatly increased R&D levels over FIX, especially for
energy efficiency, advanced biofuels and CCS. Investment levels for the other technologies are
already relatively high in REF, but for solar and wind they are made earlier. This has the result
of bringing decarbonisation forward in time. Both models show a cost of decarbonisation: world
GDP in CB710 in 2050 is around 2.5% and 6% below that in REF in GEM-E3 and WITCH
respectively. The increased R&D expenditures have the effect of reducing the costs of
decarbonisation. GEM-E3 shows world GDP in CB710-OPT to be 0.18% higher than in
CB710-FIX in 2050, though some countries/regions lose (USA, Japan) as others gain (China,
EU-28), though the differences are generally small.

3.2.2.2 Decarbonisation, trade and carbon leakage
The issue of potential carbon leakage, through offshoring emissions, as a result of stringent
environmental policy, is a live one, especially in the context of the European Union’s ambitious
European Green Deal. Dussaux et al. (2020) explore this issue using a large dataset of French
manufacturing firms that has data on companies’ carbon emissions, imports, imported emissions
and environmental policy stringency, all at the firm level.
Discussion of the econometric strategy employed in the study is beyond the scope of this
synthesis, but the analysis suggests that trade liberalizations has two effects on emission
intensity: a carbon offshoring effect and a productivity-enhancing effect through exports. Most
importantly, a large share of emission intensity improvements due to trade are driven by other
motives than relocation because of weaker environmental regulation. More specifically, carbon
offshoring from OECD to non-OECD countries is a by-product of industry relocation that is to a
large extent unrelated to environmental policy stringency, with a Pollution Haven motive to
relocate dirty tasks abroad perhaps playing also a minor role.
A further result is that the effect of environmental policies, as proxied by the effect of energy
prices, is substantially larger than the effect of trade liberalization, as proxied by the carbon
offshoring effect, the estimates showing an elasticity of energy prices of 0.926 versus an
elasticity of carbon offshoring of 0.517. The domestic emission intensity would have been 43%
higher if imported emissions remained at the level of the initial years (2000-2002), while they
would have been 167% higher if energy prices remained at the level of the initial years. The
carbon offshoring effect remains unchanged whether or not a proxy of environmental policy
stringency is included. This result reinforces the main interpretation of the study, that is: the
within-firm carbon offshoring effect is not primarily explained by differences in environmental
policy stringency.
Kim et al. (2020a, 2020b) also explore the issue of potential carbon leakage from the EU as a
result of more stringent environmental policy than its trading partners. They construct a
database that permits the calculation over time, for both the EU and a number of non-EU
countries, of the emissions associated with the production of both exports (called ‘exported
emissions’) and imports (called ‘imported emissions’) of the different countries, and the carbon
intensity of exports and imports. Their data show that both exported and imported emissions
grew with, but more slowly than, the value of trade over the years 1995-2009 (with the
exception of the last years of the period, due to the financial crash). However, EU exported and
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imported emissions grew more slowly than those of non-EU countries, with exported emissions
hardly growing at all over 1995-2007. This of course means that the emission intensity of both
EU and non-EU countries fell over the period.
The papers also constructed two indicators of environmental policy stringency for the EU and
regressed emissions against both these and the propensity to export/import. The results clearly
show that more stringent policy reduces both exported emissions and exported emissions
intensity. They also show that environmental policy stringency also reduces the emission
intensity of imports. With regard to imported emissions themselves, however, the results are
mixed, with one indicator suggesting increased imported emissions with policy stringency
(possible evidence of carbon leakage) but the other not. The authors conclude that this does not
provide strong evidence in support of the carbon leakage hypothesis, in line with other
econometric ex post studies. However, it should be noted that the econometric estimation was
conducted in a period of low ETS carbon prices and with strong anti-leakage measures in place,
like the free allocation to energy-intensive and trade-exposed industrial activities.
Kim et al. (2020b) extends the analysis of Kim et al. (2020a) by examining in addition the
dynamics of imported and exported emissions, and their respective emission intensities, of highand low-carbon sectors. For exported emissions, high-carbon sectors have higher emissions than
low-carbon sectors, in both EU and non-EU countries, but the emissions are much higher in the
latter than the former. For imported emissions, again they are higher in non-EU than in EU
countries, but in this case for non-EU countries low-carbon sectors have higher emissions than
high-carbon sectors. For the EU, in contrast, the imported emissions are very similar for highand low-carbon sectors. With value added growing faster than emissions, the emission intensity
of both imported and exported emissions, in both sets of countries and sectors, fell over the
period, but this was particularly pronounced for the EU high-carbon sector in respect of the
intensity of exported emissions, and for the non-EU high-carbon sector in respect of imported
emission intensity. More detailed analysis of the industries in the high-carbon sectors showed
that both their imported and exported emission intensity tended to be lower over 2001-2009
than over 1990-2000.
Meng et al. (2018) is also focused on trade issues, but this time on the emissions associated with
the trade in intermediate products, examining this in the context of interprovincial trade in
China. By combining multi-regional input-output (MRIO) analysis with Structural
Decomposition Analysis (SDA), they are able to distinguish between the emissions associated
with the production of intermediate products that are traded, from those associated with
producing finished goods. They show that while emissions from final traded goods in China
decreased from 1491 to 1384 MtCO2 over 2007-2012, those from interprovincial trade in
intermediate products increased from 2211 to 2879 MtCO2 (although this was a reduction from
35.9% to 34.0% of total emissions in trade flows). Moreover, 82% (553 MtCO2) of the changes
in emissions embodied in interprovincial trade over 2007-2012 can be attributed to intermediate
products, with major changes in the flows emissions associated with intermediate products
between different provinces.
Bontandini and Vona (2020) take the analysis of competitiveness down to a micro-level with
their paper on green specialisation. They construct a database of green products from the
PRODCOM trade statistics, the analysis of which comes with several interesting conclusions.
First, green products are concentrated in very few sectors. Out of 119 manufacturing sectors in
the NACE Rev.2 classification, 13 of them represent 95% of European green production. Only
four relatively high-tech NACE 2-digit sectors contain 86% of green products: computer,
electronic and optical equipment, which includes photovoltaic panels; electrical equipment,
including equipment for the control and distribution of electricity; machinery and equipment,
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which includes wind turbines; and other transport equipment, which includes railway stocks.
Moreover, industries with green production and those with high pollution intensity do not
overlap, so that measures to support the former will not give advantage to the latter. Second,
green production is increasing over time, its share in manufacturing increasing by 25% over
1995-2015 (although only from 2% to 2.5%). Third, initial comparative advantages in green
production matter. Green leaders are countries such as Germany, Denmark, Sweden and Austria
where high-tech sectors were already strong. In countries with such advantage green production
tends to grow faster than elsewhere, even though the increase in green production tends to
diffuse it across countries and sectors, such that green production in the 13 high-green-potential
industries has become less concentrated over time. Fourth, there is some complementarity
between green and non-green production in the same sector: countries with non-green
production in these sectors find it easier to switch to green production. While only initial results
in an area where further research is certainly required, these are results with substantial policy
implications.

3.2.2.3 Economic and emission implications of the EU Green Deal
De Vita et al. (2020) use the PRIMES model to explore the effect on the overall emission
pathway in the EU of increasing the 2030 emission reduction target from 40% to 55%, as part of
the EU Green Deal and the Climate Target Plan proposals. They make the point that a 40%
emission reduction target would not have been sufficient to put the EU on a cost-optimal track
to achieve the carbon neutrality target by 2050, and would have involved significant effort in the
period after 2030, high risks for carbon lock-in and stranded assets, and a large increase in
cumulative emissions. The paper compares two scenarios, one with existing policies (Exist_Pol,
RES and energy efficiency targets in 2030, EU ETS through to 2050), and one that reduces
GHG emissions by 55% in 2030 from 1990 levels, on the way to net zero in 2050 (Red_55).
The two sectors that are most affected in 2030 by the more stringent targets are power
generation and buildings. Even in Exist_Pol, emissions from power generation fall by 53%
between 2015 and 2030, due to closures of coal-fired power stations, more RES (especially
wind and solar PV) and an increased carbon price through the ETS. These trends continue after
2030 leading to a 73% reduction by 2040. But the trends are greatly strengthened by the more
stringent carbon emission targets, such that electricity becomes carbon-free by 2040, despite an
electricity consumption increase of over 60% compared to Exist_Pol, as electricity directly
decarbonises a large part of transport and heat, and indirectly decarbonises more through being
used to make green hydrogen and clean synthetic fuels. The major part of the increased
generation in 2040 is provided by wind onshore and offshore. In buildings the model projects
substantial improvements in the energy efficiency of the existing stock through increased
renovation and higher uptake of highly-efficient electric heat pumps, which points to the
importance of tackling the market and non-market barriers to extensive building renovation
which are currently preventing this greater efficiency from being realised.
Fragkos et al. (2020a) used the GEM-E3-FIT model to analyse the global and regional carbon
emissions and macroeconomic implications of implementing the European Green Deal, in a
context in which some of or all other countries also have climate policies consistent to keeping
average global temperatures well below 2oC by the end of the century, in line with the Paris
Agreement, or the EU goes it alone. For this task substantial methodological improvements
were made to the GEM-E3-FIT model, namely: enhanced representation of energy system and
related technologies, in particular with regard to energy efficiency by sector, transport mode and
technology, fuel switching and electrification of energy services; explicit modelling of various
electricity production technologies and their competition to meet power generation
requirements; detailed representation of markets for low-carbon technology; endogenisation of
technology progress for energy technologies, based on learning by doing and learning by R&D
curves; enhanced modelling of labour markets, including skill levels; integration of the financial
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sector and its relation to low-carbon investment; improved representation of various policy
instruments related to energy, climate, innovation, trade, industry and finance.
GEM-E3-FIT implements climate policies through increasing global carbon prices to reduce
emissions by the determined amount. The following scenarios were constructed to examine
different strategies of global emissions reduction: a Reference scenario (REF) in which
countries meet their declared Nationally Determined Contributions (NDCs) to 2030, but adopt
no further climate policies (i.e. carbon prices stay at their 2030 levels thereafter); a 2oC target
scenario (2DEG) that limits cumulative global carbon emissions over 2010-2050 to 1000
GtCO2; an EU Green Deal alone scenario (EUGD-Alone) in which the EU (+UK) (hereafter
EU28) meet the Green Deal emissions reduction target (55/90% GHG emission reductions by
2030/2050 from 1990), while other countries’ climate policies are as in REF; a scenario in
which the EU28 is joined by China in ambitious climate policies, i.e. China follows its 2DEG
trajectory (EUGD-CHN); a scenario in which the EU28 is joined in ambitious policies by other
countries (China, Japan, Canada, USA, South Africa) which have submitted long-term strategies
(LTS) towards carbon neutrality, i.e. LTS countries follow their 2DEG trajectories (EUGDLTS); two scenarios in which high-ambition countries protect their competitiveness by adopting
policies against carbon leakage to those countries which have not (EUGD-CHN-anti, EUGDLTS-anti).
In REF, the global economy is projected to grow 2.7% annually until 2050, while the average
annual growth for the EU-28 is assumed to be 1.5%. Among major economies, China and India
register high GDP growth rates of 3.8% and 6.1% annually over 2015-2050, so that China and
India increase their share in global economic activity from 20% in 2020 to 30% in 2050, with
China becoming the world’s largest economy in 2050. Overall, the growth in developing
economies is considerably higher relative to developed economies, with the share of the latter
declining from 50% in 2020 to 37% in 2050. However, primary energy consumption increases
less fast than GDP (1.4% p.a.), so that global energy intensity of GDP declines by 1.3% p.a.,
and carbon emissions increase even more slowly (0.7% p.a.), implying some decarbonisation of
energy sources even in REF, triggered by technology improvements and implementation of
NDCs. Figure 4.1 shows the evolution of GDP, emissions and primary energy in REF in the G20 economies. It can be seen that even in REF the USA, Canada, Japan and EU28 reduce their
emissions over 2015-2050 because of the ambition of their NDCs.
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Figure 4.1: Evolution of GDP, emissions and primary energy in REF
Figure 4.2 shows the evolution of GDP and emissions in 2DEG. It can be seen that in all
countries, GDP continues to grow strongly across the world despite the substantial emission
reduction, with GHG emissions of countries declining with an average annual rate of 1%-3.5%

Figure 4.2: Evolution of GDP and GHG emissions in the 2DEG scenario
EU28: All EU member states + UK; USA; JPN: Japan; CAN: Canada; BRA: Brazil; CHN:
China; IND: India; KOR: South Korea; IDN: Indonesia; MEX: Mexico; ARG: Argentina; TUR:
PU

Page 67

Version 2.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D5.3 Synthesis Report on WP3 and WP4
Turkey; SAR: Saudi Arabia; OCE: Oceania; RUS: Russian federation; REP: Rest of energy
producing countries; SAF: South Africa; REU: Rest of Europe; ROW: Rest of world
Figure 4.3 shows the cumulative and 2050 emission reductions from REF in 2DEG in different
countries. It can be seen that 2050 World emissions are reduced by more than 65% below REF
levels, with different reductions across different territories, depending on the emissions
abatement opportunities in different countries. To achieve these reductions, the global carbon
price is $80/tCO2 in 2030 and around $350/tCO2 in 2050. 72% of the reduction in overall GHG
emissions comes from CO2 emissions from energy use.

Figure 4.3: GHG emission reductions in 2DEG from REF across economies
Figure 4.4 shows the power generation mix in 2DEG. It differs substantially across countries,
though common characteristics are the near-disappearance of coal from power generation by
2050, substantial proportions of wind and solar PV (except in Russia), lesser proportions of
nuclear and hydropower (except Brazil, where hydropower dominates), and emergence of
Carbon Capture and Storage (CCS) for gas (USA and Russia) and coal (China, India).
Decarbonisation is achieved in all countries by electrification by transport and heat (the share of
electricity in final energy consumption in 2DEG is rising from 20% in 2015 to 36% in 2050).
Also, because of accelerated improvements in energy efficiency, the global energy intensity
(energy use per unit of GDP) declines by about 54% over 2015-2050, while low-carbon fuels
(e.g. biofuels) replace fossil fuels in sectors that cannot be easily electrified.
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Figure 4.4: Power generation mix in the 2DEG scenario
The macroeconomic impacts of 2DEG differ widely across countries:
• Major fossil fuel exporters, like Russia, Saudi Arabia and Energy Producers, face large
negative economic impacts due to their high carbon intensity per unit of GDP and reduced
revenues from fossil fuel exports
• Mitigation costs in large developing countries (China and India) are higher than in
developed economies, as the imposition of universal carbon price leads to higher relative
mitigation effort for developing countries, which have high carbon intensity
• The macro-economic impacts across developed economies are limited, on average less than
1% of their cumulative GDP.
These GDP reductions amount to the global growth rate falling from 2.70% p.a. in REF to
2.62% p.a. in 2DEG in the period 2015 to 2050, with annual growth rates across major
economies declining by 0.03–0.3% from REF.
2DEG models a global carbon energy price, implying harmonised climate policies across
regions and sectors. When some regions have less ambitious mitigation policies, there are trade
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effects, especially in energy- and trade-intensive sectors, posing risks for relocation of energy
and carbon-intensive activities to countries with limited environmental regulation. In EUGDAlone, carbon leakage over 2025-2050 is 5.8 GtCO2, or 24% of EU emission reductions, with
RUS, ROW, IND, USA, CHN and REP being major leakage destinations, and chemicals, nonmetallic minerals and metals being the sectors most affected. If the EU-28 mitigation effort is
joined by other countries, the leakage rate is much reduced. In a coalition of EU-28, CHN,
USA, JAP, CAN and SAF (which together have more than 50% of global emissions) the
leakage rate falls to around 5%, with RUS, IND and ROW being the main destination countries.
The implementation of anti-leakage measures significantly reduce the GDP and activity loss
associated with the carbon leakage from high-abating countries.
Fragkos et al. (2020b) extend the anti-leakage measures simulated in Fragkos et al. (2020a) by
modelling a scenario of Border Carbon Adjustments (EUGD-BCA) in relation to the EUGDAlone scenario described above. In EUGD-Alone EU economy-wide GHG emissions decline
by about 24 Gt cumulatively over 2025-2050, while non-EU emissions increase by about 5.8 Gt
relative to REF, giving a leakage rate of 24%. In addition, EU GDP losses increase over time, as
shown in Figure 4.5, due to reduced activity in energy-intensive industries, which relocate part
of their activities to countries with laxer environmental regulation.

Figure 4.5: GDP implications of EUGD-Alone relative to REF
The unilateral application of high carbon pricing has a negative impact on domestic industrial
production in the EU, with respect especially to the fossil fuel supply industries, ferrous metals
and chemicals (between 8-10%). Part of the decreased activity is relocated to non-EU countries
that do not apply ambitious climate policies, but the industrial production decrease in the EU is
higher than the amount of production increased in non-abating regions, because global demand
for energy intensive products overall decreases from REF levels, as restructuring towards less
energy-intensive products takes place induced by the implementation of climate policies in the
EU. Table 4.1 shows the extent of the decrease of production in different sectors over 2025PU
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2050. Industrial leakage rates range from less than 5% for non-energy-intensive production up
to 70-80% for chemicals and metals, which are massively relocated to non-EU regions.

Table 4.1: Impacts of EUGD_Alone on industrial production over 2025-2050
In EUGD-BCA scenario, the BCA targets the carbon content of imported goods that fall under
the EU ETS sectoral classification. The EU ETS carbon price is applied to imported goods from
non-EU countries whose carbon intensity exceeds a certain threshold, which is proxied by the
Best Available Technology (BAT). The ETS carbon price is simulated as a tax, which is paid by
economic operators at the port of entry in European borders, on non-EU goods based on the
difference between the EU carbon intensity benchmark and the intensity of the sector and
country of origin. The benchmark by sector is calculated using the technology with the lowest
carbon intensity across EU Member States. The BCA revenues are recycled through the public
budget, while no retaliation is assumed by non-EU countries.
The BCA is very effective in mitigating carbon leakage, which is found to decline from 25% in
EUGD-Alone to less than 4% (with the USA and China accounting for most of this leakage).
The BCA increases the cost of imported industrial products in the EU, thus resulting in a
reduction of EU imports by 1.5% cumulatively over the period 2025-2050. However, as
exported goods do not receive any compensation for their higher production cost, the results
show limited impacts of the scenario on European exports.
The recycling scheme used for the ETS and BCA revenues greatly affects the socio-economic
impacts of the policy measures. When there is no recycling of revenues, the implementation of
the BCA results in a slightly negative impact on EU activity (with GDP declining by 0.06%
over 2025-2050 relative to EUGD-Alone) as it increases the costs of imported products. In
contrast, the recycling of BCA revenues towards reducing social security contributions (BCAREC) would reduce labour costs leading to the creation of additional jobs, with EU employment
increasing by 0.3% relative to EUGD-BCA, which drives up private consumption and GDP,
while also being beneficial for the EU trade-balance.
The leakage-reduction effect of the BCA is directly reflected in total GHG emissions in abating
and non-abating countries, with global cumulative GHG emissions declining by 0.25% from
EUGD-Alone over 2025-2050. The imposition of the BCA thus minimises the risks of industrial
relocation to non-EU countries and thus the European industrial production returns close to their
shares in global production in REF, as shown in Table 4.6.
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Figure 4.6: EU share in global industrial production in alternative scenarios (in cumulative
terms over 2025-2050)

3.2.3 Limiting the use of fossil fuels (D4.5)
Most decarbonisation pathways are constructed by imposing carbon prices or carbon budget
constraints, and seeing how energy demand and energy supply options respond in a cost-optimal
way. Andreoni et al. (2020) proceed by explicitly limiting the production of fossil fuels, as has
been proposed by the advocates of a Fossil Fuel Non-Proliferation Treaty6. Using four global
Integrated Assessment Models (IAMs) (WITCH, PROMETHEUS, REMIND and TIAM-UCL),
six scenarios are defined: a Reference (REF) that reflects current established and planned
policies, including the NDCs; a standard ‘well-below 2oC’, applying a carbon budget
(DMD); and four ‘supply-side’ scenarios. SUP assigns world regions to Frontrunner,
Follower and Laggard categories, to reflect current climate commitments, and their fossil
fuel output is cut by up to 70% from 2020 levels, by different dates; SUPCOAL does this
only for coal, to reflect increasing calls for a coal ban; SUPALL assigns all world regions to
the Frontrunner category; and SUPDMD combines the SUP and DMD scenarios.
SUP lowers global CO2 emissions by 4.1%, 37.5% and 61.4% by 2030, 2050 and 2100
respectively. SUPALL brings these reductions earlier in the century, thereby lowering
cumulative emissions. SUPDMD also results in earlier emissions reductions, reducing the
requirement for negative emissions later in the century to stay within the carbon budget. The
supply-side policies have a clear effect on international fuel prices, when a large enough group
of countries introduce these policies. SUPDMD increases the prices of all the fossil fuels. The
6

https://fossilfueltreaty.org/
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higher fossil fuel prices increase the deployment of renewables and nuclear, thereby reducing
the cost of the former, and accelerate R&D investment in these low-carbon energy sources. It
also reduces the utilisation of CCS combined with coal and gas.
SUP compared to REF costs the world on average 0.8% of GDP in net present value, but the
losses are more than 1% in some countries of Asia and Latin America, and in Middle East and
North Africa. However, losses to fossil fuel producers are less in SUP than in DMD, probably
because fossil fuel prices are higher, and the carbon tax required in SUPDMD is around 6%
below that required in DMD by itself.

3.3

Social and distributional impacts of decarbonisation
(D4.2)

There is now much analysis that suggests that understanding and taking account of the social
and distributional impacts of climate change and other environmental policies is crucial to
ensuring that such policies may be more likely to win social acceptance by not having
disproportionate impacts on vulnerable groups. Such groups may be distinguished by income,
age, occupation or location, or by region and economic sector. Montenegro et al. (2020)
describe and compare the various methods used by researchers to gain insights into these issues
and, particularly, how these issues are explored through different large-scale modelling
approaches, including energy system models, input-output models, macro-economic general
equilibrium models, environmental models, micro-simulation models, including agent-based
models. In the most ambitious approaches, different model types may be linked to provide
complementary insights from the different approaches. Often this requires disaggregation of
sectors or households, the main limiting factor of which is often the availability of data.
De Lipsis (2020) explores differences in discount rates across income classes (quintiles) and six
European countries: France, Germany, Italy, Spain, Sweden and the UK. The results show that
in all countries the discount rate in the two poorest quintiles is higher than in the richest quintile.
This is also true for the third poorest quintile, except for Italy and Spain. However, in none of
the countries does the discount rate decline monotonically across the income quintiles. Between
the countries, the discount rates for the same income quintile show a marked variation. The
results from the paper provide further confirmation to that already in the literature that there are
distributional differences to the discount rate both within and across countries, with low-income
households often having higher discount rates, which discourages them from investing in lowcarbon and energy-efficient technologies.
Fragkos et al. (2020c) modelled the distributional effects of climate mitigation policy in the EU
(in the context of the EU Green Deal), using the GEM-E3-FIT model, which has been improved
through the INNOPATHS project, so that it now incorporates many of the factors that are
acknowledged to be relevant to income inequality, including:
•
a detailed representation of the labour market with endogenous involuntary
unemployment for 5 different occupation and skill types;
•
endogenous technological change through learning by doing and learning by R&D,
particularly for low-carbon technologies;
•
a detailed representation of ten income classes through multiple households;
•
endogenous bilateral trade of goods and services;
•
an endogenous representation of human capital development and the decision of
households for education enabling an upgrade of skills;
•
a detailed representation of direct and indirect taxes, subsidies and other benefits.
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An important assumption, due to data constraints, is that households have a constant distribution
of occupations and skills within the deciles in projections of the EU economy into the future.
The modelling involves the soft linking of a top-down (in particular GEM-E3-FIT) and bottomup model, with the former projecting total income, sectoral production, unit production costs,
end-user prices and demand for skills until 2050. Total wage and non-wage income, transfers,
prices of goods and services, wages by skill and skill requirements are then passed on to the
bottom-up model in order to compute income and consumption for income deciles, and estimate
the impacts of ambitious climate policy on different households including changes in labour
income and skill requirements. Individual consumption is then aggregated to the single
representative household and plugged into the top-down model, which computes a new set of
prices and wages, ensuring that the economy is in an equilibrium, where demand is covered by
supply. This is iterated until the change in prices and demand for products is below a certain
threshold ensuring general equilibrium. The bottom-up model has a disaggregation to 10 income
classes with different consumption and saving patterns and different sources of income for each
EU country. The link between skills, sectoral activity and income deciles depends on the skills
acquired by each household in the base year and the evolution of sectoral production.
The scenarios carried out in the modelling build on other modelling work for the INNOPATHS
project. In particular, energy system developments are as per the PRIMES model as discussed in
section 3.5 above, while the Reference (REF) and 2DEG scenarios are as described above in
relation to Fragkos et al. (2020a), with the new scenario 2DEG-REC further defined below. The
key differences between these scenarios are summarised in Table 4.2.
Scenario acronym
REF

Scenario description
Reference scenario

EU climate target
Non-EU climate target
Meets the EU NDC All countries meet their
in
2030,
no NDCs in 2030, policy
additional efforts ambition
does
not
after 2030
increase after 2030
2DEG
Decarbonisation
to All countries adopt ambitious climate policies/
2oC with all available universal carbon pricing to meet the 2oC
options
temperature target
2DEG-REC
As
2DEG
with As 2DEG
As 2DEG
revenue recycling
Table 4.2: Scenarios for the analysis of the distributional effects of climate policy
The indicators of inequality reported in this scenario exercise are the Gini coefficient and the
S80/S20 indicator. The former varies between 0 (full equality) and 1 (full inequality). The latter
is the ratio of the disposable income of the two top income deciles to those of the two bottom
deciles. The indicator for energy poverty identifies households with a high share of energy
expenditure in income. This indicator measures the proportion of households whose share of
energy expenditure relative to their disposable income is more than twice as large as the
national median share (>2M).
In 2017, the Gini coefficient for the EU-28 was 30.6, compared to 30.5 in 2010. The Gini
coefficient was the highest (>35.0) for Bulgaria and Lithuania, and lowest (~25.0) in Belgium,
Czech Republic, Finland, Slovenia and Slovakia. With regard to the S80/S20 ratio, in 2017, the
average in the EU-28 was 5.08, implying that the richest 20% of the population receives five
times higher income relative to the poorest 20%. This share increased moderately by 0.4% per
year over 2010-2017. The highest ratio was in Bulgaria (8.2) and the lowest ratio was 3.4 in
Czech Republic and Slovenia. In 2017, the poorest 20% of the European population received
less than 8% of the total disposable income, while the richest 20% accounted for 41% of the
total income. In respect of the 2M indicator, the figure for 2010 (latest date available for most
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countries) was 21.4% for Lithuania, followed by Romania (18.6%), while the Netherlands had
the lowest 2M indicator (6.5%).
Changes in income distribution among and within EU Member States over time are largely
driven by: the overall GDP growth, labour supply and demand by skill, technical progress,
sectoral growth, wage differentials across skills and the distribution of skills, capital earnings
and transfers across income deciles. The development of the EU economy in REF involves a
gradual transition towards a more service-oriented, technology-rich economy, resulting in slight
redirection of labour demand towards higher skills. In particular, over 2020-2050 there is a
slight decline in the value-added share generated by low-skilled occupations and an increase in
share of higher-skilled jobs.
The change in occupations and labour skills has direct impacts on the distribution of income
across income groups. As demand for high skills grows, a higher share of the total wages would
be directed towards higher deciles. Low-income groups receive income mainly from low-skill
occupations, and thus their income is negatively affected. The increasing capital-intensity of the
European economy in REF results in higher shares of income from dividends to the detriment of
government benefits for all income groups. However, low-income deciles are more dependent
on government benefits and allowances and are thus negatively affected, while higher deciles
receive income mostly from labour and to a lesser degree from capital endowments.
Thus, the transition towards a high-skill and capital-intensive European economy results in
increasing income inequality within EU countries across time in the REF scenario as indicated
by the Gini coefficient and the S80/S20 index for each Member State (Figure 4.7 a), b)). The
overall income inequality in the EU depends on inequality both across and within Member
States. The inequality indicators strongly depend on the assumption for constant distribution of
occupations across deciles, which faces limitations as it does not consider the impacts of
potential labour supply adjustments induced by the transition to high skills, which may change
skill distributions across the deciles.

a)

b)

Figure 4.7: a) Change over time in REF (average, minimum and maximum values across EU
countries) of a) the Gini coefficient, b) the S80/S20 indicator
It can be seen that in REF the average EU Gini coefficient increases from 2020 levels by 1.1
and 1.8 percentage points (pp) in 2030 and 2050 respectively. The increase ranges between [0.12.2] pp in 2030 and [0.3-3.2] pp in 2050 across EU Member States (Figure 4.7 a)). Belgium,
Slovakia, Finland and Slovenia remain the most equal countries by 2050. The S80/S20 indicator
also increase over time in REF, by 0.3 and 0.8 percentage points (pp) from 2020 levels in 2030
and 2050 respectively. The increase ranges between [0.0-2.5] pp in 2030 and [0.0-3.1] pp in
2050 across EU Member States (Figure 4.5 b)).
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In the 2DEG scenario of high carbon mitigation, as discussed above with reference to Fragkos
et al. (2020a), global GDP is reduced by 1.4% from REF levels over 2020-2050. The
decarbonisation impacts on total employment are relatively limited and are mostly driven by
declining economic activity counterbalanced by the transition to more labour-intensive
technologies, e.g. renewable energy and energy efficiency. However, the low-carbon transition
leads to profound changes in employment at the sector level requiring extensive re-allocation of
workforce and skill levels. The sectors most negatively impacted by the high carbon pricing are
related to the production and transformation of fossil fuels, including coal mining, oil refineries,
oil and gas extraction and coal power plants. Employment in the industrial sector is also
negatively impacted, with energy intensive industries facing a high increase in their production
costs due to carbon pricing. The impact on services is driven by the reduced GDP levels and
affects millions of people, as services account for more than 65% of EU jobs. On the other
hand, decarbonisation induces a high increase in jobs related to electricity supply and the
manufacturing and development of low-carbon technologies. The increased decarbonisation
effort of the 2DEG scenario results in slight deviations in the composition of EU value added
with increased share of high-skill occupations in total income, while the share of low skilled
decreases. This skill transition is a feature of the energy system decarbonisation involving the
replacement of labour-intensive and low-skill occupations, like coal mining, by skill-intensive
processes related to the design, manufacturing, development and installation of clean energy
technologies (e.g. wind, solar PV, batteries) and innovative low-carbon products.
The implementation of ambitious climate policies in the 2DEG scenario leads to higher costs for
energy services so that the EU GDP is projected to decline by 0.2% in 2030 and 1% in 2050
REF levels. Employment is also negatively impacted with a reduction of about 1.2% from REF
in 2050. Labour income declines by 0.6% in 2030 and 1.9% in 2050 in 2DEG relative to REF.
The largest impacts are felt in low-income deciles (incomes in the three lowest deciles decline
by around 1.8% from REF levels by 2050), thus increasing income inequality across the EU.
In order to alleviate such impacts ETS carbon revenues in 2DEG (0.5%-1.5% of EU GDP over
2030 and 2050) are redirected via lump-sum transfers to households and via reduced social
security contributions (2DEG_REC) with the distribution of lump-sum transfers following the
distribution of social benefits and allowances in EU Member States. The transfers have most
positive impacts for lower-income deciles, whose total incomes largely depend on benefits and
allowances. Overall, the available income of the EU households increases by more than 1%
above REF levels over 2020-2050. The income increases are shown in Figure 4.8, which shows
that these turn negative in 2050 for the two richest deciles, as a result of the reduced overall
economic activity (in 2DEG-REC EU GDP declines by about 1.3% relative to REF in 2050,
which is very similar to the 2DEG outcome7).

7

The increased income and consumption in 2DEG-REC are counterbalanced by reduced investment as
ETS revenues are not used for additional saving (as in 2DEG), so the interest rate is higher than in 2DEG
and investment is lower
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Figure 4.8: Change in total income per EU decile group in the 2DEG_REC scenario relative to
REF over 2030-2050
Overall, income inequality within Member States is improved illustrated by the reduction of
Gini coefficient, which declines by 0.7 pp and 1.3 pp on average across EU countries in 2030
and 2050 relative to REF, and the S80/S20 index (Figure 4.9 a), b)). The revenue recycling has
a counterbalancing effect to the impacts on labour skills of the low-carbon transition and
reduces income inequality within all EU Member States.

a)

b)

Figure 4.9: Changes in the 2DEG_REC scenario relative to REF over 2030-2050 of a) the Gini
coefficient (upper graph) and b) the S80/S20 index
Distributional impacts from decarbonisation may also be measured by changes in the shares of
energy expenditure in income for different deciles (the 2M measure defined above), which tends
to be significantly higher for low-income than high-income deciles. The average in the EU in
2020 for the lowest-income decile was 21%, compared to 3% for the highest-income decile. In
REF the average share of energy expenditure to household income declines somewhat across
EU countries and income deciles (to 20% in the lowest-income decile in 2050), as household
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incomes increase faster than energy consumption and energy prices of households. However, in
2DEG the shares of energy expenditure in income increase relative to REF levels for all deciles
(by around 1% for the lowest-income decile). Again, this effect could be counteracted by
redistributing ETS revenues to households, as in 2DEG-REC (increasing incomes would
increase the denominator in the ratio and so reduce the share of energy expenditure in income),
but this was not modelled here.
In addition to redistributive fiscal measures such as those modelled in 2DEG-REC, policy
makers who are concerned about the regressive distributional impacts of climate mitigation
policies may employ labour market measures (e.g. training to improve employment and wages)
targeting low-income households, measures specifically addressing energy poverty through
social support, and measures to improve the energy efficiency of low-income households. Some
combination of these is likely to be necessary if climate policies are to be perceived as fair and
contribute towards a just transition where no one is left behind.
While the previous papers have explored the distributional impacts of decarbonisation, Gilli et
al. (2020) ask the reverse question: what are the impacts of distributional changes, specifically
changes in inequality as measured by the Gini Coefficient, on emissions, and in this case they
look at SO2 and N2O as well as CO2 emissions? Theory and existing literature on the
Environmental Kuznets Curve (EKC) has argued that the relation between environmental
quality and income has an inverted U-shape, because as incomes increase the demand for
environmental quality also increases, and environmental damage is thereby reduced by increases
in the demand for green goods and in support for greater stringency in environmental policy.
This latter effect Gilli et al. (2020) call the ‘political economy’ argument and, ceteris paribus, it
suggests that reducing inequality (i.e. a lowering of the Gini Coefficient) should reduce
emissions by increasing the income, and therefore the demand for environmental quality, by the
median voter. However, Gilli et al. (2020) postulate that there is a countervailing force at work,
because of non-homothetic preferences for environmental quality: at low incomes, the demand
for environmental quality is low, and it is only when people exceed a certain level of income
that their demand for environmental quality begins to increase. On this argument, increased
inequality in poorer countries may reduce emissions because it will take some individuals over
the threshold beyond which demands for environmental quality become significant and they
may be able to influence the political process in favour of environmental regulation. Gini et al.
(2020) set out to test the relative strength of these countervailing factors.
Their results suggest that, in a sample of richer countries, reduced inequality does indeed reduce
emissions. Specifically, on the basis of their estimated parameters, they find that if OECD
countries generally had had an increase in inequality over the periods 1960-2013 (CO2), 19602005 (SO2) and 1970-2012 (N2O) equal to that in Scandinavian countries, which had lower than
average increases in inequality, the average increase in CO2 emissions would have been 29%
lower. Similarly, the emissions of SO2 (N2O) would have been 37% (11%) lower. A further
estimation, regressing the Gini Coefficient against various indicators of environmental policy
stringency, also suggests that an increase in inequality reducing the demand for strong
environmental policy.
With a larger sample that includes poorer countries, the effect of reduced inequality on
emissions is less clear cut. The analysis suggests that for countries below the 6th decile of
income distribution, a decrease in inequality is on average associated with higher SO2 and N2O
emissions. After this threshold, a reduction in inequality is good for the environment. For CO 2,
the effect of a reduction in inequality reducing emissions emerges only in rich countries, as
discussed above.
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3.4

The EU ETS and decarbonisation (D3.13, D4.3)

The EU Emission Trading System (EU ETS) is the European Union’s principal EU-wide policy
for carbon emission reduction. Its first phase ran from 2005-2007, its second phase from 20082012, its third phase from 2013-2020, and its fourth phase is scheduled to run from 2021-2030.
The theory behind an ETS is that policy makers decide the level of an emissions cap, and issue
emission allowances (EUAs) corresponding to the cap, which can then be traded between
participants in the scheme, with the allowance price reflecting the marginal cost of emission
abatement. However, prices in the ETS have been very volatile and, for much of the time the
EU ETS has operated, much lower than the prices that had been anticipated when it was
established, as shown in Figure 4.10.

Figure 4.10: Allowance price in the EU ETS, 2008-2017 (Friedrich et al., 2020)
Friedrich et al. (2020a) explore the influences on this price through a survey of relevant
literature, focusing on three groups of papers that investigate different sets of influences:
demand-side fundamental price drivers such as coal and gas prices; the supply of allowances by
the regulator the impact of political and regulatory events (e.g. announcements about planned
changes of the cap); and the empirical finance literature devoted to the allowance market,
concentrating on hedging, speculation and behavioural aspects. They find from the first group of
papers that the fundamental drivers have relatively little explanatory power in respect of the
price movements, suggesting either that data and/or methods need to be improved, or that other
influences on the price are more important. The second group of papers shows that political and
regulatory changes (realised emissions, backloading, cap-updating, decisions from the European
Parliament or Commission) do indeed seem to exert some influence on allowance prices, but
this is not always in the expected direction, suggesting the importance of both information, and
how it is processed and contributes to expectations and belief formation. The third group of
papers explores the behaviour of financial actors, who make up a large share of the market and
tend to be more active traders than the regulated firms. The results here show little support for
the efficient market hypothesis, and suggest that there may be financial frictions (e.g.
transaction costs, hedging demand by firms) in the market, as well as irrational behaviour, such
as size and price clustering, herding, and under- and overreaction to new information. These
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trader types and behaviours shed light on several observations about the EUA market: price
jumps, persisting price trends including the occurrence of crashes and bubbles, excessive
volatility and inadequate (or insufficient) intertemporal trading strategies by emitting
companies. These results have important implications for policy design and the further
evolution of the ETS, supporting the case for price stabilization mechanisms (e.g. price collars).
Such mechanisms enhance investment certainty by providing a clearer signal of regulators’
commitment to achieve long-term climate targets, and they effectively reduce price uncertainty.
In light of the relevance of hedging for price formation and its importance for designing the EU
Market Stability Reserve (MSR), the stability mechanism in the EU ETS, Tietjen et al. (2020)
construct a model to investigate how hedging affects the allowance price. They find that the
allowance price path strongly depends on the permits available for hedging purposes, which in
turn depends on the schedule of issuing permits by the regulator. In their simulation of the EU
ETS, they find a declining price until 2025-2030 and a rising price afterwards, that is a Ushaped price path that is amplified by the operation of the Market Stability Reserve (MSR),
since prices are higher in early years than without MSR, but also decline at a higher rate because
the MSR reduces the permit bank level, leading to a more negative risk premium (the operation
of the MSR is described further below). They conclude that the recently observed price hike in
the EU ETS may imply that prices in the coming years only rise very slowly or even decline.
Relatedly, Friedrich et al. (2020b) explore the reasons behind the dramatic increase in the price
of EUAs from 2018, shown in Figure 4.11. They find no evidence that this was caused by
market fundamentals (movement in the coal or gas price). Rather, their model finds evidence of
a long period of explosive behaviour in allowance prices from March 2018 on, consistent with
speculative behaviour. Farther modelling and assessment of crash-odds suggest bursting of the
resulting speculative bubble bringing about a price correction within a year. This crash did not
occur, at least not to rock-bottom (pre-reform) levels. and the EUA price has remained high
since then. In light of this, the paper acknowledges that cancelling EUAs from 2023 has
persuaded market participants that EUAs will remain scarce, but there remains an open question
as to what extent the current high price is stable in the sense of being rooted in fundamentals –
in contrast to expectations of subsequent reform making allowances even scarcer. The paper
concludes that policy makers would be well advised to seek other means of stabilising the EUA
market to maintain confidence in the EU ETS, and employ less complex rules that do not allow
for destabilizing speculation.
Tietjen (2020) constructs a theoretical model to analyse the interaction of subsidies for clean
energy and cap-and-trade (CAT) program with free intertemporal trading. He shows that,
contrary to the mainstream view in the literature, optimally set subsidies enhance welfare if
added to such a CAT program, even if there is only the carbon externality. The reason is that the
permit price of the CAT program is initially too low, implying too-large carbon damage until
the transition to carbon neutrality is followed through. A subsidy partly corrects this flaw by
shifting emissions to the future such that the costs of delayed action are reduced.
Clearly, a CAT + subsidy is only a second-best solution which is less efficient than idealized
hybrid instruments, such as CAT with price collars. However, the widespread implementation
of the CAT and subsidy mix indicates its high political feasibility. Thus, as long as efficient
taxes, hybrid instruments or intertemporal trading ratios cannot be implemented, subsidies can,
in principle, be a useful addition to a CAT program even if there are no other market failures.
However, implementing subsidies in a welfare-enhancing way is not without problems. In
particular, falsely set subsidies contain the risk of an excessive reduction of the permit price,
and therefore, subsidies may undermine the relevance and credibility of CAT programs.
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An emission trading system (ETS) with a declining cap is often thought to give assurance that
the emission reductions envisaged by the cap will actually be achieved. However, this overlooks
the fact that the cap, like other policies, is always open to change if the balance of political
interests is sufficiently strongly expressed. Pahle et al. (2020) use economics and political
science to explore the conditions under which the cap in the EU ETS might be softened. Their
analysis focuses on the relative strength of the ‘green’ (broadly renewable electricity) and
‘brown’ (broadly fossil fuel) industries, as the EU ETS tightens over time. The key influence in
this analysis is the discount rate (interest rate plus a risk premium) and its impact on the costs of
capital (CoC) of renewable energy technologies.
If the discount rate is low, as at present with low interest rates and low risk because of policy
support for renewables, the EU ETS allowance price will be relatively high initially, stimulating
investment in renewables and the growth of ‘green’ industrial interests. Simultaneously,
‘brown’ industrial interests do not receive further investment and begin a slow decline. As the
allowance price then rises gradually with the declining emission cap, the trajectory is
maintained by the relatively strong green lobby prevailing over the declining brown industries.
However, if the discount rate is high, then then near-term allowance price is low, and brown
industries will maintain their profitability and, perhaps, gain new investment. Green industries
will grow more slowly and gain less investment. As the cap declines in the future, with more
fossil fuel still in the system, the allowance price needs to increase quite quickly (a ‘hockey
stick’ effect), and balance of political interests may exert pressure for it to be softened. Using
the LIMES-EU model, Pahle et al. (2020) find that with the high discount rate allowance prices
rise above those with a low discount rate around 2035, and are rising steeply at that point, which
may make the cap politically unsustainable around this point of time. This is made the more
likely because, in the years before 2035, fossil fuel plants in the high discount rate scenario are
substantially more profitable than when the discount rate is low, as shown in Figure 4.xx, which
means that their political influence, and ability to lobby, is likely to be higher well before the
2035 date, when the high discount rate (DR) allowance prices start to exceed those with a low
discount rate.

Figure 4.11: Profitability of fossil fuel power plants under low and high discount rates (DR)
(Pahle et al., 2020)
The policy implications of the analysis are clear. If politicians want the EU ETS cap to be
resilient against push-back, they need to ensure that interest rates stay low and renewable
projects low-risk, through the continuation of policy support (e.g. contracts for difference), even
if the continuing cost reductions in renewable technologies do not seem to require subsidy for
the technologies themselves.
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Another risk to the effectiveness of the EU ETS arises from the surplus of allowances which
has, in the past, led to volatile and low allowance prices. The combat this, a Market Stability
Reserve (MSR) has been created as part of the EU ETS, in order to reduce the surplus of
allowances in the emissions market and generate a level of the allowance price that would help
drive emissions reduction. Pahle et al. (2019) analyse the possible interactions between the
various factors involved in the MRS and the coal phase-out in Germany that is due to be
completed by 2038.
The operation of the MSR is determined by the Total Number of Allowances in Circulation
(TNAC), the upper threshold that determines when allowances will be taken into the MSR, the
lower threshold that determines when allowances will be released from the MSR, the number of
auctioned allowances, which determines the number of allowances in the MSR that are
cancelled, the annual Linear Reduction Factor by which the EU-ETS cap is reduced each year.
The interaction of the coal phase-out with the MSR is influenced by its effect on both the price
of electricity and the price of allowances. With regard to the price of allowance, other things
being equal, the higher (lower) the price, the lower (higher) the emissions and the larger
(smaller) the TNAC, and the more (fewer) allowances that are then taken into the MSR.
While one would expect a direct emission-reducing effect from the shut-down of coal power
plants, the announcement of a coal phase-out in the future can – in combination with the MSR –
actually have an opposite long-term effect so that total emissions in the ETS are higher with this
coal phase-out than without. This is due to the intertemporal nature of the ETS, where
certificates can be banked for later use, and thus the price today is influenced by the expected
price in the future. As the coal phase-out in Germany will mostly take place after 2025, the
expected future carbon prices decrease, which will decrease current prices. Accordingly, there
will be higher emissions in the next year, which means less certificates are transferred into the
MSR and later cancelled.. Therefore, while the coal phase-out in itself reduces emissions,
through its effect on the price of emissions, the total emission reduction over time may be
mitigated, and even (more than) fully counterbalanced by a rise in emissions elsewhere in the
system because the inflows into and cancellation from the MSR are reduced. The LIMES-EU
electricity and industry sector model is used to explore the overall direction and scale of these
effects. The outcome is that although the coal phase-out reduces German emissions over 20202050 by 911 MtCO2, these emissions are emitted elsewhere in the ETS, plus an additional 164
MtCO2, which would have been cancelled by the MSR without the coal phase-out, because of
the intertemporal changes in the emission trajectory. This effect can be avoided either by
cancelling the auction of an equivalent number of allowances as would be reduced by the coal
phase-out, or by imposing a minimum auction price of allowances following the coal phase-out
to ensure that emissions did not increase.
The EU-ETS and the MRS are being reviewed in order to see what changes might be required to
enable the EU-ETS to contribute to the EU’s emission reduction targets announced in the EU
Green Deal (50% or 55% reduction from 1990’s level by 2030). The two crucial parameters are
the LRF and the quantity of emission cancellations through the MSR. Osorio et al. (2020) again
use the LIMES-EU model to estimate that, with the currently planned LRF of 2.2% from 2021,
and the existing MSR thresholds (upper threshold 833 MtCO2, lower threshold 400 MtCO2), the
MSR would cancel 5.1 GtCO2 (leaving cumulative emissions of 34.9 GtCO2) over 2018-2057,
by which time emissions are assumed to have ceased. The quantity cancelled is increased
(reduced) by reducing (increasing) the thresholds.
There is a strong interaction between the LRF and the number of emissions cancelled through
the MSR, but only over the LRF range of 1.7-2.6%. At higher LRFs, there is little change in the
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MSR cancellations. This interaction suggests that the EU Green Deal 2030 reduction target for
ETS emissions could be met by increasing the LRF from 2.2% to 2.6%.

3.5

Co-benefits of decarbonisation (D4.6)
3.5.1 Air quality co-benefits (D4.6)

Rauner et al. (2020a) explored the air quality co-benefits of decarbonisation. Air pollution was
estimated to be the cause of more than 9 million premature deaths globally in 2015, and much
of this pollution is the result of burning fossil fuel for energy. Reducing fossil fuel use is likely
to reduce local air pollutants responsible for these deaths, as well as CO2. To estimate the extent
of these possible benefits, and express them in monetary terms, Rauner et al. (2020a) carried out
a multi-model exercise illustrated in Figure 4.12. An energy-economy-climate model produces
emissions of CO2 and other air pollutants under different climate policy scenarios. The air
pollutants may be subject to different levels of control, leading to residual emissions, which are
transported in spatially diverse ways, and have impacts on human health that are widely
different regionally. These impacts can be assigned a monetary value.

Figure 4.12: Stages in the assessment of air quality benefits from reduced fossil fuel use.
The scenarios explored for this modelling exercise had three levels of climate ambition, each of
which had three levels of pollution control for local air pollutants, giving nine scenarios. The
climate scenarios comprise: a Reference (REF) scenario, a baseline case where climate policy is
taken as the continuation of current legislation; a scenario (NDC) that assumes efficient
implementation of the nationally determined contributions, to 2030, and broadly unchanged
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climate policy thereafter; and a scenario (2°C) which achieves a cost-optimal pathway limiting
global warming to 2°C mean global temperature rise by the end of the century through uniform
carbon pricing. The three air pollution scenarios assume: emission factors fixed at today’s levels
(AP_FE), emission factors that improve broadly along current trends (AP-trend); and more
stringent pollution control policies (AP-stringent).
Here only the final stage of the analysis is reported, and is illustrated in Figure 4.13, which
compares the scale of the cost/benefit of climate mitigation with the co-benefits of pollution
reduction. The bars show the AP-trend results for the different climate scenarios, with the more
and less stringent pollution control scenarios as sensitivities.

Figure 4.13: Costs (<0) and benefits (>0) (% GDP) from climate mitigation and pollution
control
At the World level, the co-benefits of reduced local air pollution more than compensate for the
climate change mitigation cost, even when stringent air policy is also followed. Regionally,
China and India have the largest net benefit from pollution control. For the Middle East and
Africa, which have lower air pollution, mitigation costs far outweigh the co-benefits of lower
pollution. The EU, in contrast, experiences benefits from both ambitious climate mitigation and
pollution control, though the latter are small because current pollution control measures are
already quite effective.
Rauner et al. (2020b) provide a similar analysis to Rauner et al. (2020a), except that they focus
on the co-benefits of an early exit from coal and employ a life cycle assessment (LCA) in their
analytical stages. Thus their four scenarios are the REF, NDC and 2oC scenarios used in Rauner
et al. (2020a), plus a new Coal Exit scenario, constructed by imposing a 2°C compliant cap on
coal use (i.e. one that limits coal utilization to a carbon pricing pathway in line with the 2°C
scenario across regions, sectors, and time), while otherwise assuming the implementation of
current policies, as in the NDC scenario.
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In the Coal Exit scenario, coal is reduced to about one quarter of today’s levels in 2030, and
almost completely phased out by 2050, to be replaced by solar, wind and, especially, gas in the
power sector, by oil, gas, and biomass in the industry and buildings sector. The impacts on
public health are dramatic, with an increase of 40 million DALYs (disability-adjusted life years)
in 2050, mainly in Asia and especially in India and China.
Figure 4.14 compares the climate policy costs (the bars below the zero horizontal line) of the
different scenarios (with b denoting the Coal Exit scenario) with the health and environmental
co-benefits (the bars above the zero line).

Figure 4.14: Globally aggregated direct Policy cost and Environmental and Health cost/benefits
of different scenarios (compared to REF) relative to annual GDP at purchasing power parity
(PPP).
Note: The inner bars show the cost/benefits for the different categories (stressors). For the outer (thick)
bars, stressors are grouped by the impact channels, i.e. ecosystem damages, human health, and direct
policy cost. Solid black lines indicate the resulting net societal effect: the aggregated local co-benefits
minus the direct policy cost. For the red lines, global benefits (avoided climate damages), in the form of a
social cost of carbon of 100US$/t, have been added to the net societal benefits. The whiskers indicate the
uncertainty ranges of the net societal benefit from the translation of human health and environmental
impacts into the social cost. b Benefits of the Coal Exit scenario for the year 2050 in absolute terms.

It can be seen that even the NDC scenario shows net societal benefit, which is much amplified
in the Coal Exit scenario. Including the avoided damages from climate change (the thick red
lines) gives the 2oC scenario the highest net societal benefit.
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The regional outcomes of the 2oC and Coal Exit scenarios are shown in Figure 4.15. It can be
seen that in the Coal Exit scenario only Sub-Saharan Africa is left significantly worse off in this
scenario, which provides strong justification of allocation of climate finance to this region. As
in Figure 4.14, the addition of avoided climate damages to the co-benefits figure would mean
that even in the 2oC scenario most regions would end up better off relative to their REF.

Figure 4.15: Regional analysis of local co-benefits and direct Policy cost relative to annual GDP
PPP.
Note: Discounted co-benefits and direct Policy cost for all World regions in the 2°C and Coal Exit
scenarios until 2050 with a discount rate of 5%. The dashed line indicates the break-even between cost
and benefits.

Reis et al. (2020b) provide another study of the health and economic benefits of combined
policies on GHG emission reduction and local air pollution. Their model set up is shown in
Figure 4.16.
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Figure 4.16: Model set up in Reis et al. (2020b)
Note: WITCH computes optimal regional welfare by allocating investment to end-of-pipe (EOP) and
climate mitigation (energy system) measures to reduce GHG emissions and local air pollution. The EOP
cost curves come from the GAINS model (not shown here). The FASST(R) model generates mortality
and crop losses from air pollution, which feeds back into the welfare calculations of WITCH. The climate
mitigation policies feed back into MAGICC to reduce the global average temperature rise, which can also
be used as a constraint in WITCH. The modelling framework does not include the damages from climate
change.

With this model set up the paper reports of a range of scenarios combining the following
considerations:
• The five SSP scenarios widely used by the climate modelling community, which
generate different baseline levels of both GHGs and local air pollutants;
• Two air pollution scenarios, one with no additional optimized pollution controls, and
the other where these are optimised through a cost-benefit analysis (no CBAP, CBAP);
• Two average global temperature targets (TT) of 2oC and 1.5oC. Climate policy (a global
carbon tax) may be started in 2020, or 2025 or 2030 to estimate the impact of delay.
An important dynamic in this modelling framework is that the reduction of local air pollutants
reduces the (cooling) aerosol effect on the climate, and therefore requires greater
decarbonisation effort to reach a given temperature target. Mortality from air pollution is
assigned an economic value using the value of statistical life (VSL) in the EU, adjusted for GDP
(PPP) in different world regions.
With no air pollution policies applied, the SSPs generate 3.85-5.86 (median [m] 4.38) million
premature deaths in 2050. Applying a temperature target reduces this by 0.45 million. However,
applying optimal local air pollution control reduces deaths by about half, to m2.2 million.
Combining optimal local air pollution control with the temperature targets reduces local air
pollution further, to m1.95 million, with the lowest deaths arising from SSP1-CBAP-1.5.
There is an asymmetry between air pollution and climate policies: optimal air pollution
reduction (CBAP) by itself has only a small reducing effect on GHG emissions, while imposing
the climate policy temperature targets (TT) by themselves has a large impact on air pollution.
Imposing CBAP and TT together produce different outcomes for the different SSPs, with the
different underlying baseline emissions.
The welfare implications of the different policies are shown in Figure 4.17. The first thing to
note is that there are welfare gains from all combinations of air pollution and climate policy (i.e.
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the worst welfare outcome is the baseline SSPs with no air pollution and no climate policy). The
best outcomes for SSPs 1-4 are the combination of CBAP and a 1.5TT. In each case, the
economic benefits of reduced air pollution impacts outweigh the direct GHG emission reduction
costs. For SSP5, with low baseline local air emissions but high GHGs, the best outcome is
noCBAP-1.5TT, because an optimal CBAP solution with 1.5TT could not be found. China,
Eastern Europe, and Central Asia benefit the most, followed by the Middle-East and North
Africa, and India. These are the regions where EOP investments are more effective in reducing
exposure, therefore avoiding mortality. Moreover, climate and local air pollution policies also
reduce global income inequality, with declines in both the Gini Coefficient and the 90:10
income deciles ratio.

Figure 4.17: Welfare gains from the baseline with no local air pollution policies
Climate change is not the only policy intervention that can reduce air pollution as a side effect.
Granella et al. (2021) estimate the air pollution benefits that were delivered following the
lockdown in Lombardy in February – May 2020 as a result of the Covid pandemic. They used
machine learning to determine the influence of weather conditions on the concentration of the
air pollutants and NO2. This influence then became the counterfactual during the lockdown
months, and it was compared with the observed concentrations. On this basis it was calculated
that the lockdown avoided 11.3 deaths from PM2.5 and 28.8 deaths from NO2 per 100,000
population, amounting to 79.7 and 203.7 Years of Life Saved (YLS) respectively (aggregation
of these numbers is not appropriate because of overlap between them). This compares to 155 per
100,000 population deaths from Covid, leading to 1891 Years of Life Lost (YLL).

3.5.2 Energy security co-benefits (D4.6)
From the IEA definition of energy supply security (the uninterrupted availability of energy
sources at an affordable price), it is clear that the concept covers many dimensions,
including energy import dependence, the diversity of the energy mix and of energy
suppliers, storage capacity, the energy dependence of the economic system, the geopolitical
risks associated with major energy suppliers, energy affordability, system resilience, and
climate change and environmental policies. There is no single indicator that captures all
these security dimensions.

The EU has emphasised the following considerations in relation to energy security:
improvement in energy efficiency; increased indigenous energy production, mostly based
on renewable energy; diversification of energy suppliers towards reducing dependence on
single supplier (e.g. on Russian natural gas); and completion of its internal energy market,
especially for electricity and gas.
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The EU is currently highly dependent on energy imports, particularly of oil and natural gas.
Production of primary energy in the EU totalled 635 million tonnes of oil equivalent (Mtoe) in
2018, which was 1% lower than 2017 and continued the downward development observed in
recent years with EU primary energy production declining by 9.2% in the last decade. In 2018,
renewable energy accounted for 34.2% of the EU’s total production, and nuclear for 30.8%. The
share of coal and lignite was at 18.3%, while natural gas and oil contributed only 9.3% and
3.4% respectively.
The downturn in the domestic EU primary production of hard coal, lignite, crude oil, gas and
more recently nuclear energy has led to increased reliance on imported energy products in order
to satisfy its energy requirements. The EU’s imports of energy exceeded exports by 886 Mtoe in
2018. The largest net importers of energy in absolute numbers were Germany, Italy, France and
Spain. Since 2013 all then-27 Member States of the EU have been net importers of energy.
Russia has long been the leading energy supplier to the EU for the main primary energy
commodities, including hard coal, crude oil and natural gas. Other key energy trading partners
for European countries are: Norway (mostly natural gas), the United States (mostly coal), Saudi
Arabia and Iraq (crude oil), Colombia (hard coal), Algeria and Qatar (LNG). Almost three
quarters (74%) of the EU’s hard coal imports came from Russia, the United States and
Colombia in 2018, while 71% of EU’s gas imports came from Russia, Norway and Algeria.
Imports of crude oil were less concentrated among the principal suppliers, as Russia, Iraq and
Saudi Arabia accounted for less than half (46%) of the EU’s oil imports.
Fragkos and Fotiou (2020) use the PRIMES model to explore the implications for energy
security in Europe of the INNOPATHS scenarios and climate policy variants described above in
D3.11: New Players (ELE), Incumbents Renewal (INC), and Efficiency and Sufficiency (EFF),
with the climate policy variants Reference (REF), min80 and 1p5 (see Tables 3.1, 3.2 and 3.3
for descriptions of these scenarios). Fragkos and Fotiou (2020) report their results for a range of
energy security indicators, including energy intensity, energy import dependency, supplier
concentration, market security, the Herfindahl Hirschman Index (HHI), the Shannon Wiener
Index (SWI). The results of only some of these indicators are presented here.
Figure 4.18 shows EU primary energy consumption in REF and the three 1p5 scenarios. It can
immediately be seen that decarbonisation greatly reduces the share of fossil fuels in the energy
mix, and increases that of renewables, with EU import dependency falling from 58% in 2019 to
19-24% in 2050. The EU energy intensity of GDP, which declines by about 46% in the
2015-2050 period already in REF, falls by 58-66% in the scenarios reaching carbon
neutrality by 2050, though the reduction varies markedly over different Member States, as
does the reduction in import dependency, as shown in Figure 4.19. The share of energy
imports in EU GDP is projected to decline from 2.7% in REF in 2050 to 1.2%-1.3% in the
min80 decarbonisation scenarios and further to 0.7%-0.8% in the 1p5 scenarios achieving
carbon neutrality by mid-century. The decarbonisation scenarios reduce the EU energy
import bill such that cumulative savings over 2020-2050 range from EUR 4.3 trillion to
EUR 5.9 trillion, 0.9%-1.4% of the European GDP over the period. In terms of the diversity
of the energy mix, initially this increases with decarbonisation (HHI declines and SWI
increases), but then decreases as renewables come to dominate the energy mix.

PU

Page 89

Version 2.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D5.3 Synthesis Report on WP3 and WP4

Figure 4.18: EU primary energy consumption in 2050 in the 1p5 decarbonisation scenarios
based on PRIMES model

Figure 4.19: Energy import dependence across EU countries in alternative scenarios in 2050
(the minimum, maximum and median values across EU countries are shown in markers)
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The security of gas supply has received growing attention in the EU energy policy debate
due to the increasing import requirements and the geopolitical tensions with key EU gas
suppliers and transit countries. With declining EU gas production natural gas import
dependency in EU-27 reached an all-time high of 89% in 2019, up from 83.8% in 2018. As
regards the origin of imports, Russian gas accounts for 41% of EU imports (much transiting
through Ukraine and Belarus) followed by Norway (24%), Algeria (11%), Qatar (6%) and
other LNG suppliers. In REF, natural gas consumption stays relatively constant over the
period 2015-2050, but EU gas import dependence increases from 70% in 2015 to 86.5% by
2050. With decarbonisation, the decreasing role of fossil natural gas in the energy mix
contributes to improving EU energy supply security, as green hydrogen, e-gas and
biomethane are mostly produced domestically in European countries. In the various
decarbonisation scenarios, natural gas imports are projected to reduce by 70%-95% by
2050. Unless the place of natural gas is substituted by biomethane and carbon-free gas, such
as e-gas and green hydrogen, decarbonisation could risk the ‘stranding’ of gas
infrastructure.

3.6

Bioenergy demand and supply for decarbonisation (D4.6)

Tsiropoulos et al. (2020) use the PRIMES model to look at the options for bioenergy in deep
decarbonisation and explore the impacts on biomass supply (PRIMES-Biomass model).
Bioenergy may be used in solid, liquid or gaseous forms, and may be used for power generation,
transport (especially in respect of those uses which are harder to decarbonise, such as for freight
vehicles, aviation or shipping), industry (especially where electrification is not possible or
appropriate), or heating in buildings. Bioenergy may also be used with carbon capture and
storage (BECCS), resulting in negative emissions. PRIMES assumes the use of bioenergy to be
emission-free, but accounts for the emissions arising from its production. There is a wide range
of bioenergy sources, conversion processes, technologies, and products in PRIMES as shown in
Figure 4.20.

Figure 4.20: Representation of bioenergy in the PRIMES model.
Because of its wide range of potential end uses, the demand for bioenergy in the future depends
crucially on how other energy sources are deployed in prospective scenarios. In this study four
scenarios are constructed (two with 80% reduction of emissions in 2050, and two compatible
with a 1.5oC 2050 temperature target), with different assumptions about the relative
attractiveness of different decarbonisation pathways:
• The Electrification (-80%) scenario assumes high electrification of end-uses enabled
by the faster deployment of electric vehicles for passenger and freight transport, but
also by the development of heat-pumps for households and electrification of
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processes in industry. This limits the role of biomass in road transport but it
becomes the main decarbonisation option for aviation and maritime shipping;
The Synfuels (-80%) scenario assumes large-scale deployment of electrolysers for
the conversion of electricity to hydrogen, which is subsequently converted to
synthetic fuels using CO2 captured from ambient air, such that all end-use sectors
are ultimately supplied with synthetic hydrocarbons: synfuels for all transport
segments, including aviation and maritime, and synthetic gas for heating of
households and industrial processes. This again limits the uptake of bioenergy, with
biomass flows being redirected to other applications.
In the Technology (1.5oC) scenario, a fully-fledged technology portfolio is deployed
with penetration of different energy supply technologies (i.e. electrification,
advanced biofuels, hydrogen, synfuels), energy efficiency measures, and BECCS;
The Behavior (1.5oC) scenario assumes that more sustainable lifestyle choices are
adopted, reflected in transport (i.e. modal shifts towards public transport, walking,
bicycles etc.) and circular economy concepts in industry.

In all these scenarios bioenergy demand in the EU increases considerably by 2050 – by
between 58% and 82% compared to 2015. However, there are significant differences in the
different scenarios in the consumption of bioenergy per sector (Figure 4.21) and in the types
of bioenergy products that are used (Figure 4.22).

Figure 4.21: Bioenergy consumption in the EU in 2050 by sector in the four scenarios
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Figure 4.22: Bioenergy demand in the EU by type of bioenergy in 2015 and the four
decarbonisation scenarios in 2050
To supply this demand for bioenergy, biomass supply in 2050 has to increase by around a factor
of 2 above the level in 2015, utilising around 80% or more of available agricultural residues and
forestry products. Given the EU limitations on the use of food crops for biofuels, and the limited
availability of biomass from agricultural residues and from forestry, most of the difference in
bioenergy use in the different scenarios comes from energy crops (Figure 4.23), annual lingocellulosic crops such as switchgrass and miscanthus, and perennial crops such as willow
and poplar.

Figure 4.23: Domestic biomass production in the EU in 2050 in the decarbonisation scenarios
The extra energy crops require land for their cultivation, between around 60% more
(Electrification) and 100% more (Technology) than was used for bioenergy in 2015. In terms of
land area, around 6.5 to 9.5 Mha more land might be needed by 2050, with Technology
requiring around 5 Mha more land than Electrification. In the 1.5oC scenarios, the cumulative
costs of bioenergy deployment over 2015-2050 are most (a little more than €4 tr) in the
Behavior scenario, which relies on comparatively high deployment of more expensive advanced
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biofuel technologies, particularly for advanced biodiesel production and biokerosene
production, with the cumulative costs of the Technology scenario being around €100bn less.
A number of conclusions may be drawn from this analysis if bioenergy is to play the substantial
role in decarbonisation that these scenarios. First, measures need to be taken to ensure that the
low-priced feedstocks such as agricultural residues, but also forestry biomass, can be fully
utilized. Second, new annual and perennial crops will be required in large volumes, requiring
both Research and innovation, and appropriate policy incentives. Third, more land will be
required for bioenergy, even with a reduction in the land used for food-based biofuel
production. This expansion of non-food based bioenergy production will need to occur in a way
that does not compete with food production, whether directly or indirectly.

3.7

The need for negative emissions and carbon dioxide
removal (D4.5)

Many carbon emission reduction scenarios that seek to keep the average global temperature
increase to 1.5oC in 2100 require substantial quantities of negative emission technologies
(Biomass combined with Carbon Capture and Storage-BECCS, carbon sequestration in soils,
direct air capture) in order to remove carbon from the atmosphere in the later decades of this
century, because of the failure to reduce emissions enough earlier on. The availability of these
negative emissions technologies (NETs) at the required scale is highly uncertain, so that
measures that reduce the need for them may make the 1.5oC target more achievable. Fragkos
(2020) uses the PROMETHEUS global energy system model to explore the need for NETs with
different carbon budgets, as well as with enhanced efforts to increase energy efficiency and
zero-carbon electrification. The carbon budgets issue arises because recent climate literature has
suggested that the 400 GtCO2 (CB400) budget for 1.5oC put forward by the IPCC in its fifth
assessment report (AR5) may be unnecessarily restrictive, so this paper plots scenarios with
carbon budgets of 860GtCO2 (CB860) and 1060GtCO2 (CB1060). In addition it projects
scenarios with these higher carbon budgets that have increased energy efficiency (EFF) and
rapid electrification of end uses (ELE), but in which NETs (in this case BECCS) are not
available. In the CB400 case, the model cannot reach the 1.5oC without BECCS, the cumulative
extent of which by 2100 is 475GtCO2. In the CB860 case the need for BECCS is reduced by
58%, and in 860-EFF and 860-ELE it is not required at all. The overall cost of the 400 scenario
over 2020-2100 is around 4% of Gross World Product and this reduces to below 3% and 2.5%
in the CB860 and CB1060 cases respectively. The CB860-EFF and CB860-ELE have similar
economic impacts to the CB860 scenario that permits BECCS, because of the more optimistic
assumptions made for energy efficiency and electrification, but clearly in this case the risks of
BECCS not materialising are avoided.

3.8

The international dimension of the low-carbon transition
(D4.5)

The Paris Agreement envisages equity and common but differentiated responsibility is
approaches to mitigate climate change. However, this may conflict with efficient approaches to
carbon emission reduction which call for equal carbon prices across countries. Bauer et al.
(2020) use the REMIND model to explore the trade-off between equity and efficiency in climate
change mitigation. They construct three scenarios: an efficient scenario which uses uniform
carbon prices to distribute a carbon budget of 1300 GtCO2 over 2011-2100; an equitable
scenario that equalises the percentage GDP loss from efficient carbon emission reduction
PU

Page 94

Version 2.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D5.3 Synthesis Report on WP3 and WP4
through international transfers; and an equitable scenario that equalises the percentage GDP loss
through differentiated carbon prices between regions.
Figure 4.24 shows the results of the different scenarios.

Figure 4.24: a) Uniform and differentiated carbon prices across regions in 2030; b) Regional
income losses from the three scenarios
Figure 4.24a shows that a uniform carbon price of USD56/tCO2 in 2030 is required on the
efficient carbon reduction path. However, the resulting USD12.6 trillion mitigation costs over
2020-2100 shown in Figure 4.20b are distributed inequitably, and international transfers of
USD4.4 trillion (largely from OECD to non-OECD regions) are required to equalise the
mitigation effort (i.e. equalise the cost across regions as a percentage of GDP). If this
equalisation is achieved through differentiated carbon prices, Figure 4.20a shows that these then
differ by a factor of 130 between the highest- and lowest-price regions, leading to a world
average carbon price of USD225/tCO2 in 2030, and this carbon price differentiation leads to
increased mitigation cost costs of USD2.6 trillion (21%), as shown in Figure 4.24b. Each
scenario can satisfy only two of the three criteria of cost efficiency, equity and sovereignty
(interpreted as control over own resources).
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Figure 4.25: Trade-off curve between differentiated carbon prices, transfers and mitigation costs
over 2020 and 2100 to achieve equitable mitigation
The convex shape of the trade-off curve in Figure 4.25 shows how transfers can be substantially
reduced by relatively small differentiation between 2030 carbon prices, and how global
mitigation costs can be substantially reduced by relatively small increases in transfers. Equitable
mitigation can be achieved with transfers of a little more than USD1 trillion, with extra
mitigation costs of a little less than USD1 trillion, and an average global carbon price of
USD88/tCO2 in 2030. The balance that is struck between equity and efficiency affects the
cumulative emissions and timing of emissions reduction in OECD and non-OECD regions, and
also the quantity and location of bioenergy production, and trade in bioenergy, with potential
negative implications for wider issues of environmental sustainability, which may be mitigated
by complementary policies of coal phase-out, fossil fuel subsidy reform, forest protection, and
international technology transfers.

3.9

Finance for decarbonisation (D4.3)

Note: The Deliverable for all the INNOPATHS research in the area of finance was submitted as D4.3 as
part of Work Package 4. However, much of this work was actually carried out as part of WP1 and WP2,
and this work was synthesised in Deliverable 5.1, the Synthesis Report of WP1 and WP2. However, for
the sake of presenting the complete finance narrative in this Synthesis Report, the text from the earlier
Synthesis Report has been integrated into this section.

Polzin and Sanders (2020) find that, in principle, there is no financing gap for the energy
transition. The financial resources are potentially available. Instead, there is a qualitative
mismatch, as these resources are not available in the form that they are most needed. The total
costs of the energy transition in terms of the investments in renewable electricity in Europe to
2050, estimated using integrated assessment models, range between USD 133-266 bn annually
on average. This number is mapped against a range of available funding sources to arrive at a
financing gap that is differentiated by types of finance (RD&D finance, small and distributed
finance, venture capital (VC) and private equity, bank finance (debt), sovereign wealth funds,
pension funds, insurers, state investment banks, green/climate bonds, public equity). An
important finding is that there is a lack of private small-scale equity investment and innovation
finance, especially RD&D and venture capital and private equity. The money is there in
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principle; however typically the types of finance suitable for funding these types of projects are
not so easy to mobilize in Europe’s highly institutionalized, bank-based and regulated financial
sector.
In the later stages of a technology lifecycle when the risks involved are comparably low, there is
plenty of financing available, with institutional investors having the biggest potential with up to
USD 4.8 tr to engage in financing large-scale (low-risk) renewable energy projects. Currently
the large-scale, low-risk debt investments are not free to move into suitable renewable energy
projects and tend to be pushed more into existing real estate and government debt. An effective
reform of regulation and governance that enables institutional investors to engage more in
unlisted long-term equity and debt might be required for these investors to scale the
technologies that can carry the energy transition.
Derbas (2020) sets out the rationale for investing according to ESG (environmental, social,
governance) principles. There are many ways in which investors can seek to take ESG factors
into account in their investments, including through defined exclusion criteria; active ownership
and integrated sustainability; monitoring asset managers; scoring & evaluation of companies;
engaging with NGOs, peers and policy makers; and accessing leading research. There are good
business reasons for a company to adopt a strong position on ESG issues, including top-line
growth, cost reduction, better positioning in respect of regulation, increased productivity and
improved capital allocation. A systematic review of over 2000 articles on sustainable investing
found that 63% of articles found a positive relation between an ESG position and equity returns,
and only 8% a negative relation.
On the other hand, low-risk but small-scale financing of energy efficiency investments would
require banks to introduce new forms of intermediation. A set of enabling reforms (mainly
addressing regulatory issues and standards) could also help to unlock under-utilized small-scale
and large-scale sources and facilitate the energy transition in Europe. The earlier stages of the
technology lifecycle pose greater challenges, especially when it comes to highly risky
investments. Here only small and distributed finance and venture capital are available. Larger
investments and higher risks can only be handled by (state) investment banks and some private
equity funds. Geddes et al. (2018) find that state investment banks have the potential to scale-up
their investments significantly; however, their main role is in mobilising private finance through
co-investments, signalling and education, as discussed further below.
The issue of the breakdown between different sources of the necessary finance for deep
decarbonisation is the subject of Polzin et al. (2021). Using data from Bloomberg New Energy
Finance of investments by both technology and by source, and assuming that the shares of these
investment are the same as in the recent past (2007-2016), they derive a matrix of coefficients
that can convert technological investments in low-carbon scenarios into financial requirements
from different sources, broken down into public and private R&D, venture capital, private and
public equity, asset finance, reinvested equity and small distributed finance (essentially
households). They find that 70% of finance for renewables over 2007-2016 was provided by
asset finance, with a further 20% coming from small distributed sources. Applying their matrix
to the technology investments for decarbonisation projected in a scenario for 2050 from the
REMIND model with a temperature target of 1.5oC, they find that Asset finance will need to
invest more than USD (2015) 1.1 tr in 2030: in solar (USD 672 bn), wind (USD 272 bn),
hydropower (USD 169 bn) and bioenergy (USD 9 bn).

3.9.1 Financing renewables (D4.3)
A key concern in financing any investment is the relationship between risk and return. For
private finance to fund renewable energy projects the risk-return ratio must be right, and one
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way to make such projects (in this case focusing on onshore wind and solar PV) more attractive
is to reduce their risk. Egli (2020) showed that there are many kinds of risk. Even focusing only
on operation risk (i.e. not the risks associated with planning and development, and
construction), the research identifies five kinds of risk that are referenced most often in the
literature: curtailment, policy, price, resource and technology risk. Through interviews with
large renewable energy investors the research identifies which of these risks investors consider
most important and how they consider risks have evolved over the period 2009-2017 in three
countries: Germany, Italy and the UK. It is clear, from declining debt margins for both onshore
wind and solar PV, that overall risk is assessed by financiers to have reduced over this period.
The interviews showed that this was most true for technology risk, which, of the five risk types,
went from being the most important in 2009 to least important in 2017. Policy risk also reduced,
but both curtailment and price risk increased. A number of detailed factors are identified as
drivers of risk: policy credibility and set up; technology characteristics and development; data
availability and assessment tools; new policies and business models; market creation and
maturing; contracts; and internal expertise and processes. The research analysed these drivers,
and identified sub-drivers, in some detail for each of the technologies.
Policies to increase the flow of finance into renewable energy can seek to act on one or both of
risk and return. The research suggests a focus on the drivers and sub-drivers if they want to
accelerate risk reduction, and the consequent reduction in financing costs, for these
technologies. They need to pursue credible policies; to fund research and development and
create markets that encourage deployment of low-carbon technologies; to mandate data
transparency; develop innovative policies and ensure that regulation permits the emergence of
new business models; and to ensure sound governance.
Polzin et al. (2019) find through a systematic literature review that effective instruments tend to
work on both risk and return, with feed-in tariffs being effective because they can address both
(price) risk and return, while renewable portfolio standards tend to attract finance for more
mature technologies, because they incentivise reaching the standard at least cost. Continuous
evaluation and monitoring to reflect market conditions minimises policy cost. Policy design is
also important. For example, standardized procedures and common design elements of policy
instruments enable investors to gain experience more quickly and reduce project risk, and the
duration of contracts or other support matters a lot for investors.
A slightly surprising finding from Steffen (2018) is that project finance, which is typically used
by large corporations to protect their asset base by setting up bespoke companies for new, largescale and potentially risky projects, has proved common in the financing of small-scale, lowrisk renewables in Germany. This is because the German feed-in tariff guarantees the income
stream over the project’s duration, with a favourable project finance ecosystem (legal entities,
insurance market), so that even new companies, or community associations, with small balance
sheets, can access loans, in the provision of which banks have played a central role. Given the
importance of project finance to the financing of renewables, those assessing renewables costs
in techno-economic models or elsewhere should take the project-specific cost of capital into
account, rather than using a standard weighted average cost of capital (WACC) for power
utilities.

3.9.2 The cost of financing renewables (D4.3)
Renewable energy technologies tend to be considerably more capital-intensive than fossil fuel
technologies. The cost of capital is therefore an important component of their overall cost: over
2000-2005 financing costs accounted for a third and a quarter of the levelised cost of electricity
(LCOE) for solar PV and onshore wind respectively (Egli et al., 2018).
PU

Page 98

Version 2.0

“This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 730403“

D5.3 Synthesis Report on WP3 and WP4
That the cost of wind and solar PV has reduced in recent years is well known, but this has
normally been thought to be due to technological improvements. The role of lower-cost
financing, through innovation in the financial sector, has been largely overlooked, partly due to
lack of data. Egli et al. (2018) collected financial data on 133 German onshore wind and solar
PV projects to analyze changes over time. The main research method undertaken was interviews
with finance professionals, who were asked for both quantitative and qualitative data about the
projects in which they had been engaged. The paper identified separately the cost of debt and
the cost of equity to compute an overall cost of capital (CoC). Between 2000 and 2017 for both
wind and solar PV the cost of both debt and equity declined substantially. A number of reasons
were identified for this change: learning, standardization and increased competition in the
renewable energy finance industry; support policies, improved technological reliability and
greater data availability about technology performance; and low interest rates in capital markets
and low-cost bank financing.
The new dataset enabled experience rates to be calculated for three financial characteristics:
debt margin, debt service coverage ratio (DSCR) and loan duration. All these factors served to
reduce the financing cost of wind and solar PV. Given the significant share of financing cost in
the cost of energy from these capital-intensive energy sources, this reduction contributed
significantly to the reduction in the LCOE from these sources over this period. The LCOE for
both wind and solar PV reduced substantially from 2005: solar PV by 87% and onshore wind by
45%, as shown in Figure 4.26. In each case, around 40% of this cost reduction came from a
reduction in financing costs, with the other 60% coming from lower capital costs (CAPEX). The
financing cost reduction in turn has come from the lower CAPEX needing to be financed, from
lower general interest rates and from innovation in the financial sector (the ‘experience effect’).
Reduced financing costs have therefore played a major role in improving the competitiveness of
these renewable technologies against fossil fuels.

Figure 4.26: Cost reductions in solar PV (a) and onshore wind (b) from 2000-2005 and 2017,
and the sources of the changes in financing cost
It is important for policy makers to realise that reductions in the cost of financing have played
an important role in the overall cost of these technologies (i.e. the reductions have not been
purely due to technological learning), and to be aware of the drivers that have brought this
about. In particular, an increase in general interest rates would significantly raise the financing
costs of wind and solar PV compared to fossil-fuelled electricity generation (because they are
more capital-intensive), and therefore have a serious impact of their relative competitiveness.
The importance of financing costs in the overall cost of these technologies means that policy
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makers should give the conditions for low-cost financing their serious consideration, in
particular in maintaining the consistency and credibility of policy.
This conclusion is strengthened by the role that falling interest rates have played in the
reductions of LCOE for wind and solar PV. Interest rates are now at an historic low, and there is
always the chance that they would rise again. Schmidt et al. (2019) investigate the effect that
this would have on the LCOE of wind and solar PV, and how this would affect the
competitiveness of these technologies in the wholesale electricity market against coal and gas
plants. They model three interest rate scenarios: a ‘flat’ scenario where rates stay at average
2018 levels (0.49%); a ‘moderate’ scenario in which rates increase to 2.15% in 2023 (a rate of
increase that matches the fall in rates over 2008-2016); and an ‘extreme’ scenario in which rates
increases at twice the rate of the ‘moderate’ scenario to reach 4.29% in 2023. The effect of the
‘extreme’ scenario is to increase the LCOE of solar and wind by 11% and 25% respectively.
At such an LCOE, the paper shows that both solar PV and wind cease to be competitive against
the marginal costs of hard coal power plants, and also against the less expensive gas-fired
plants. Under these circumstances, the withdrawal of subsidies for these renewable
technologies, as some European countries are considering, could seriously risk slowing down
their deployment if developers consider an interest rate increase likely. This in turn would delay
the decarbonisation of European electricity, which is critical to the achievement of the
continent’s climate targets. To counteract this risk, the paper suggests that policymakers should
continue with renewable power auctions or establish a floor price in the EU ETS that would
protect the competitiveness of renewables against an interest rate rise.
Egli et al (2019) estimate the cost of capital for renewable energy projects for 152 countries,
treating the 3.1% figure in Germany as the baseline, and then adding a risk premium according
to Moody’s sovereign ratings. They then calculate the differences in the LCOE of solar PV as a
result of using the different cost-of-capital figures. Figure 4.27 shows that accounting for
different CoCs makes a considerable difference to the LCOEs of solar PV in different countries.
The paper by Bogdanov et al. (2018) cited in the Egli et al. (2019) paper found that, with a
uniform CoC across countries of 7%, the lowest LCOEs for solar PV-based systems were in
countries such as the Democratic Republic of Congo (DRC) and Sudan, which seemed at odds
with the high investment risks and very low installed capacity in both countries. Accounting for
CoC differences between countries changes the results dramatically. The policy implications are
clear. Using uniform CoC in electricity system planning is likely to underestimate the cost of
renewables in developing countries and overestimate it in industrialised countries. De-risking
renewables projects in the former would enable them to take full advantage of their high
insolation, while the low project risk in the latter means that renewables projects are more
competitive than they might otherwise appear.
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Figure 4.27: Different costs of capital (CoC) for solar PV projects in different countries,
and the effect of this on the LCOE of solar PV projects, compared to the calculations of
Bogdanov et al. (2018), which assumed a uniform CoC across countries of 7%
In addition to CoCs varying across countries, Steffen (2020) found, through a review of the
empirical evidence from 46 countries, that it also varies across technologies. His results showed
a globally consistent rank order among technologies, with the cost of capital increasing from
solar PV to onshore wind to offshore wind power, a significantly higher cost of capital in
developing countries than in industrialized countries, and large heterogeneity also within the
groups of industrialized or developing countries.
This wide variation in the cost of capital for renewable energy across countries (due to
differences in governance and policy risk, technological capability and macroeconomic
conditions), for different technologies and over time, presents a challenge for modelling
investment in renewables. Polzin et al. (2021) implement different weighted average costs of
capital (WACCs) for different EU countries and (renewable and fossil fuel) electricity
generation technologies in the GEM-E3-Power model. The dataset they construct show that
WACCs very widely across the EU, from 2.7% (Belgium) and 3.1% (Germany) for solar PV
and onshore wind respectively, to 12.0% (solar PV) and 22.9% (onshore wind) in Greece.
With the different WACCs, and taking into account the cost reductions that may derive from
financial experience, they implement three scenarios: a scenario with uniform WACCs of 8.5%
(UNI); a scenario with the differentiated WACCs across technologies and countries (DIFF); and
the DIFF scenario with, in addition, further cost reductions through learning from financial
experience (DIFF+FE). Each of these three scenarios is combined with a scenario with climate
policy from ETS and other climate policies (e,g. Energy Efficiency Directive, measures to
support the expansion of renewable energy sources [RES], nuclear-related limitations) continue
to 2050 in line with current legislation broadly unchanged from 2020 (REF), and one with
ambitious decarbonisation (85-95% carbon emission reduction by 2050) (AMB).
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Given the relatively high capital intensity of renewables, implementing the different WACCs in
the model produces a significant shift in the deployment of different technologies in different
countries, with low-WACC countries (Germany, Luxembourg, Belgium, Austria, Denmark, the
UK and Italy) implementing more renewables, and high-WACC countries less (Greece, Ireland,
Bulgaria, Croatia and Romania). With the former effect dominating in the EU as a whole, the
share of RES in REF-DIFF increases to 45% in 2030 and 66% in 2050, compared to 40% and
61%, respectively, in REF-UNI, with the former resulting in lower CO2 emissions and lower
electricity costs, as shown in Figure 4.28.
However, the effect varies considerably across different EU countries, with high-WACC
countries actually showing higher CO2 emissions (Portugal, Greece, Slovenia in REF, Spain in
AMB) and higher electricity costs (Greece). But across the EU as a whole, electricity costs are
lower for both REF and AMB when WACCs are differentiated across countries and
technologies. Electricity costs in AMB-DIFF+FE peak in around 2040 at around €0.10/kWh,
about 10% lower than in AMB-UNI.

Figure 4.28: The effects on CO2 emissions and electricity costs of different WACCs. (Polzin et
al., 2021). The map shows the difference between UNI and DIFF+FE for REF (left) and AMB
(right) scenarios

3.9.3 Financial innovation in decarbonisation (D4.3)
Financial innovation has also taken place in the banking sector. INNOPATHS research has
investigated four aspects of this: how innovations for sustainable finance may be integrated into
the multi-level perspective (MLP) innovation theory (with an empirical focus on state
investment banks (SIBs)) (Geddes and Schmidt, 2020); the multiple roles of SIBs (Geddes et
al., 2018); the politics of the establishment of SIBs (Geddes et al., 2020); and a wider focus on
how multi-lateral development banks have shifted their investment portfolio to support the
energy transition towards decarbonisation (Steffen and Schmidt, 2019).
The MLP theory of innovation sets out a three-level perspective in which incumbent regimes
and systems come under pressure from two sources: from above, through shifts in broader
societal pressures and orientations (the landscape); and from below, through the development
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(in niches) of new technologies, institutions and social practices. The landscape pressure for an
energy transition is coming from the need for decarbonisation. The niche pressures come from
the low-carbon technologies, and the institutions and human behaviours that are pressing for
their development and large-scale deployment.
The mainstream financial sector is very much part of the regime. Through 56 interviews with
developers, investors and experts Geddes and Schmidt (2018) identified numerous reasons why
low-carbon niches find it difficult to access the finance that they need to grow, including the
usual policy, technical and commercial risks, but also extra risks due to the novelty of the
technologies concerned, and the inexperience and lack of capacity in the financial sector to
assess these risks. They found that SIBs have been part of the response to remove the barriers to
the development of these niches that these risks represent. Through their various interventions
(see Figure 4.29) they have sought both to transform the niches so that they ‘fit and conform’ to
the regime practices of the financial sector, and to ‘stretch and transform’ those practices so that
the sector becomes better able to deliver the financial services that the niches need. The primary
interventions by SIBs shown in Figure 4.5 enabled the wider financial sector to learn how to
deal with these new niches by co-investing with the SIBs, while they also enabled the niches to
build a track record, both of which led to the creation of trust in the ability of the niches to
deliver an acceptable risk-return combination, so that investment could flow more easily to
them. On the same theme, and through their empirical work with three state investment banks
(the German Kreditanstalt fuer Wiederaufbau (KfW), the UK Green Investment Bank (GIB) and
the Australian Clean Energy Finance Corporation (CEFC)), Geddes et al. (2018) identified in
detail how these banks had managed to reduce or remove investment barriers to onshore wind
farms, large-scale solar PV developments, and energy efficiency and small-scale renewables
projects (KfW), offshore wind farms, waste-to-energy and bioenergy plants (GIB) and largescale solar PV installations (CEFC). They provide capital, often as a first or early mover,
thereby reducing perceptions of project risk and generate trust, and perform an important
educational role for the financial sector.
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Figure 4.29: Interventions from state investment banks that increase flows of finance to lowcarbon niches (Geddes and Schmidt, 2020)
Geddes et al. (2020) found that the introduction of SIBs may not be politically unproblematic,
depending on the level of political controversy around climate change in the country concerned.
Thus, in the UK, the relatively smooth introduction of the GIB in 2012 reflected the high level
of consensus around emission reduction goals there, while the partisan political debate around
climate change, reinforced by the strength of the incumbent fossil fuel industry, led to a far
more contested introduction of the CEFC in Australia in 2013. However, despite the success of
the GIB, political hostility to state ownership of corporations led to its sale to the Australian
bank Macquarie in 2017, only five years after it had been founded, since when it is not clear
whether and to what extent it has managed to play its early role of reducing financial barriers to
low-carbon developments. However, interest in green SIBs has certainly grown since the
establishment of GIB and CEFC, such that the Green Bank Network now has members, in
addition to CEFC and the Macquarie Green Investment Group, from Japan, Malaysia, Bulgaria,
India, and some US states.
Another major source of investment in energy technologies is multilateral development banks
(MDBs). Steffen and Schmidt (2019) explored their relative investment in renewable and fossil
fuel power generation technologies, and how this has shifted over time, the results of which are
shown in Figure 4.30. It can be seen that the share of fossil fuels in MDB financing peaked in
2009 and 2010, but fell consistently from 2013, such that by 2015 only some investment in gas
remained. With respect to renewables, investment in hydropower has always been significant,
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but fell from 42% in 2006 to 14% in 2015, while investment in non-hydro renewables increased
from 13% in 2006 to 42% (of a much larger number) in 2015.

Figure 4.30: Annual total financial commitments to power-generation technologies by MDBs,
2006-2015 (Steffen and Schmidt, 2019)
Note: the MDBs here include: World Bank Group (WB), European Investment Bank (EIB), European
Bank for Reconstruction and Development (EBRD), Asian Development Bank (ADB, African
Development Bank (AfDB), the Inter-American Development Bank (IADB the Development Bank of
Latin America (CAF) and the Islamic Development Bank (IsDB).

MDBs have both public and private investment arms, with the public arms making loans to
governments. Figure 4.31 shows the split between public and investment from the MDBs by
technology. What stands out is that private investment in renewables tends to have been greater
than public investment, and most renewables investment has taken place in Europe. The coal
share reflects the historic emphasis on coal shown in Figure 4.30, which suggests that the
investments in 2013-2015 would show a very different technological profile.

Figure 4.31: Total financial commitments to power-generation technologies by branches of
regional MDBs, 2006-2015 (Steffen and Schmidt, 2019)
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