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ABSTRACT

Europe and North America account for 32 % of current carbon emissions. Due to distinct legacy systems, energy
infrastructure, socioeconomic development, and energy resource endowment, both regions have different policy
and technological pathways to reach net zero by the mid-century. Against this background, our paper examines
the results from the net zero emission scenarios for Europe and North America that emerged from the collabo-
ration of the European and American Energy Modeling Forums. In our analysis, we perform an inter-comparison
of various integrated assessments and bottom-up energy system models. A clear qualitative consensus emerges on
five main points. First, Europe and the United States reach net zero targets with electrification, demand-side
reductions, and carbon capture and sequestration technologies. Second, the use of carbon capture and seques-
tration is more predominant in the United States due to a steeper decarbonization schedule. Third, the buildings
sector is the easiest to electrify in both regions. Fourth, the industrial sector is the hardest to electrify in the
United States and transportation in Europe.

Fifth, in both regions, the transition in the energy mix is driven by the substitution of coal and natural gas with
solar and wind, but to a different extent.
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L. Sarmiento et al.
Introduction

Understanding the pathways to net zero emissions across different
regions is relevant for identifying bottlenecks, challenges, and oppor-
tunities on our way to a more sustainable future. This study explores the
net zero pathways of Europe and the United States (US / USA) with a
multi-model comparison exercise that includes more than 28 integrated
assessment and bottom-up energy models from the Energy Modeling
Forum 37 (EMF 37) and the European Climate and Energy Modeling
Forum (ECEMF).! The goal is to compare the net zero mid-century
pathways of both continents, in line with the 1.5° threshold of the
Paris Agreement, under standardized scenarios across different
modeling assumptions, research teams, technology projections, and
implemented policies.

The Stanford Energy Modeling Forum (EMF) was established in 1976
to identify critical issues and share information and insights on energy,
economics, and the environment. The European Climate and Energy
Modeling Forum is a European Union (EU) funded project inspired by
EMF and established in 2021 as a European network of climate and
energy modeling groups and policymakers. Our comparison exercise
examines the effects of the net zero transition on electrification, emis-
sions, sectoral energy demand, and technological deployment. Our re-
sults can help identify the challenges and opportunities of the green
transition in two of the world’s largest single-energy markets. Fig. 1
shows the current and cumulative carbon dioxide emissions of different
regions.

The United States and the European Union are jointly responsible for
22.8 % and 43.1 % of current and cumulative Green-House-Gas (GHG)
emissions around the world. This large share of current emissions
highlights the importance of studying their energy transition under
standardized assumptions. Moreover, one could argue that Europe and
the United States have an ethical responsibility to lead the global
renewable transition by implementing efficient policies and new tech-
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Fig. 1. Cumulative and current emissions for selected regions of the world
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nologies (e.g., Berg et al. [3]), as they are responsible for a large share of
historical cumulative emissions along with an established capacity to
mitigate, as demonstrated by the large size of their economies and
relatively high incomes per capita.

Trade, culture, policies, and environmental initiatives closely link
the United States and Europe. Both regions have reduction pledges
under the Paris Agreement to support the net-zero transition. That is,
while Europe committed to net zero economy-wide GHG reductions
with the European Green Deal (EGD) and has adopted the ambitious Fit-
for-55 package based on a set of regulatory frameworks (e.g., the EU
Energy Efficiency Directive, the Renewable Energy Directive, and the
CO- Transport Standards), the

United States has passed legislation to support the energy transition
with the Inflation Reduction Act (IRA). Among the central policies of the
IRA are aggressive tax incentives for green vehicles, incentives for the
electrification of buildings, and the acceleration of hydrogen deploy-
ment [4]. In particular, the Nationally Determined Contributions of the
United States and the European Union pledge a 50 to 52 % reduction in
CO; emissions by 2030 (w.r.t. 2005) for the United States and a reduc-
tion in domestic greenhouse gas emissions of 55 % by 2030 (w.r.t. 1990)
for the EU [11].

This collaborative study between EMF 37 and ECEMF has three main
objectives. First, understand the role of electrification under net zero
(economy-wide) scenarios for the transportation, building, and indus-
trial sectors; second, look at differences and similarities in technology
pathways and lock-in effects for both regions; third, determine critical
technologies to decarbonizing the energy system, such as renewables,
storage, and carbon capture and storage. Although the current literature
suggests that the power sector will be decarbonized first, there is a lack
of consensus on the ultimate potential across energy sectors and the rate
of implementation given technical, behavioral, economic, and deploy-
ment limits (e.g., infrastructure, workforce, supply chains,
manufacturing). Furthermore, competition from other carbon mitiga-
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Notes: This figure presents 1750 onward cumulative (left) and annual (right) carbon dioxide equivalent (CO5) emissions across the world. Source: Our World in Data

[23] and the Global Carbon Project [27].

! Figs. A.1 and A.2 contain the spatial distribution of models for Europe and
the United States.

tion and management options like carbon capture and storage, direct air
capture, and clean hydrogen can affect the path toward electrification
and change the technologies we need to redirect our limited resources.

This article contributes to the extensive literature on decarbonization
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Fig. 2. Models participating in the cross-cut study.

Notes: We show models developed in Europe in blue and the United States in Black. The models in squares at the center of the figure represent the cross-cut teams
who implemented Europe and US net zero pathways for this study. The circles around Europe and the United States show the models that only cover one region and
whose results have been included in the analysis.
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studies including the IPCC AR6 database analysis at the global or macro for a review of current net zero studies in the United States).

levels [9] by providing a model inter-comparison exercise of net zero

scenarios for the United States and Europe. As such, it builds on a Research design and scenario description

growing number of deep decarbonization studies by providing a unique

transatlantic comparison of net zero scenarios (see Williams et al. [28] This article is based on the active participation of nine modeling
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Notes: Net CO, emissions in Europe and the United States for the NPI and Net Zero scenarios. The solid line represents the median across models. The dotted lines are
one-standard-deviation confidence bands. The colored ribbon shows the full interval of results. For Europe, the values come from ten different models: EC-MSMR,
GCAM-USA, GCAM, IMAGE, MESSAGEix, PRIMES, PROMETHEUS, REMIND, TIAM, and WITCH. For the United States, the values come from 22 models: ADAGE,
AnyMOD, CTUS-NEMS, EC-MSMR, EPA-TIMES, EPS, FARM, FECM-NEMS, GCAM-USA, GCAM, gTECH, IMAGE, MARKAL, MESSAGEix, NATEM, PROMETHEUS,

REMIND, TEMOA, TIAM, US-REGEN, ReEDS, and WITCH.

teams, which implemented and provided scenarios for both the United
States and Europe, as well as access to the results of fourteen additional
models participating in the EMF 37 and ECEMF. Fig. A.3 lists the names,
institutes, and countries of all models and whether they participated in
this study, EMF 37 or ECEMF. In Fig. A.4, we include model charac-
teristics such as spatial resolution, reported emissions, equilibrium
approach, foresight, temporal granularity, and carbon management
options. While the targets of the scenarios were defined for Europe and
the United States, there are some differences in the regional scope of
each team. For Europe, TIAM-ECN, GCAM, PROMETHEUS, and IMAGE
present results for Europe excluding Turkey, MESSAGEix includes
Turkey, and the rest of the modeling teams for EU27 + UK. For the
United States, only one model (MESSAGE) reports values for North
America rather than the United States. Fig. 2 presents a general outline
of all the models in this study.

The goal is to analyze two main scenarios: National Policies (NPI)
and Net Zero 2050 emissions (Net Zero). Fig. 3 presents the character-
istics of each scenario. In NPI, modeling teams implement current
climate and energy policies while imposing no additional limits on GHG
or CO, in Europe, the United States, or any other region. The specifi-
cation of current policies and technological paths depends on each
modeling team.” That is, each model is free to set all relevant techno-
economic assumptions, such as fuel prices, cost curves, and energy los-
ses, as the intention of the EMF and ECEMF exercises is not to

2 For the teams participating in the EMF 37, the models assume no new
climate policy after the beginning of 2022, which excludes the Bipartisan
Infrastructure Law [17] and the Inflation Reduction Act of 2022 [18]. To the
extent practicable, the reference scenario includes all other federal and state
policies (e.g., carbon emissions signatures, renewable portfolio standards, the
Regional Greenhouse Gas Initiative, or California’s Global Warming Solutions
Act of 2006. For the ECEMF, the models only include currently implemented
policies but not targets yet to be translated into policies at the end of 2022.

standardize the underlying assumptions of all modeling groups but
rather to study the range of different trajectories in key variables like
emissions, energy consumption, and renewable deployment across
models with different underlying parameters and assumptions. The only
homogenizing assumption is an annual carbon sink for land use of 310
and 800 million tonnes of carbon dioxide equivalent (MT CO-) in Europe
and the US. The 310 carbon sink for Europe comes from the official 2030
goal of the EU.° The 800 land-use carbon sink for the United States aligns
with the core assumptions of EMF-37 [8]. As discussed by Browning
et al. [8], this provides 800 Mt CO, per year headroom for models to
reach the net zero targets and translates into a maximum reduction of
combustion and non-combustion CO, emissions of 87 % in 2050. The
EMF-37 and ECEMF steering committees included this assumption
because converting net emissions targets to gross values requires
considering the full range of emission sources and GHG sinks. While in
the medium to long term, carbon cycle feedback effects could signifi-
cantly lower the carbon sink [10], this provides an upper bound for the
study period (2020-2050). Of course, if the sink were to weaken
significantly by the mid-century, reaching the net zero constraint in line
with 1.5° would require additional effort.

In the Net Zero scenario, in addition to the annual carbon sink, all
participating teams impose the following constraints: a global carbon
budget of 650 GtCO2 from 2020 to 2050, net zero CO, emissions levels
for the United States in 2050, and net zero GHG emissions levels for
Europe in 2050. Note that the carbon budget was implemented as a peak
budget or budget without overshoot. Therefore, once global emissions

3 The land use sink of 310 Mt CO2-eq/year was determined based on the
available literature on the land use potential in the EU.
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Fig. 5. Net Zero Difference in Sources of Emissions and Sequestration for Participating Models (2050).
Notes: Gross emissions and sequestration of CO,. BECCS: Bioenergy with Carbon Capture and Sequestration. FOCCS: Fossil based with Carbon Capture and Storage.
DAC: Direct Air Capture. LULUCF: Land Use, Land Use Change, and Forestry. CRGS: Carbon Removal and Geological Storage. CCU: Carbon Capture and Utilization.

CCS Industry: Carbon Capture and Storage in the Industrial Sector.

reach the budget, they stabilize roughly at zero [24]." Net zero re-
strictions include the following sources, carbon capture, and sink cate-
gories: fossil fuel combustion, net emissions from non-energy use of
fossil fuels, industrial process emissions, carbon dioxide removal (CDR)
such as Direct Air Capture (DAC), and natural carbon management op-
tions like Land Use, Land Use Change, and Forestry (LULUCF). The dif-
ference in net zero goals between the United States and Europe (CO5
versus GHGs) occurs due to different assumptions between the EMF 37
and ECEMF modeling projects. While the EMF 37 steering committee
agreed on a carbon dioxide limit as its mid-century objective, ECEMF
implemented the net zero target for all greenhouse gases, following the
European policy target. Although in terms of total GHG emissions, this
implies a difference for 2050, compared to 2020, the difference is
limited. That is, we do not find a significant difference in the CO2 tra-
jectory of the energy system when using either constraint. The addi-
tional European constraint would only require more negative CO2
emissions, as non-CO2 emissions are always positive, even in 2050.
Actually, our results show that, in line with these heterogeneous con-
straints, while the net zero constraint for the USA leads to roughly zero
emissions, the European GHG constraint leads to negative emissions of
around 140 Mt CO2. Based on the results of individual modeling teams,
we also found that the variation between models is similar to the dif-
ference between the CO, and GHG targets. Furthermore, some models
do not model non-CO2 emissions (Euro-Calliope and PROMETHEUS), in
which case there is no difference.”

It is important to note that the results of each model depend on
specific parameterizations regarding resource allocation, technologies,

4 For models not actively participating in the cross-cut exercise but with
submitted results to the EMF 37 database, there is no global peak budget
constraint requirement. Instead, its specification depended on each modeling
team.

5 These include FARM, FECM-NEMS, US-REGEN, gTech, TEMOA, AnyMOD,
Euro-Calliope, PROMETHEUS, OSeMBE.

and policies. For example, while some models assume exogenous energy
demand, others estimate endogenous socioeconomic developments
through different drivers such as population, economic growth, and
energy efficiency. For the EMF 37, socioeconomic drivers like produc-
tivity and population were set independently by each modeling team
[8]. For ECEMF, all models followed their implementation of the Shared
Socioeconomic Baseline SSP2 Middle of the Road scenario [14]. As GDP
and population are key drivers of energy demand and emissions, we
present their time series by energy model and region in Figs. B.9 and
B.11. Regarding economic costs, grid requirements, and other demand
drivers such as population density or supply constraints, each model is
calibrated and developed by its modeling team to capture real-world
dynamics and constraints. That is, there were no semi-harmonized ele-
ments beyond the carbon sink and budget constraints. As such, the re-
sults across energy models are possible scenarios using a wide range of
parametrizations following standardized scenarios and not the full range
of potential outcomes.

Results
Emissions

Fig. 4 shows the emission trajectory of CO- in the United States and
Europe for the NPI and Net Zero scenarios.

In 2020, average European emissions are around 79 % of the emis-
sions in the United States. This value is similar to the one calculated by
the Emissions Database for Global Atmospheric Research of the Euro-
pean Union [12]. According to current trends, technological pathways,
and nationally determined contributions (NDC), median NPI emissions
decrease by 35 % and 14 % in Europe and the United States between
2020 and 2050. The minimum and maximum percentage changes from
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Fig. 6. contains the time series of gross, net, and captured emissions for both regions and each model.

Notes: This figure presents the 2020-2050 times series of gross emissions (top row), carbon capture storage and sequestration (middle row), and net emissions (bottom
row) for Europe and the United States in the NPI and Net Zero scenarios. We add indicator shapes to identify each model in 2020 and 2050. We center the boxplot at
the end of each panel around the median value and set its limits equal to the median plus and minus one standard deviation.

2020 to 2050 are reported by IMAGE (-60 %) and GCAM-USA (+14. 7
%) in Europe and AnyMOD (-66 %) and ReEEDS (+18.0 %) in the USA
(see Fig. 6).° Regarding the Net Zero scenario, both continents reach net
zero carbon dioxide (or GHG) emissions by the middle of the century.
However, because the United States starts at a higher level of emissions
than Europe, their period-wise emission reduction is slightly more
significant.

The more considerable median reduction in gross emissions in
Europe for the NPI scenario can arise from the larger number of

® We try to show the full range of possible results throughout the paper
instead of relying solely on dispersion measures. For instance, Fig. 6 presents
the full range of emission pathways for all participating models. Still, we
sometimes use median values to compare pathways between scenarios, regions,
and periods. Whenever we use median values, we often provide the complete
set of results in either the main text or the Appendix. The issue of using mea-
sures of dispersion in multi-model exercises is not trivial. On the one hand,
dispersion measures allow us to distill the information and identify aggregate
trends. However, this implies that the set of results for any given modeled in-
dicator forms a homogeneous and comparable set, which is unlikely, as any
modeled indicator is intimately related to a given pathway projected by any
given model (i.e., each indicator has context). As such, we might lose valuable
information from outliers. Therefore, using dispersion measures raises several
risks in interpreting results, such as flattening alternative pathways into
contextless values. This means there is a trade-off between simplicity and in-
formation loss when using measures of dispersion instead of full ranges in
multi-model approaches. In this paper, we try to find a healthy equilibrium
where, while presenting some dispersion measures within the text, we try to
show the complete set of results either in the main figures or the Appendix.

environmental policies implemented on the continent from 2010 on-
ward. Additionally, all modeling teams submitted the scenarios for the
US before the Inflation Reduction Act (IRA), which would likely increase
the NPI estimates of emission reduction. In a closely related project,
Bistline et al. [5] use the EMF 37 results to analyze the impacts of the
IRA on the power sector. Although they find substantial reductions in
power sector emissions (around 50 % reduction w.r.t. 2005), they
indicate that even with the IRA, the US would need additional policies to
reach its mid-term climate targets, such as the Paris Agreement
commitment to reduce GHG emissions across the economy by 50 % to 52
% below 2005 by 2030.

Fig. 5 shows the decomposition of gross emissions by model and
emission source in the Net Zero scenario. Fig. A.5 presents the results for
the NPI scenario.

For Europe, emissions come mainly from the energy sector, and
although there are still around 900 MT CO, in 2050, it uses carbon
capture and sequestration instruments to reach net zero. On average,
Europe stores 1,180 MT CO- in 2050 to reach the net zero constraint.
The main sink technologies used to achieve net zero are Bio-Energy with
Carbon Capture and Storage (BECCS) (29.5 %), Fossil Fuels with Carbon
Capture and Storage (FOCCS) (20.1 %), DAC (19.5 %), and LULUCF (13.7
%). For the United States, we can find similar patterns. Although the
country emits 1,860 MT CO- in 2050, it uses carbon capture to achieve
its net zero goals. The United States captures around 1900 MT CO,
through a combination of LULUCF (34.1 %), BECCS (21.7 %), DAC (18.1
%), and FOCCS (16.7 %). Based on these numbers, it appears that the
United States would require more than 50 % of the amount of carbon
capture and removal than Europe to achieve the net zero constraint,
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Fig. 7. Carbon prices in Europe in the NPI and Net Zero Scenarios for all participating models.
Notes: Time series of carbon prices between 2020 and 2050 for all participating European models. We separately present the marginal carbon price for the NPI and
Net Zero scenarios. We center the boxplot at the end of each panel around the median carbon price and set its limits equal to the median plus and minus one

standard deviation.

even when the European constraint requires net zero GHG. In fact, the
United States is already pushing for the development and financing of
carbon capture and storage through the 45Q tax credit included in the
Inflation Reduction Act [15].

Fig. 6: Emission Pathways for Europe and the US in the NPI and Net
Zero Scenarios for all Participating Models

Gross emissions decrease substantially between the NPI and Net Zero
scenarios. They go from a median of 2,245 to 770 MT CO; in Europe and
from 4,022 to 1,451 MT CO; in the United States. These reductions
imply a percentage decrease in gross emissions of 68 % and 73 %,
respectively. Interestingly, two clusters emerge in the European NPI
scenario, with four teams (GCAM-USA, GCAM, TIAM, and MESSAGE)
predicting higher emissions than the rest. However, there seems to be
less variation once we move to the

Net Zero scenario. The higher emissions in MESSAGE for the USA in

USA (NPI)
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the NPI scenario arise because MESSAGE reports emissions for North
America. To reach the net zero constraint, the models rely on carbon
capture and removal. For Europe, the models report a median value of
carbon capture storage and removal of 924 MT CO; and for the United
States of 1,485 MT CO.. It is also noticeable how the GCAM teams
require more CCS-CR to reach Europe’s net zero greenhouse gas limit.
Regarding net emissions, all teams roughly hit the net zero target in both
the United States and Europe. For Europe, the median team reports
carbon dioxide emissions of ~145 MT CO; and roughly zero for the
United States. This lower net value of CO, emissions for Europe in the
net zero scenario is related to the stricter GHG constraint.

Figs. A.6 and A.7 present the decomposition of gross energy emis-
sions by sector and scenario in Europe and the United States. By 2050,
the European NPI (Net Zero) scenario reports median gross emissions of
288 (240) MT COy in the transport sector, 358 (79) MT COs in industry,

ADAGE
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Fig. 8. Carbon prices in the United States in the NPI and Net Zero Scenarios for all participating models.
Notes: Time series of carbon prices between 2020 and 2050 for all participating models in the United States. We separately present the marginal carbon price for the
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446 (100) MT CO- in buildings, and 145 (48) MT COx for other industrial
processes. This implies relative reductions in the Net Zero scenario with
respect to NPI of 65 %, 81 %, 76 %, and 59 %, respectively. For the USA,
the gross sectoral emissions for the NPI (Net Zero) scenario are 1,294
(567) MT CO; in transport, 483 (249) MT CO; in buildings, 802 (459)
MT CO; in industry, and 179 (103) MT COs for other industrial pro-
cesses. This implies relative reductions of 53 %, 49 %, 46 %, and 41 %.
This relative abatement can be used as a summary statistic of how hard it
is to reduce the emissions of a given sector from its reference. The lowest
relative reduction is achieved for industrial processes in both regions,
indicating that it is the most challenging sector to reduce emissions. The
second sector that is hardest to abate is the industry sector in the US,
while for Europe, transportation appears to be the second most difficult
sector to decarbonize.

Carbon prices

ECEMF and EMF models reach mid-century Net Zero by setting CO»
emission constraints with explicit or implicit carbon pricing. Fig. 7
shows the marginal abatement cost of CO, (or the carbon price) for
Europe in the NPI and Net Zero scenarios for all reporting models. In the
NPI scenario, Europe (where the current ETS is implemented along with
associated target reductions) has a carbon price of around $45 (model
median), with some model heterogeneity. EC-MSMR, IMAGE, and
REMIND report almost zero carbon prices, WITCH and MESSAGE report
prices around $50, and PROMETHEUS and PRIMES report higher car-
bon prices of around $200. For the Net Zero scenario, the median carbon
price increases to $553. IMAGE reports the highest carbon price in 2050
at $1,423 and GCAM the lowest at $59.

Fig. 8 presents carbon prices for the United States. In the NPI sce-
nario, most models report effective carbon prices close to zero, with only
four European models, REMIND, MESSAGE, PROMETHEUS, and WITCH
reporting carbon prices higher than $10. In the Net Zero scenario, car-
bon prices for the US grow substantially. The median Net Zero carbon

price in 2050 is $410, with the highest prices reported by Markal
($1,477) and the lowest by EC-MSMR ($84). Despite different national
policies and GHG targets for the Net Zero scenarios, these carbon prices
show surprising similarities between both regions.

Another relevant analysis concerns energy prices. An increase in
carbon prices could be passed on to consumers through higher energy
prices with relevant implications for energy poverty [6], environmental
justice [19], and industry competitiveness [13]. Although the models do
not report a unified estimate of average energy prices, several models
report the levelized cost of electricity. Fig. B.8 shows the difference
between the NPI and Net Zero scenario in terms of electricity prices
(typically reported by the levelized cost of electricity (LCOE). Positive
values imply that the electricity price is higher in the Net Zero scenario
than in the NPI scenario. The difference in median electricity prices
between the NPI and Net Zero scenarios from 2020 to 2050 increases
from essentially zero to 0.5 and 2.5 cents per kWh in Europe and the
United States, respectively. These changes imply a percentage increase
in median electricity prices of 10.3 % in Europe and 22.2 % in the United
States. Naturally, these changes would have relevant implications
throughout the economy in terms of firm competitiveness and energy
poverty.

Another accompanying study looks at the effect of the Net Zero
scenario on the equity distribution of the energy cost burden in the
United States [6]. The authors find that net zero policy costs are un-
evenly distributed across income groups, with higher relative increases
in energy expenditures for low-income families. However, they propose
that recycled revenues from climate policies have countervailing effects
when rebated on a per-capita basis, offsetting higher energy cost bur-
dens and potentially even leading to net progressive outcomes.

Final energy demand

Fig. 9 presents the difference in final energy demand between sce-
narios in Europe and the United States. Negative values imply a lower
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final energy demand in the net zero scenario compared to NPI. We
present the results in terms of net reduction in exajoules and percentage.
The final energy demand is lower for both regions in the Net Zero sce-
nario.” For Europe, the median reduction is approximately 9 EJ or 18 %.
PROMETHEUS reports the highest decrease at 32 % and WITCH the
lowest at around zero. For the US, the reduction seems slightly larger at
15 EJ or 23 %. ReEEDS reports the highest decrease (48 %) and AnyMOD
the lowest (0.4 %).

Given the relevant reductions in final energy demand in the Net Zero
scenario, we look at the effects of the Net Zero constraint on GDP and
consumption. Fig. B.9 presents the time series of GDP by energy model
between 2020 and 2050 in Europe and the United States. The median
2020 GDP of Europe and the US in both scenarios is around 20 trillion
dollars. However, by 2050, there are slight deviations in the reported
GDP values between both scenarios. In Europe, the Net Zero scenario
reports a marginal reduction of around 1 % and in the US of around 1.7
%. These marginal reductions in the GDP of both regions align with
previous results showing that the net zero constraint could lead to
marginal economic losses [22,7]. For instance, according to scenarios
developed by the Network of Central Banks and Supervisors for the
Greening of the Financial System (NGFS), mid-century net-zero path-
ways could decrease global GDP by 1.8 % [21]. Fig. B.10 presents the
consumption results. Note that fewer models report consumption mea-
sures. By 2050, the Net Zero scenario reports lower consumption in
Europe and the United States. In Europe, the median model reports a
2050 drop of 355 billion dollars. In the United States, the reduction

7 It is worth noting that we did not obtain consistent information on useful
energy shares and thus cannot effectively discern what share of the reduction in
final energy demand comes from efficiency gains and what share comes from
net reductions.

amounts to 1,475 billion dollars. These differences result in percentage
reductions w.r.t. NPI of 1.7 % and 5.4 %, respectively, which, although
relevant, do not fully account for the decrease between 20 % and 30 % in
final energy demand. Section Energy and Carbon Intensitycontinues this
analysis by looking at the relationship between emission reductions and
intensity measures.

Fig. 10 presents the median composition of the final energy demand
in Europe by sector and source in 2050 for the NPI and Net Zero sce-
narios. Total final energy demand for all sectors decreases from 50.8 EJ
to 41.7 EJ between the NPI and Net Zero scenarios. Regarding the
sources of final energy demand, fossil fuels decrease from 60.6 % to 35.8
%. This decrease comes hand in hand with an increase from 27 % to 44
% in electricity derived from clean energy sources, 8 % to 10 % in
biomass, and 0.2 % to 6 % in hydrogen and synthetic fuels. In terms of
sectors, the shares of final energy demand for the buildings (35 %),
transport (26 %), industrial (30 %), and non-energy use (9 %) sectors
under NPI change to 34 %, 25 %, 30 %, and 10 % in the Net Zero sce-
nario. These numbers imply that, while there is a large shift in energy
demand between energy sources, in line with previous research, there
are no large changes in the sectoral composition of energy needs
Lef evre et al. [see 22].

Fig. 11 presents the same decomposition for the United States. The
most relevant energy sectors in the US for the Net Zero (NPI) scenario
are industry with 35.6 % (33.9 %) of final energy demand, followed by
buildings with 31.4 % (28.8 %), transport with 27.2 % (30.3 %), and
non-energy uses with 7.02 % (5.83 %). Transportation is the sector with
the most significant reductions in energy demand in the Net Zero sce-
nario. This result contrasts with the estimates of European transport,
which imply a slight increase of two percentage points. Regarding the
sources of energy demand, there is a reduction of 47.6 % or 25 EJ in
fossil fuels, an increase of 14.5 % or 2.7 EJ in electricity, a growth of 16
% or 0.6 EJ in biomass, and a rise of 1.2 EJ in energy production with
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Notes: This picture presents the energy efficiency of the economy measured as final energy demand in mega joules per US dollar (2018) [MJ/$]. We present the
efficiency measure for Europe in the first row and the United States in the second. For each region, we include the results of the NPI and Net Zero scenarios for all
models that report GDP and the final energy demand. The box plot at the end of the line plots is centered around the median. Its limits represent one standard

deviation above and below the median.

hydrogen and synthetic e-fuels.

To see the full range of possible results across all energy models,
Fig. B.12 decomposes the previous exercise by analyzing the change
with respect to NPI for each model. Although there are heterogeneous
results on the use of electricity and biomass in the buildings sector, all
models show a significant reduction in the demand for fossil fuels.
Similar results hold for the industrial sector, with all European and US
models reporting reductions in fossil fuels. However, contrary to the
buildings sector, there seems to be a more generalized increase in the
demand for energy from electricity and hydrogen. Concerning trans-
portation, all models report relevant reductions in the use of fossil fuels
and increases in hydrogen, synthetic fuels, and electricity.

Fig. 12 presents the percentage change in primary energy demand for
each model between 2020 and 2050 for the Net Zero scenario. We
present changes for Coal, Oil, Gas, Nuclear, Wind, Solar, Hydro, and
Biomass. As expected, the high electrification of the power sector and
the lower carbon intensity in electricity production lead to a significant
decrease in the demand for fossil fuels. For gas, demand decreases by as
much as 30 % in both Europe (Euro-Calliope) and the United States
(Witch). For oil, the highest reduction is due to AnyMOD in the United
States (36 %) and Euro-Calliope (41 %) in Europe. For coal, the greatest
reduction occurs in Europe for GCAM (20 %) and in the United States for
IMAGE (17 %). These reductions in fossil fuels are mainly compensated
for by a higher demand for solar, wind, and biomass. The shift away
from fossil fuels can have relevant implications for energy security on
the

European continent given its low availability of fossil fuel resources,
as evidenced by the effects of the Ukrainian war on European natural gas
prices [201.% From a European perspective, the increase in energy se-
curity arising from a lower dependence on fossil fuels should be weighed

8 This is less of a concern for the United States as the country does not need
other nations to meet its current energy needs [26]
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against the consequences of higher dependence on rare earth minerals
and special materials to decarbonize their energy system [1].

Energy and carbon intensity

Fig. 13 presents the energy intensity (MJ/$) of Europe and the
United States in the NPI and Net Zero scenarios. In 2020, the energy
intensity of Europe is lower than that of the US in both scenarios. That is,
while Europe reported an energy intensity of about 2.5 MJ/$, the United
States reported a median of 3.5 MJ/$. In the NPI scenario, the energy
intensity of both regions decreased to 1.50 MJ/$ in Europe and 2.03 MJ/
$ in the United States. These reductions are equivalent to around 60 % of
the 2020 values. While differences in energy intensity between both
regions persist in the NPI scenario, under Net Zero, midcentury effi-
ciency improvements result in very similar energy intensities of around
1.5 MJ/$; that is, we expect the regional difference in energy intensity to
decrease between both regions.

Regarding the carbon intensity of final energy demand, Fig. 14 shows
the development across regions, models, and scenarios. Both regions
show a very similar value of around 60 kgCO2/GJ in 2020, which, under
the NPI scenario, is expected to decrease slightly to around 50 kgCO2/
GJ. For the Net Zero scenario, the midcentury carbon intensity decreases
to zero in the United States, while in Europe, given the inclusion of non-
CO2 gases, it reaches -3 kgC0O2/GJ using negative emission technolo-
gies like DAC and BECCS.

Fig. 15 presents the difference between the scenarios in the rela-
tionship between the annual rate of improvement in energy intensity
and the annual rate of improvement in carbon intensity. We present the
results separately for Europe and the United States to facilitate regional
comparisons. Dashed lines mark the historical average energy and car-
bon intensity improvement rate between 1970 and 2010 [25]. The
median improvement in energy intensity in the NPI scenario for Europe
and the United States between 2020 and 2050 is 1.4 % and 1.3 %,
respectively. This value is slightly higher than the historical
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lines mark the historical average energy and carbon intensity improvement rate between 1970 and 2010 [25].

improvement of 1.25 %. In the Net Zero scenario, the rate of improve-
ment increases to 1.64 % in Europe and 1.73 % in the United States.
These values are almost 30 % higher than historical values and suggest
that the United States would have to reduce the intensity of the energy
slightly faster than Europe. Regarding carbon intensity, the median

12

improvement in the NPI scenario is 0.9 % and 0.7 % in Europe and the
United States. This value is three to four times higher than the historical
average of around 0.25 %, which is not entirely unlikely given the sig-
nificant improvement in the costs and efficiency of clean energy sources
[16]. For the Net Zero scenario, the carbon intensity improvement rate
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Notes: Electrification shares in the Buildings, Industry, and Transportation sectors in the United States across all models. Each panel presents the 2050 electrification
for the NPI and Net Zero scenarios alongside the electrification rate in 2020. Note that only considers commercial buildings, not commercial and residential.
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Fig. 18. Changes in the power-Mix in 2050 between the NPI and Net Zero scenarios across models.
Notes: This figure presents the difference in electricity generation between the NPI and Net Zero scenario across different technologies in 2050. We present the results
for Europe on the left panel and the United States on the right panel. For each technology t and model m, we estimate the difference in power generation by simply
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increases dramatically to 3.3 % in both regions.
This value is more than ten times higher than the historical average
of 0.25 %.

Electrification

The electrification of the energy sector and the reduction in fossil fuel
demand lead to a reduction in final energy needs for both regions
because electric end-use options are often more energy efficient than
fossil fuel technologies. Fig. 16 shows the share of electricity in the final
energy needs of Europe for all sectors, scenarios, and models. In the
buildings sector, the share of electricity in the Net Zero scenario is
highest for WITCH with 94 % and lowest for IMAGE with 38 %. The
average share of electrification across all models is 71.9 %. For the in-
dustry sector, the model with the highest electrification is again WITCH
with 91 %, while the lowest is now TIAM-ECN with 28.5 %. The average
share across all models for the industrial sector is 51.7 %. For transport,
the highest is REMIND with 75 % and the lowest GCAM with only 7.4 %.
The average share of all models regarding transportation electrification
is 34.8 %.

Fig. 17 shows the share of electricity in the final energy needs of the
United States. On average, the Net Zero scenario implies that electricity
would constitute 72.1 % of the final energy demand of buildings, 30.2 %
of industry, and 29.5 % of transport. These shares represent a significant
increase in electrification concerning 2020. That is, buildings (47.6 %),
industry (18.1 %), and transportation (0.4 %). Across models, AnyMOD
exhibits very aggressive electrification of transport and buildings, with
more than 80 % of final energy coming from electric power in the
transportation sector and almost 100 % in the buildings sector. On the
other side of the spectrum, the electrification rate for buildings, in-
dustry, and transportation is lowest for FARM (49.3 %), FECM-NEMS
(12.8 %), and FECM-NEMS (5.4 %). The high electrification of AnyMOD
is mainly because renewables and electrification are already cost-
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effective for many applications in the NPI scenario without any cost or
carbon limitation in their model. The model does not make any external
assumptions or restrictions on the growth of electric vehicles. Further-
more, electric cars for passenger and freight road transport will become
cost-competitive with internal combustion engine vehicles by 2025.

Prevailing limiting factors to greater electrification vary by model
but include a lack of electric alternatives for some modes of transport or
industrial processes, slow stock turnover, high cost of electric technol-
ogies for some applications or consumer segments, behavioral assump-
tions, and deployment limits. The added electrification from net zero
constraints is higher for buildings, leading to almost full electrification
in many models. Results for the transportation and industrial sectors
also show increased electrification, although of smaller magnitudes than
buildings

Power mix

In line with the electrification of end-use sectors, total power gen-
eration for both regions almost doubles between 2020 and 2050,
increasing from 27 to 57 EJ. There are also relevant changes in the
composition of the generation mix. The share of gas, coal, nuclear,
hydro, and oil technologies decreases by 22, 20, 12, 4, and 1 percentage
points. The models compensate for this significant reduction in tradi-
tional generation facilities with an increase of 25 percentage points in
the use of solar and wind technologies (see Fig. B.13).

Fig. 18 shows the difference in electricity production between NPI
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and Net Zero scenarios across technologies and models.® Throughout
energy models, the generation from emission-free technologies, such as
wind, solar, nuclear, and storage, increases significantly. The models
with the highest growth in renewables generation are PRIMES, GCAM-
USA, and MESSAGEix-GLOBIOM for Europe and ECMSMR, MESSAGEix-
GLOBIOM, and EPA-TIMES in the USA. On the other hand, the models
with the highest reduction in fossil fuels are MESSAGEix-GLOBIOM,
GCAM-USA, and IMAGE in Europe and EC-MSMR, MESSAGEix-GLO-
BIOM, and PROMETHEUS for the USA.

Renewables

There has been a heated debate on the potential role of renewables in
the power mix. Many recent studies have studied the feasibility and
challenges of power systems based on 100 % renewable sources. For the

US exemplary studies include Becker et al. [2], while for Europe,
they include Zappa et al. [29]. Fig. 19 presents the share of generation
with renewable energy sources for Europe and the United States. We
consider hydro, solar, wind, biomass, geothermal, and hydrogen as
renewable energy options. In Europe, the 2050 share in the NPI scenario
ranges from 98 % in Euro-Calliope to 42 % in GCAM-USA, with a median
share increasing from 38 % to 75 % between 2020 and 2050. In the Net
Zero scenario, GCAM-USA still reports the smallest share, with 59 %, and
Euro-Calliope reports the highest, with 98 %. The net zero median share
grows in terms of NPI from 75 % to 85 %. For the United States, the

° Fig. B.14 complements Fig. 18 by showing the difference in percentage
points in power generation between 2020 and 2050 for each technology in the
Net Zero scenario. As expected, there is a significant decrease in traditional
technologies such as coal, gas, nuclear, hydro, and oil across models, which is
compensated by the higher electricity production with wind and solar.
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models with the highest and lowest share of renewables in the NPI
scenario are REMIND (92 %) and US-REGEN (26 %). The median share of
renewables in the NPI for the US is significantly lower than in Europe.
That is, 47 % vs 75 %. In the Net Zero scenario, REMIND still reports the
highest share (98 %) and US-REGEN the lowest with 31 %. However,
contrary to NPI, the Net Zero share of renewables in the United States is
not too far away from Europe, i.e., 80 % ca. 85 %, respectively.w

Discussion and conclusion

Europe and North America account for 32 % of current carbon
emissions. Due to distinct legacy systems, energy infrastructure, and
potential lock-in effects, both regions likely have different policy and
technological pathways to reach net zero targets by the mid-century. In
this paper, we discuss the trajectory of CO5 emission reductions, as well
as related energy system developments in the United States and Europe,
for the NPI and Net Zero scenarios based on a large number of European
and American models. The NPI scenario allows teams to freely imple-
ment current climate and energy policies while imposing no additional
GHG or CO; limits in Europe, the United States, or any other world re-
gion. In the Net Zero scenario, all teams impose the following con-
straints: a global peak budget constraint of 650, net zero CO, emissions
for the United States in 2050, and net zero GHG emissions for Europe in
2050.

By 2050, the median emission reported by the energy models de-
creases by 35 % and 14 % (w.r.t. 2020) in Europe and the United States
in the NPI scenario. Under Net Zero, both continents manage to reach

10 Fig B.15 presents the aggregate results when considering nuclear as
renewable. When considering nuclear energy, the shares of zero-carbon tech-
nologies in the Net Zero scenario increase to 94 % and 96 %.
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net zero CO, by 2050. To reach the highest rate of emissions reduction,
the United States relies more heavily on carbon capture and sequestra-
tion to reach net zero than Europe. This is evident in the higher annual
captured emissions for the United States by 2050. Industrial processes
appear to be the hardest to decarbonize in Europe and the United States.
The second most challenging sector to decrease emissions is industry in
the United States and transport in Europe. There are also clear differ-
ences in carbon prices between models due to different assumptions.
However, despite heterogeneous national policies and greenhouse gas
targets for the Net Zero scenarios in Europe, both regions show relatively
similar implicit or explicit carbon prices required to reach Net Zero
targets. We also analyze the final energy demand by sector and source in
Europe and the United States. The median final energy demand in 2050
decreases by 18 % and 23 % in Europe and the United States in the Net
Zero scenario. Regarding the share of electricity in final energy needs in
all sectors, scenarios, and models, the Net Zero scenario implies that
electricity would comprise 73 % of the final energy demand of buildings,
24 % of industrial needs, and 24 % of transportation in the United States.
For Europe, the numbers are quite similar for buildings and transport,
while slightly higher for industry. That is, 71 %, 42 %, and 26 % of the
final energy demand comes from electricity for the buildings, industrial,
and transportation sectors. Despite the progress in reducing emissions
and increasing electrification, prevailing limiting factors to greater
electrification must be addressed, especially in specific industrial sub-
sectors (such as cement) and transport modes (such as aviation and
navigation).

Using a large number of energy systems and integrated assessment
models, we explore the decarbonization pathways of two of the largest
single-market regions in the world. Europe and the United States. We
provide relevant diagnoses and insights for five main topics: Emissions,
Carbon Prices, Final Energy Demand, Energy and Carbon Intensities,
Electrification, and Renewable Electricity Generation. As such, we
contribute to the burgeoning literature on the decarbonization of energy
systems and the pathways towards a net zero economy.

Data availaibility

The two forums maintain open access databases which are available
at https://data.ece.iiasa.ac.at/ecemf (for the ECEMF). For the EMF-37,
the ITASA data base will become available after the special issue.
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MODEL VERSION ACRONYM INSTITUTE COUNTRY  CROSS-CUT EMF ECEMF US RESULTS EUROPEAN
RESULTS
ADAGE 1.0 ADAGE RTI International e No Yes No Yes No
AnyMOD 0.1.6 AnyM Berlin Institute of . No Yes No Yes No
Technology
CTUS-NEMS 1.0 CTUS U.S. Department of iy No Yes No Yes No
Energy =
EC-MSMR 20220822 ECMS Environment and ‘ " Yes Yes No Yes Yes
Climate Change
Canada
EPAUS9r-TIMES 20.5.1 EPA-T Environmental Fisy No Yes No Yes No
Protection Agency -
EPS 3.2.1 EPS Energy Innovation Fiiy No Yes No Yes No
Euro-Calliope 2 Euro-C Polytechnical o No No Yes No Yes
Institute of Zurich
FARM 4.1 FARM United States Fi sy No Yes No Yes No
Department of -
Agriculture
FECM-NEMS 1.0 FECN OnLocation iy No Yes No Yes No
GCAM 53 GCAM-US Pacific Northwest iy Yes Yes No Yes Yes
National =
Laboratory
GCAM-USA 53 GCAM Pacific Northwest Fii sy Yes Yes No Yes Yes
National -
Laboratory
IMAGE 32 IMG Netherlands e No No Yes No Yes
Environmental -
Assessment
Agency
MARKAL.NETL 2021 1.0 MRK National Energy iy No Yes No Yes No
Technology =
Laboratory
MEESA 1.1 MSA Center for Climate No No Yes No Yes
and Energy w
Analysis
MESSAGEix- 1.2 MSG-G International - Yes No Yes Yes Yes
GLOBIOM Institute for -
Applied Systems
Analysis
NATEM 1.0 NATEM Esmia Consultants No Yes No Yes No
OSeMBE 1.0.0 OSMB KTH Royal No No Yes No Yes
Institute of
Technology
PRIMES 2022 PRMS E3Modelling A= Yes No Yes No Yes
PROMETHEUS 12 PRMTH E3Modelling H-= Yes No Yes Yes Yes
REMIND 2.1 RMND Postdam Institute a Yes No Yes Yes Yes
for Climate Impact
Research
TEMOA 1.0 TEMOA North Carolina Fi sy No Yes No Yes No
State University -
TIAM-ECN 1.2 TIAM Netherlands - Yes No Yes Yes Yes
Organization for -
Applied Scientific
Research
US-REGEN 5.0 REGEN Electric Power iy No Yes No Yes No
Research Institute -
USREP-ReEDS 22.1.0 ReEDS MIT-NREL iy No Yes No Yes No
WITCH 5.0 WITCH European Institute ‘ ' Yes No Yes Yes Yes
on Economics and
the Environment
gTech 8877 gTech Navius Research No Yes No Yes No

(

*

Fig. A.3. List of participating Models
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MODEL SPATIAL RESOLUTION GAS COVERAGE EQUILIBRIUM BASE-END YEARS; CARBON
APPROACH TIMESTEP; MANAGEMENT
OPTIONS
ADAGE US+7 global regions CO2 & non-CO2 General; Myopic 2010-2050; 5-year time DAC, Biofuels
steps; CES
AnyMOD US, Canada, and Mexico CO2 only Partial; Perfect 2020-2050; 5-year time BECCS, DAC, H2
steps; LP
EC-MSMR Canada, Mexico, US + 13 CO2 & non-CO2 General; Myopic 2014-2050, 5-year time BECCS (Electricity only),
other regions steps; CES DAC, Green H2, Biofuels,
Renewable Natural Gas
EPA-TIMES 9 US regions CO2 & non-CO2 Partial; Perfect 2010-2050, 5-year time BECCS (Electricity only),
steps; LP DAC, H2, Biofuels
EPS us CO2 & non-CO2 Partial; Myopic 2020-2050, 1-year time DAC, H2, Biofuels
steps; Logit
FARM US, Canada + 11 other world CO2 only General; Myopic 2011-2101, 5-year time steps; BECCS, Biofuels
regions Mixed: Logit for electricity
generation shares; CES
otherwise
FECM-NEMS & OP-NEMS  US; subnational aggregation CO2 only General; Myopic 2021-2050; 1-year time BECCS (electricity only),

varies by submodule

steps; Mixed: LP in power
and liquid fuels; MIP for

CO2 pipeline and storage;
Logit in demand models

2015-2100; 5-year time step;

DAC, CCS for ethanol,
natural gas processing, H2 in
refineries, and cement; liquid

biofuels

BECCS (electricity, biofuels,

GCAM 50 US states, Canada, CO2 & non-CO2 Partial; perfect
Mexico+29 other regions New investment: logit based ~ H2 with CCS), DAC, H2 in
on expected profitability; end-use, liquid biofuels,
Existing technologies must biogas
cover operating costs.
GCAM-USA Canadian Provinces + US CO2 & non-CO2 Partial; Myopic 2015-2100; 5-year time step; BECCS (electricity, biofuels,
New investment: logit based ~ H2 with CCS), DAC, H2 in
on expected profitability; end-use, liquid biofuels,
Existing technologies must biogas
cover operating costs.
MARKAL-NETL 13 Canadian regions; 9 US CO2 & non-CO2 General; Myopic 2005-2075; 5-year time BECCS, DAC, H2, Biofuels,
Census regions + CA, TX, steps; LP Synthetic Gas & Liquids
NY; Mexico
NATEM 9 US regions CO2 & non-CO2 Partial; Perfect 2016-2060; 2- to S5-year time BECCS, DAC, H2, Biofuels,
steps; LP Synthetic Gas & Liquids
TEMOA 16 US regions CO2 only Partial; Perfect 2020 to 2050; 5-year time BECCS (electricity only),
steps; LP DAC, H2, Biofuels,
Synthetic fuels
US-REGEN USREP: 12 US regions CO2 & non-CO2 Partial; Perfect 2015-2050; S-year time BECCS, DAC, H2, Biofuels,
steps; Mixed; LP in electric Synthetic Gas & Liquids,
and fuels sectors, logit in Ammonia

USREP-ReEDS

gTech

ReEDS: 134 balancing areas

9 US Census regions

CO2 & non-CO2

CO2 & non-CO2

General; Myopic

Partial; Myopic

end-use sectors

2017-2050; 5-year time
steps; Mixed; CES in
USREP; LP in ReEDS

2015-2050; 5-year time
steps; CES

BECCS (Electricity only),
DAC, Biofuels, Industrial
CCS

DAC, BECCS, H2, Biofuels

Fig. A.4. Model characteristics for EMF 37

A.2. Emissions

Notes: Gross emissions and sequestration of CO; across models, regions, and sources in the NPI scenario. BECCS: Bioenergy with Carbon Capture
and Sequestration. FOCCS: Fossil-based with Carbon Capture and Storage. DAC: Direct Air Capture. LULUCF: Land Use, Land Use Change, and
Forestry. CRGS: Carbon Removal and Geological Storage. CCU: Carbon Capture and Utilization. CCS Industry: Carbon Capture and Storage in the

Industrial sector.
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Fig. A.5. NPI difference in sources of emissions and sequestration for participating models (2050)
Notes: Gross emissions of CO, across models, sectors, and scenarios in Europe. Transportation includes Bunkers. The text in parenthesis is the sum of emissions for all
four sectors.
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Fig. A.6. Gross CO; emissions across models and energy sectors in Europe (2050)
Notes: Gross emissions of CO- across models, sectors, and scenarios in the United States.

Transportation includes Bunkers. The text in parenthesis is the sum of emissions for all four sectors.
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Appendix B. Carbon prices
Europe (2018 Dollars per GJ) Europe (Percentage Change)
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Fig. B.8. Time Series of the Change in the LCOE Between the NPI and Net Zero Scenarios

Notes: This figure presents the 2020-2050 time series of the difference in the levelized cost of electricity (LCOE) between the NPI and Net Zero scenarios. The first
column presents each period’s raw difference (in 2018 Cents per kWh). The second column shows the percentage decrease in the LCOE in the Net Zero scenario
concerning NPI. We add indicator shapes to identify each model in 2020 and 2050. The boxplot in each panel is centered around the median reduction in prices, with

its limits equivalent to plus and minus one standard deviation from the median
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B.1. Final energy demand

Europe (NPI) Europe (Net Zero)
40000 - ~=- ADAGE —&— CTUS-NEMS
-~ EC-MSMR —— EPS
30000 -
< FARM - FECM-NEMS
@ 20000 -
s —— GCAM -8 GCAM-USA
AN
a 2020 2030 2040 2050 2020 2030 2040 2050 — gTech o IMAGE
D
2 USAINFY HaA (et Zera) -~ MESSAGEix & NATEM
S
= 40000- H ~#- PRIMES —#~ REMIND
~5- USREP-ReEDS —=- WITCH
30000 -
20000 - / /
2020 2030 2040 2050 2020 2030 2040 2050
Year

Fig. B.9. GDP across models, regions, and scenarios
Notes: Gross domestic product in Europe and the United States for the NPI and Net Zero scenarios. Values reported in billion USD (2018)
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Fig. B.10. Total consumption across models, regions, and scenarios
Notes: Total consumption in Europe and the United States for the NPI and Net Zero scenarios. Values reported in billion USD (2018)

g Europe USA
£ . -=- ADAGE -o- EPA-TIMES
g s0-
£ 60 - -4~ EPS —— FARM
S :
Q 20- —~ FECM-NEMS -~ GCAM
;ﬁ 40- -5 GCAM-USA -#- IMAGE
® 10-
=2 —% MESSAGEix -4~ NATEM
©
5 o- 20- -e- PRIMES %~ PROMETHEUS
c
% -#- REMIND —#- US-REGEN
= 0-
8.-10 T T T T T T T T —#- USREP-ReEDS -=- WITCH
£ 2020 2030 2040 2050 2020 2030 2040 2050
Year

Fig. B.11. Population across models, regions, and scenarios
Notes: Change in the population in Europe and the United States concerning 2020. Values reported in million inhabitants. there are some differences in the regional
scope of each team. For Europe, TIAM-ECN, GCAM, PROMETHEUS, and IMAGE present results for Europe excluding Turkey, MESSAGEix includes Turkey, and the rest
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of the modeling teams for EU27 + UK. For the United States, only one model (MESSAGE) reports values for North America rather than the United States.
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Fig. B.12. Change in final energy demand by model, sector, and source

Notes: Change in final energy demand in 2050 between the NPI and Net Zero scenarios for all models, regions, sources, and sectors. Each panel refers to the region
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Fig. B.13. Share of electricity in final energy demand
Notes: This figure presents the 2020 and 2050 power mix for the Net Zero scenario in both Europe and the United States. Each panel presents the mix for one period,

and each color refers to one of twelve generation technologies.
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Fig. B.14. Changes in the power-Mix for the Net Zero scenario between 2020 and 2050 across models
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Fig. B.15. Share of Renewables including Nuclear in the power sector of Europe and the US
Notes: Average share of electricity production with renewable resources in Europe and the United States. Each line is the average across all models for that region
and scenario. The collared ribbons report a one standard deviation confidence band.
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