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ABSTRACT  
To limit global warming to 1.5◦C, rapid and significant reductions in greenhouse gas 
emissions are essential. However, there is a lack of analyses considering transition 
pathways using sector-coupled energy system models that limit national emissions 
to a 1.5◦C per capita carbon budget. This paper uses the REMod energy system 
model to derive a possible transition pathway within this budget. The model 
results show that immediate action in all aspects of the energy system is required, 
together with fundamental changes in energy policy and society, in order to stay 
within the remaining carbon budget. A crisis response that induces substantial and 
immediate demand reduction through societal behaviour change is essential. 
Furthermore, annual capacity additions of renewable energy sources such as wind 
and solar need to increase at rates four to seven times higher than historical 
maxima and the direct electrification of all sectors should be accelerated by 
replacing technologies even before they reach the end of their life (e.g. gas boilers 
and internal combustion engine vehicles).  

Key policy insights
. To close the ambition gap and comply with a 1.5◦C carbon budget, a strong and 

immediate crisis reaction is needed.
. The reduction of energy demand by leveraging behavioural change is key to 

sharply cut emissions.
. Besides the unconventionally fast deployment of new technologies, the 

accelerated phase-out of existing fossil-based technologies in all sectors needs 
to be addressed.

. Delaying the transition or an intensifying urgency to reduce emissions due to 
increasing impacts of the climate crisis might lead to similar scenarios where a 
strong and immediate crisis reaction is needed to sufficiently cut emissions.
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1. Introduction

On the path to limiting global warming to 1.5◦C, it is crucial to understand national emission reduction targets 
in a global perspective. Dividing the global remaining carbon budget into national remaining carbon budgets 
helps to assess each signatory country’s contribution to the Paris Agreement. The Paris Agreement introduces a 
pledge and review process where individual countries set their own targets in nationally determined contri
butions (NDCs) and continuously review the combined effect of the NDCs (Knopf & Geden, 2022). For national 
mitigation targets, specific reductions of greenhouse gas (GHG) emissions in future years are a more stable 
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indicator (Knopf & Geden, 2022). An example is Germany’s targets of a 65% reduction by 2030 and GHG neu
trality by 2045, set out in the Federal Climate Change Act. However, the use of a carbon budget on the global 
side and specific reduction targets in future years on the national side raises the question of how Germany’s 
contribution to limiting global warming can be put into a global perspective. This is all the more relevant as 
the NDCs taken together are currently not sufficient to limit global warming to 1.5◦C and more ambitious 
targets are needed (Höhne et al., 2021).

Research on the transformation of the German energy system typically uses nationally set emission 
reduction targets for specific future years either directly as boundary conditions or as an indicator describing 
the ambition of a described transformation. Scenario studies develop such transformation pathways for the 
energy system that are compatible with these boundary conditions and provide possible future develop
ments under certain assumptions. There are many such scenario studies for Germany, see for example 
(Brunsch et al., 2025; Naegler et al., 2021). Most systemwide transformation studies are published in grey lit
erature (Agora Think Tanks, Prognos, Öko-Institut, Wuppertal Institut, Universität Kassel, 2024; Boston Consult
ing Group & Bundesverband der Deutschen Industrie e.V., 2021; Deutsche Energie-Agentur GmbH, 2021; 
Fraunhofer ISI, 2024; Fraunhofer ISI, Consentec GmbH, IFEU, Berlin, TU, 2021; Luderer et al., 2021; Prognos, 
Öko-Institut, Wuppertal-Institut, 2021; Thelen et al., 2024). They mainly analyse the techno-economic 
effects of an energy system transformation compatible with the German climate targets, that is reaching 
net-zero emissions by 2045. However, most of these studies refer to emission reductions in specific future 
years rather than to a carbon budget or the 1.5◦C target in general, which would require much faster 
mitigation.

However, there are some studies on the German energy system that explicitly refer to the 1.5◦C target: 
Samadi et al. (2018) compare five existing scenarios and qualitatively distinguish decarbonization strategies 
applied in scenarios less and ‘more in line with the Paris Agreement’ (p. 559). Kobiela et al. (2020) provide a 
first approach to analyse a compliant German mitigation pathway based on a per capita approach to allocate 
the global carbon budget to a remaining German carbon budget of 4.2 GtCO2 from 2020 onwards. They con
tributed a discussion paper on achieving net-zero emissions by 2035. However, they did not develop a consist
ent scenario using an energy system model. Instead, their findings are based on a meta-analysis of existing 
scenarios looking at net-zero emissions by 2050, scaled to achieve net-zero emissions by 2035. Traber et al. 
(2021) assume that industrialized countries need to reach zero greenhouse gas emissions by 2030 to comply 
with the 1.5◦C target. They therefore provide a greenfield optimization for a 100% renewable energy system 
in 2030. Both methods, the scaling of existing scenarios in Kobiela et al. (2020) and the greenfield optimization 
in Traber et al. (2021), inherently neglect path and time dependencies in the transformation pathways. Simon 
et al. (2022) provide the most methodologically robust 1.5◦C compatible scenario, using an energy system 
model to derive an optimized transformation pathway. In contrast to the per capita approach (Kobiela et al., 
2020; Simon et al., 2022) use the contraction and convergence approach to allocate the remaining global 
1.5◦C-compliant carbon budget. This approach leads to a much larger German carbon budget of 7 GtCO2 

from 2020 onwards compared to 4.2 GtCO2 using the per capita approach (Kobiela et al., 2020). What is still 
lacking is a coherent energy transition scenario that is consistent with a 1.5◦C carbon budget based on the 
capita approach.

Although the national transformation studies mentioned above focus on technological change, the deep 
decarbonization required to meet the 1.5◦C target also relies on social and economic change: Rogelj et al. 
(2018, p. 331) conclude from a comparison of global 1.5◦C compliant scenarios, ‘that multiple technologically 
salient options are available for limiting warming increase to 1.5◦C, but that the risk of failure increases mark
edly in the high growth, unequal and/or energy intensive worlds […].’ Hence, in 1.5◦C compatible scenarios, all 
of the following three strategies for achieving climate neutrality should be considered: consistency, efficiency 
and sufficiency. Consistency describes the systematic replacement of fossil fuels with renewable energy 
sources, efficiency the reduction of energy demand through technological improvements in energy 
efficiency, and sufficiency the reduction of demand for energy services, e.g. through behavioural changes 
(Acatech, Nationale Akademie der Wissenschaften Leopoldina, Union der deutschen Akademien der Wis
senschaften e. V., 2023).
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The aim of this study is to better understand how Germany could contribute to a 1.5◦C compatible reduction 
of greenhouse gas emissions. Therefore, a consistent transformation pathway for the German energy system, 
consistent with a national remaining carbon budget, is developed and analyzed. Instead of the contraction and 
convergence approach to derive a 7 GtCO2 budget (Simon et al., 2022), the per capita approach as proposed by 
the German Council of Environmental Issues (Sachverständigenrat für Umweltfragen, 2020) is used here. Their 
updated calculations result in a much smaller budget of 1.7 GtCO2 from 2024 onwards (Sachverständigenrates 
für Umweltfragen, 2024). In contrast to the existing scenarios that claim compatibility with the 1.5◦C target for 
the German energy system, this study derives a consistent transformation pathway using an energy system 
model that implicitly takes into account path and time dependencies, starting from today’s energy system 
in 2024. In addition, the scenario not only focuses on the necessary technological change, but also motivates 
a necessary reduction in energy demand, which could be achieved through sufficiency measures.

The rest of the paper is structured into three main sections: Methodology; Results and Discussion; and Con
clusions. Section 2, Methodology, outlines the approach taken, which includes the allocation of a national 
carbon budget and the energy system model REMod. The section also explores the assumptions and model 
implementation with regard to reducing energy demand through sufficiency and accelerating the phase-out 
of fossil technologies, and explains the scenario development. Section 3, Results and Discussion, presents 
the findings. First, it explores the relationship between sufficiency and fossil phase-out in various scenarios. 
Next, the scenario that adheres to the given carbon budget is analyzed, with a focus on the resulting mitigation 
pathway and the transformation of the supply and end-use sectors, and the broader implications for society, 
technology, and policy, as well as the international perspective are discussed. Finally, Section 4, Conclusions, 
summarizes the key insights and recommendations derived from the research.

2. Methodology

2.1. Allocation of a national carbon budget

The Paris Agreement sets the target of limiting global warming to well below 2◦C, preferably 1.5◦C. The IPCC 
Special Report on 1.5◦C Global Warming (IPCC, 2018) underlines the importance of making efforts to limit global 
warming to the more ambitious 1.5◦C. While the Parties agreed on a target to limit global warming, they did not 
agree on national mitigation targets.

The allocation of national carbon budgets is not a purely scientific question, but rather a political one 
that must take into account ‘some evaluation of “fairness”’ (van den Berg et al., 2020, p. 1805). The litera
ture discusses different approaches based on different principles of fairness: (1) equal per capita budgets, 
(2) distribution based on relative economic capacity, (3) equal cumulative per capita budgets taking into 
account historical emissions, (4) greenhouse development rights for countries with historically lower emis
sions and lower GDP, (5) constant share of emissions, i.e. equal emission pathways (‘grandfathering’) and 
(6) per capita convergence, i.e. a combination of equal per capita emissions and grandfathering (Höhne 
et al., 2014; Raupach et al., 2014; Sachverständigenrat für Umweltfragen, 2020; van den Berg et al., 2020).

The equal per capita budget approach became particularly relevant in Germany when it was proposed by 
the German Council of Environmental Issues to derive a German national carbon budget (Sachverständigenrat 
für Umweltfragen, 2020). They argue that including historical emissions in approach (3) would lead to a 
German budget that is already exhausted. On the other hand, neglecting historical emissions in the grand
fathering approach (5) denies poorer countries the opportunity for a socially acceptable transformation. Com
pared to the approaches based on relative economic capacity (2) and greenhouse development rights (4), the 
equal per capita budget approach (1) provides a straightforward way of allocating the budget while ensuring 
that countries with higher emissions have to be more ambitious and that countries with lower emissions and 
lower wealth have the opportunity to shape the transformation in a socially acceptable way. The updated 
calculations result in a carbon budget of 1.7 GtCO2 from 2024 onwards to limit global warming to 1.5◦C 
with a 50% probability (Sachverständigenrates für Umweltfragen, 2024).

The carbon budget includes only CO2 emissions, while other greenhouse gas emissions, in particular 
methane, are treated separately (IPCC, 2021). In this paper the mitigation of energy related CO2 emissions 
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is modelled. For non-energy CO2 emissions, the following assumptions are made to achieve a 1.5◦C 
budget: 

Industrial processes: Process-related emissions in the industrial sector decrease linearly from 37 Mt/yr today to 
12 Mt/yr in 2035 and remain constant thereafter. This follows the scenario outlined in 
Umweltbundesamt (2013) with the addition that 12 Mt/yr is already reached in 2035 
instead of 2050.

Land Use Change and Forestry (LULUCF): Carbon removals increase linearly from 15 Mt/yr, comparable to the 
long-term average from 1990 to 2023 (Umweltbundesamt, 2022), to 
32 Mt/yr in 2030 and 42 Mt/yr in 2040. This is in line with the targets 
for the LULUCF sector set out in the German Federal Climate Change 
Act if non-CO2 emissions in this sector stay constant at 7 Mt/yr.

Agriculture: Emissions remain constant at 3 Mt/yr comparable to today (Umweltbundesamt, 2022).

2.2. The energy system model REMod

The German energy system model ‘REMod’ was developed at the Fraunhofer Institute for Solar Energy Systems 
ISE to model transformation pathways of the German energy system within a given CO2 reduction pathway 
(Brandes et al., 2024; Henning & Palzer, 2014; Palzer, 2016; Palzer & Henning, 2014; Sterchele, 2019). The 
focus of REMod is on the detailed description of sector coupling, i.e. the use of renewable energy sources in 
the end-use sectors industry, buildings and transport, including the interactions between these sectors. 
REMod uses a simulation-based optimization (Jürgens et al., 2024): The operation of the energy system is simu
lated and the accumulated costs (CAPEX and OPEX) of the transformation pathway are passed to the evolution
ary optimization algorithm CMA-ES (Hansen, 2016).

As REMod models the transformation of the entire energy system, including the end-use sectors, and simu
lates the operation on an hourly basis along the entire transformation path in great technological detail, it is 
very well suited to analyse a consistent transformation path of the energy system within a given carbon 
budget, including path dependencies and interactions between different sectors.

The optimization objective in REMod is to minimize the discounted total system cost c, adjusted for inflation 
and formed by the sum of the capital, operating, and demand-related cost annuities Ac, Ao and Ad

c(x) =
􏽘T

t=1

􏽘I

i=1

􏼒

Ac,i,t(x)+ Ao,i,t(x)
( 􏼁

+ Ad,t(x)
􏼓

·
1+ iinf

1+ id

􏼒 􏼓t

+P(x) (1) 

for T considered years and I technologies. iinf is the inflation rate and id the discounting rate, P are penalty terms. 
The penalty terms P are used to penalize if boundary conditions that are not treated by the simulation, such as 
maximum carbon emissions, availability of hydrogen in storages and biomass potential, are violated and take on 
the role of constraints in linear optimization models. The optimization variables x, are normalized values between 
0 and 1, and translated into capacity additions and replacements of system components in the energy system and 
end-use sectors. Additional optimized parameters x are for example the amount of hydrogen imports and its 
derivatives, energetic refurbishment rates and expansion of the electricity and hydrogen grid.

The optimization algorithm CMA-ES samples iteratively solution vectors x and terminates either on the ter
mination criterion TolFunhist ,€15bill (corresponding to about 0.5% of total expected system costs, analyzed in 
more details in Jürgens et al., 2024) if an optimal solution is found, or after a maximum of 3000 iterations. In 
contrast to linear optimization models, this does not lead to infeasibility but to solutions that still contain 
penalty terms. The penalty terms are set in a way that at termination the only remaining penalty term corre
sponds to an overshoot of the carbon budget, leading to an approximation of the minimal carbon emissions 
under the given boundary conditions.

By simulating all sectors of the energy system on a full hourly basis along the entire transformation path, 
taking into account five years with different meteorological conditions, the model ensures that energy 
demand is always met and security of supply is guaranteed. The optimization identifies annual additions to 
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available capacity for multiple power plant types and energy conversion technologies, as well as technology 
replacement in the end-use sectors. In this way, optimization provides a cost-optimal transformation path 
for the entire energy system.

In this study, Germany is modelled as a single node. Further details on the model can be found in Brandes 
et al. (2024) and Jürgens et al. (2024).

2.3. Assumed potential for reduction in energy demand due to sufficiency

Sufficiency is understood as changes in consumption that lead to a reduction in useful energy demand in all 
sectors (Sandberg, 2021). This is often contrasted with efficiency, where final energy demand is reduced 
through technological improvements, but consumption-based useful energy demand remains constant (Sand
berg, 2021). Due to the low remaining carbon budget and urgency of transformation, sufficiency in this study 
has not been modelled as a long-term transition, but as an immediate reaction that achieves the energy 
reduction already in 2026.

The assumptions on the potential for reducing energy demand are based on the GreenSupreme scenario 
developed by Umweltbundesamt (2020), which is one of just a few studies that explicitly incorporates behav
iour changes in an energy transition scenario including model shift in transportation (Eerma et al., 2022):

In the transport sector, a fundamental change in mobility behaviour (e.g. a modal shift from private to public 
transport) can lead to a 47% reduction in energy services for road passenger transport. Freight transport is 
reduced and shifted from road to rail, leading to a 40% reduction in energy services for trucks. The railways 
are fully electrified and the energy demand for aviation and shipping is reduced by 60% from 139 TWh 
today to 55 TWh as people reduce their travel distances and choose more environmentally friendly means of 
transport.

Energy demand for space heating is reduced by 10% as people live in smaller homes and lower room temp
eratures. In addition to the reduced demand for space heating due to behavioural change, demand can be 
further reduced through building renovation during optimization.

Demand for process heat in the industrial sector is expected to fall by 33%, as more sustainable consumption 
reduces the need to produce goods. Demand for classical power applications is expected to fall by 45% from 
398 TWh to 218 TWh.

The assumed potential of reduction of energy services in the different use areas due to sufficiency measures 
is summarized in Table 1. Note that final energy demand will decrease further as less efficient technologies such 
as gas boilers and internal combustion engines (ICE) are replaced by more efficient technologies such as heat 
pumps and battery electric vehicles (BEV).

The energy demand reduction induced by behavioural change is incorporated in the REMod model as 
follows:

In order to incorporate a change in mobility behaviour into the REMod model, the total number of cars was 
assumed to decrease. The specific driving profiles and the distances travelled are not changed, but 25% of elec
tric vehicles are assumed to participate in flexible (dis)charging. Similarly to road passenger transport, the 
reduction in road freight transport is achieved by reducing the number of lorries with unchanged driving 
profiles. The final energy demand for fuel-based railways, aviation and shipping is set directly as an input 
parameter.

Table 1. Reduction of energy services through sufficiency measures in 
different use areas compared to 2020 levels.

Use area Reduction of energy services

road passenger transport 47%
road freight transport 40%
combustibles for rail 100%
aviation and navigation 60%
space heating 10%
industrial process heat 33%
classical power applications 45%
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In the buildings sector, the heating demand per household is reduced, corresponding either to lower room 
temperatures, smaller households or less heated rooms.

The useful energy demand for process heat in the industrial sector is directly set as an input parameter. The 
demand for traditional electricity applications such as cooling, IT, mechanical energy or lighting in all sectors is 
also set directly as an input parameter.

2.4. Accelerated phase-out of fossil technologies

An accelerated phase-out of fossil based technologies has been modelled by reducing the remaining lifetime of 
existing coal and oil power plants, internal combustion engines as well as gas, oil and coal boilers in buildings 
and industry.

2.5. Scenario development

Different scenarios have been modelled that differ on their assumptions on the achieved sufficiency and the 
speed of fossil phase-out. Sufficiency has been parameterized by a sufficiency factor, where 1 corresponds to 
the reduction of useful energy as described in Subsection 2.3 and 0 corresponds to a projected development 
of energy demand without behavioural changes. The accelerated fossil phase out has been parameterized by a 
lifetime reduction factor which is multiplied with the lifetime of existing technologies.

The 36 different scenarios, with a lifetime reduction factor of 0.2 to 0.7 and a sufficiency factor of 0.5 to 1.0, all 
reach net-zero emissions by 2035 at the latest. However, only the scenario with a lifetime reduction factor of 0.2 
and a sufficiency factor of 1.0 adheres to the carbon budget along the transition. The transformation pathway of 
this scenario is analyzed in detail in Section 3, while the carbon overshoot of the other scenarios is described in 
Subsection 3.1.

3. Results and discussion

Studies analysing the transformation of the German energy system in line with the national CO2 reduction 
targets usually outline different scenarios with different transformation pathways. Shortcomings in some 
aspects can be compensated for by increased efforts in other sectors, e.g. shortfalls in the expansion of 
wind power can be compensated for by an increase in solar power. Sufficiency measures can (optionally) 
support the transformation (Brandes et al., 2021; Kost et al., 2021; Luderer et al., 2021; Prognos, Öko-Institut, 
Wuppertal-Institut, 2021). Limiting national CO2 emissions to a per capita budget of 1.5◦C collapses the 
different scenarios into one pathway, as rapid action and a crisis response is needed in all aspects of the 
energy system.

3.1. Sufficiency and fossil phase-out

A total of 36 scenarios have been modelled, varying in their assumptions on the reduction of energy demand 
through sufficiency and the extent of the accelerated phase-out of fossil fuels. Out of these scenarios, only the 
scenario where the full sufficiency potential is lifted and the lifetime of existing fossil technologies is reduced by 
a factor of 0.2 adheres to the given carbon budget of 1.7 GtCO2. The overshoot of carbon emissions in the other 
scenarios, depending on the sufficiency and lifetime reduction factor, is shown in Figure 1.

This shows that the limitation of German emissions to a 1.5◦C per capita budget is only possible if the tech
nological transformation is accompanied by behavioural changes in society towards a sufficient lifestyle where 
individuals have the awareness to reduce their energy demand. This reduction in energy demand, summarized 
in Table 1, is necessary to meet the carbon budget, as even an accelerated deployment of green technologies 
would not be fast enough to replace fossil-based technologies and sufficiently limit emissions. The reductions 
in energy demand need to happen in all sectors. However, the scenario is based on sufficiency assumptions 
originally made for 2050 (Umweltbundesamt, 2020) and it is unclear whether the necessary behavioural 
changes could happen rapidly as a crisis response already in 2026.
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Concerning the replacement of existing technologies, a basic assumption in most energy system analyses is 
that technical equipment is only replaced at the end of its life. This scenario needs to break with this basic 
assumption in order to accelerate the transition and limit emissions to the much smaller 1.5◦C per capita 
budget. Existing fossil technologies such as gas and oil boilers in buildings and industry, and most ICE vehicles 
(both cars and trucks) must be replaced by fossil-free technologies in the year 2028 at the latest. Coal for power 
generation is already phased out by 2027.

Variations in the amount of sufficiency and reduction of lifetime leads to infeasibility within the given carbon 
budget as can be seen in Figure 1. Both a less strongly pronounced reduction of demand through sufficiency and 
a less accelerated lifetime of existing fossil-based technologies lead to a carbon overshoot in a similar way. While 
minor variations in the assumptions just induce a small overshoot of around 100 MtCO2, reducing the lifetime of 
fossil-based technologies by a factor of 0.7 and lifting only half of the sufficiency potential leads to an overshoot of 
1130 MtCO2, corresponding to 66% of the given budget. Nevertheless the total emitted emissions with 2830  
MtCO2 would still be much less than the 5700 MtCO2 allowed under the German Federal Climate Change Act 
(including emissions from international aviation and navigation).

3.2. Mitigation pathway

The scenario is based on a carbon budget of 1.7 GtCO2, compared to 5.7 GtCO2 that would be allowed under 
the German Climate Change Act. The mitigation pathway for non-energy related emissions is based on exogen
ous assumptions, while the mitigation pathway for the energy-related emissions is the result of optimization. 
The emissions pathway is shown in Figure 2. Emissions have to fall rapidly within the next years from about 600  
MtCO2 in 2024 over 180 MtCO2 in 2027 to only 30 MtCO2 in 2030, which is a reduction of 27% to 56% each year. 
Emissions in the energy industry need to fall most rapidly from 165 MtCO2 in 2024 to 35 MtCO2 in 2027 and are 
then subject to different modelled meteorological conditions. Emissions in the buildings sector are reduced by 
25% to 34% per year until 2027, in the industry by 22% to 27% and in the transport sector by 25% to 39%. The 
reduction path is not linear, but absolute emission reduction in the next years are highest, allowing for more 
time to mitigate remaining emissions. Net-negative emissions are reached in 2034, when the remaining energy- 
related emissions are compensated by non-energy related removals.

Figure 1. Overshoot of CO2 emissions compared to the carbon budget of 1.7 GtCO2 in different scenarios depending on assumptions on 
sufficiency and accelerated fossil phase out.
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3.3. Transformation pathway of supply and end-use sectors

The deployment of renewables needs to be rapid and unprecedented. Photovoltaic capacity additions (both 
ground-mounted and rooftop) need to increase from 15.4 GW/yr in 2023 (historical maximum) to a 
maximum of 75 GW/yr in 2027. Onshore wind additions need to increase from 3.0 GW/yr in 2023 (historical 
maximum 4.9 GW/yr in 2017) to a maximum of 20 GW/yr in 2029, and offshore wind additions need to increase 
from 0.3 GW/yr in 2023 (historical maximum 2.3 GW/yr in 2015) to 15 GW/yr in 2030. Accordingly, wind and solar 
installation rates need to be four to seven times higher than the historical maxima for each technology. The 
total installed capacity of wind and solar reaches a maximum of 713 GW in 2033 (see Figure 3) and remains 
roughly constant afterwards, which can be explained by the increasing potential for importing green hydrogen 
after 2030, thus avoiding the need to replace old plants. To ensure security of supply during periods of ‘Dun
kelflaute’, back-up gas turbines with a capacity of 124 GW (60 GW combined cycle gas turbines, 64 GW open 
cycle gas turbines) are required, which is an increase of 50% compared to 76 GW flexible power plants (gas, 
coal, other non-renewable) installed in 2024 (historical data taken from Fraunhofer ISE, 2023).

Although this scenario assumes a reduction in energy use through sufficiency measures, the total installed 
capacity of 713 GW is even slightly above the 700 GW of installed wind and solar capacity in comparable non- 
sufficiency scenarios that reach net-zero emissions by 2045 (Brandes et al., 2021; Thelen et al., 2024). Due to 
path dependencies, especially reducing emissions much earlier and the lack of potential for importing green 
hydrogen and other synthetic energy carriers before 2030, not only a faster transition but also a higher total 
renewable energy capacity is required.

In the end-use sectors, there is a shift from fossil fuel based technologies to zero emission technologies, as 
shown in Figure 4. Due to a general reduction in energy use through sufficiency measures until 2026 (see Sub
sections 2.3 and 3.1), the total stock or installed capacity decreases in the sectors industry and transport. The 
buildings sector (Figure 4(a)) will be dominated by heat pumps and district heating. Existing oil and gas boilers 
will be completely replaced by 2029. The share of biomass boilers remains roughly constant.

Figure 2. German CO2 emissions in a scenario based on a 1.5◦C per capita budget: Non-energy related emissions are based on assumptions. 
The mitigation path for energy-related emissions in the international aviation and navigation (bunkers), industry, buildings, transport and 
energy industry sectors is the result of cost-optimization using the REMod model, based on a total carbon budget of 1.7 GtCO2. Net-negative 
emissions are reached by 2034, when remaining energy-related emissions are offset by non-energy related removals.
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In the industry sector (Figure 4(b)), gas, coal and oil boilers will be completely replaced either by heat pumps 
for low temperature heat or by electrode boilers for high temperature heat by the year 2029. A small share of 
industrial process heat is provided by biomass boilers and CHPs, hydrogen boilers account for only 1.5%.

The road transport sector is divided into light duty vehicles (Figure 4(c)) and trucks (Figure 4(d)). Both light 
duty vehicles and trucks will be dominated by battery electric vehicles with a remaining share of 22% to 25% of 
internal combustion engines (ICE) that run on either biofuels or synthetic fuels.

The energy system in 2035 is dominated by the renewable energy sources wind and solar. Flexibility in the 
system that guarantees that electricity demand matches supply in every hour is provided by flexible operation 
of heating technologies and (dis)charging of battery electric vehicles, by electriciy imports and exports and by 
storage and conversion technologies (Gaafar et al., 2024; Jürgens et al., 2024). Electrical storage (stationary and 
mobile batteries, pumped hydro) is mostly charged and discharged on a daily basis to balance peaks in solar 
electricity production. By 2029, about 60 GWh of stationary batteries will be installed and 390 GWh of batteries 
in electric vehicles will be available for flexible (dis)charging, assuming that 25% of cars will be available for 
flexible (dis)charging. Electricity imports to balance the load amount to 13 TWh in 2035, while exports reach 
87 TWh, resulting in an export surplus of 74 TWh.

Long-term flexibility is provided by Power-to-X technologies. By 2035, 30 GW of electrolysis will be needed. 
Power-to-liquid units will reach a capacity of 9 GW, power-to-gas units 18 GW. The hydrogen, methane and syn
thetic fuels produced will be used as long-term storage for back-up gas turbines, but will also be essential for 
sector coupling and will be used in buildings and transport, e.g. for international aviation and navigation.

Primary energy use declines from 2800 TWh in 2024 to 1760 to 1970 TWh in the years 2026 to 2035 (Figure 
5). In 2024, fossil fuels account for 79% of total primary energy demand, while renewables account for only 21%. 
In 2035, only a remaining share of 2.6% fossil fuels are used, the rest being renewables, dominated by wind 
(36%) and solar (27%). Biomass (14%) and other renewables (19%, mainly environmental and geothermal) 
play a minor role. Only 1%–3% (17 TWh to 63 TWh between 2032 and 2035) are imported synthetic fuels, 
which greatly reduces geopolitical dependence.

The final energy consumption in the sectors industry, buildings and transport is shown in Figure 6. There is a 
decrease in final energy across all sectors (from a total of 2350 TWh in 2024 to 1360 TWh in 2035), mainly due to 
a reduction in demand for energy services (see Subsection 3.1), but also due to improved efficiency of technol
ogies in the end-use sectors.

Figure 3. Installed power plant capacity from 2024 to 2035. Total installations will reach a maximum of 845 GW in 2033, of which 713 GW will 
be wind and solar.
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The industrial sector is dominated by electricity (62%), followed by environmental heat from heat pumps 
(11%) as direct electrification is more efficient than the use of synthetic or biogenic energy carriers. In areas 
where direct electrification is not possible–especially for iron and steel production–hydrogen plays a sup
plementary role (26 TWh in 2035). An additional hydrogen demand of 60 TWh arises from non-energy use as 
feedstock.

In the buildings sector, final energy is mainly provided by electricity (313 TWh in 2035), an increasing share of 
environmental heat which is used in heat pumps (272 TWh in 2035) and district heating (74 TWh). District 
heating is provided by heat pumps and CHP systems using either biogas or hydrogen. The use of gas in the 
buildings sector declines rapidly from 381 TWh in 2024 to 12 TWh in 2035.

Figure 4. Technology composition in the end-use sectors buildings (a), industry (b) and road transport (c) and (d). The road transport sector is 
composed of cars / light duty vehicles (c) and trucks (d). (a) Stock of heating technologies in the buildings sector. The heating systems can 
additionally be equipped with thermal storages and solar thermal systems. (b) Installed capacity of process heat technologies in the industrial 
sector. The facilities can additionally be equipped with solar thermal systems. (c) Fleet of light duty vehicles. The remaining ICE engines will run 
mainly on biofuel, with a small proportion of domestic and imported synthetic fuels. (d) Truck fleet. The remaining ICE engines will run mainly 
on biofuel, with a small proportion of domestic and imported synthetic fuels.
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In 2024, most of the final energy in the transport sector is liquid fuels (95%). Final energy for transport 
decreases rapidly from 636 TWh in 2024 to 170 TWh in 2035. In 2035, it consists of a mix of electricity (94  
TWh), and liquid fuels (55 TWh). Additionally to this domestic use of liquid fuels, 42 TWh are needed for inter
national aviation and navigation, which is not balanced in the transport sector but separately as bunkers. While 

Figure 5. Use of primary energy. While in 2024 primary energy is dominated by imported fossil fuels, by 2030 it is composed of a mix of solar, 
wind, biomass and other renewable energy sources (mainly environmental heat). The amount of imported synthetic energy carriers and fossil 
fuels vary slightly from 2030 to 2035.

Figure 6. Final energy consumption in the sectors industry, buildings and transport. The transport sector includes the energy demand for road 
and rail transport as well as domestic aviation and navigation. International aviation and navigation (‘bunkers’) with 42 TWh liquid fuels and 
industrial feedstock with 60 TWh hydrogen demand are not shown in this graph, but included in the model.
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today most liquids are made from fossil oil, in 2035 most liquids are made from biofuels (56%), the rest being a 
remaining share of fossil oil and synthetic fuels.

3.4. Implications for society, technology and policy

Achieving the 1.5◦C per capita target requires a rapid crisis reaction and paradigm shift in all sectors and parts of 
the society. The scenario shown is only feasible if drastic lifestyle changes are made that significantly and 
immediately reduce energy demand (see Subsection 3.1), known as sufficiency. The IPCC (2022, p. 35) 
defines sufficiency as follows: ‘Sufficiency policies are a set of measures and daily practices that avoid 
demand for energy, materials, land and water while delivering human well-being for all within planetary 
boundaries’. In the model, this is represented by a reduction in road passenger transport, road freight transport, 
fuels for rail, aviation and navigation, space heating, industrial process heat and classical power applications. 
The conclusion of the scenario comparison is that today’s energy consumption behaviour is not compatible 
with a 1.5◦C budget in terms of per capita distribution, but requires a change in activities with a simultaneous 
transformation of the supply side.

However, a reduction of energy demand to comply with climate targets has not yet been observed. In fact, in 
the buildings sector in Germany, efficiency gains from replacing old boilers or improving the energy quality of 
building envelopes have been shown to be offset by rebound effects and increasing per capita floor area (ERK, 
2022). For example, per capita living space has increased by 21% over the last 20 years (2000–2020) (Statis
tisches Bundesamt Deutschland, 2023). According to Lorek and Spangenberg (2019), sufficiency is necessary 
to counteract rebound effects and ensure the full impact of efficiency measures.

In addition to the buildings sector, reducing energy demand in the transport sector through changes in 
mobility behaviour is crucial to rapidly mitigating greenhouse gas emissions. However, historical data indicate 
an upward trend in both passenger-kilometres across all modes of transport and freight transport (ERK, 2022). 
Nor does the available statistical data indicate a trend towards a shift from private motorized transport to public 
road or rail transport (ERK, 2022). In the transport sector, too, efficiency gains have been offset by increases in 
the kerb weight and engine power of cars and by incentives that are sometimes not in line with climate policy 
objectives (diesel privilege, company car privilege) (ERK, 2022). It can therefore be concluded that a significant 
trend reversal is needed to achieve the assumptions outlined in the scenario. Aspects that play a role here are 
modal shift and the switch to less CO2-intensive technologies (bicycle, bus, train, electric mobility) as well as a 
reduction in passenger kilometres.

The third important end-use sector is industry, where several aspects play a central role. In terms of 
implementation, the modelled reduction in process heat supply could be realized through the following 
levers: On the production side, through efficiency improvements, exploiting the potential of the circular 
economy and increasing the longevity of products (Sandberg, 2021). On the consumer side, a reduction in con
sumption patterns and sharing practices (Sandberg, 2021). However, the industrial sector has not yet shown a 
clear trend reversal either (ERK, 2022).

To close not only the ambition gap to achieve the 1.5◦C target (Knopf & Geden, 2022), but also realize the 
implementation, additional policy measures are needed. According to the ERK, the GHG mitigation levers of 
efficiency and building low-carbon capital stock have been addressed to date, rather than reducing fossil 
capital stock. Short-term reduction of activities have shown emission-reducing effects, but they have not 
occurred as a long-term means of climate mitigation, but rather as short-term responses to crises (e.g. Covid 
19, economic crisis) or the war of aggression on Ukraine (ERK, 2023). However, these crises show that, at 
least in the short term, behavioural changes that reduce emissions are possible, e.g. either as a crisis response 
to gas consumption in households (Ruhnau et al., 2023) or through a modal shift in transport due to a greatly 
reduced ticket price for public transport (Adenaw et al., 2022). However, the reduction of activity data was not a 
policy objective and activity increased again after the perceived end of the crisis.

Therefore, policy instruments need to be implemented to achieve not only a rapid and large, but also a 
lasting reduction in energy demand. It should also be borne in mind that if these instruments are mainly 
based on financial penalties, such as increased taxes or tariffs, they are likely to disproportionately affect the 
economically weaker sections of the population. Thus, in order to prevent precarious living conditions and 
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to maintain public acceptance, policy instruments also need to address issues of equity and social justice. 
However, sufficiency research to date has tended to operate at a conceptual level. There are few ex-post 
studies that quantify demand-oriented policy measures, although there are certainly proposals and concepts 
for policy instruments (Best et al., 2022). Correspondingly, evaluations of such measures are scarce.

Besides a strong reduction of energy demand and an accelerated fossil phase-out, very strong deployment 
gradients across technologies are needed. On average, more than three million heat pumps will have to be 
installed per year between 2025 and 2029 (political target 500,000/year), and the capacities of photovoltaics 
will have to reach 435 GW in 2030 (political target 215 GW), of wind (on- and offshore) 192 GW (political 
target 145 GW) and of electrolysis 10 GW (political target 10 GW) (Bundesministerium für Wirtschaft und Kli
maschutz, 2022; Bundesregierung, 2023; D. I. W. Berlin, 2023). Except for electrolysis, this shows a large gap 
between the government’s targets and the actual effort required.

As with many other urgently needed technologies, deployment is often limited by factors other than 
inadequate targets. Odenweller et al. (2022) have shown that high conventional growth rates for hydrogen 
will not be sufficient to meet European and global policy deployment targets, but that unconventional 
growth rates will be required. These unconventional growth rates have historically been observed in times 
of crisis, such as war mobilization or pandemic, and in situations of massive public investment and central 
coordination, such as the expansion of the nuclear power plant fleet in France. To stay within the 1.5◦C per 
capita carbon budget in Germany, not only will the expansion of electrolysis need to be accelerated, but 
also unconventionally high growth rates will be needed in the expansion of wind and solar power, as well 
as in the deployment of storage, heat pumps and electric vehicles. This can only be achieved through a 
variety of overarching policies and regulations.

While some industries will need to grow strongly to enable the unconventional growth rates of the required 
technologies, other sectors would be subject to severe economic disruption. This is particularly the case for 
fossil-based and energy-intensive industries such as–for example–the production of combustion vehicles, 
boilers and iron and steel. The challenges posed by this structural change need to be addressed by policy 
instruments.

The modelling shows that from a technical perspective limiting emissions in Germany to a 1.5◦C per capita 
budget is possible in principle. However, this will require a crisis response with major efforts and disruptions at 
technical, societal and political levels. At the global level, Engels et al. (2023, p. 37) state that ‘without consider
able changes in social drivers’ dynamics in the next years, it is not plausible that the world will witness the rapid 
emissions reductions required to attain the Paris Agreement temperature goals’. These changes need to be 
addressed in a consistent and immediate manner across all sectors. The conclusion is that an enormous 
effort is needed to scale up low-carbon technologies, and that the technological turnaround must be supported 
by a societal turnaround. This will require an appropriate policy framework that enables the rapid deployment 
of low CO2 technologies, while at the same time ensuring that fossil technologies are phased out and that a 
reduction in activity is feasible. The technological, social and political challenges in this short time are 
immense and raise big questions about feasibility.

3.5. International perspective

Limiting global warming to 1.5◦C can only be achieved in a global context. This paper analyses what the 
German contribution would have to look like if mitigation efforts were shared on the basis of a per capita 
approach. However, other principles of effort sharing, such as grandfathering or per capita convergence (see 
SubSection 2.1), which allow higher carbon budgets for countries like Germany that currently have per 
capita emissions above the global average, are also possible (van den Berg et al., 2020). These approaches 
would reduce the pressure on countries like Germany by forcing other countries with currently lower emissions 
to reduce their emissions faster. Therefore, it can be argued that these effort sharing principles, especially the 
grandfathering approach, may not be in the spirit of the Paris Agreement (Sachverständigenrat für Umweltfra
gen, 2020).

On the other hand, it is important that other countries with high per capita emissions, in particular the rest of 
the European Union, the United States and China, follow a similar mitigation pathway, ideally in a globally 
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coordinated effort. However, current national mitigation targets and policies rather indicate a temperature 
increase to 2.0–3.2◦C by 2100 (Höhne et al., 2021). In addition, it is important to ensure that emissions 
reductions in Germany do not lead to higher emissions in other countries, e.g. the reduction in demand in 
the industrial sector must be induced by a change in behaviour and not by relocating production, which 
would lead to carbon leakage. One approach to preventing carbon leakage can be through border carbon 
adjustments (Cosbey et al., 2019).

If the energy transition can be implemented in a just and effective way, Germany could become a climate 
leader and eventually encourage other countries to follow (Liefferink et al., 2023; Torney, 2019). However, if 
policy fails to adequately address the huge technological, social and political challenges, aiming to keep emis
sions within such a tight carbon budget could also lead to a failure of leadership, effectively preventing other 
countries from following suit.

4. Conclusions

This paper is the first to analyse the transition of the German energy system within a national 1.5◦C per capita 
carbon budget using a sector coupled energy system model. The transition is only possible if there is a radical 
change in both the social and the technological system. It should be kept in mind that the carbon budget does 
not include other greenhouse gases, but is based on implicit assumptions about the reduction of non-CO2 

greenhouse gases. In particular, methane should be mentioned. It is produced, for example, by intensive live
stock farming and can be reduced by changing eating habits.

The scenario outlined in this study is based on radical and immediate energy demand reduction by 
sufficiency measures. In order to stay within the assumed carbon budget, fundamental and immediate behav
ioural changes in society are required. Reduced road passenger transport, less heating in smaller and better 
insulated homes and more sustainable consumer behaviour leading to a reduction in industrial energy 
demand must be part of the crisis response to reduce energy demand. A coherent policy framework is 
needed to enable sufficiency actions, including modal shift in transport, sharing and circular economy, 
product longevity and more sustainable lifestyles.

Technological change needs to happen at an unconventionally high rate, similar to growth in times of crisis 
or war mobilization. To stay within the 1.5◦C per capita budget, the next months and years, not decades, are 
crucial. The installation of wind and solar power will have to reach a scale that is four to seven times higher than 
their historical maximum. For onshore wind, in particular, planning and project implementation times need to 
be rapidly reduced to reach this scale in the next few years. Fossil-based technologies in the end-use sectors will 
need to be replaced even before the end of their respective lifetimes. In the buildings and industry sector, exist
ing oil and gas boilers will need to be replaced by 2029. The transport sector will have to be dominated by 
battery electric vehicles by 2028.

Overall, the scenario outlined in this paper cannot be described as an easy transition, but rather as a strong 
crisis response and disruptive revolution. The necessary changes in society and industry are unlikely to be 
achieved without social and economic disruption, and it is generally questionable whether they can be achieved 
at all. The aim of the scenario presented is not to show what is likely to happen, but to give a realistic sense of what 
measures in the energy system would be needed to achieve a 1.5◦C pathway–or, more generally, to comply with a 
very small remaining carbon budget, as similar scenarios may be relevant if the transformation is delayed or if the 
urgency to mitigate emissions increases as climate damage increases. This makes it all the more important to 
accompany the transition with policies that ensure both climate protection and social justice. However, given 
the possibility that Germany may not be able to meet its fair 1.5◦C per capita budget, other countries need to 
be supported economically and technologically in their transition to limit global CO2 emissions and thus stay 
within the remaining global carbon budget to keep global warming below 1.5◦C.
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