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ABSTRACT

Heat pumps and battery electric vehicles play a crucial role in achieving a climate-neutral economy and integrating the Energy Efficiency First Principle into the
building and transport sectors, rendering the overall energy system more efficient. To achieve cost competitiveness of these new technologies compared to con-
ventional ones, investments, operating costs and conversion efficiencies are important. We conducted micro-simulations of the development of levelised cost of heat
and transport for these sector coupling technologies to assess the direct cost impact of these parameters. With a broad and in-depth analysis of economies of scale, we
determine future bandwidths of investment development. Based on this data, we compared implications of two policy scenarios of taxes and levies on final energy
prices using a German case study. The first scenario considers recently adjusted taxes and levies: the national emissions trading system in 2021 and the abolishment of
the electricity levy to finance renewable energy support in 2022. A counterfactual scenario includes previous framework conditions. Our results show that rising
carbon and lower electricity prices already economically favour heat pumps from 2020 onwards. In contrast, taxes and levies do not decisively impact the cost
competitiveness of battery electric vehicles, but expected reductions in manufacturing cost do.

1. Introduction

Established technologies for building heat and transport depend on
fossil fuels, contributing to climate change through its carbon dioxide
emissions [1]. To mitigate global warming, directly electrified sector
coupling technologies, such as heat pumps and battery electric vehicles
(BEV), are assigned a key role in the energy transition [2]. First, due to
their highly efficient use of renewable electricity [3], they advance the
realisation of the Energy Efficiency First Principle in the building and
transport sector [4,5]. Second, both technologies contribute to imple-
ment the Energy Efficiency First Principle on the energy supply side of
the energy system. For the integration of fluctuating renewable energy

sources, heat pumps and BEV allow certain degrees of load shifting [6]
and thus provide system flexibility [7]. Given these characteristics, the
two sector coupling technologies will play pivotal roles in future energy
systems that not only rely on renewable energies but also intelligently
integrate volatile supply [8]. Consequently, sector coupling does not
only facilitate decarbonisation, but also increases the overall system
efficiency of the power sector [9].

Investment decisions in these application technologies determine
long-term consumption behaviour and thus the demand of the related
final energy carriers during their time of use. While the political climate
objectives have recently become much more ambitious, actual market
development is lagging behind the diffusion of sector coupling
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technology foreseen in long-term decarbonisation scenarios.' There are
diverse and sector-specific reasons for lagging investments in sector
coupling technologies. The transition to renewables in the heat sector
exhibits structural challenges in the local context [10], and electrified
mobility faces infrastructure and practicability issues [11].

Though, both the heat and the mobility sector exhibit similar eco-
nomic restrictions of higher upfront capital expenditure (Capex) than
their established fossil alternatives [12,13]. However, economies of
scale as well as intensified R&D imply that cost decreases for energy
technologies can be expected, once sales take off [14].

That said, the operational expenditures (Opex) for consumers are not
only determined by the market development, but also by state-induced
price components (SIPC), in particular taxes and other levies such as fees
and charges on retail prices for final energy carriers. Especially Germany
comprises many SIPC for different final energy sources, which are
governed by numerous laws and regulations, among them the Energy
Tax Act (EnergieStG), Electricity Tax Act (StromStG) and Renewable
Energies Act (EEG). The newly introduced national emission trading
scheme” on CO, (nETS) has established a new SIPC on fossil fuels in
2021. The nETS encompasses fossil final energy utilised for heating and
transport, which was yet not covered by the EU Emission Trading
Scheme (EU ETS).”

Against this background, German SIPC on electricity are comparably
extensive and result in higher consumer prices per kilowatt-hour
compared to the prices for fossil final energy carriers [15]. The renew-
able levy on electricity used to finance the renewable support scheme as
part of the Renewable Energy Sources Act (EEG) comprised up to one
quarter of the retail price for households [16,17]. In order to reduce the
burden on electricity prices, the German government recently abolished
the renewable levy. Since July 2022, the EEG is financed completely
through the national budget [18].

Scenario studies of climate-neutral energy systems showed that
direct electrified sector coupling technologies play a key role for an
energy- and cost-efficient decarbonisation of the German energy system
until 2050 [19-23]. To ensure the widespread uptake of sector coupling
technologies, they must represent the most cost-effective option for
supplying the end-use energy service over the entire time of use, for
example building heat or mobility. Cost parity with fossil-fuel based
technologies over the technologies lifecycle is a decisive factor for
attractiveness. Hence, the design of the SIPC policies should not hinder
sector coupling and provide a level playing field for climate-friendly
technologies.

This paper aims to analyse the cost competitiveness of the sector
coupling technologies heat pump and BEV under future Capex de-
velopments and direct impacts of the recent political decisions about

1 As an example of Germany: Following a decision by the Federal Constitu-
tional Court, the German government renewed the 2019 National Climate
Protection Law in 2021 [74]. In the official German long-term scenarios [59]
analysing pathways to national climate neutrality within an integrated Euro-
pean energy system, the scenario “TN Strom” with the lowest system costs
assumed a deployment of 0.40 million heat pumps per year on average, while
the registered sales of heat pumps in 2020 were only 0.12 million [75]. Ac-
cording to the registration statistics of [76] at the beginning of 2021, the market
stock of BEV in Germany amounted to 0.31 million vehicles, with 0.14 million
new registrations of BEV in 2020 [59] considered a market stock of 7.3 million
BEV in 2030, which requires an annual diffusion of 0.70 million BEV on average
in the next decade.

2 Or emission price scheme, as the price development for emissions per tonne
CO, is predefined until 2025 and there are plans to further enhance this
mechanism from 2026 [77].

3 Although the EU ETS impacts electricity prices, as it requires emission al-
lowances for fossil-fuelled power plants with a capacity exceeding 20 MW, our
analysis does not directly consider this influence. Instead, we rely on studies on
electricity price trends that factor in the development of the power plant mix
and the associated costs for emissions certificates.
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SIPC changes in Germany. This has yet not been investigated. We use
micro simulations to calculate the levelised cost of useful energy for
building heat and transport until 2050 in two scenarios: (1) the cost with
the SIPC regime under stated policies and (2) the SIPC policies with the
renewable levy on electricity and without the nETS. This comparison
shows interactions of a carbon price and a lower SIPC for electricity on
the cost competitiveness of heat pumps and BEV.

To reflect uncertainties, we consider ranges of future developments
of relevant cost parameters. With calculating bandwidths of global cost
development for heat pumps and BEV we extend the existing literature.
For this, we apply experience curves on cost components of heat pumps
and vehicles which we derive from an extensive market analysis. We
further consider ranges in wholesale price projections from the literature
and calculate grid charge developments.

The paper is structured as follows. In section 2, we explain our
modelling approach to calculating levelised cost of useful energy for
heating and transport followed by Capex development using the concept
of experience curves. In section 3, we present the simulation results. We
end with a discussion and conclusion in section 4.

2. Methods and data

This section first presents the mathematical approach for calculating
the levelised cost of useful energy for building heat and private trans-
port. To reflect uncertainties, bandwidths of cost developments are
calculated with three parameter constellations for each technology: (1)
sector coupling favourable, (2) medium and (3) fossil favourable. The
considered ranges of the development of wholesale prices and grid fees
are then presented, while further assumptions can be found in the Ap-
pendix. Next, the approach to estimate the development of Capex ranges
for heat pumps and vehicles using component based experience curves
based on literature values for global demand scenarios is presented.
Lastly, the SIPC policy scenarios are outlined, including the assumed
development of carbon prices and the hypothetical renewable levy.

2.1. Levelised cost of useful energy

To estimate the impact of prices developments and SIPC changes on
the competitiveness of sector coupling technologies, we calculate ranges
of the levelised cost of useful energy for each technology. For this, we
extend the concept of levelised cost of energy from Ref. [24] by inte-
grating conversion efficiencies of final energy utilisation normalised to
the output of one unit of end-use, similar to Ref. [25]. Following rec-
ommendations of [26] we consider different development ranges of
Capex, Opex and conversion efficiencies of each technology in the
comparison. For heating technologies, we derive Eq. (1) to calculate the
levelised cost of heat (LCOH) in Euro cent per kilowatt-hour of heat. For
transport technologies we calculated the levelised cost of transport
(LCOT) in Euro cent per driven kilometre as described by Eq. (2). The
derivation of the LCOH and LCOT is presented in the Appendix. The
parameters and indices for both approaches are presented in Table 1.
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When comparing technologies, it is crucial to ensure that the con-
ditions influencing the energy end-use are consistent across all alter-
natives. For instance, in the context of building heat, the parameter
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Table 1
Parameters of LCOH and LCOT.
Parameter/ unit description
indices
CAPEX 0 (t) € Total capital expenditure for the technology for
mobility in year t, start of operation in year t+ 7
capexiE (t) € Specific capital expenditure for a technology for heat

kWrg production per capacity of final energy in year t, start

of operation in year t+ 7

Total annual fixed operational expenditure for

insurance, taxes, maintenance and calculatory wear-

and-tear repairs in year t+ 7

OMPheqr (t + 7) € Specific annual fixed operational expenditure for
kWrg maintenance and calculatory wear-and-tear repairs

per capacity of final energy in year t+ 7

OMR yp (t + 7) €

RV (T) € Residual value in year T

FLH % Full load hours per year

p(t+1) € Final energy price, e.g. electricity or natural gas in
kWhgg year t+ 7

Nheat () kWhyeot  The efficiency of the conversion rate of a technology
kWhgg for heat production from final energy input

Nmob (£) kWhgg The efficiency of the conversion rate of a technology

km from final energy input to one driven kilometre
S(t+1) % Annual efficiency decrease in year t+ 7, 0.5 for all
technologies

df (t + 1) The discount factor (1 +r)~*** with real interest r

T year Year at end of use

FE - Final energy, e.g. electricity and natural gas

T year Year of operation

settings for each technology must be adjusted to match the same ener-
getic conditions and heat demand of a standard building type. In our
analysis, we focus on heating technologies for single-family houses.
Single-family houses represent a common case necessitating the
deployment of decentralised heat pumps, particularly as multi-family
residences with higher energy demands are often situated in densely
populated areas where connections to district heating networks may be
feasible [27]. To account for different standards of building efficiency,
we calculate bandwidths of LCOH. The medium parameter constellation
takes into account the typical building efficiency as described in the
TABULA building database [28], while the upper and lower bandwidths
consider less and more efficient building characteristics respectively.
Assumptions regarding the parameters are listed in the Appendix.

Similarly, for vehicles, it is essential to consider identical vehicle
types in terms of size, comfort, and mileage to ensure comparability. Our
analysis is based on vehicles within the compact class segment, which
accounted with 23.7 % for the largest share of passenger car stock in
Germany in 2023 according to official statistics [29].

Furthermore, it is crucial to ensure comparability by using the same
useful life for both technologies to be considered. In cases where the
lifetime of one technology is shorter, partial reinvestment must be
considered in order to account for the remaining time in the cost com-
parison with another technology.

2.2. Assumptions on energy prices

We follow a bottom-up approach and calculate the specific final
energy price p.(t) in Euro cent per kilowatt-hour for each final energy
carrier ¢ by adding up all price components for households. These
consist of the effective SIPC' rates pi(t), the market-based price
component p7(t), if applicable infrastructure-related levies respectively
grid fees p¢ (t) and the value added tax (19 %).

The market-based price component is determined by the wholesale

4 The levies on electricity for the financing mechanisms of the KWKG, §19
NEV, §18 AbLaV and Offshore-Grid will not be considered for reasons of
simplification and their low level [17]. Due to their regional character, we also
exclude concession rights from the scope of SIPC.
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market price and mark-ups for procurement, sales and a margin [17].
The wholesale market price developments are taken from different
scenario studies as described in Fig. 1.

The calculation of the development of grid fees for electricity and
natural gas follows the methodology from Ref. [30], with grid costs and
final energy demand from Ref. [19]. We assume that there will be no
structural adjustments in the calculation of grid fees by the regulatory
authorities and all consumption independent price components are
included in the volumetric grid fees. On average, households in Ger-
many that use electricity for building heat receive reduced grid fees
[17]. The results for the electricity grid are presented in Fig. 2 and for
natural gas grid are presented in Fig. 3. Grid fees for electricity are ex-
pected to rise due to higher increase of grid cost than electricity demand.
Grid fees for natural gas are anticipated to rise as a result of a stronger
decrease in gas demand compared to the reduction in grid cost.

Further assumptions for the parameter variations for the calculation
of the levelised cost of useful energy are presented in Table A 1, Table A
2, Table A 3, and Table A 4 in the Appendix.

2.3. Economies of scale for capex development

To estimate the Capex development for the calculation of LCOH and
LCOT, we apply experience curves based on [31]. Since various com-
ponents of each technology are assumed to have different cost reduction
potentials depending on their level of technological maturity, experi-
ence rates are considered separately for each technology component
similar to Ref. [13,30,32]. Experience rates for the components are
derived from literature values. The annual cost correspond to the sum of
the cost shares of the individual components.

At the beginning of year t, the year of purchase, the cost C; in Euro
are calculated with Cj( as theoretical cost of first unit of component i,
and X, b as cumulated production with X; > 1 (Eq. (3)).

Ci(t) =Cio X7%(t) 3)

The calculation of the experience curve parameter b;, which relies on
the experience rate er;, is performed as shown in Eq. (4).

eri=1— 2P 4

Applying these formulas leads to a cost reduction corresponding to
the experience rates for each component of the respective technology
when cumulative production doubles. Given the component-based
approach to estimating economies of scale, no historical data is avail-
able, so we rely exclusively on data from the 2020 survey year for the
calibration.

In order to estimate the annual deployed technologies, which are
used to estimate annual production, a logistic growth model according
to Ref. [33] is used based on the development of the global demand of
the respective technology. Data from literature is used to estimate the
cumulative deployed technologies in 2020 and the cumulative installed
capacity of heat pumps or number of BEV in 2050 respectively. The
model follows Eq. (5)

1

X=X
t satl + (Xsas(gxo)e—"

(5)

where X, is the annual market growth in year t. X, is the initial annual
market growth estimated from literature. Further, r (growth rate) and
Xsar (maximum annual market capacity) are fitted parameters to the
model so that the cumulative installed capacity until 2050 meets liter-
ature estimations for different developments of the global production.

2.3.1. Assumptions for heating technologies

The Capex per kWy, are derived from cost projections per heating
unit. We apply experience curves to estimate future cost development of
heat pumps. For this, data on total costs per heat pump in 2020 are
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Note: Solid line of each final energy carrier shows medium price range, bottom border depicts lower and higher

border upper price range.

2020 2030 2040 2050

Sources

high 50 759 7.6 7.3

Historic prices for 2020 and 2021 from (BKartA and BNetzA 2021); medium

prices: 2022 to 2025 EEX Phelix Futures Peak from 11th of August 2022, 2030 to

Electricity medium 5.0 6.9 6.9 6.6

2050 shadow prices from the official German long-term scenario "TN Strom"

(Fraunhofer ISI et al. 2022), linear interpolation in between; lower/upper

low 5.0 6.2 6.2 5.9

electricity prices: £10% of medium prices.

high 13 35 35 35

Historic prices for 2020 and 2021 from (BKartA and BNetzA 2021); medium

prices: 2022 to 2025 TTF Future prices from 11t of August 2022, 2030 to 2050

average of upper and lower prices, linear interpolation in between; lower

medium 13 2.4 2.4 2.3

Natural

Gas

23

13

11

natural gas prices: 2022 to 2029 -10% of medium prices, 2030 to 2050 values
from "Net zero" scenario of World Energy Outlook 2022 (IEA 2022); upper
natural gas prices: 2022 to 2029 +10% of medium prices, 2030 to 2050 is set to
€35/MWh.

high 49

medium 4.9
Gasoline

9.5

6.8

4.1

10.3

6.8

34

11.0

6.9

2.8

Historic prices for 2020 from (en2X 2022); medium prices: 2021 to 2050 mean
value of upper and lower prices; upper prices: for 2021 to 2050 extrapolated
historic price from 2020 with the change rate for crude oil prices from scenario
“stated policies” from World Energy Outlook 2022 (IEA 2022); lower prices: for
2021 to 2050 extrapolated historic price from 2020 with the change rate for
crude oil prices from scenario “net zero" from World Energy Outlook 2022 (IEA

2022).

Fig. 1. Assumed development ranges of wholesale market prices for electricity, natural gas and gasoline [78,79].

required. Due to data constraints, assumptions for manufacturing cost of
heat pumps respectively its components cost shares in 2020 are based on
historical price data. We analysed 167 heat pump standard models for
single- or two-family houses differing in thermal capacity, type of heat
source and inverter technology from different producers (Fig. 4). We
classify these heat pump models as small-scale, distinguishing them
from the larger-scale heat pumps designed for deployment in district
heating grids. Small-scale heat pumps are standardised products suitable
to be deployed in single-family homes.

The graphic indicates that heat pump models can be categorised into
four different groups based on their prices, depending on thermal ca-
pacities (<11 kWy,; 11-21 kWy,) and the presence or absence of an
inverter technology.

Cost shares for each component were derived based on prices offered
at the global wholesale trading platform Alibaba in January 2020 [37].
All considered offers for each components had to meet minimum

standards, such as a one-year warranty. Final estimations on cost shares
are based on prices for the highest available quantity of each offer.
Consequently, the most cost intensive components - compressor,
condenser, evaporator, expansion valve and inverter - were identified
(Table 2). The remaining technology cost are summed up under the
component “balance of systems".

Experience rates for each component are derived from Ref. [38], by
considering the cost reduction potential for the influencing factors -
learning effects, technological improvements, rationalisation, fixed-cost
degression, economies of scale and economies of scope - from Ref. [39].
Since heat pump technology has been under research for decades,
technological improvements are not considered to have significant
impact on the cost reductions. Cost reductions are rather expected due to
economies of scale and more efficient production processes. The
assumed learning rates are presented in Table 2.

The development of the global production volume of small scale heat
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Fig. 2. Development of grid fees for electricity for households.
Source: [17,19], own calculations.
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Fig. 3. Development of grid fees for natural gas for households.
Source: [17,19], own calculations.
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Fig. 4. Prices per heat pump unit in 2020 for 167 models in relation to their
heating capacity.
Sources: [34,36,80]

pumps until 2050 is derived as follows. Based on IEA [40]; IRENA [41];
IRENA, IEA, REN21 [42]; DNV [43] regarding the cumulative global
heating and cooling demand and the proportion of this demand covered
by small heat pumps, we calculate the share of global heating demand
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covered by small heat pumps. With estimations on the average full load
hours and COP of heat pumps, the cumulative installed thermal capac-
ities are obtained. All relevant assumptions for the parameter constel-
lations can be found in Table 3.

The resulting annual installed thermal capacity is used to derive the
annual installed heat pump units with dividing it by the capacity of the
categorised heat pump groups, assuming equal shares of the groups. The
annual growth rate r is set to 0.4 for all scenarios.

As conventional alternative for heat pumps, we consider condensing
boilers [44,45]. consider this a mature technology for which we do not
assume further decreases of Capex in this study.

Installation costs for both heating technologies are factored in as a
share of Capex, which we assume remains constant over time (see
Table A 2 in the Appendix).

2.3.2. Assumptions for vehicles

We calculate the development of Capex in Euro per vehicle using
experience curves with the cumulative number of vehicles for different
vehicle technologies (BEV and ICEV petrol). Due to data constrains of
manufacturing costs, we use average list prices from ten models of
various brands [46] for different vehicle sizes. For this analysis, we use
the data for the compact class vehicle size.

Standardised vehicle components are similar for both vehicle tech-
nologies. We differ in the components: drive train, chassis/vehicle body,
equipment/others for both technologies. Their cost shares are taken
from literature [47,48]. For BEV additional costs arise for power supply
and energy storage system, i.e. battery cells, the battery management
system and cooling. For compact class vehicles, an average battery size
of 50 kW is assumed. Battery system costs are derived from Ref. [49-51].
The dominant technology for BEV are lithium-ion batteries. As addi-
tional component for ICEV the exhaust after treatment is considered.
Tables 4 and 5 summarise the assumptions for cost shares and corre-
sponding learning rates for BEV and ICEV are presented.

The largest cost share of the drive train of BEV corresponds to the
mature components electric motor and inverter, for which we assume
experience rates of 10 % with a variation of+ 2 % based on [52]. The
vehicle body and other equipment are assumed to experience only small
cost effects due to learning effects since these components are used in
conventional cars. Nevertheless, experience rates for these components
are assumed slightly higher than for ICEV (internal combustion engine
vehicle) due to minimal adjustments in the design of the vehicle. Highest
learning rates of 16 % can be found for the battery system with varia-
tions of +5 %. The variations are accounted for three parameter con-
stellations - medium, high potential and low potential.

For ICEV the drive train accounts for 23 % of total cost for gasoline
driven vehicles. According to Ref. [47,48,51] ICEV components belong
to mature technologies and due to climate regulations and declining
demand for ICEV, all learning rates are set in the low single-digit range
based on own assumptions. Negative learning rates are assumed for
exhaust after treatment in the future [51].

To estimate the annual predictions of the cumulative number of
vehicles produced, data on the current vehicle stock as well as as-
sumptions on the annual market growth and predictions on total vehicle
numbers in 2050 is needed. For BEV, a total vehicle volume in 2020 of
10 m vehicles is assumed according to Ref. [53]. Prognosis until 2050
are taken from Ref. [54] and documented in Table 6. As stated before,
three parameter constellations are considered. Based on the medium
parameter constellation, 20 % of total production volumes are
assumed for the low and high potential deviations. For ICEV the same
market prediction is used for diesel and gasoline driven cars.

2.4. Scenario description
For this analysis, two scenarios of SIPC policies are considered:

Scenario A (Stated Policies) follows current regulations. Regarding
excise taxes on final energy, the current policy scheme is maintained.
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Table 2
Total costs, component-based cost shares and learning rates for small heat pumps.
Component Comprising unit Cost share % Learning
ratesb
11 11 kW, 21 21 kWy,
kW inverter kW inverter
Compressor compressor, refrigerant collector 34 % 28 % 34 % 28 % 20 %
Evaporator fin condenser, EC axial fan 18 % 14 % 18 % 14 % 15%
Condenser plate condenser 18 % 14 % 18 % 14 % 15 %
Expansion valve expansion valve, switching valve 5% 4% 5% 4% 20 %
Balance of chassis, high pressure switch, low pressure switch, temperature sensor, 25 % 20 % 25 % 20 % 25 %
Systems insulation, control unit
Inverter inverter technology - 20 % - 20 % 25 %
Total Costs in 6,000 € 7,500 € 9,000 € 10,500 €
20207
Sources: Values derived from a) 2020 market analysis of [34,36], b) [38]; cost shares derived based on market analysis of [37].
Table 3 Table 5
Assumptions for derivation the cumulative global installed small heat pump Cost shares and learning rates for ICEV components.
capacity in 2050. Cost components ICEV in % gasoline Learning rates
Assumptions 2020 2050 low medium high
low medium  max low medium  max Drive train 23 9% 0% 2% 4%
Global heating 35,223 38,456 41,689 32,544 40,044 47,545 Chassis/vehicle body 27 % 0% 2% 4%
and cooling Equipment/others 40 % 0.1 % 0.1 % 0.1 %
demand Exhaust after 10 % —5% —2% —-1%
(TWh) Total cost 2020 28,629€
Sh:re of small 2.8% 3.2% 3.6 % 4.4 % 8.3 % 21.0% Sources: [46-48,51], own assumptions.
eat pumps
(%) in global
heating and
cooling Table 6
demand Assumptions on cumulative global production volumes of BEV and ICEV for
Average FLH 1,490 1,665 2,015 1,490 1,665 2,015 2020 and 2050.
Average COP 3.0 4.3 5.5 3.5 5.3 6.0
Cumulative 1,467 3,092 5,483 2,526 10,339 39,876 Vehicle technology 2020 (Mio. vehicles) 2050 (Mio. vehicles)
install'ed low medium high
capacity
(GWa) BEV 10 670 837 1,004
ICEV gasoline 33 113 141 169

Sources: Data for the total heating and cooling demand, the heat pump share and
the average COP are taken from Ref. [40-43]. Medium parameter values are
derived as mean values from the high and low scenario if no other source was
found. Other values are derived by calculation and own estimation. It is assumed
that the COP will improve by 2050 due to technological improvements, greater
building efficiency and lower heating requirements as a result of climate change.

Table 4
Cost shares and learning rates for BEV components.

Cost components BEV Cost share in % Experience rate

low medium high
Drive train 17 % 8% 10 % 12 %
Chassis/vehicle body 18 % 3% 5% 7 %
Equipment/others 37 % 5% 5% 5%
Battery cells 17 % 11 % 16 % 21 %
Battery management system 9% 11 % 16 % 21 %
Cooling 3% 3% 5% 7 %

Total cost 2020 43,382€

Sources [46-51]: own assumptions.

From July 2022, renewable support is financed outside the energy sys-
tem from the national budget and is no longer applied as a SIPC on
electricity. With the introduction of the nETS, carbon prices are appli-
cable on fossil final energy carriers with the beginning of 2021. In
Table 7 the considered carbon price development is depicted.

To evaluate recent policy changes for alternative renewables
financing and the introduction of the nETS, scenario B serves as a
counterfactual for comparison. Carbon prices for CO, emissions on fossil
final energy are not considered.

Sources [50,54,55]

However, the expected development of the renewable support levy
on electricity are considered in scenario B. The development of the
required financing volume for renewable support and the renewable
levy until 2026 is derived from the Middle Term Prognosis of the
German transmission grid operators [57]. The long-term development is
derived from the calculation tool of [58] which foresees need for
renewable support until 2040. With assumptions regarding the renew-
able diffusion according to the scenario “TN Strom" of the official
German long term scenarios [19,59] the estimated financing volumes
are presented in Table 8.

Table 9 summarises the SIPC settings for both scenarios. Regulatory
measures that also affect the phase-out of fossil fuels, such as CO5 limits
for heating systems or bans on the registration of new ICEV, are not
taken into account in the cost analysis.

3. Results

In the following, we present the results of our analysis. First, the
Capex development for the considered heating technologies are pre-
sented, followed by vehicles of the compact class. As our analysis on
Capex development is based on market values in 2020, effects such as
the increase in commodity prices due to the recent Ukraine crisis are not
reflected in the results. Next, the results for levelised cost of heat and
transport as real values for 2020 are presented.
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Table 7

Assumed carbon price development.
year 2020 2021 2022 2023 2024 2025 2030 2035 2040 2045 2050
€2020/tcoz - 24.4 27.8 27.0 30.8 38.7 96.9 140.2 174.2 200.4 220.0

Source: Real values for 2019 from Ref. [56] with assumption of an inflation of 2 % between 2019 and 2020.

Table 8
Development of financing volume for renewable support.

Unit 2020 2021 2022 2023 2024

2025 2026 2027 2028 2029 2030 2035 2040

Renewable support
Regular levy rate

€2020 bn 24.23 33.03 16.21 22.75 22.58
€ct/kWh  6.76 6.50 3.70 5.87 5.77

22.50 20.36 18.22 16.08 13.94 11.80 4.39 -
5.26 4.84 4.27 3.84 3.36 2.77 0.99 -

Source: [57-59], own calculations.

Table 9
Overview of SIPC policy scenarios.

SIPC Scenario A (Stated
Policies)

Scenario B (Counterfactual)

Renewable levy on
electricity

Removed from policy set
(shift to state budget)

Still included in policy set
(support evolving according
to Table 8)

Carbon price on Excluded from policy set

fossil final energy

Included in policy set
(carbon price evolving

from nETS according to Table 7)

Excise taxes on final Current policy scheme maintained
energy

Grid fees Same assumptions for both scenarios

Source: own assumptions.

3.1. Capex development for heat pumps

The results for Capex development for small heat pump are presented
in Fig. 5.

It can be seen that the small-scale heat pump Capex is decreasing
from €429/kWy, in 2020 to €141/kWy, in 2050 for the medium

500 ,
400
300
2
£
Sy
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100
0 >
2020 2025 2030 2035 2040 2045 2050

Fig. 5. Capex development of condensing boiler and small-scale heat pump
until 2050.

Note: Solid line of each final energy carrier shows the results of the medium
parameter constellation. Bottom border depicts lower and higher border upper
result ranges. Sector coupling favourable parameter constellations are defined
as lower border of heat pumps and upper border of condensing boiler. Fossil
favourable parameter constellations are defined as upper border of heat pumps
and lower border of condensing boiler. Sources: Condensing boiler: lower
border from Ref. [44], upper border from Ref. [60], medium value from
Ref. [45]. Heat pump: own calculation.

parameter constellation. The strongest decrease is expected between
2020 and 2030 resulting from a high expected increase in installed ca-
pacity. Within the study period (until 2050), heat pumps do not quite
reach the Capex of conventional condensing boilers according to our
calculations for the medium parameter constellation, but converge
closely. Here, Capex of heat pumps are expected to remain above
condensing boiler levels until 2050. Nevertheless, in a sector coupling
favourable parameter constellations considering lowest cost range for
heat pumps and highest costs for conventional technology (condensing
boilers) the earliest break-even point of Capex is assumed in 2032. It
should be noted that no Capex reductions for condensing boilers have
been considered and values are based on literature data (compare sec-
tion 2.3.1). Given the many assumptions, it can be anticipated that the
Capex of the two technologies will approach a comparable level in the
long term.

3.2. Capex development for vehicles

The results of Capex development for vehicles of the compact class
are presented in Fig. 6.

It can be seen that Capex for BEV from the compact class size
decrease from €43,382/vehicle in 2020 to €25,422/vehicle in 2050
according to our calculation. Capex for ICEV decrease as well but only
slightly by 1.8 % for gasoline. Therefore, break-even points of BEV with
gasoline driven vehicles are expected in 2035 for the medium parameter
constellations, the year in which only climate-neutral cars are allowed to

50.000 ,

Battery electric vehicle
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35.000

30.000

25.000

20.000
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10.000 >
2020 2025 2030 2035 2040 2045 2050

Fig. 6. Capex development of ICEV and BEV until 2050.

Note: Solid line of each final energy carrier shows the results of the medium
parameter constellation. Bottom border depicts lower and higher border upper
result ranges. Sector coupling favourable parameter constellations are defined
as lower border of BEV and upper border of ICEV. Fossil favourable parameter
constellations are defined as upper border of BEV and lower border of ICEV.
Source: Own calculations.
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be newly registered in the EU [61]. The earliest expected break-even
point is expected in 2029, with the lowest Capex range for BEV and
the highest cost range for ICEV gasoline.

3.3. Levelised cost of heat from small scale heat pumps

The results of levelised cost of heat of small scale heat pumps and
condensing boilers for single family houses with varying building effi-
ciency (compare section 2.1) for both SIPC policy scenarios are pre-
sented in Fig. 7.

Under stated policies, heat pumps are already cost competitive in
2020. The LCOH development for heat pumps in scenario A only shows

Smart Energy 15 (2024) 100149

slightly lower values than in scenario B due to the renewable support
levy applied on electricity. With fossil favourable parameter constella-
tions, scenario A (stated policies) clearly favours heat pumps after 2030,
while the development of cost competitiveness in scenario B is not
distinct. Especially the assumed increase of the carbon price signifi-
cantly increases the LCOH of condensing boilers fired with natural gas
(scenario A).

In 2020, the LCOH for heat pumps in scenario A are €ct17.6/kWh,
€ct2.5/kWh lower than the fossil alternative in the medium parameter
constellation. In the absence of nETS, scenario B shows a lower LCOH for
the fossil alternative at €ct18.4/kWh, while heat pumps depict €ct0.4/
kWh higher cost when applying the renewable levy. Here, due to
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Fig. 7. Results of levelised cost of heat for households.

Note: Solid line of each final energy carrier shows the results of the medium parameter constellation. Bottom border depicts lower and higher border upper result
ranges. Sector coupling favourable parameter constellations are defined as lower border of LCOH of heat pump and upper border of LCOH of condensing boiler. Fossil
favourable parameter constellations are defined as upper border of LCOH of heat pump and lower border of LCOH of condensing boiler. Source: Own calculations.
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decreasing renewable levy and rising grid fees for natural gas, cost parity
is reached in 2025. In scenario B, depending among others on the grid
fee for natural gas, the bandwidth of LCOH developments for the fossil
technology remains in the range of heat pumps until 2050.

3.4. Levelised cost of transport for vehicles of the compact class

The results in Fig. 8 show the levelised cost per kilometre driven for a
German household with an average annual mileage of 13,500 km [62]
and high mileage of 27,000 km, corresponding to the average mileage of
a family household with commuter [63], for both policy scenarios.

ICEV depict in both scenarios and mileage sensitivities lower LCOT
than BEV in 2020. Considering average mileage, a cost advantage
compared to BEV of €ct13.1/km in scenario A and €ct14.2/km in sce-
nario B is given in 2020. With higher mileage, the LCOT of BEV are
€ct6.2/km higher in scenario A and €ct7.3/km higher in scenario B
compared to the fossil alternative in 2020. In this year, the LCOT for BEV
in scenario A are €ct77.3/km, only €ct0.6/km higher than in scenario B.

The comparison of both scenario results reveals that the recent
changes of SIPC policies did not influence the LCOT decisively in the
short term. The reduction of the renewable support levy in scenario A
does not lead to significantly different costs compared to the counter-
factual scenario B, which still features the levy on electricity. This shows
that the Capex has a stronger impact on the overall cost for final energy
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than the Opex. Hence, the expected reductions for the Capex of BEV lead
to LCOT reductions in the long term in both scenarios.

The strong cost impact of Capex is also evident when looking at the
break-even point for the compared technologies and comparing the level
of LCOT across different mileages. When considering the average annual
mileage of households, cost parity is reached in 2026 for scenario A, one
year ahead of scenario B. In the case of high mileage, the break-even
point of BEV is reached for scenario A and scenario B in 2024. In sum-
mary, the findings indicate that mileage significantly influences LCOT
levels, albeit without notable effects on cost-competitiveness.

In 2050, transport costs of around €ct48.8/km with average mileage
and €ct26.2/km with high mileage are expected for BEV in both SIPC
policy scenarios. With the difference of €ct2.1/km for average mileage
and €ct2.2/km for high mileage in both scenarios, the high carbon price
does not decisively increase the LCOT for ICEV until 2050 even when
strong increases are assumed. The decline in LCOT of ICEV until 2050,
despite rising carbon prices, can be attributed to the presumed
enhancement in conversion efficiency.

4. Discussion
To investigate cost-competitiveness of two important technologies

for sector coupling in the decarbonisation of the energy system, as there
are (small-scale) heat pumps and battery electric vehicles BEV, we
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Fig. 8. Results of levelised cost of transport for households.

Note: Solid line of each final energy carrier shows the results of the medium parameter constellation. Bottom border depicts lower and higher border upper result
ranges. Sector coupling favourable parameter constellations are defined as lower border of LCOT of BEV and upper border of LCOT of ICEV. Fossil favourable
parameter constellations are defined as upper border of LCOT of BEV and lower border of LCOT of ICEV. Source: Own calculation.
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investigate two important determinants of their cost. For both technol-
ogies, we conducted extensive analysis on market prices in 2020 and
calculated ranges of Capex developments based on experience curves for
respective technology components under future demand scenarios. We
further investigated the impact of recent policy changes on levies and
taxes on final energy prices within the context of the German energy
transition from the perspective of households as end consumers.

Based on these results, we calculate developments of levelised cost of
heat (LCOH) and of transport (LCOT) under sector coupling favourable,
medium and fossil favourable parameter constellations until 2050 for
two scenarios. Scenario A (stated policies) encompasses recently
adapted state-induced price components (SIPC) policies, including state
financed renewable support instead of a levy on electricity prices, and
the introduction of the national emission trading system nETS. To assess
the effects of the recent changes, we introduced scenario B (counter-
factual), where the recent SIPC policies are excluded, i.e. where the
renewable support levy on electricity remains in effect in absence of the
nETS for heating and transport fuels.

Our results show that both determinants play an important role for
providing favourable economic conditions for the market uptake of
these sector-coupling technologies. The evolution of market prices for
both technologies, based on experience curves established in this work,
play an important role in enlarging the markets for both technologies
while designing SIPC is important to remove economic barriers in the
present uptake of those technologies. The picture differentiates never-
theless, between both technologies.

LCOH of heat pumps under stated policies are already lower than the
fossil alternatives in 2020, in contrast to the counterfactual scenario B
without nETS. Hence, recent SIPC policy changes had a positive effect on
the cost-competitiveness of heat pumps, a technology which is assigned
an important role in the energy transition due to its efficient conversion
of electricity and its contribution to sector coupling. The LCOH are
stronger influenced by the Opex than Capex development, as the lifetime
for heating technologies is set to 15 years according to the depreciation
table of [64]. Especially the assumed carbon price increase development
derived from Ref. [56] determines the economic viability of heat pumps.
Though, until 2050 Capex of heat pumps are expected to show consid-
erable reductions to one third of 2020 values, but still remain above the
level of condensing boilers in our medium parameter constellations.
When interpreting the results, however, it is important to bear in mind
that competitive effects in the energy transition can lead to rising
commodity prices, which can decouple technological developments
from cost degression. Additionally, it is important to note that we
assumed installation costs decrease with Capex, but increasing demand
and a shortage of skilled workers could lead to their rise instead.

Regarding individual transport of households, ICEV remain the
cheaper technology in both scenarios in 2020, regardless of the carbon
price. In the cost analysis of private transport vehicles of the compact
class, the Capex influence costs stronger than Opex when considering
the average annual mileage of households. This effect amplifies with
larger vehicle classes, which entail higher investments. Consequently,
with the consideration of six years of vehicle use [64], recent SIPC policy
changes do not have a decisive impact on the cost-competitiveness of
BEV. However, the calculated experience curves resulting from econo-
mies of scale show strong Capex decreases, which favour cost competi-
tiveness of BEV in the short term. We find that cost-competitiveness of
the sector coupling technology is reached in 2026 under stated policies
in the medium parameter constellation. According to our results, Capex
of BEV are expected to reach parity with ICEV in 2035. Accordingly, cost
parity for LCOT will be reached about a decade earlier than expected for
Capex, which emphasises the clear operating cost advantages of BEV.

Our analysis shows that the SIPC policy settings generate different
impacts on the cost competitiveness of sector coupling technologies
analysed. As the time of use of heat pumps is longer and cost shares of
Capex in total cost smaller compared to vehicles, the carbon price in-
crease on fossil fuels and electricity price reduction, are economically
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favourable for heat pumps. However, it is unclear whether the carbon
price of the nETS will develop as assumed by Ref. [56] and be
adequately anticipated by private or commercial investors. A reliable
minimum carbon price or regulatory requirements can serve as policy
instruments that combine the objectives of environmental compatibility
and sector coupling. Our analysis shows that the impact of carbon
pricing should be assessed in conjunction with electricity price levels
and investment spending, as this policy instrument alone is not decisive,
but rather its combined effect.

As heat pumps and BEV are relatively new technologies, their ex-
pected lifetime may vary compared to their conventional counterparts,
on which the official depreciation tables are based. If the lifetime of the
sector coupling technologies proves to differ, the proportionate rein-
vestment must be factored into future cost comparisons.

Regarding policy measures for BEV, our analysis shows that the
impact of Capex is more important than Opex. Consequently, investment
subsidies until cost parity is reached seem more adequate than changes
of SIPC for final energy prices to foster cost competitiveness of BEV.
Such support schemes could be grant schemes or tax reliefs for the
vehicle purchase. Alternatively, annual taxes on the vehicle ownership,
which could be partially or fully proportional to the technologies’
emission intensity, could incentivise BEV investments. Our cost analysis
indicates that the Capex for BEV are likely to decrease below those of
ICEV in the medium term. This reduction in the initial investment al-
leviates the purchase barrier associated with BEV. It can therefore be
expected that the cost trend in the transport sector will drive the tran-
sition towards BEV, which could potentially render regulatory measures
redundant. However, “soft” obstacles might affect the decision to
vehicle switch, such as insufficient charging points or lower driving
ranges of BEV compared to ICEV.

Additionally, other economic barriers might also hinder investment
decisions in heat pumps. As heat pumps require certain standards and
conditions for efficient operation, the deployment of this sector coupling
technology often requires additional investments [65]. This is especially
relevant in the building stock, where besides investments in insulation,
in particular replacing old windows and insulating ceilings and walls,
additional measures like new radiators and exchanging the entire
heating system might be required. However, these measures depend in
turn on the individual characteristics of the heterogeneous building
stock and are not reflected in our analysis. In particular, distributional
effects for vulnerable households are expected from energy-related in-
vestments, e.g. in modernisation of buildings [66]. Therefore, tailored
investment subsidies or enhanced loan possibilities, aligned with spe-
cific building types, could accelerate the technological transition.
Nevertheless, if a substantial additional investment is required, this
could discourage investments in heat pumps, which may necessitate
regulatory policies to achieve renewable energy targets in the heating
sector. This is particularly important given the long useful life of fossil
fuel heating technologies.

Another cost consideration involves the simplified assumptions of
market price trends for fossil fuels and electricity. The latter is influ-
enced in particular by the expansion of variable renewable energy
sources, which are expected to increase intertemporal price volatility in
the electricity market [67,68]. The flexible operational nature of
sector-coupling technologies suggests to take advantage from potential
price deviations. In practice, lower weighted electricity prices can still
impact the costs correspondingly. However, the extent of household
benefit remains uncertain due to the additional costs associated with the
necessary information and communication technology for flexible
electricity market engagement [69]. Moreover, larger and more
price-sensitive consumers, like large heat pumps, might offset market
price disparities through their participation, reducing direct benefits to
households [7].

Beyond the effects on energy prices, the recent crisis and resultant
policy measures may influence the costs associated with the components
of sector coupling technologies. Given the inherent unpredictability of
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crisis effects in general, and their specific uncertainty in relation to the
energy transition in particular, this study could not encompass addi-
tional effects in the experience curve approach. Nevertheless, we
anticipate that these effects will materialise in the short term, while our
analysis also aims to shed light on the medium and long-term perspec-
tives. Future research based on the component-based experience curve
approach should compare our estimates of Capex developments with
multi-year market data in order to calibrate the assumed experience
curve parameters accordingly.

In summary, insufficient private investments could impede the
diffusion of climate-friendly technologies needed for an efficient energy
transition. Including additional investments for switching heating
technology in the cost analysis are a subject for further research.

5. Conclusion

The direct electrified sector coupling technologies, heat pump and
BEV, imply the Energy Efficiency First principle on the demand and
supply side. Higher efficiencies in conversion of final energy into useful
energy of these applications reduce the overall final energy demand in
the heating and building sector. With offering demand flexibility, total
system cost can be reduced when these technologies react to an
increasingly volatile supply side. A rapid market uptake of heat pumps
and BEV thus aids an expeditious energy transition as each additional
investment decision in conventional technologies extends the future
demand of fossil fuels over their time of use.

The economic attractiveness is a crucial factor to incentivise the
switch from conventional to sector coupling technologies. We explore
the development of the cost competitiveness of heat pumps and BEV
until 2050. For this, two important determinants for the cost competi-
tiveness of sector coupling technologies were considered.

(i) future market development which brings the technology cost
down and
(ii) the impact of levies and taxes on final energy prices.

In summary, we find that recent adaptations to the SIPC in Germany,
namely the introduction of a carbon price and the alternative financing
of the renewable support, provide favourable conditions for the cost-
competitiveness of heat pumps as early as 2020. With regard to BEV,
economies of scale indicate to enable cost competitiveness of BEV prior

Appendix

Levelised cost of useful energy
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to 2030, while the carbon prices on gasoline and lower electricity prices
do not decisively favour the cost competitiveness. Based on the analysis
of this paper, it can be concluded that a policy mix seems to be important
for promoting sector coupling technologies and that relying on carbon
prices alone might be insufficient. Furthermore, other financial and non-
financial barriers should be taken into account by policy makers when
designing instruments to foster market uptake of heat pumps and BEV.
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We reformulate the LCOE according to Ref. [26] as discounted lifetime cost of ownership and use of a generation asset, converted into an
equivalent unit of cost of utilisation in real monetary value per energy unit, e.g. €/kWh. This indicator is obtained in calculating the net present value

(NPV) of cost C over NPV of generated energy E:

NPV: Y. [CAPEX(t) + OPEX;(t) + OPEX,(t)] df(t)

HCOE =Ny, ST D) df(0)

Deriving the formula of levelised cost of heat LCOH

For the levelised cost of heat (LCOH), the annual reference value of energy E(t) pertains to generated heat, determined by the technology’s input
energy capacity (denoted as capa™), e.g. final energy in kW, annual full load hours of operation FLH in hours, energy input to output conversion

efficiency 7., and an annually efficiency decrease Speq(t):

E(t) = capa™ + FLH * f]poq; * Shear(t)

The technology investment considers the specific capital expenditure capex™ for the technology purchase including its expenditures for installation
in €/kW of input energy multiplied with the capacity of input energy installed:
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CAPEX = capa™ * capex™

Fixed operational expenditures consists of the technology’s annual cost for operation, maintenance and calculative reinvestment omr™, excluding
financing costs:

OPEX; = capa™ x omr™

Variable operational expenditures are linked to input energy cost depending on the input energy price p™:
OPEX,, = capa™ = FLH % p™"

Expressed as an equation:
S [capa™ x capex™ + capa™  omr(t) + capa™ + FLH  pi* | * df (t)

Zfzocapai" * FLH * 1y, * ﬁhem(t) « df(t)

Further simplification yields:

. Th (==re ) o g0

in
Nhear Zfzoﬁheat(t) * df(t) kWhiea

LCOT =

Deriving the levelised cost of transport LCOT

The levelised cost of transport (LCOT) pertains to the annual reference value represented by the average mileage of a vehicle. To calculate the
LCOT, we replace the energy quantity E(t) with the energy service of the mileage.

The technology investment is considered as the total capital expenditure CAPEX per vehicle class in €.

Assuming that fixed operational expenditures are solely associated with the total annual cost for operation, maintenance and calculative rein-
vestment OMR in €, excluding financing costs:

OPEX; — OMR(t)
The residual value RV at the end of the vehicle’s time of use T, denoted as RV, accounts for the capital expenditure reduced annually by a factor I
RV=CAPEX + (1 -1)"
Variable operational expenditures are related to input energy cost, depending on the annual mileage, the vehicles conversion efficiency 7,,,, in km
per kWh and an annual efficiency decrease mq(t):
mileage
Mmob * 5’"0b(t)

OPEX, = *pin
The resulting equation for LCOT is expressed as:

S {CAPEX + OMR — RV/(T) + mlease pi"} * df(t)

Mimob *Omob (£)

LCOT = —
> _omileage « df(t)

when divided by mileage, the equation becomes:

T

CAPEX+OMR(t)—RV(T) e (t)
; |:< mileage ) + ('lmobp* mab(t)>:| * df(t)
LCOT,(t) ="

Parameter assumptions for the calculation
Table A1 to Table A4 contain details of the parameters assumed in our calculations. We utilise the asset depreciation period as the parameter for

time of use in calculating the levelised cost of useful energy. Despite the potential for these technologies to operate for longer durations, the official
expected useful life serves as an industry standard to which tax incentives, financing terms, and guarantee conditions are typically aligned.
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Table A 1

General parameter for the calculation of LCOH
Parameter Value
Interest rate 7 %
Useful life® 15 years
Annual full load hours® 1,752 h
Mark-up on wholesale price for final energy*® 50 %
Residual value = dismantling costs 0€

Sources: a) [64]; b) [70]; ¢) [17]; own assumptions.

Table A 2
Ranges of parameter for low, medium and high values of LCOH

Parameter Unit Heat pump Condensing Boiler

low medium high low medium high
Installation cost % of CAPEX 50 50 50 50 50 50
Annual O&M cost % of CAPEX 2.5 2.5 2.5 3 3 3
Efficiency in 2020 COP [/ % 2.5 3.0 3.5 93 95 98
Efficiency in 2050 COP [/ % 3.0 3.5 4.0 93 95 98

Sources: Installation cost derived from Ref. [71]; O&M cost and efficiency of medium parameter constellation in 2020 derived from Ref. [72], +10% deviation for low
and high parameter constellation; own assumptions.

Table A 3

General parameter for LCOT
Parameter Value
Interest rate: 7 %
Useful lifea 6 years
Annual mileageb 13,500 km
Mark-up on wholesale price for final energy sourcec 50 %

Loss of value per yeard

10 % (residual value after useful life taken into account as investment reduction)

Sources: a) [64]; b) [62]; ¢) [17]; d) estimations derived from Ref. [29]; own assumptions.

Table A 4
Parameter for LCOT of BEV and ICEV of compact class
Parameter Unit BEV ICEV Gasoline
low basis high low basis high
O&M cost €/a 1,800 2,000 2,200 1,800 2,000 2,200
Specific consumption 2020 kWh/km 0.127 0.141 0.155 4.68 5.20 5.72
1/100km
Efficiency in 2020 km/kWh 6.45 7.09 7.88 1.97 2.16 2.40
Specific consumption in 2050 kWh/km 0.105 0.117 0.129 3.28 3.64 4.00
1/100km
Efficiency in 2050 km/kWh 7.77 8.54 9.49 2.81 3.09 3.43

Sources: O&M cost and efficiency of medium parameter constellation in 2020 derived from Ref. [46]; +10% deviation for low and high parameter constellation; own
assumptions.

References

[1

[2

[3

[4

[5

]
1

1

=

—

IPCC. Synthesis report of the IPCC sixth assessment report (AR6). Available online
at, https://report.ipcc.ch/ar6syr/pdf/IPCC_AR6_SYR_LongerReport.pdf; 2022.
Ramsebner J, Haas R, Ajanovic A, Wietschel M. The sector coupling concept: a
critical review. WIREs Energy Environ 2021;10(4). https://doi.org/10.1002/
wene.396.

Miiller C, Falke T, Hoffrichter A, Wyrwoll L, Schmitt C, Trageser M, et al. Integrated
planning and evaluation of multi-modal energy systems for decarbonization of
Germany. Energy Proc 2019;158:3482-7. https://doi.org/10.1016/j.
egypro.2019.01.923.

Mandel T, Kranzl L, Popovski E, Sensfu F, Miiller A, Eichhammer W. Investigating
pathways to a net-zero emissions building sector in the European Union: what role
for the energy efficiency first principle? Energy Efficiency 2023;16(4). https://doi.
org/10.1007/512053-023-10100-0.

Mandel T, Paté Z, Broc J-S, Eichhammer W. Conceptualising the energy efficiency
first principle: insights from theory and practice. Energy Efficiency 2022;15(6).
https://doi.org/10.1007/s12053-022-10053-w.

13

[6]

[71

[8]

[91

[10]

[11]

Mascherbauer P, Kranzl L, Yu S, Haupt T. Investigating the impact of smart energy
management system on the residential electricity consumption in Austria. Energy
2022;249:123665. https://doi.org/10.1016/j.energy.2022.123665.

Bernath C, Deac G, SensfuB F. Impact of sector coupling on the market value of
renewable energies — a model-based scenario analysis. Appl Energy 2021;281:
115985. https://doi.org/10.1016/j.apenergy.2020.115985.

Mathiesen BV, Lund H, Connolly D, Wenzel H, @stergaard PA, Moller B, et al.
Smart Energy Systems for coherent 100% renewable energy and transport
solutions. Appl Energy 2015;145:139-54. https://doi.org/10.1016/j.
apenergy.2015.01.075.

Brunner C, Deac G, Braun S, Zophel C. The future need for flexibility and the
impact of fluctuating renewable power generation. Renew Energy 2020;149:
1314-24. https://doi.org/10.1016/j.renene.2019.10.128.

Wesche JP, Negro SO, Diitschke E, Raven RP, Hekkert MP. Configurational
innovation systems — explaining the slow German heat transition. Energy Res
Social Sci 2019;52:99-113. https://doi.org/10.1016/j.erss.2018.12.015.
Biresselioglu ME, Demirbag Kaplan M, Yilmaz BK. Electric mobility in Europe: a
comprehensive review of motivators and barriers in decision making processes.
Transport Res Pol Pract 2018;109:1-13. https://doi.org/10.1016/].
tra.2018.01.017.


https://report.ipcc.ch/ar6syr/pdf/IPCC_AR6_SYR_LongerReport.pdf
https://doi.org/10.1002/wene.396
https://doi.org/10.1002/wene.396
https://doi.org/10.1016/j.egypro.2019.01.923
https://doi.org/10.1016/j.egypro.2019.01.923
https://doi.org/10.1007/s12053-023-10100-0
https://doi.org/10.1007/s12053-023-10100-0
https://doi.org/10.1007/s12053-022-10053-w
https://doi.org/10.1016/j.energy.2022.123665
https://doi.org/10.1016/j.apenergy.2020.115985
https://doi.org/10.1016/j.apenergy.2015.01.075
https://doi.org/10.1016/j.apenergy.2015.01.075
https://doi.org/10.1016/j.renene.2019.10.128
https://doi.org/10.1016/j.erss.2018.12.015
https://doi.org/10.1016/j.tra.2018.01.017
https://doi.org/10.1016/j.tra.2018.01.017

J.F. George et al.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]
[36]
[371

[38]

Freyre A, Klinke S, Patel MK. Carbon tax and energy programs for buildings: rivals
or allies?. In: Energy policy, vol. 139; 2020, 111218. https://doi.org/10.1016/j.
enpol.2019.111218.

Ajanovic A, Haas R. On the economics and the future prospects of battery electric
vehicles. Greenhouse Gas Sci Technol 2020;10(6):1151-64. https://doi.org/
10.1002/ghg.1985.

Technological learning in the transition to a low-carbon energy system. Conceptual
issues, empirical findings, and use. In: Junginger M, Louwen A, editors. Energy
modeling. Elsevier; 2020.

George JF, Held A, Winkler J, Bekk A, Ragwitz M. Auswirkungen klima- und
energiepolitischer Instrumente mit Fokus auf EEG-Umlage, Stromsteuer und CO2-
Preis. Finanzierungsmechanismus fiir erneuerbare Energien: Einnahmen- und
Refinanzierungsseite. Study on behalf of the Federal Ministry for Economic Affairs
and Energy. 2020 Available online at, https://www.bmwi.de/Redaktion
/DE/Publikationen/Studien/finanzierungsmechanismus-fuer-erneuerbare-en
ergien-einnahmen-und-refinanzierungsseite.pdf?_blob=publicationFile&v=8,ch
eckedon2/28/2022.

German Federal Cartel Office; German Federal Network Agency. Monitoring report
2019. Available online at, https://www.bundesnetzagentur.de/SharedDocs/Medi
athek/Monitoringberichte/Monitoringbericht_Energie2019.pdf?_blob=public
ationFile&v=6; 2020. checked on 2/22/2022.

BKartA - German Federal Cartel Office; BNetzA - German Federal Network Agency.
Monitoring report 2020. Available online at, https://www.bundesnetzagentur.de/
EN/Areas/Energy/Companies/DataCollection_Monitoring/start.html; 2021.
checked on 9/10/2021.

BMWEK - German Federal Ministry of Economic Affairs and Climate Protection. EEG
levy 2022: facts & background. Available online at, https://www.bmwi.de/Redakt
ion/DE/Downloads/E/zahlen-und-fakten-zur-eeg-umlage-2022.pdf?_blob=pu
blicationFile&v=4; 2021.

Fraunhofer ISI, Consentec, Berlin TU, ifeu. Langfristszenarien fiir die
Transformation des Energiesystems in Deutschland. Available online at, https:
//www.langfristszenarien.de/enertile-explorer-de/dokumente/; 2022.

Prognos; Oko-Institut; Wuppertal-Institut. Klimaneutrales Deutschland 2045. Wie
Deutschland seine Klimaziele schon vor 2050 erreichen kann. Available online at
Langfassung im Auftrag von Stiftung Klimaneutralitat, Agora Energiewende und
Agora Verkehrswende 2021. https://www.agora-energiewende.de/veroeffentl
ichungen/klimaneutrales-deutschland-2045-vollversion/.

Kopernikus-Projekt Ariadne. Ariadne-Report: Deutschland auf dem Weg zur
Klimaneutralitat 2045 - Szenarien und Pfade im Modellvergleich. Available online
at, https://doi.org/10.48485/pik.2021.006; 2021.

dena - Deutsche Energie-Agentur. Dena-leitstudie aufbruch klimaneutralitat.
Available online at, https://www.dena.de/fileadmin/dena/Publikationen/PDFs
/2021/Abschlussbericht_dena-Leitstudie_Aufbruch_Klimaneutralitaet.pdf; 2021.
BCG. Klimapfade 2.0. Ein Wirtschaftsprogramm fiir Klima und Zukunft. Available
online at Gesamtstudie im Auftrag von BDI 2021. https://www.bcg.com/k
limapfade.

Short W, Packey DJ, Holt TA. A Manual for the Economic Evaluation of energy
Efficiency and renewable energy technologies. Available online at. Golden,
Colorado: National Renewable Energy Laboratory; 1995 (NREL/TP-462-5173).
https://www.osti.gov/biblio/35391. checked on 8/15/2022.

Knobloch F, Pollitt H, Chewpreecha U, Daioglou V, Mercure J-F. Simulating the
deep decarbonisation of residential heating for limiting global warming to 1.5 °C.
Energy Efficiency 2019;12(2):521-50. https://doi.org/10.1007/512053-018-9710-
0.

Aldersey-Williams J, Rubert T. Levelised cost of energy — a theoretical justification
and critical assessment. Energy Pol 2019;124:169-79. https://doi.org/10.1016/j.
enpol.2018.10.004.

Persson U, Wiechers E, Moller B, Werner S. Heat roadmap europe: heat distribution
costs. Energy 2019;176:604-22. https://doi.org/10.1016/j.energy.2019.03.189.
IWU - Institute for Housing and Environment. Typology approach for building
stock energy assessment TABULA, WebTool. Available online at, https://webtool.
building-typology.eu/#bm,checkedon8/15/2022; 2017.

KBA - German Federal Motor Transport Office. Stock of motor vehicles and motor
vehicle trailers by selected characteristics (federal states and vehicle classes),
quarterly. Available online at, https://www.kba.de/DE/Statistik/Produktkatalog/
produkte/Fahrzeuge/fz27 b_uebersicht.html; 2023. checked on 4/15/2023.
George JF, Miiller VP, Winkler J, Ragwitz M. Is blue hydrogen a bridging
technology? - the limits of a CO2 price and the role of state induced price
components for green hydrogen production in Germany. Energy Pol 2022;167.
https://doi.org/10.1016/j.enpol.2022.113072. Article 113072.

Wright TP. Factors affecting the cost of airplanes. J Aeronaut Sci 1936;3(4):122-8.
Bohm H, Zauner A, Rosenfeld DC, Tichler R. Projecting cost development for future
large-scale power-to-gas implementations by scaling effects. Appl Energy 2020;
264:114780. https://doi.org/10.1016/j.apenergy.2020.114780.

Schmidt O, Hawkes A, Gambhir A, Staffell I. The future cost of electrical energy
storage based on experience rates. Nat Energy 2017;2(8). https://doi.org/10.1038/
nenergy.2017.110.

Viessmann Climate Solutions SE. Viessmann. Available online at, https://www.
viessmann.de; 2020.

Bosch Thermotechnik GmbH. Bosch. Available online at, https://www.buderus.de
/de; 2020.

Alibaba. Alibaba.com. Available online at, https://german.alibaba.com/; 2020.
updated on 2020.

Jakob M, Reiter U, Krishnan S, Louwen A, Junginger M. Heating and cooling in the
built environment. In: Junginger M, Louwen A, editors. Technological learning in

14

[39]
[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Smart Energy 15 (2024) 100149

the transition to a low-carbon energy system. Conceptual issues, empirical findings,
and use, in energy modeling. Elsevier; 2020. p. 189-219.

Henderson BD. Die Erfahrungskurve in der Unternehmensstrategie. 2. iiberarb.
Aufl. Frankfurt/Main: Campus Virtuales 1984.

IEA. Net zero by 2050. Available online at, https://www.iea.org/reports/net-zer
0-by-2050; 2021.

IRENA. World energy transitions outlook: 1.5°C pathway. Available online at
International Renewable Energy Agency 2021. https://irena.org/publications.
IRENA, IEA, REN21. Renewable energy policies in a time of transition: heating and
cooling. Available online at, https://www.irena.org/publications/2020/Nov/Ren
ewable-Energy-Policies-in-a-Time-of-Transition-Heating-and-Cooling; 2020.

DNV. Energy Transition Outlook 2021. Pathway to net zero emissions. Available
online at, https://www.dnv.com/publications/energy-transition-outlook-2021-
210847; 2021.

Fraunhofer ISE. Wege zu einem klimaneutralen Energiesystem. Available online at
Die deutsche Energiewende im Kontext gesellschaftlicher Verhaltensweisen 2020.
Freiburg, Germany. https://www.ise.fraunhofer.de/de/veroeffentlichungen
/studien/wege-zu-einem-klimaneutralen-energiesystem.html. checked on 4/15/
2023.

Hofmeister M, Guddat M. Techno-economic projections until 2050 for smaller
heating and cooling technologies in the residential and tertiary sector in the EU.
Available online at. Luxembourg: Publications office of the European Union; 2017
(JRC109034). https://data.jrc.ec.europa.eu/dataset/jrc-etri-techno-econ
omics-smaller-heating-cooling-technologies-2017,checkedon4,/15/2023.

ADAC. Car cost calculator. Available online at, https://www.adac.de/rund-u
ms-fahrzeug/auto-kaufen-verkaufen/autokosten/; 2021. checked on 4/15/2023.
Kochhan R, Fuchs S, Reuter B, Burda P, Matz S, Lienkamp M. An Overview of costs
for vehicle components, fuels and greenhouse gas emissions. Available online at,
https://www.researchgate.net/publication/260339436_An_Overview_of Costs_for_
Vehicle_Components_Fuels_and_Greenhouse_Gas_Emissions; 2014.

Available online at. In: Kampker A, Vallée D, Schnettler A, editors.
Elektromobilitdt. Grundlagen einer Zukunftstechnologie. Springer-Verlag GmbH.
2. Auflage. Berlin: Springer Vieweg; 2018. http://www.springer.com/.
Tsiropoulus I, Tarvydas D, Lebedeva N. Li-ion batteries for mobility and stationar
storage applications. Scenario for costs and market growth. 2018. https://doi.org/
10.2760/87175.

McKerracher C, Izadi-Najafabadi A, O’Donovan A, Albanese N. Electric vehicle
outlook 2020. Available online at, https://about.bnef.com/electric-vehicle-outl
00k-2020/; 2020.

Zapf M, Pengg H, Biitler T, Bach C, Weindl C. Kosteneffiziente und nachhaltige
Automobile. In: Bewertung der realen Klimabelastung und der Gesamtkosten —
Heute und in Zukunft. second ed. Wiesbaden: Springer Fachmedien Wiesbaden;
Imprint Springer Vieweg (Springer eBook Collection); 2021.

Kittner N, Tsiropoulos I, Tarvydas D, Schmidt O, Staffell I, Kammen DM. Electric
vehicles. In: Junginger M, Louwen A, editors. Technological learning in the
transition to a low-carbon energy system. Conceptual issues, empirical findings,
and use, in energy modeling. Elsevier; 2020. p. 145-63.

ZSW. Datenservice erneuerbare energien. Available online at. Zentrum fiir
Sonnenenergie- und Wasserstoff-Forschung Baden Wiirttemberg. 2020. https
://www.zsw-bw.de/mediathek/datenservice. [Accessed 15 August 2022].

IEA. Global EV market outlook. Available online at. IEA; 2020. https://www.iea.or
g/reports/global-ev-outlook-2020. updated on 2/10/2021.

UBA - Umweltbundesamt. Marktdaten bereich mobilitat - globaler autobestand.
Available online at, https://www.umweltbundesamt.de/daten/private-haush
alte-konsum/konsum-produkte/gruene-produkte-marktzah
len/marktdaten-bereich-mobilitaet#globaler-autobestand; 2020.

UBA - German Federal Environmental Agency. Framework data for the 2023
projection report. Available online at, https://www.umweltbundesamt.
de/publikationen/rahmendaten-fuer-den-projektionsbericht-2023,checkedon
4/15/2023; 2023.

German Transmission System Operators. Mid-term forecast 2022-2026. Available
online at, https://www.netztransparenz.de/EEG/Mittelfristprognosen/Mittelfrist
prognose-2022-2026; 2021. checked on 2/28/2022.

Agora Energiewende. EEG calculator for Excel. Calculation and scenario model for
determining the EEG surcharge until 2035. Available online at, https://www.ago
ra-energiewende.de/veroeffentlichungen/eeg-rechner-fuer-excel/; 2021. checked
on 2/28/2022.

SensfuB F, Lux B, Bernath C, Kiefer C, Pfluger B, Kleinschmitt C, et al.
Langfristszenarien 3. Scientific analyses on the decarbonisation of Germany.
Available online at, https://www.langfristszenarien.de,checkedon8/15/2022;
2021.

Danish Energy Agency. Technology data. Available online at, https://ens.dk/en/ou
r-services/projections-and-models/technology-data; 2023. checked on 4/15/2023.
European Parliament. Amendment 247- Proposal for a regulation. Type-approval
of motor vehicles and engines with respect to their emissions and battery durability
(Euro 7). Available online at, https://www.europarl.europa.eu/doceo/document/
A-9-2023-0298-AM-247-247 EN.pdf; 2024. checked on 3/15/2024.

Kba - German Federal Motor Transport Office. Report on national driving
performance. Available online at, https://www.europarl.europa.eu/doceo/d
ocument/A-9-2023-0298-AM-247-247 EN.pdf; 2022. checked on 2/28/2022.
infas, DLR, IVT und infas 360. Mobilitat in deutschland (MiD) - final report. On
behalf of the German federal Ministry of transport and digital infrastructure.
Available online at, http://www.mobilitaet-in-deutschland.de/pdf/MiD2017_Erge
bnisbericht.pdf; 2017. checked on 2/28/2022.

BMF - German Federal Ministry of Finance. Depreciation table for general-purpose
fixed assets AfA. Available online at, https://www.kba.


https://doi.org/10.1016/j.enpol.2019.111218
https://doi.org/10.1016/j.enpol.2019.111218
https://doi.org/10.1002/ghg.1985
https://doi.org/10.1002/ghg.1985
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref14
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref14
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref14
https://www.bmwi.de/Redaktion/DE/Publikationen/Studien/finanzierungsmechanismus-fuer-erneuerbare-energien-einnahmen-und-refinanzierungsseite.pdf?__blob=publicationFile&amp;v=8,checkedon2/28/2022
https://www.bmwi.de/Redaktion/DE/Publikationen/Studien/finanzierungsmechanismus-fuer-erneuerbare-energien-einnahmen-und-refinanzierungsseite.pdf?__blob=publicationFile&amp;v=8,checkedon2/28/2022
https://www.bmwi.de/Redaktion/DE/Publikationen/Studien/finanzierungsmechanismus-fuer-erneuerbare-energien-einnahmen-und-refinanzierungsseite.pdf?__blob=publicationFile&amp;v=8,checkedon2/28/2022
https://www.bmwi.de/Redaktion/DE/Publikationen/Studien/finanzierungsmechanismus-fuer-erneuerbare-energien-einnahmen-und-refinanzierungsseite.pdf?__blob=publicationFile&amp;v=8,checkedon2/28/2022
https://www.bundesnetzagentur.de/SharedDocs/Mediathek/Monitoringberichte/Monitoringbericht_Energie2019.pdf?__blob=publicationFile&amp;v=6
https://www.bundesnetzagentur.de/SharedDocs/Mediathek/Monitoringberichte/Monitoringbericht_Energie2019.pdf?__blob=publicationFile&amp;v=6
https://www.bundesnetzagentur.de/SharedDocs/Mediathek/Monitoringberichte/Monitoringbericht_Energie2019.pdf?__blob=publicationFile&amp;v=6
https://www.bundesnetzagentur.de/EN/Areas/Energy/Companies/DataCollection_Monitoring/start.html
https://www.bundesnetzagentur.de/EN/Areas/Energy/Companies/DataCollection_Monitoring/start.html
https://www.bmwi.de/Redaktion/DE/Downloads/E/zahlen-und-fakten-zur-eeg-umlage-2022.pdf?__blob=publicationFile&amp;v=4
https://www.bmwi.de/Redaktion/DE/Downloads/E/zahlen-und-fakten-zur-eeg-umlage-2022.pdf?__blob=publicationFile&amp;v=4
https://www.bmwi.de/Redaktion/DE/Downloads/E/zahlen-und-fakten-zur-eeg-umlage-2022.pdf?__blob=publicationFile&amp;v=4
https://www.langfristszenarien.de/enertile-explorer-de/dokumente/
https://www.langfristszenarien.de/enertile-explorer-de/dokumente/
https://www.agora-energiewende.de/veroeffentlichungen/klimaneutrales-deutschland-2045-vollversion/
https://www.agora-energiewende.de/veroeffentlichungen/klimaneutrales-deutschland-2045-vollversion/
https://doi.org/10.48485/pik.2021.006
https://www.dena.de/fileadmin/dena/Publikationen/PDFs/2021/Abschlussbericht_dena-Leitstudie_Aufbruch_Klimaneutralitaet.pdf
https://www.dena.de/fileadmin/dena/Publikationen/PDFs/2021/Abschlussbericht_dena-Leitstudie_Aufbruch_Klimaneutralitaet.pdf
https://www.bcg.com/klimapfade
https://www.bcg.com/klimapfade
https://www.osti.gov/biblio/35391
https://doi.org/10.1007/s12053-018-9710-0
https://doi.org/10.1007/s12053-018-9710-0
https://doi.org/10.1016/j.enpol.2018.10.004
https://doi.org/10.1016/j.enpol.2018.10.004
https://doi.org/10.1016/j.energy.2019.03.189
https://webtool.building-typology.eu/#bm,checkedon8/15/2022
https://webtool.building-typology.eu/#bm,checkedon8/15/2022
https://www.kba.de/DE/Statistik/Produktkatalog/produkte/Fahrzeuge/fz27_b_uebersicht.html
https://www.kba.de/DE/Statistik/Produktkatalog/produkte/Fahrzeuge/fz27_b_uebersicht.html
https://doi.org/10.1016/j.enpol.2022.113072
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref31
https://doi.org/10.1016/j.apenergy.2020.114780
https://doi.org/10.1038/nenergy.2017.110
https://doi.org/10.1038/nenergy.2017.110
https://www.viessmann.de
https://www.viessmann.de
https://www.buderus.de/de
https://www.buderus.de/de
https://german.alibaba.com/
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref37
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref37
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref37
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref37
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref38
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref38
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/reports/net-zero-by-2050
https://irena.org/publications
https://www.irena.org/publications/2020/Nov/Renewable-Energy-Policies-in-a-Time-of-Transition-Heating-and-Cooling
https://www.irena.org/publications/2020/Nov/Renewable-Energy-Policies-in-a-Time-of-Transition-Heating-and-Cooling
https://www.dnv.com/publications/energy-transition-outlook-2021-210847
https://www.dnv.com/publications/energy-transition-outlook-2021-210847
https://www.ise.fraunhofer.de/de/veroeffentlichungen/studien/wege-zu-einem-klimaneutralen-energiesystem.html
https://www.ise.fraunhofer.de/de/veroeffentlichungen/studien/wege-zu-einem-klimaneutralen-energiesystem.html
https://data.jrc.ec.europa.eu/dataset/jrc-etri-techno-economics-smaller-heating-cooling-technologies-2017,checkedon4/15/2023
https://data.jrc.ec.europa.eu/dataset/jrc-etri-techno-economics-smaller-heating-cooling-technologies-2017,checkedon4/15/2023
https://www.adac.de/rund-ums-fahrzeug/auto-kaufen-verkaufen/autokosten/
https://www.adac.de/rund-ums-fahrzeug/auto-kaufen-verkaufen/autokosten/
https://www.researchgate.net/publication/260339436_An_Overview_of_Costs_for_Vehicle_Components_Fuels_and_Greenhouse_Gas_Emissions
https://www.researchgate.net/publication/260339436_An_Overview_of_Costs_for_Vehicle_Components_Fuels_and_Greenhouse_Gas_Emissions
http://www.springer.com/
https://doi.org/10.2760/87175
https://doi.org/10.2760/87175
https://about.bnef.com/electric-vehicle-outlook-2020/
https://about.bnef.com/electric-vehicle-outlook-2020/
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref50
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref50
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref50
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref50
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref51
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref51
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref51
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref51
https://www.zsw-bw.de/mediathek/datenservice
https://www.zsw-bw.de/mediathek/datenservice
https://www.iea.org/reports/global-ev-outlook-2020
https://www.iea.org/reports/global-ev-outlook-2020
https://www.umweltbundesamt.de/daten/private-haushalte-konsum/konsum-produkte/gruene-produkte-marktzahlen/marktdaten-bereich-mobilitaet#globaler-autobestand
https://www.umweltbundesamt.de/daten/private-haushalte-konsum/konsum-produkte/gruene-produkte-marktzahlen/marktdaten-bereich-mobilitaet#globaler-autobestand
https://www.umweltbundesamt.de/daten/private-haushalte-konsum/konsum-produkte/gruene-produkte-marktzahlen/marktdaten-bereich-mobilitaet#globaler-autobestand
https://www.umweltbundesamt.de/publikationen/rahmendaten-fuer-den-projektionsbericht-2023,checkedon4/15/2023
https://www.umweltbundesamt.de/publikationen/rahmendaten-fuer-den-projektionsbericht-2023,checkedon4/15/2023
https://www.umweltbundesamt.de/publikationen/rahmendaten-fuer-den-projektionsbericht-2023,checkedon4/15/2023
https://www.netztransparenz.de/EEG/Mittelfristprognosen/Mittelfristprognose-2022-2026
https://www.netztransparenz.de/EEG/Mittelfristprognosen/Mittelfristprognose-2022-2026
https://www.agora-energiewende.de/veroeffentlichungen/eeg-rechner-fuer-excel/
https://www.agora-energiewende.de/veroeffentlichungen/eeg-rechner-fuer-excel/
https://www.langfristszenarien.de,checkedon8/15/2022
https://ens.dk/en/our-services/projections-and-models/technology-data
https://ens.dk/en/our-services/projections-and-models/technology-data
https://www.europarl.europa.eu/doceo/document/A-9-2023-0298-AM-247-247_EN.pdf
https://www.europarl.europa.eu/doceo/document/A-9-2023-0298-AM-247-247_EN.pdf
https://www.europarl.europa.eu/doceo/document/A-9-2023-0298-AM-247-247_EN.pdf
https://www.europarl.europa.eu/doceo/document/A-9-2023-0298-AM-247-247_EN.pdf
http://www.mobilitaet-in-deutschland.de/pdf/MiD2017_Ergebnisbericht.pdf
http://www.mobilitaet-in-deutschland.de/pdf/MiD2017_Ergebnisbericht.pdf
https://www.kba.de/DE/Statistik/Kraftverkehr/VerkehrKilometer/vk&ndash;inlaenderfahrleistung/2020/2020&ndash;vk&ndash;kurzbericht.html?fromStatistic=3517388&amp;fromStatistic=3517388&amp;yearFilter=2020&amp;yearFilter=2020#:~:text=In%202020%20entfielen%2051%2C4,%2C7%20%25%20zum%20Vorjahr

J.F. George et al.

[65]

[66]

671

[68]

[69]

[70]

de/DE/Statistik/Kraftverkehr/VerkehrKilometer/vk-inlaenderfah
rleistung/2020/2020-vk—kurzbericht.html?fromStatistic=351738
8&fromStatistic=3517388&yearFilter=2020&yearFilter=2020#: ~:text=In%
202020%20entfielen%2051%2C4,%2C7%20%25%20zum%20Vorjahr; 2022.
checked on 2/28/2022.

Levesque A, Pietzcker RC, Baumstark L, Luderer G. Deep decarbonisation of
buildings energy services through demand and supply transformations in a 1.5°C
scenario. Environ Res Lett 2021;16(5):54071. https://doi.org/10.1088/1748-
9326/abdf07.

George JF, Werner S, PreuB S, Winkler J, Held A, Ragwitz M. The landlord-tenant
dilemma: distributional effects of carbon prices, redistribution and building
modernisation policies in the German heating transition. Appl Energy 2023;339:
120783. https://doi.org/10.1016/j.apenergy.2023.120783.

Hirth L. The market value of variable renewables. In: Energy economics, vol. 38;
2013. p. 218-36. https://doi.org/10.1016/j.eneco.2013.02.004.

Winkler J, Pudlik M, Ragwitz M, Pfluger B. The market value of renewable
electricity — which factors really matter?. In: Applied energy, vol. 184; 2016.

p. 464-81. https://doi.org/10.1016/j.apenergy.2016.09.112.

Pelka S, Kern D, George J. Platform services facilitating the participation of active
households in the energy system — a transaction cost perspective. In: 2022 18th
international conference on the European energy market (EEM). 2022 18th
international conference on the European energy market (EEM). Ljubljana,
Slovenia: IEEE; 2022. p. 1-6. 13.09.2022 - 15.09.2022.

eclareon: Warmepumpenatlas. Available online at: https://www.xn-wrmepumpe
natlas-Okb.de/, checked on 4/15/2023.

15

[71]

[72]

[74]
[75]

[76]

[77]

[78]

[79]

[80]

Smart Energy 15 (2024) 100149

Weiss M, Dittmar L, Junginger M, Patel MK, Blok K. Market diffusion, technological
learning, and cost-benefit dynamics of condensing gas boilers in The Netherlands.
Energy Pol 2009;37(8):2962-76. https://doi.org/10.1016/j.enpol.2009.03.038.
Born H, Schimpf-Willenbrink S, Lange H, Bussmann G, Bracke R. Analysis of the
German heat pump market. Available online at. Stocktaking and trends.
International Geothermal Centre; 2017. http://docplayer.org/78079340-Analyse
-des-deutschen-waermepumpenmarktes.html. checked on November 2022.
German Federal Constitutional Court.

Bundesverband Warmepumpe e.V. Branchenstudie 2021: marktanalyse - szenarien
- handlungsempfehlungen. Available online at, https://www.waermepumpe.de
/fileadmin/user_upload/BWP_Branchenstudie_2021_WEB.pdf; 2021. checked on 8/
15/2022.

Kba - German Federal Motor Transport Office. Annual balance 2021. Available
online at, https://www.kba.de/DE/Statistik/Fahrzeuge/Bestand/Jahrebilanz_Bes
tand/fz_b_jahresbilanz_node.html; 2021.

German Federal Government. Coalition agreement 2021. Available online at, https
://www.bundesregierung.de/breg-de/service/gesetzesvorhaben/koalitionsvertrag
-2021-1990800; 2021. checked on 2/28/2022.

en2X - en2X - Fuels and Energy Business Association e. V. Statistics - prices for
premium petrol, diesel fuel and light heating oil. Available online at, https://en2x.
de/service/statistiken/,checkedon2/28/2022; 2022.

IEA - International Energy Agency. World energy outlook 2022. Available online
at, https://www.iea.org/reports/world-energy-outlook-2022; 2022. checked on
10/18/2022.

Vaillant Deutschland GmbH & Co. KG. Vaillant. Available online at, https://www.
vaillant.de/heizung/; 2020.


https://www.kba.de/DE/Statistik/Kraftverkehr/VerkehrKilometer/vk&ndash;inlaenderfahrleistung/2020/2020&ndash;vk&ndash;kurzbericht.html?fromStatistic=3517388&amp;fromStatistic=3517388&amp;yearFilter=2020&amp;yearFilter=2020#:~:text=In%202020%20entfielen%2051%2C4,%2C7%20%25%20zum%20Vorjahr
https://www.kba.de/DE/Statistik/Kraftverkehr/VerkehrKilometer/vk&ndash;inlaenderfahrleistung/2020/2020&ndash;vk&ndash;kurzbericht.html?fromStatistic=3517388&amp;fromStatistic=3517388&amp;yearFilter=2020&amp;yearFilter=2020#:~:text=In%202020%20entfielen%2051%2C4,%2C7%20%25%20zum%20Vorjahr
https://www.kba.de/DE/Statistik/Kraftverkehr/VerkehrKilometer/vk&ndash;inlaenderfahrleistung/2020/2020&ndash;vk&ndash;kurzbericht.html?fromStatistic=3517388&amp;fromStatistic=3517388&amp;yearFilter=2020&amp;yearFilter=2020#:~:text=In%202020%20entfielen%2051%2C4,%2C7%20%25%20zum%20Vorjahr
https://www.kba.de/DE/Statistik/Kraftverkehr/VerkehrKilometer/vk&ndash;inlaenderfahrleistung/2020/2020&ndash;vk&ndash;kurzbericht.html?fromStatistic=3517388&amp;fromStatistic=3517388&amp;yearFilter=2020&amp;yearFilter=2020#:~:text=In%202020%20entfielen%2051%2C4,%2C7%20%25%20zum%20Vorjahr
https://doi.org/10.1088/1748-9326/abdf07
https://doi.org/10.1088/1748-9326/abdf07
https://doi.org/10.1016/j.apenergy.2023.120783
https://doi.org/10.1016/j.eneco.2013.02.004
https://doi.org/10.1016/j.apenergy.2016.09.112
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref68
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref68
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref68
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref68
http://refhub.elsevier.com/S2666-9552(24)00019-4/sref68
https://www.xn--wrmepumpenatlas-0kb.de/
https://www.xn--wrmepumpenatlas-0kb.de/
https://doi.org/10.1016/j.enpol.2009.03.038
http://docplayer.org/78079340-Analyse-des-deutschen-waermepumpenmarktes.html
http://docplayer.org/78079340-Analyse-des-deutschen-waermepumpenmarktes.html
https://www.waermepumpe.de/fileadmin/user_upload/BWP_Branchenstudie_2021_WEB.pdf
https://www.waermepumpe.de/fileadmin/user_upload/BWP_Branchenstudie_2021_WEB.pdf
https://www.kba.de/DE/Statistik/Fahrzeuge/Bestand/Jahrebilanz_Bestand/fz_b_jahresbilanz_node.html
https://www.kba.de/DE/Statistik/Fahrzeuge/Bestand/Jahrebilanz_Bestand/fz_b_jahresbilanz_node.html
https://www.bundesregierung.de/breg-de/service/gesetzesvorhaben/koalitionsvertrag-2021-1990800
https://www.bundesregierung.de/breg-de/service/gesetzesvorhaben/koalitionsvertrag-2021-1990800
https://www.bundesregierung.de/breg-de/service/gesetzesvorhaben/koalitionsvertrag-2021-1990800
https://en2x.de/service/statistiken/,checkedon2/28/2022
https://en2x.de/service/statistiken/,checkedon2/28/2022
https://www.iea.org/reports/world-energy-outlook-2022
https://www.vaillant.de/heizung/
https://www.vaillant.de/heizung/

	Unveiling the cost competitiveness of sector coupling technologies - Policy impacts on levelised costs of heat pumps and ba ...
	1 Introduction
	2 Methods and data
	2.1 Levelised cost of useful energy
	2.2 Assumptions on energy prices
	2.3 Economies of scale for capex development
	2.3.1 Assumptions for heating technologies
	2.3.2 Assumptions for vehicles

	2.4 Scenario description

	3 Results
	3.1 Capex development for heat pumps
	3.2 Capex development for vehicles
	3.3 Levelised cost of heat from small scale heat pumps
	3.4 Levelised cost of transport for vehicles of the compact class

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix Acknowledgements
	Levelised cost of useful energy
	Deriving the formula of levelised cost of heat LCOH
	Deriving the levelised cost of transport LCOT
	Parameter assumptions for the calculation

	References


