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a b s t r a c t

Complying with ambitious EU climate targets, decarbonization pathways for space heat and hot water, in
addition to the centralized energy generation sector, are analyzed using the open energy modeling
framework, Balmorel. Hybrid systems and simplified consumer preferences are incorporated in the in-
vestment choices for decentralized heat. Five scenarios are analyzed: three with varying heat demand
developments by 2050, one acknowledging the presence of carbon-neutral gas, and one covering only
power and centralized heat sectors for comparison. All scenarios must comply with the EU emission
targets in both the Emission Trading System (ETS) and non-ETS sectors by 2030, followed by a linear
reduction towards zero fossil CO2 emissions by 2050. The optimization model reveals that the most cost-
effective solution is electrification, which requires substantial investment in wind energy infrastructure.
In the case of constant decentralized heat demand, the electricity demand will increase by one-third
from the current level, consequently quintupling the installed wind capacity. Heat demand seasonality
causes challenges leading to extreme high and low seasonal prices, and substantial curtailment in
summer. Impacts on the power system have been underestimated because decarbonizing decentralized
heat has not been considered. The results also imply a more important role for system integration.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. EU climate targets and the heating sector

Heating and cooling account for approximately 50% of the final
energy demand in the European Union (EU), and about 75% of this
energy is still generated from fossil fuels [1]. Rapid and deep
decarbonization of the heating and cooling sector is among the
main challenges in reaching the EU climate objectives for 2030 and
2050 [2]. Europe is on track to meet its 2020 targets, but further
efforts are required in the next decade [3]. Emissions from different
sources have followed different trends: sectors in the EU Emission
Trading System (ETS) show sharper reductions than those covered
by the Effort Sharing Regulation (ESR) (or Effort Sharing Decision,
ESD, before 2020). European Environment Agency projects that the
en).
aj 125, DK-2150 Nordhavn,
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building sector is expected to contribute themost to the decrease in
ESR in the next decade, through energy savings and renewable
energy integration [3]. Nevertheless, it is a challenging task to
reduce emissions in the building sector, considering that these
annual emissions have increased from 2014 to 2016 by 8% and
maintained a steady level [4]. Heating has the largest annual and
peak demand among electricity, heating and cooling in many Eu-
ropean countries [5], while its future trend has been challenging to
assess and heavily influenced by multiple drivers [6]. Both
increasing [7] and decreasing [7,8] trends have been projected and
only the conclusion that the heating sector cannot be neglected in
decarbonization debates remains undoubtably true.
1.2. Decarbonizing the end-use heat

Decarbonized heat leaves few options, including solar, biomass,
clean gas and electricity (from renewable sources). Each option has
its strengths and limitations, partly depending onwhether it is used
in centralized (typically district heating) or decentralized (also
referred as individual) heating systems. Solar heat production in
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Northern Europe is limited in winter and has a major disadvantage
of mismatch with heat demand. Using the area for PV panels
instead of solar thermal collectors to generate electricity, which is a
more valuable form of energy, is a better approach [9]. Biomass
plays an important role in a climate-friendly future because of its
broad applications, which implies the emergence of competition
between heat generation and other biomass applications, such as
transport or packaging [10,11]. Sustainable biomass supply is,
however, limited and there are controversies around land-use and
emission impacts for some biomass types [10,12]. Producing clean
gas through power-to-gas (PtG) or CO2 capture from natural gas
represents an alternative pathway that utilizes in part the existing
gas infrastructure to an extent. It enables the potential of
substituting natural gas with clean gas, but costs are still high [13]
and the accessibility of clean gas is limited by gas grids. Renewable
electricity used in district heating may offer economically viable
and flexible solutions [14] in addition to decarbonized heat, but
challenges lie in sometimes unpopular expansions of power dis-
tribution and district heat grids. Social acceptability is another
potential barrier for electrification and renewable energy devel-
opment, leading to additional costs or changes in policies [15]. In
short, as suggested in Ref. [7], heat decarbonization requires a
bundle of strategies rather than a single solution.

Heating in Northern Europe is supplied through centralized and
decentralized systems and few studies have attempted to address
both. A model extension of the energy system framework TIMES for
decentralized heat was developed in Refs. [16] and applied in
Ref. [17]. It was concluded that reaching the German climate targets
for residential heating requires deep insulation measures and a
shift towards the use of heat pumps and solar thermal systems.
Another example [18] adapted an iterative approach between the
electricity and the heat system, symbolizing independent decision-
making in the heating sector. The approach revealed a larger scale
of heat electrification than a centralized approach in a high carbon
price scenario. Nevertheless, such studies are limited to a local or
national scale and the coverage and details of other sectors are
often compromised [19].

1.3. System level implication

Energy system literature has focused less on heating than on
electricity even though the demand for energy for heating purposes
is larger than that for electricity. For example, Ref. [19] reviewed
decentralized energy system modeling studies and found only 24%
of the reviewed studies considered heating demand, while all
covered electricity. Ref. [20] reviewed studies on 100% renewable
energy systems and found that more than half of the reviewed
studies considered only the electricity sector, but less than 35%
covered the heating sector.

Low-carbon research combining the heat and electricity sectors
becomes essential when power-to-heat (PtH) is repeatedly brought
up [7,9,17,18,21e23]. The relevant technologies are already available
and a dedicated review by Bloess, Schill and Zerrahn [24] affirms
the contribution of P2H to emission reduction and renewable en-
ergy integration. Nevertheless, the power market implication is not
the research focus of most studies reviewed, and only 2 [14,25] out
of the 46 reviewed studies considered power prices and electricity
demand simultaneously as primary or secondary considerations.
Most of the studies are conducted at a national or city level, and
almost half do not consider both the centralized and the decen-
tralized heating sectors. While international dynamics might not be
traditionally relevant in the context of heat markets alone, their
importance increases when PtH is involved in shared power mar-
kets. A technical report published by the European Commission
Joint Research Centre examined the effects of EU power and heat
2

sector integration by simulating two pathways of heat sector
transition: electrification and centralized cogeneration [26]. The
report finds a substantial increase in winter peak demand, espe-
cially in Germany, France, and Poland, and potential power capacity
inadequacy in the electrification pathway. Nevertheless, the study
uses a dispatch model without considering subsequent capacity
expansion. From the above discussions, we can identify the absence
of literature on the impacts of end-use heat decarbonization on a
100% renewable power system over a large geographical area. This
topic is highly relevant in Northern Europe, where potential im-
pacts are prominent, and where the power markets are
interconnected.

1.4. Research objectives and contributions

This study contributes to the literature on the topic of decar-
bonization by answering the following questions:

� What are the most cost-effective approaches for decarbon-
ization of the heat and power sectors in Northern Europe?

� What is the consequential need for renewable deployment?
� What are the likely implications of decarbonization for the po-
wer system?

A methodological contribution of this work is an extended heat
market module in the open model framework Balmorel, where the
variabilities in renewable supply and energy demand are captured.
In addition to the classic approach of system cost minimization, the
heat module also takes decentralized characteristics and hybrid
heating solutions into account. It enables realistic system-level
assessments of the simultaneous decarbonization of the heat and
power sectors between now and 2050. The subject is especially
important for integrated Northern European power markets, which
have a significant heat demand. The scope covers electricity, resi-
dential and tertiary space and water heating, as well as electric
vehicles. To the best of our knowledge, there are no studies with the
same international scope and details. This study reveals the
importance of decentralized heat in a decarbonized energy system.

2. Methodology

2.1. Model overview

Balmorel, an open source energy system framework written in
the GAMS language [27], was used for the analysis. The basic
version models electricity and district heat sectors using partial
equilibriums describing physical, technological, and regulatory
constraints of energy flows and the conversion processes. Fig. 1 il-
lustrates the classic Balmorel model structure and the extended
system boundary covered in this study. The model applied in this
study considers potential technology investments in addition to
planned commission and decommission capacities to achieve the
least cost solutions. Each country is further divided into regions,
where electricity demands are defined, and areas, where district
heat demands are defined. Electricity transmission is allowed be-
tween regions subject to the transmission capacities, while district
heat supplies must meet the demand of the same area. The elec-
tricity sector and district heat sector are coupled through combined
heat and power (CHP) plants and PtH technologies.

Time series data, such as wind and solar generation and demand
profiles, are given at hourly resolution and then aggregated to
reduce the computation load. The demand profile aggregation
maintains the original maximum, minimum, and mean values
within each aggregated period, while the weighted average values
over each aggregated period are used for other parameters. The



Fig. 1. Illustration of the structure of the energy system model that was adapted from Ref. [27] and modified to fit the current study.
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optimization is madewith perfect knowledge of the model year but
no foresight beyond.

The following sections describe the most important approaches
and assumptions, and the complete code and data are available on
GitHub [28,29]. This model version is based on previous projects,
including Flex4RES [30] and FutureGas [31,32]. In addition to the
traditional components in power and district heat sectors, flexi-
bility options including electric vehicles in the private transport
sector with smart charging schemes and simplified demand
response are applied. The amount of electricity that is responsive to
power prices is limited by the technology adoption rates. Although
some demand response technologies are used for heat load shifting,
this study assumes that the adoption rates of demand response
technologies are independent of heating system development. Fuel
and electricity taxes and grid tariffs are accounted for in the cost
minimization function, assuming the existing schemes apply
throughout the modeling horizon.
2.2. Modeling of the decentralized heat sector

Decentralized heat in this study consists of space heat and do-
mestic hot water, which are not provided by district heating net-
works. Decentralized heat for industrial use is not within the
modeling scope, as it often requires high temperature levels. Each
service has its own demand profile. The study applied a top-down
modeling approach with moderate resolution as a compromise to
preserve details while maintaining a reasonable model size. Within
each model region, two additional decentralized heating areas,
residential and commercial, are defined. Further details on the
building level are omitted. All decentralized heating areas have
non-interchangeable demand for space heat and hot water. Fig. 1
3

illustrates the relationships between the decentralized heat and
centralized energy sectors.

The model provides defined sets of heating systems, called
decentralized heating groups. Each decentralized heating group
represents the aggregation of buildings with the same type of
heating system. A decentralized heating group must be able to
provide both space heat and domestic hot water from one or more
heating technologies. This allows for the installation of hybrid
heating systems, which benefit the energy transition [33]. The
loading and unloading of hot water storage tanks are modeled
explicitly with systems heated by electricity or solar energy to
provide operational flexibility. Hot water tanks in other systems are
only included in costs.

Unlike central power and heat generation plants, cost-effective
options are not always embraced by consumers [34], who might
tend to stay with a more familiar technology or avoid technologies
involving building reconstruction. Two parameters mimicking
willingness to shift are thus introduced: one for moving from one
technology group to another, and the other for moving from a
water-borne system to a non-water-borne system or vice versa.
3. Data, assumptions, and scenario design

3.1. Spatial and temporal scope

The geographic scope covered the Nordic countries (excluding
Iceland), the Baltics, and the surrounding countries (Belgium,
France, Germany, the Netherlands, Poland, and the UK). Nordic
countries contained regions aligned with the Nord Pool spot mar-
ket areas [35], Germany also contained four regions, representing
congestion challenges, and the other countries contained one



Table 1
Examples of the gas and wood pellet price assumptions in various sectors applied in this study. Unit: EUR/GJ.

Fuel Sector 2020 2030 2040 2050

Natural gas Centralized plants 4.6 5.7 6.3 6.3
Decentralized residential users in DK 5.6 7.0 7.7 7.7
Decentralized residential users in UK 9.3 10.6 11.3 11.3
Decentralized commercial users in DK 4.8 6.2 6.8 6.8
Decentralized commercial users in UK 5.4 6.8 7.4 7.4

Wood pellets Centralized plants 8.8 10.9 12.7 13.3
Decentralized users in DK 11.7 13.7 15.6 16.1
Decentralized users in UK 16.8 18.9 20.7 21.3

Clean gas (imported) All 17.9 16.5 16.5 15.5
Clean gas (Iocal) All 48.3 39.7 34.1 28.4
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region each. The time horizon in this study covered every decade
from 2020 to 2050. The time steps in a year were reduced to 8
weeks (2 weeks in each season), with 24 2-h intervals (12 intervals
representing a weekday and 12 intervals representing a weekend)
in each week.

3.2. Fuel prices

The fuel prices were based on the assumptions in Ref. [36], while
coal and gas price updates were obtained from the New Policy
Scenario in Ref. [37] and nuclear price updates were obtained from
TYNDP [38]. For the price of imported clean gas in this study, the
price of synthetic gas from North Africa or Middle East PV, which is
more price competitive compared to other sources [39], was
applied. Country-dependent “premium charges” were added to
natural gas, oil, and wood pellets used in decentralized heating,
symbolizing the differences between the import and retail prices.
Generally, the costs incurred by centralized energy generation
plants were lower than those incurred by residential users. Table 1
illustrates some fuel price examples in different sectors and
countries.

3.3. Renewable potential

Energy supplies will rely on renewables and nuclear, once fossil
fuels are excluded. However, the availability of renewables is more
geographically restricted and directly affects energy system
decarbonization. In this study, we take different approaches to
address the potential and availability issues depending on the type
of renewable energy sources, i.e., solar, wind, and biomass. Hy-
dropower capacity expansion is not one of the investment options
because it is strictly environmentally regulated and most available
Table 2
Assumptions of the wind and solar FLH and the installed capacity limits in the modeled

Country Full load hour, h

Solar PV Onshore wind turbines Offshore wind

installed in 2020 installed in 2050 installed in 20

Belgium 1010 2168 3177 36
Denmark 975 2403 3583 40
Estonia 999 2474 3140 27
Finland 900 2464 3583 30
France 1180 2168 3177 36
Germany 1083 2042 2405 39
Latvia 999 2559 3514 29
Lithuania 989 2255 2834 33
Netherlands 1000 2490 3262 37
Norway 899 2750 3585 36
Poland 1084 2295 2900 33
Sweden 996 2626 3663 34
UK 1099 2168 3177 36
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sites are already developed in Northern Europe. Thus, hydropower
potential is not discussed here.

3.3.1. Wind and solar
Installed wind and solar capacities are restricted by the tech-

nology type, terrain, land cover, distance to settlement or protected
area, weather conditions, and more. In this study, we applied upper
limits to installed capacities of onshore and offshore wind turbines,
and solar PV panels in each modeled region. For the wind capacity
limitations, we referred to the reference scenario in Refs. [40,41]
and for the rooftop PV capacity limitations we referred to Ref. [42].
To reflect the potential unavailability of the best locations for wind
triune installation owing to increasing social opposition, three
resource levels, with equally distributed capacity potentials, were
assigned in each region: one with standard full load hours (FLH)
and two with ±20% of the standard FLH. Onshore wind turbines
with the best resource level (120% of the standard FLH) were first
installed until the one-third capacity potential was utilized. Then,
the standard FLH was applied until the two-third potential was
used, followed by the 80% standard FLH for the last third of the
potential. The wind FLH assumptions depended on the installation
year of the turbines, and they increased for the turbines installed in
later years to reflect that future wind turbines relying on advanced
technology may harvest more energy. As solar PV technologies are
relatively mature, no obvious increase in FLH was assumed. Table 2
lists the assumptions of standard FLH and the maximum installed
capacity of wind and solar PV by country.

3.3.2. Biomass
We applied country-dependent maximum annual fuel uses

from local bioproducts, such as wastes, straw, and biogas. The
availability of biomethane is subject to the availability of biogas and
countries.

Installed capacity potential, GW

turbines PV on buildings Wind onshore Wind offshore

20 installed in 2050

33 4434 12 18 2
21 4806 6 55 28
90 3920 1 27 1
28 3961 5 31 21
33 4434 106 906 16
96 4460 95 144 28
15 3695 1 79 15
85 4145 3 128 3
38 4434 18 49 48
44 4353 5 28 12
63 4150 29 105 12
55 4322 7 138 31
67 4572 40 230 104



Table 4
Assumptions for air-to-air and air-to-water heat pump efficiencies and COP values
for outdoor temperatures of 0, 7, and 10 �C.

Type of
heat
pump

Investment
year

Mechanical
efficiency

COP at various
temperature

0 �C 7 �C 10 �C

Air-to-air Existing 22% 3.23 4.97 6.46
2020 22% 3.30 5.07 6.59
2030 23% 3.36 5.17 6.73
2040 23% 3.43 5.28 6.86
2050 24% 3.50 5.38 7.00

Air-to-
water

Existing 51% 3.02 3.46 3.69
2020 52% 3.12 3.58 3.81
2030 55% 3.28 3.76 4.01
2040 56% 3.36 3.85 4.10
2050 58% 3.43 3.93 4.20
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straw. For woodchips and pellets that are commonly traded in in-
ternational markets, we applied a stepwise cost function, assuming
that every 25% change in volume increases the price by 12.5%.

3.4. Power transmission

The exiting AC transmission grids were modeled using the flow-
based approach, and existing DC grids and new lines were modeled
using the net-transfer-capacity approach [36]. Future capacities
were consistent with the global climate action scenario in Ref. [43].
In addition, although national transmission between the regions
could be expanded at a cost, it was assumed that no additional
international transmission lines would be invested.

3.5. Decentralized heating systems

Table 3 lists the available heating technologies for decentralized
users and heating groups in the model. The technology character-
istic parameters are those of the technologies in a one-family house
specified in the technology catalog published by the Danish Energy
Agency (DEA) [44,45], which takes technology efficiency
improvement into account. For simplicity, we assumed that all
technologies could be installed in both residential and commercial
areas. Air-to-air heat pumps (HPs) and wood stoves provide space
heat only, solar heating and hot water storage tanks provide do-
mestic hot water only, and the other technologies provide both
heating services. Typically, the size of awater tank is determined by
the heating system and the available space. According to DEA, the
heat production capacity for an existing one-family unit ranges
from 5 kW to 15 kW, and the storage capacity of a small-scale hot
water tank is 2 kWh to 19 kWh. In this study, we assumed that the
generation to storage capacity ratio in technology groups with a
water tank was fixed at 4 kW to 1 kWh.

The coefficient of performance (COP) of an HP is calculated as
the product of the Carnot efficiency (COPCarnot) and the mechanical
efficiency (h). The COPCarnot is given by TH/(TH-TC), where TH is the
outlet and TC is the inlet temperature in Kelvin. We assumed a fixed
outlet temperature of 293 K (20 �C) for an air-to-air or 328 K (55 �C)
for an air-to-water HP. The mechanical efficiency h is obtained by
converting the stated COP in Ref. [44] with a standard inlet tem-
perature of 280 K (7 �C). Finally, the actual COP at each hour is
calculated as the mechanical efficiency multiplied by the Carnot
efficiency, assuming the outdoor temperature as the inlet temper-
ature, except for the air-to-air HP whose COP does not increase
when the outdoor temperature is warmer than 10 �C to avoid un-
realistic values. Table 4 lists the assumed mechanical efficiencies of
the heat pumps in this study and the examples of actual COP
calculated at various outdoor temperatures.

To the best of our knowledge, obtaining precise data on
decentralized heating with the same level of detail for a large
Table 3
Technology groups included in the model. Note that the electric boiler option as-
sumes also installation of electric radiators/panels, but for simplicity, this was not
included in the model.

Sole suppliers Combinations

Coal boiler
Oil boiler
Gas boiler Gas boiler þ air-to-water HP þ water tank

Gas boiler þ solar heating þ water tank
aElectric boiler þ water tank aElectric boiler þ water tank þ air-to-air HP
Air-to-water HP þ water tank
Biomass boiler aBiomass boiler þ wood stove

Biomass boiler þ solar heating þ water tank

a A non-water-borne system.
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geographic region is challenging. In our approach, we used data
assumptions from three main sources: Eurostat [46], national sta-
tistics [47e50] and Heat Roadmap Europe [51e53]. The starting
point was the fuel consumption for heating obtained from EU and
national statistics. Except for the derived heat, each fuel con-
sumption was divided by the efficiency, assuming 100% for elec-
tricity, 90% for gas, 76% for solid fuels, 90% for oil and 80% for
renewables and wastes, to obtain the decentralized heat demand
and the fuel share. For countries without statistics in the com-
mercial sector, residential and commercial final energy demand
ratios found in Ref. [52] were applied. Each fuel was associated with
one type of heating systems, and the share of installed heating
system capacities were assumed to be the same as the above-
mentioned fuel shares. The electricity used for heating was split
into that used by HPs and electric boilers based on Ref. [54]. Note
that the amount of electricity used in heating was excluded from
the annual electricity demand to avoid double counting. Approxi-
mately 15% of the electricity demandwas subtracted from the “net”
electricity demand for decentralized heating purposes. Ideally, the
seasonal differences in the net electricity demand profile should be
less significant once the demand for heating is excluded, but the
electricity demand profiles were not calibrated in this study, and
the resulting peak electricity demands fell on the higher end.
Table 5 lists the decentralized heat demand, the percentage used
for hot water, and the ratio of electricity used for heating purposes
by sector in each country. The decentralized heating demand pro-
files were derived using the method developed in Refs. [55]. The
maximum heating loads were defined as the total installed heating
capacities.

This study assumes that 20% of water-borne or non-water-borne
systems can switch to the other type every decade because it in-
volves a larger scale of system reconstruction, and that 30% can
switch to a different type of heating group every decade. Never-
theless, fossil-fuel-based heating technologies are exceptions and
coal and oil boilers are free to switch from 2030 and gas from 2040
to meet climate requirements.

3.6. Climate targets

In this study, CO2 caps that comply with EU climate targets were
set. A total cap for power and district heat generationwas set for all
modeled countries, and national individual caps were set for
decentralized heat generation. The same climate targets were set
for all scenarios, and no emissions were allowed in 2050. Emissions
from biomass were not restricted in this study.

3.6.1. Power and district heat sector
The centralized power and heat plants are covered by the EU



Table 5
Decentralized heat demand in TWh, the share of the demand for hot water usage, and the electricity demand used in heating in 2016 by sectors in the modeled countries.

Country Decentralized heat demand, TWh Hot water share Decentralized heat demand, TWh Hot water share Electricity used for heating

Residential Commercial Residential Commercial

Belgium 71.96 14% 27.83 9% 30% 3%
Denmark 20.70 18% 3.24 7% 13% 2%
Estonia 5.38 9% 1.47 5% 62% 1%
Finland 35.32 13% 10.81 25% 58% 14%
France 306.29 14% 106.60 19% 41% 3%
Germany 502.25 18% 185.45 9% 19% 8%
Latvia 5.60 21% 2.04 8% 24% 1%
Lithuania 6.55 9% 1.77 3% 11% 1%
Netherlands 79.64 20% 32.68 13% 9% 0%
Norway 22.83 29% 4.01 29% 41% 10%
Poland 115.78 17% 30.15 9% 12% 1%
Sweden 29.14 21% 5.12 21% 44% 11%
UK 384.13 22% 122.36 13% 23% 12%
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ETS. The model scope covers only part of the ETS sector, so the
approach is to use the 2020 emission level (with a quota price of 22
EUR/tCO2) as a base. The official ETS sector targets are -21% in 2020
and -43% in 2030, with the 2005 levels as the baseline [56,57].
Assuming that both targets are achieved, 2030 emissions will be
72% of the 2020 level. Therefore, we applied a cap of -28% from
2020 to 2030, followed by a linear reduction towards zero CO2
emissions in 2050.

3.6.2. Decentralized heat sector
Emissions from decentralized heating are not covered in the

ETS. Emission cuts rely on country-specific emission targets and
regulations [58,59]. Each member state proposes their emission
reduction targets for 2020 and 2030, with the 2005 levels as the
baseline, for the non-ETS sectors. Table 6 lists the targets and the
applied CO2 cap assumptions for 2020 and 2030. We applied the
2005 CO2 emissions from fuel combustion in the residential and
commercial or institutional sectors for each country found in
Ref. [60] as baselines. Table 6 shows the 2020 and 2030 political
targets and the absolute caps applied in the model (followed by a
linear reduction towards zero CO2 in 2050).

3.7. Scenarios

Three scenarios, HIGH, LOW, and DH, were set up with various
assumptions for heat demand development. Efficiency improve-
ment has been emphasized as one of the major decarbonization
Table 6
Non-ETS emission reduction targets from 2015 in Effort Sharing Decisions and
Regulations [58,59], and the CO2 cap assumptions applied in the model for the
decentralized heating sector. Note that Norway did not have a non-ETS target in
2020; the Swedish reduction target was applied instead.

Country 2020 2030

Target CO2 cap, Mt Target CO2 cap, Mt

Belgium -15% 23,056 -35% 17,631
Denmark -20% 3974 -39% 3030
Estonia 11% 328 -13% 257
Finland -16% 2681 -39% 1947
France -14% 84,724 -37% 62,065
Germany -14% 129,067 -38% 93,048
Latvia 17% 931 -6% 748
Lithuania 15% 1107 -9% 876
Netherlands -16% 23,777 -36% 18,116
Norway -17% 996 -40% 720
Poland 14% 47,935 -7% 39,105
Sweden -17% 2340 -40% 1692
UK -16% 88,912 -37% 66,684
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strategies, but the building retrofitting rates still show a moderate
decrease. In this study, we considered various levels of decentral-
ized heat development towards 2050, from staying constant in the
HIGH scenario to decreasing overall by 37% in the LOW scenario.
The HIGH scenario represented conservative technology develop-
ment and no heat demand decrease, putting considerable pressure
on decarbonization. The LOW scenario decrease ratio was derived
by decreasing the space heat demand by the 2050 baseline scenario
results in Ref. [51], which is aligned with the EU Reference Scenario
2016, while keeping the hot water demand constant. The district
heat demand was independent of the decentralized heat sector in
the model. In the HIGH scenario, the district heat demand as-
sumptions followed Ref. [61], and in the LOW scenario, the demand
in Western and Central Europe was modified with the baseline
results in Ref. [51]. The third scenario, DH, represented heating
system reconstruction with further energy savings and district
heating expansion by applying the 2050 HRE scenario results in
Ref. [51]. Table 7 summarizes the assumptions of heat demand
development in each country by scenario. Electricity demand,
excluding power to heat, was assumed as constant.

In addition, the CLEANGAS scenario enables emission-free gas
from gas grids. One source of clean gas is local biomethane, which is
cheaper but subject to the limited availability of biogas and straw.
The other source is imported synthetic gas. The cost assumption
refers to PtG from large PV farms in North Africa or the Middle East,
which are from cheaper sources than from North and Baltic Sea
offshore wind. The imported gas was assumed to be unlimited but
more expensive than the local biomethane. The demand develop-
ment in the HIGH scenario was applied to demonstrate a more
stressed system. Finally, the NOIDVH scenario, as a comparison,
models traditional power and district heat sectors and does not
include a decentralized heat sector. It contains, nevertheless, the
electricity demand currently used for heating. Table 8 summarizes
the scenarios used in this study.
4. Results and discussions

4.1. Fuel consumption

Themodeled fuel consumption in the power and heating sectors
decreases as a result of more efficient heating technologies.
Nevertheless, the overall electricity demand increases because of
the substantial increase in PtH use. In the HIGH scenario, where
demand stays constant, the energy consumption is 38% less in 2050
compared to 2020 (Fig. 2). Energy sources change from fossil fuels
and nuclear power to wind and electricity for heating. The amount
of electricity needed to fully replace fossil-fueled heating reaches



Table 7
Heat demand assumptions and the shares of decentralized heat by country in 2020 and 2050.

Country 2020 (all scenarios) 2050 (HIGH) 2050 (LOW) 2050 (DH)

Total heat demand,
TWh

Decentralized
share

Total heat demand,
TWh

Decentralized
share

Total heat demand,
TWh

Decentralized
share

Total heat demand,
TWh

Decentralized
share

Belgium 107 93% 107 93% 107 88% 82 55%
Denmark 60 45% 56 48% 56 41% 49 40%
Estonia 12 59% 12 60% 12 47% 8 40%
Finland 123 35% 118 37% 118 21% 105 29%
France 438 94% 438 94% 438 94% 282 80%
Germany 825 86% 825 86% 825 77% 515 52%
Latvia 16 63% 17 62% 17 51% 11 44%
Lithuania 18 57% 15 64% 15 52% 10 45%
Netherlands 131 86% 131 86% 131 82% 103 43%
Norway 43 71% 39 78% 39 73% 31 72%
Poland 263 75% 295 67% 295 72% 145 58%
Sweden 122 27% 115 28% 115 23% 106 23%
UK 540 97% 540 97% 540 92% 426 61%

Table 8
Detailed information about the scenarios in this study.

Scenario Detail Heat demand development

HIGH Includes decentralized heat decarbonization without great heat saving
efforts.

See Table 7.

LOW Includes decentralized heat decarbonization including heat saving
efforts.

See Table 7.

DH Includes decentralized heat decarbonization including heat saving
efforts, and greater district heat expansion.

See Table 7.

CLEANGAS Includes decentralized heat decarbonization with the presence of
emission-free gas from grids.

Same as the HIGH scenario in Table 7.

NOIDVH As a comparison excluding decentralized heat in decarbonization and
centralized power and heat sector analysis.

District heat as in the HIGH scenario. Decentralized heat is not included,
except for the current electric heating that is already counted in the
electricity demand.
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almost 700 TWh in the HIGH scenario, and over 80% of that is
supplied to decentralized HPs. The total electricity demand by
2050, taking heat decarbonization into account, will increase from
the current level of 2200 TWh by one-third in the HIGH scenario
with constant decentralized heat demand, or by 22% in the LOW
scenario with falling demand.

Fig. 2 also reveals the importance of natural gas in the energy
transition. Although the emission restriction forbids natural gas use
in 2050, gas consumption first increases to over 1900 TWh in 2030,
and then decreases slightly to over 1500 TWh in 2040. Neverthe-
less, if emission-free gas is available, as in the CLEANGAS scenario,
there will be clean gas consumption of approximately 440 TWh in
2050 to provide flexibility in the power and heat sectors.
4.2. Heat decarbonization

The current annual consumption of space heat and hot water in
the modeled countries reaches approximately 2200 TWh, whereas
it is 500 TWh for district heat. The modeling results reveal that
electrification is the least expensive solution to replace fossil-based
heating. As shown in Fig. 3, decentralized heat production first
transits to the hybrid system with gas boilers plus HPs, which en-
ables flexible and economic fuel use. Conventional electric heating
systems are also upgraded to more efficient air-to-air HPs. In 2050,
when no fossil emissions are allowed, decentralized heating
switches completely to HPs and a small portion of renewable en-
ergy with biomass and solar heat. District heat generation follows a
similar decarbonization path, with electrification replacing oil and
coal. Almost half of the district heat will be electricity based by
2050, while the other half, supplied by biomass, will remain at a
similar scale as of today.
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Both the LOW and DH scenarios include building efficiency
improvements that lead to decreased heat demand. Greater district
heat expansion is also considered in the DH scenario. The same
decarbonization strategy through hybrid systems and electrifica-
tion is found in both scenarios, regardless of the heat demand
development, but the amount of electricity needed for heating
varies.
4.2.1. Alternative: clean gas e upgraded biogas and imported clean
gas

If carbon-neutral gas is available, the transition is less disruptive.
As shown in the CLEANGAS scenario in Fig. 3, almost two-thirds of
the decentralized heat is supplied by heat pump hybrid gas boilers
in 2050. The generation mix in the centralized heating system does
not differ much from the HIGH scenario, indicating that decar-
bonization through electrification is preferred in the centralized
heating system and that the decentralized heating system is less
flexible and benefits more from the availability of carbon-neutral
gas. The hybrid heating systems produce from local upgraded gas
during peak hours or when HP performance is discounted owing to
a low outdoor temperature (Fig. 4). One major advantage is the
utilization of the existing gas infrastructure, which eases the
pressure on power grids. The results reveal that electrification is
still the major decarbonization strategy, but 15% of the decentral-
ized heat will be supplied by upgraded gas in 2050 through the
hybrid systems (Fig. 3). The results also indicate that the clean gas
imported at the assumed price level is not cost competitive.
4.3. Renewable deployment

The required electricity is mainly supplied by wind and solar



Fig. 2. Energy consumption in units of power, district heat and decentralized heat generation from 2020 to 2050 in the HIGH scenario (left), and in 2050 by scenario (right).
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energy. To achieve the 2050 fossil-free goal, 760 GW wind and
190 GW PV capacities are needed in the HIGH scenario (Fig. 5).
These are more than 5 times the current wind and 2.5 times the
current PV levels, respectively. Approximately 170 GW wind and
40 GW PV capacities will be underestimated, if the decentralized
heat decarbonization is not modeled (as in the NOIDVH scenario). If
more effort is put into improving building efficiency and the heat
demand decreases, PV capacities will be similar to the NOIDVH
scenario, but the wind capacity will still be underestimated by
63 GW. If significant district heat expansion is also in place, 41 GW
of additional wind capacity will be needed, despite more electricity
being used in heating. This implies that district heat is a more
flexible heating solution owing to its larger storage capacity and
flexible CHP operation.

4.3.1. Wind potential
The amount of wind (especially onshore wind) required in 2050

in the HIGH scenario is substantial, which could raise questions on
acceptance. The assumed limitations on wind power deployment
consider current regulatory wind turbine set-back distances from
settlements [41] and are less strict compared to those applied in
previous studies under a similar framework that considered
stronger social resistance for turbine installation [15,36]. Fig. 6
displays the percentage of the onshore wind installed potential
that is utilized in each country. Western and Central European
countries (France excluded) use more than half of the assumed
capacity potential to decarbonize just the central power and heat
production. The requirement of decarbonizing decentralized heat
without energy savings will require using 100% of the assumed
onshore wind potential in Germany. In comparison, the Nordic
countries have a smaller demand, and more than 70% of the
assumed potential is not used, even in the HIGH scenario. That
implies that the Nordic countries could help decarbonize Western
and Central Europe if more transmission lines were in place.

4.4. Power system implication

4.4.1. Peak load
One major challenge of heating system electrification is that its

strong seasonality intensifies the power peak loads in winter.
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Demand response technologies offer limited relief because heat
demand can only be shifted within the sameweek. Countries in the
same climate zone have similar demand profiles, which unfortu-
nately do not benefit from solar or run-of-river hydro production
patterns. The overall peak load increases by 21% in the HIGH sce-
nario in 2050 compared to the NOIDVH scenario (Table 9). The
availability of clean gas, demand reduction, and district heat
expansion help ease the pressure but still add 5e14% to the peak
load. Germany faces the highest power grid pressure among all
modeled countries, and the peak load in the HIGH scenario is 47%
higher than in the NOIDVH scenario. In contrast, peak loads in
countries such as Norway and Sweden, where electric heating is
commonly used, decrease when the decentralized heating is
included in the model. The reason is the increased use of heat
pumps, which consume much less electricity providing the same
amount of heat. Table 9 demonstrates the importance of including
decentralized heat in decarbonization analyses, as it can affect peak
loads in two ways.

4.4.2. Curtailment
A significant amount of wind is curtailed in 2050 (Fig. 7),

especially in summer when the electricity demand is low. Although
in the model, the excess wind power is simply shown as curtail-
ment, it implies the potential for power-to-X application. Fig. 7 also
indicates the importance of natural gas. Natural gas consumption
remains at 83% in 2040 (Fig. 2), whereas the overall emissions are
37% compared to the 2020 levels. This is partly due to the emission
intensity of natural gas being less than that of coal, and partly due
to the need for a dispatchable supply increasing with the increase
in VRE penetration. By 2050, natural gas cannot be used because of
the strict emission restriction without the presence of CCS tech-
nologies. The large amount of wind curtailment in 2050 (but not in
2040) is a consequence of insufficient system flexibility. This is the
reasonwhy there is less curtailment in the CLEANGAS scenario than
in the HIGH scenario in Fig. 7. The flexibility of the district heating
systems also contributes to less curtailment in the DH scenario.

4.4.3. Power prices
The power prices presented here are defined by the marginal

electricity costs. Fig. 8 demonstrates the weighted average price



Fig. 3. Decentralized and centralized heat production in the 13 modeled countries from 2020 to 2050 in the HIGH, LOW, DH and CLEANGAS scenarios by heating technology and
fuel.
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development from 2020 to 2050 in Northern Germany, the UK, and
Southern Sweden as examples. Generally, prices increase until
2040 as a result of gas being used as a substitute for cheaper but
more CO2 intense fossil fuels. In 2050, energy will be largely sup-
plied by renewable energy sources. Power prices in most of the
modeled countries drop from 10% to 32% compared to the prices in
2040. One exception is Germany in the HIGH scenario, where the
power prices in 2050 appear significantly high. The country has the
9

highest decarbonization pressure in the modeled sectors. In the
HIGH scenario, the onshore wind capacity reaches its technical
potential in 2050 in Germany (Section 4.3.1). The high prices
indicate that additional generation units are needed, and the prices
account for the investment costs of those addition units. Never-
theless, German prices are more comparable with other Western
and Central European countries in other scenarios, where the
electricity demand for heating is lower owing to building efficiency



Fig. 4. Hourly heat production from gas boiler hybrid heat pump in 2050 in the CLEANGAS scenario. Each season consists of two weeks and each week is represented by a weekday
and a weekend.

Fig. 5. Wind (left) and solar PV (right) and installed capacities.
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improvements and the availability of clean gas.
The annual power prices in the Nordic and Baltic countries are

below 40 EUR/MWh, whereas those inWestern European countries
are well above this threshold. Such price differences are likely to
stimulate additional transmission investments, especially between
countries like Norway and Germany, or cause power intensive in-
dustries moving abroad from Western Europe to the north.

The seasonality in heat demand is transferred to the power
prices through electrification, and seasonal price variations become
significant over time. Fig. 9 illustrates the price duration curves in
2040, taking Northern Germany and Southern Sweden as examples.
On one hand, winter power prices are significantly higher when the
decentralized heating sector is decarbonized through electrifica-
tion. On the other hand, in summer, prices are low, and excess
renewable generation is simply curtailed. Notably, the peak price in
Sweden is the highest in the NOIDVH scenario because the other
decentralized scenarios opt for heat pumps with little electricity
consumption (Section 4.4.1). Measures such as decreased heat de-
mand, availability of clean gas, and district heat expansion help
ease the seasonal price differences. By 2050, all scenarios show
even more seasonality in power prices.
4.5. Challenges and opportunities

Heating sector electrification driven by efficient heat pumps
stands out as a crucial element in all analyzed decarbonized sce-
narios, and wind will be the main power source. However,
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substantial wind capacity investments might increase land use
conflicts and cause opposition. Fortunately, efforts to improve
building efficiency or district heat expansion can lower the required
wind capacities. The results reveal a limited role of biomass in
heating decarbonization. Nevertheless, if wind deployment faces
strong opposition, the importance of biomass heat would increase.
Gas plays an important transition role, especially if clean gas is
available. HP hybrid gas boilers can supplement each other and
provide the most efficient fuel use. Further investigation into so-
lutions that provide price-competitive carbon-neutral gases is
worthwhile. Moreover, a large degree of electrification suggests
distribution grid reinforcements will be important, although it is
not within the modeling scope. Another advantage of using a
hybrid heating system is that it decreases the risk of grid conges-
tion. The challenges lie in maintaining the economic operation of
gas grids with low utilization rates. Seasonal differences in elec-
tricity demand cause substantial wind curtailment in summer. It
signals the importance of seasonal storage and power-to-X tech-
nologies in reaching climate goals. Furthermore, summer cooling
demand in Northern Europe might rise as a result of climate
change, and the seasonal electricity demand differences would be
less significant. Although this study does not model transmission
expansion investments, the results also highlight the opportunities
for linking Western and Central Europe to the Nordic countries,
which would be beneficial to the system because of the stronger
wind winter generation, lower power prices and flexible hydro-
power in the Nordics [36].



Fig. 6. Installed onshore wind capacity in 2050 divided by the assumed potential in percentage. The assumed onshore wind capacity potential by country based on Refs. [40,41] is
listed.

Table 9
Peak load differences compared to the NOIDVH scenario in 2050 in all modeled
countries, and in Germany, UK, Norway, and Sweden respectively.

HIGH LOW DH CLEANGAS

All modeled countries 21% 7% 5% 14%
Germany 47% 19% 15% 22%
UK 26% 17% 16% 20%
Norway -7% -11% -12% -8%
Sweden -14% -16% -16% -12%

Fig. 7. Wind curtailment (bar, left axis) and installed capacities (marker, right axis) in
2040 and 2050.

Fig. 8. Weighted average annual power prices in Northern Germany (DE-N) UK and
Southern Sweden (SE4) from 2020 to 2050 in the HIGH scenario (solid lines) and the
NOIDVH scenario (dot lines).
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5. Conclusions

Decentralized heat should be discussed in the decarbonization
debate. An investment model was used in this study to find cost-
effective pathways toward decarbonization by 2050, complying
with the EU emission targets for centralized and decentralized
power and heat sectors. Electrification through heat pumps and
hybrid heat pumps with gas boilers is found to be the optimal
strategy. This is robust to changes in heat demand development
owing to the superior efficiency and flexibility of this approach. By
2050, the electricity used for heating will range between 465 and
789 TWh, which is two to three times higher than the current level.



Fig. 9. Power price duration curves in Northern Germany (upper) and Southern Sweden (bottom) in 2040.
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In the extreme case, current wind capacities of more than 5 times
will be needed, and wind power capacity is underestimated by
170 GW if decarbonizing the decentralized heat sector is neglected.
Building efficiency improvements or district heat expansion can
decrease the need for additional wind capacity, but all scenarios for
decarbonizing decentralized heat require at least 40 GWmorewind
power capacity compared to when the sector is not considered. The
seasonality of heat demand will pose great challenges to the power
system at deep heating sector decarbonization levels. A significant
amount of wind capacity leads to curtailment and extremely low
power prices in summer. In winter, taking Germany as an example,
the peak load is increased by 47% and the average winter power
prices can be very high unless the costs of technologies for seasonal
storage are substantially reduced. The opposite effects are observed
in the Nordic countries, where the winter peak load and power
prices are lower than those in the case without decentralized heat
modeling. This is because less electricity is needed by heat pumps
than by current electric heating. The challenges also imply oppor-
tunities for seasonal storage technologies, power-to-X applications
and transmission expansions between the Nordic and West Euro-
pean countries. Overall, the results emphasize the importance of
considering decentralized heat in the analysis of deep decarbon-
ized energy systems.
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