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Abstract Mitigating CO, emissions for space heat-
ing (SH) and hot water (HW) preparation in buildings
is key to reaching climate protection targets. In this
context, it is important to understand meaningful bal-
ances between CO, reduction through thermal reno-
vation activities and the change of heating systems. In
this work, we develop cost-optimal balances for dif-
ferent system settings with the Invert/Opt model. This
model optimises the measures applied in each build-
ing so that the system costs for SH and HW prepara-
tion are minimised under given constraints for a given
country. About 500-1000 options are considered
for each building. We calculate scenarios and sensi-
tivities for all countries of EU-27, reflecting a 95%
reduction in CO, emissions for SH and HW with a
mix of direct and indirect RES technologies. These
differ in the settings related to the applicability and

This article is part of the Topical Collection on Making the
Energy Efficiency First Principle Operational.

M. Hummel (<) - S. Forthuber - L. Kranzl - R. Haas
TU Wien, Energy Economics Group, Gusshausstrasse
25-29, 1040 Wien, Austria

e-mail: hummel @e-think.ac.at

M. Hummel - A. Miiller - B. Mayr
e-think energy research, Argentinierstrasse 18/10,
1040 Vienna, Austria

A. Miiller

Institute for Public and Regional Economics, University
of Miinster, Am Stadtgraben 9, 48143 Miinster, Germany

Published online: 22 April 2023

costs of building-shell-related measures and the costs
and availability of resource potentials. The results
show that probably a high share of thermal renovation
on total upcoming refurbishment activities until 2050
is cost-efficient to reach a 95% CO, reduction in the
EU-27 building stocks. Assuming that up to 90% of
the buildings in each EU-27 country is applicable for
a thermal renovation in case a refurbishment activity
is needed leads to around 4% lower system costs by
2050 (13 billion EUR/year) compared to assuming a
maximum share of 35%. Energy needs are reduced on
average more in older buildings than in newer build-
ings. Nonetheless, a combination of thermal renova-
tion and heating system change is often the most cost-
effective option to reduce system-wide CO, emissions
also in more recent buildings. The calculations lead
to cost-optimal savings in final energy demand in the
range of 29-47% between 2019 and 2050. Assum-
ing less favourable conditions for thermal renovation
(high capital recovery expectations, additional techni-
cal barriers and high availability of cheap fuels) the
cost-optimal level of heat savings in buildings for
overall EU-27 could be suspected at around 1/3 down
to 1/4 of current final energy demand.

Keywords 95% CO, reduction - European building
stock - Building retrofit - Heating system change -
Building stock model - Invert/Opt - Cost-optimal heat
savings
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Introduction

In December 2018, the European Parliament and
the Council adopted Regulation (EU) 2018/1999 on
the Governance of the Energy Union and Climate
Action (EP, 2018a). The aim was to set common
rules for planning, reporting and monitoring the track
towards reaching the goals of the Paris Agreement.
Furthermore, in Article 2 (18), the energy efficiency
first principle is introduced: “‘energy efficiency first’
means taking utmost account in energy planning,
and in policy and investment decisions, of alterna-
tive cost-efficient energy efficiency measures to make
energy demand and energy supply more efficient, in
particular by means of cost-effective end-use energy
savings, demand response initiatives and more effi-
cient conversion, transmission and distribution of
energy, whilst still achieving the objectives of those
decisions”. A year later, in December 2019, the Euro-
pean Commission launched the European Green Deal.
It is a set of policy initiatives to transform the EU to
carbon neutrality until 2050. In the European Green
Deal presentation, the Commission already made
clear that “emergy efficiency must be prioritised”.
Specifically for the building sector, accounting for
around 40% of energy consumption, the announced
‘renovation wave’ and a recast of the Energy Perfor-
mance of Buildings Directive (EPBD) aim to at least
double the current renovation rates of 0.4—1.2% per
year (COM, 2019). The latest version of the EPBD
published in 2018 (Directive 2018/844/EU) stated
that “Member States should seek a cost-efficient equi-
librium between decarbonising energy supplies and
reducing final energy consumption.” (EP, 2018b). In
summary, the EU has agreed to emphasise energy
efficiency and integrate it into all energy-related con-
siderations, seeking at the same time cost-efficient
balances between efficiency increase and decarbon-
ised supply. But how do such balances look like in the
building sector?

Obviously, finding cost-optimal equilibria between
efficiency increase and decarbonised supply is highly
relevant for identifying feasible pathways towards
decarbonisation. In the context of decarbonising
energy demand in buildings, the adoption of the
recast of the EPBD in 2010 (Directive 2010/31/EU)
marked a milestone in increasing the efforts to find
concrete answers to this search. In (10), the Directive
2010/31/EU requires “Member States to set minimum
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requirements for the energy performance of build-
ings ...”, “... [t]hose requirements should be set with
a view to achieving the cost-optimal balance between
the investments involved and the energy costs saved
throughout the lifecycle of the building.” (EP, 2010).
This triggered a remarkable number of studies and
analyses to identify cost-optimal levels of energy sav-
ings in European buildings.

On the one hand, as required by the EPBD, Mem-
ber States (MSs) had to define minimum require-
ments for the energy performance of buildings based
on cost-optimality calculations. With the COM-
MISSION DELEGATED REGULATION (EU)
No 244/2012 (COM, 2012a) and the accompany-
ing guidelines to that regulation (COM, 2012b), the
COM provided a framework for these analyses. Based
on these, the MSs performed cost optimality calcula-
tions at national or regional levels and delivered them
to the COM by 2013. Evaluations of this first round
of cost-optimality calculations by the MSs showed
remarkable gaps between the calculated cost-optimal
levels for different building types and the minimum
performance requirements defined by the national
standards (Boermans et al., 2015). In most cases, they
found that cost-optimal levels lie below the require-
ments, differing between the type of building and the
type of action (new construction vs renovation). The
evaluation of (Zirngibl & Bendzalova, 2015) finds
that not all MSs have a complete set of calculation
methods, mainly due to missing coverage of certain
building categories or building stages, most often
related to non-residential renovated buildings. A pro-
found study by Paolo Zangheri et al. (2018) proposes
an additional method to calculate cost-optimal levels
of building renovation consistent with the framework
set out by the EU (COM, 2012a). This method should
improve shortcomings identified in the first round
of national cost-optimality calculations and in pre-
vious analyses applying the European comparative
approach proposed in the EPBD. With the proposed
method, Zangheri et al. (2018) calculate primary
energy savings and related costs for the renovation of
4 reference building types (2 residential and 2 non-
residential) built between the 1960s and 1970s in 10
different climates in Europe. Various measures were
considered for renovating the building envelope as
well as for changing the energy supply system. They
found a very relevant energy saving potential for all
analysed cost-optimal targets between 36 and 88% in
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terms of net primary energy. Also, they conclude that
the compilation of consistent and reliable data for the
costs of renovation activities is the most critical step
in such an analysis.

Apart from Zangheri et al. (2018), numerous stud-
ies were performed to identify cost-optimal levels
of renovation of single buildings or building arche-
types. Some of these studies analyse individual real
existing buildings: an apartment building in Bilbao
(Tturriaga et al., 2018); a multi-family building from
1961 in Lingkoping, Sweden (La Fleur et al., 2019);
a single-family building in the region of Rhone-Alpes
(Ferrara et al., 2015); a public administration building
in Aachen (Kumbaroglu & Madlener, 2012); a social
housing building in Italy (Carpino et al., 2020). Other
studies, like also Zangheri et al. (2018), focus on
selected typical or reference buildings: Corrado et al.
(2014) on apartment buildings in Italy built between
1946 and 1960, Kuusk et al. (2014) on brick apart-
ment buildings in Estonia built between 1960 and
1990, Niemeli et al. (2017) on large panel apartment
buildings in Finland built between 1960 and 1990,
and Saglam et al. (2017) who focus on high-rise
apartment blocks in Turkey. All these studies, analys-
ing single or typical buildings, use a detailed model-
ling framework to represent the building physics and
the related energy need and demand. Often, a remark-
able number of refurbishment and heating system
change options are also considered. At the same time,
taking into account resource restrictions as well as
interactions in the entire energy system is not possible
at this analysis level. Therefore, it is not possible to
upscale the results of the cost-optimality calculations
for single buildings or building types to the national
or EU level to understand cost-optimal saving levels.

Also, studies were performed at the city or regional level
to identify cost-optimal levels of heat savings in buildings.

Ben Amer-Allam et al. (2017) and Biichele et al.
(2019) study how to identify cost-optimal mixes
between district heating, individual heating and heat
savings for the municipality of Helsingor in Denmark
and the city of Brasov in Romania, respectively. Both
analyses integrate the area’s building stock via arche-
type buildings and related heat-saving measures, dis-
tinguishing between areas of the city that are more or
less feasible for DH. Cost-optimal mixes of different
levels of heat savings and different heat supply tech-
nologies are then identified for each area more or less
feasible for DH. For Helsingor, cost-optimal savings

are calculated to be 20-39%, mainly depending on the
economic perspective (simple socio-economic Vs pri-
vate-economic) and less on the assumed technology
mix in the DH system. Biichele et al. (2019) calculate
a cost-optimal level of heat savings in Brasov to 64%
over the entire stock until 2050, which is equal to the
overall identified technical heat-saving potential with
very ambitious measures. This is generally explained
by relatively low renovation costs compared to the
heat supply costs, as well as the analysis method. In
the studies of Prohaska et al. (2020), Simon et al.
(2020) and Martinez et al. (2020), future scenarios
of heat demand and supply with the aim of nearly
full decarbonisation were developed for the cities of
Frankfurt, Bistrita and San Sebastian. The building
stocks of the cities were considered via 70 building
archetypes geolocated over the cities. Various heat-
saving measures were developed for each archetype.
Scenarios for the entire city were derived via sequen-
tial analysis of heat savings, DH expansion, DH sup-
ply and individual supply, and combining meaningful
variations of these. The calculated scenarios indicate
economically interesting heat-saving levels between
24% (San Sebastian), 36% (Bistrita) and 53% (Frank-
furt). Also, the studies clearly show that the economi-
cally interesting heat-saving level is remarkably influ-
enced by the assumptions on the availability of local
resources for carbon—neutral heat supply. Although
these studies show a range of relative heat savings
that seem to be cost-efficient at city level, it is again
not possible to upscale the results of these studies to
the national nor EU level.

Inspired by the German energy transition and
the concern about the cost of future energy systems
solely based on renewable energy, Henning and
Palzer (2014) developed the REMod-D model for
optimising energy systems at the national level. The
model is based on an hourly energy balance approach
for both the electricity and the heating sector and
applies a mathematical-numerical optimiser to iden-
tify system configurations with minimal overall
annual costs. Besides various heat and electricity sup-
ply options, building retrofit measures are integrated
into the model via one cost-potential curve for sav-
ings in all buildings. Palzer and Henning (2014) pre-
sent an application of the model by calculating three
main scenarios and various sensitivity runs for Ger-
many’s 100% renewable heat and electricity systems
in 2050. They calculate a cost-optimal saving level of
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countrywide heat demand between 2010 and 2050 to
be 31.8%. A variation of the assumed costs for heat
savings shows that the total system costs do increase
much less in relative terms compared to the increased
saving costs. However, the exploitation of technical
resource potentials strongly increases with increased
saving costs. Thus, they conclude that ambitious
levels of heat savings in building retrofitting will be
needed to reach 100% renewable energy in heat and
electricity use, considering that full exploitation of
technical resource potentials will most probably not
be possible.

Zvingilaite and Balyk (2014) analyse feasible lev-
els of heat savings in future 100% renewable heat and
power systems in Denmark at different shares of dis-
trict heating using the optimisation model Balmorel.
Heat savings are integrated into the model via cost-
potential curves for different types of measures on
the wall, floor, roof, windows and ventilation systems
with heat recovery over the entire building stock. Sce-
narios are calculated for the year 2050 with differing
district heating expansion and resource availability.
The calculations result in cost-optimal saving levels
in the range of 12-17%, depending on the scenario.
Although the cost-optimal savings are relatively low
compared to other studies discussed before, a remark-
able effect of reduced resource potentials is visible.
Heat savings are mainly achieved through windows
upgrade and roof insulation in scenarios with lower
resource availability, but scenarios resulting in higher
optimal saving levels also consider ventilation with
heat recovery. Zvingilaite & Balyk, 2014) also show
that heat savings are more cost-effective in build-
ings with individual heat supply than in buildings
connected to district heating and conclude that it is
important to consider heat generation systems and
technologies in assessing heat-saving options instead
of using one assumed future energy price.

The Heat Roadmap Europe (HRE) initiative stud-
ied cost-optimal levels of heat savings in buildings at
transnational and European levels (Mathiesen et al.,
2019). The third of four HRE studies developed low-
carbon heating and cooling strategies for five MSs,
using the energy system model EnergyPLAN. Costs
and effects of heat savings in buildings were integrated
into the analyses based on cost-potential curves devel-
oped for the entire building stocks. Different levels of
demand reduction were then integrated into the Ener-
gyPLAN calculations, and the costs for heat savings
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were taken into account in calculating overall system
costs. Based on the developed data and calculations,
Hansen et al. (2016) tried to understand cost-optimal
heat saving levels at the national level, including dif-
ferences between countries. They find heat savings of
30-50% of projected heat demands in 2050, and sup-
plying the remaining heat demand with sustainable
heat sources could avoid overinvestments in the heat-
ing demand and supply systems. They identify factors
largely influencing the cost-optimal heat saving levels
to be the current state of the building stock, the overall
level of specific heat demands, the heat supply costs
and the technical heat saving potential up to 2050. The
fourth HRE study developed integrated low-carbon
heating and cooling strategies for 14 MSs, again ana-
lysing different levels of heat savings and supply struc-
tures, and again using the same modelling approach as
in the HRE third study, although using different data
for calculating costs and potentials for heat savings.
The calculations confirm the findings of HRE 3: cost-
optimal levels lie in the range of 30-50% heat savings
by 2050, and differences between the countries are
remarkable. Also, due to high shares of district heat-
ing of 30-50% leading to the lowest overall system
costs in the analyses with EnergyPLAN, they con-
clude that there is likely a synergetic effect between
heat savings and district heating in the residential sec-
tor (Mathiesen et al., 2019).

To improve the information basis for design-
ing policies targeting the decarbonisation of space
and water heating in Europe, the EU COM ordered
a study to collect the status-quo of consumption and
technology data as well as the regulatory framework
(EC DG-ENER et al., 2022). Furthermore, different
technology pathways for fully decarbonising the EU
space and water heating were modelled to understand
long-term perspectives and related costs. To derive
the technology pathway scenarios two models were
linked, the Enertile model of Fraunhofer ISI for calcu-
lating the generation of electricity, liquid and gaseous
e-fuels and district heating from renewable sources,
and the Invert model from TU Wien and e-think to
calculate cost-optimal balances between thermal ren-
ovation and heating system change for decarbonising
space and water heating in buildings. With this model
setting 6 technology pathway scenarios were calcu-
lated assuming different constraints for the usability
of technologies and resources: direct RES-H (focus-
ing on individual supply options), electrification,
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e-fuels, hydrogen, district heating and one so-called
‘best-case’ scenario. Due to relatively small differ-
ences in the resulting system and transaction costs
between the different scenarios, the authors con-
cluded that the costs do not deliver a clear criterion
for deciding which technology pathway should be fol-
lowed. At the same time, several results were similar
in the different scenarios and indicate decarbonisation
options that should be strongly considered: a high
level of thermal building renovation, a high diffusion
of heat pumps and a high diffusion of district heat-
ing in suitable areas. Overall, cost-efficient savings
in final energy demand between 2017 and 2050 of
45-47% were calculated for the scenarios reaching a
95% reduction in CO, emissions.

In summary, cost-optimal heat savings levels at
national and EU-wide level seem to be in the range
of 30-50% and depend largely on the current state of
the building(s) (stocks), the assumed resource avail-
ability and prices as well as the underlying costs and
characteristics of renovation measures. However, it is
unclear how far different non-economic barriers and
drivers for thermal renovation affect cost-optimal lev-
els of heat savings versus low-carbon heat supply and
how sensitive cost-optimal heat saving levels are in
relation to different cost levels of renovation measures
and resource prices and availabilities. Therefore, this
analysis aims to quantify cost-optimal levels of heat
savings versus low-carbon heat supply in the EU-27
building stock under differing assumptions related
to possible limitations of the share of thermal reno-
vation on total refurbishment activities, the length of
renovation cycles, the potential level of renovation
costs, assumptions on additional non-economic barri-
ers to thermal renovation as well as to the price and
availability of gaseous and liquid low-carbon fuels.
A pre-condition is a 95% reduction in CO, emissions
between 2019 and 2050. The analysis should be done
with a high level of detail on the EU building stock
and potential differences in decision options. For this
purpose, a newly developed optimisation variant of
the well-established building stock model Invert is
used. This considers all residential and service build-
ings in the EU-27, a broad set of passive (refurbish-
ment) and active (heating system change) measures
to decrease CO, emissions and takes into account
rebound effect and user behaviour in the calculation
of energy needs as well as resource restrictions for
low-carbon heat supply options.

Methodology and input data

For the analysis in this work, we use the optimisation
model Invert/Opt. The Invert/Opt model is a recent
development to add an optimisation model to the
Invert model family.! It applies a mixed-integer linear
programming (MILP) algorithm for finding cost-opti-
mal combinations of renovation and supply options
under given constraints. In addition to Invert/Opt, the
Invert model family also consists of Invert/EE-Lab,
applying a simulation approach, Invert/Acc apply-
ing an accounting approach and Invert/CC deriving
energy saving (and supply) cost curves. All Invert
models are based on a detailed representation of the
existing building stocks at the national (or local) level
via building archetypes, various potential options
for renovation and available heat supply technolo-
gies for each archetype. All models access the same
input databases when calculating for the same region.
In the further description, we call them collectively
‘Invert database’. The following Fig. 1 shows an over-
view of the data input and output as well as the calcu-
lation logic of the Invert/Opt model.

In the following subsections, we first describe the
databases of existing buildings stocks, heating and
hot water supply technologies, and building refur-
bishment options. This is followed by a presentation
of the objective function and the applied constraints
in the Invert/Opt model. Finally, the assumptions on
energy carrier potentials and prices and the settings
of the calculated scenarios are described.

The databases of building stocks, heat supply
technologies and refurbishment options

The Invert/Opt model builds on three input databases
for each analysed country: a database of the existing
building stocks, a database of heating and hot water
supply technologies, and a database of refurbish-
ment options. In the database of the existing build-
ings, the building stocks are described via different
typical buildings. The following properties distin-
guish these typical buildings: geometry and physical
properties of the building shell (u-values and thermal
capacity of different components, share and orienta-
tion of windows, shading installations), type of use

! www.invert.at
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Database building stock
(t=t)

Building stock data
Installed heating and hot water systems

u-values

geometry

Installation / constr. period
regions

type of use

status of renovation

Database heating and hot water
technologies

n/ COP / solar yield
investment costs
0&M costs
technological learning
energy carriers used
lifetime

Optimisation results

Installation of heating and hot water
systems (number, kKW, m?)
renovation of buildings (number, m?,
...)and chosen options

« energy demand and consumption
CO,-emissions
investments, running costs

Fig. 1 Method and input data of the Invert/Opt model

and related occupancy profiles, construction period,
region of location relevant for climate and energy car-
rier availability, status and period of the last renova-
tion if already renovated, and installed heating system
together with the installation period. In the description
of this work, we apply the following nomenclature
related to the typical buildings: a building archetype
includes all stated properties apart from the heating
system. We call a building archetype with a certain
heating system a building segment. Depending on the
level of detail of available data in the different coun-
tries, we distinguish between 18,660 and 296,529 dif-
ferent building segments for the analysed countries.
The Invert database on existing building stocks
was compiled over the last decade in the course of
numerous projects. An important data source for
residential buildings is the Tabula/Episcope building
stock database for residential buildings, described
e.g. in Loga et al. (2016). Physical properties of the
buildings like thermal capacity, infiltration, natural
ventilation as well as occupancy profiles were taken
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from EN ISO 13790:2008 (CEN, 2008). Furthermore,
national and EU-wide statistical data and publications
were used to define number of buildings, gross floor
area and u-values for different building types and
construction periods, as well as demand for energy
carriers for space heating and hot water. ENTRANZE
(2014), ZEBRA2020 (2015) and CommONEnergy
(2017) offer a representation of the data contained
in the Invert database on existing building stocks;
EUROSTAT (2022a) and EUROSTAT (2022b) were
used to calibrate the energy demand in the base year
2019 used in this study. Additional details and data
are presented in Miiller (2015).

In the Invert database of heating and hot water
supply technologies, we compile data on efficiency,
investment costs, operation and maintenance (O&M)
costs, energy carriers used as well as lifetime of dif-
ferent technologies, including photovoltaic (PV) sys-
tems for on-site electricity generation. In the data-
base, we distinguish these data between the different
countries, take into account technological learning in
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the development of efficiency and investment costs,
and apply economies of scale for different system
sizes. The main data sources for heating and hot
water supply technologies in the Invert database are
Danish Technology Catalogue (DTC) (DEA, 2021)
and other national data sources for selected countries.
Data from the DTC were recalculated for other coun-
tries using the construction cost indices.

Finally, the Invert database of refurbishment options
contains data on various refurbishment activities tailored
to each building archetype in the building stock data-
base. Two types of refurbishment activities are defined
for each building archetype: a maintenance activity
and several thermal renovation activities. Maintenance
increases the lifetime of the building components but
does not decrease the heat demand of the buildings.
Thermal renovation instead increases the lifetime of the
building components and reduces the demand for space
heating in the buildings. For each building archetype,
several thermal renovation packages are contained in the
database consisting of combinations of single measures
like the change of windows, insulation of exterior walls,
roofs, attics or basements, as well as ventilation systems
with heat recovery. These packages reflect the cheapest
combination of single measures for reaching a prede-
fined saving target. A more detailed description of the
applied method for deriving these thermal renovation
packages, as well as the data sources used for the costs
of the refurbishment options, is provided in Hummel
et al. (2020). For each refurbishment activity, the data-
base contains investment costs and resulting u-values of
the different building components.

The optimisation model Invert/Opt

Calculation of energy needs for space heating
and hot water generation

Energy needs and delivered energy for space heat-
ing and hot water generation are calculated using
the described databases of building stocks, supply
technologies and refurbishment options, together
with data on climate (monthly mean temperatures,
solar irradiation) and user behaviour (time of use,
indoor set temperatures). Calculations are performed
according to the quasi-steady-state monthly energy
balancing method defined in EN ISO 13790:2008
(CEN, 2008), applying a single-zone model. In com-
parison with more detailed methods (e.g. dynamic

multi-zone models), the Invert model leads to suffi-
ciently accurate results for a wide range of buildings
and climate regions (Zangheri et al., 2014).

Climate data are taken from the EnergyPlus
Weather Converter V7, with the exception of Spain
and Italy, where we used the climate of important cit-
ies: Italy and Spain have been split into three climate
zones (Palermo, Rome and Milan as well as Sevilla,
Barcelona and Madrid). Considering that the climate
data retrieved from the EnergyPlus Weather Converter
represent the long-term climate conditions, the cur-
rent and future climate has been adopted based on the
historical development of the national heating degree
days (HDD) as provided by EUROSTAT (2021) and
the extrapolation of the observed trend. The result-
ing reduction in annual HDD between 2020 and
2050 ranges from~20% in warmer countries such as
Cyprus, ~10% in Spain,~7.5% in Germany and about
5% in Finland. While HDD and climate data change
over time to represent climate change in the analysis,
potential effects of social and demographic change on
e.g. the occupancy profiles in the different buildings
are not considered. Various behavioural aspects sup-
plement the calculation procedure to account for the
observed differences between measured energy con-
sumption and demand derived according to the stand-
ard calculation. Several factors affect the indoor set
temperature and the heated area in a building, like the
HDD, the type of heating system, the running costs
and the household income. These factors not only
allow for considering the observed difference between
measured consumption and calculated demand, but
also allow for integrating the rebound effect after
thermal renovation as well as differences in thermal
comfort due to income, selected heating system and
energy carrier prices. Miiller (2015) describes further
details on these calculations of the energy needs and
the final energy demand.

Calculation of delivered energy, costs and emissions
for possible options

In the model, the resulting energy demand param-
eters, costs and emissions of all possible combina-
tions of supply systems and refurbishment options
in the different building segments of the analysed
countries are calculated. About 500—1000 options for
each building segment are considered: 4 (+1) refur-
bishment options (one maintenance, three thermal
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renovation options and no activity), 15-20 heating
systems, 2 (+1) solar thermal systems (6 or 15 m?
collector area per household,> no solar thermal sys-
tem) and 2 (+ 1) PV systems (40 or 90% of solar suit-
able roof area, no PV system).

To calculate the delivered energy for most tech-
nologies, the system efficiency together with a sys-
tem-specific service factor is applied, the latter rep-
resenting different shares of floor area being heated
for different types of technologies (single vs. central
systems). For solar thermal systems, a defined yearly
heat generation per square meter of collector area is
used. In case of PV systems, the calculation is more
complex. Generally, the use of electricity generated
by PV to supply electricity demand from appliances
in the buildings is prioritized in the model. Hourly
profiles of solar irradiation and electricity load for
appliances are used to calculate the amount of elec-
tricity potentially available for heating or for export
to the grid. Standard load profiles from ENB (2021)
for different types of buildings are used as a basis
and superimposed by an hourly oscillation with the
factors 1.2/1.3/2 and 0.83/0.76/0.5 depending on the
type of building. If the on-site PV production in any
given hour exceeds the electricity load, the model
chooses whether to use the electricity for heating pur-
poses (direct electric resistance heating or as electric-
ity input for heat pumps) or to feed into the grid. The
decision parameters are the feed-in tariffs as com-
pared to the price of the energy carrier used to pro-
duce heat (along with the efficiency of the boiler) and
the daily heat demand for domestic hot water prepara-
tion and space heating.

The share of buildings in each building segment
implementing a refurbishment option and/or a replace-
ment of the heating system between the start year and
the target year of the analysis is endogenously deter-
mined by the model. This is based on distributions of
moments of construction, past renovation and heating
system installation, together with Weibull distribu-
tions of the lifetime of the components. The lifetime
of the building shell components is defined between
45 and 60 years depending on the age of the build-
ings (old buildings usually show longer refurbishment
cycles). It is assumed that the lifetimes are the same in

2 In warmer countries, this is reduced to 4 and 12 m? collector
area per household.
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all countries. In case a building segment implements
a refurbishment activity, all building shell compo-
nents are treated, whether with a thermal renovation
or a maintenance activity. Thus, after implementing a
refurbishment activity, all components have the same
moment of activity and lifetime (see also Hummel
et al., 2020). The calculated properties of all possible
options in all building segments together with sev-
eral restrictions and constraints form the input for the
upcoming optimisation part of the model.

Identification of activities in all buildings to reach
targets at given constraints

For each country, the optimisation module of Invert/
Opt identifies the combination of refurbishment
option k and supply system change j in each build-
ing segment i that leads to the lowest overall system
costs at a given time in the future starting from the
currently existing status:

min Zi Zj,k (Csttppl)'J,i + Crefurb,k,i)

C invest.j,i
Crc{}‘urb,k,i = Cinvesl,k,i - CRF k

supply,j,i energy.j,i

The system costs C are calculated as annualised
investment costs in supply systems Cj,,,, ;; and refur-
bishment options C,,,,,; Using respective capital
recovery factors (CRF) plus yearly O&M and energy
costs for the supply systems. In each building seg-
ment hereby, various combinations of supply sys-
tem changes and refurbishment options might be
contained in the optimal solution. This is due to the
considered constraints. In the following, we describe
these constraints according to the level at which they
are applied in the model. The share of buildings
hereby always refers to share in terms of gross floor
area (GFA), not of number of buildings. As described
before, the model optimises all investment decisions
taking place between the start year and the end year
of the analysis period. Therefore, also the defined
constraints apply for the entire analysis period.

o Constraints at the level of building segments:

The share of buildings that install a solar ther-
mal system must be below a defined threshold.
The share of buildings that install a PV system
must be below a defined threshold.



Energy Efficiency (2023) 16:32

Page90f32 32

The share of buildings that install a solar ther-
mal system, a PV system or both must be below
a defined threshold.

The share of buildings using a certain energy
carrier must be between defined minimum
and maximum values. This is defined for each
energy carrier in each building segment and
reflects overall energy carrier potentials on the
one hand and the inertia of changing from cer-
tain energy carriers to others like for district
heating or gas systems on the other hand.

The share of buildings implementing a mainte-
nance action must be between defined minimum
and maximum values. The minimum share of
maintenance reflects that not all constraints to
thermal renovation are explicitly included in
the model, like construction details leading to
a remarkable increase in renovation costs mak-
ing it uneconomic, even if the model considers
thermal renovation the cheapest option. On the
other hand, the maximum share of maintenance
reflects the situation where thermal renova-
tion measures are implemented, even though it
would be the cheapest option to perform main-
tenance on the building shell, which might be
the case for people willing to save energy.

e Constraints at the level of energy carrier (groups):

For several energy carriers, a cost-potential
curve is implemented in the model, i.e. the
absolute amounts of the different energy car-
riers available at different prices are set in the
input data. This applies to all biogenic energy
carriers.

For each energy carrier, a diffusion restriction
is implemented in the model, limiting the yearly
increase in the use of the energy carrier.

For similar energy carriers, groups are defined:
biomass, oil, gas, coal, district heating and elec-
tricity. The share of buildings using energy car-
riers of a certain group must be between defined
minimum and maximum values.

e Constraints at the country level:
The overall CO, emissions of heat and hot

water supply in all buildings in a country must
be below a defined threshold. This threshold

is defined in two ways: (1) in terms of relative
savings compared to the current state and (2)
in terms of CO, emissions per GFA. In case
the relative savings cannot be reached with the
given technology and renovation options, the
definition in terms of emissions per GFA is
applied by the model.

The share of buildings implementing a mainte-
nance action must be between defined minimum
and maximum values. Similar to the minimum
and maximum shares of maintenance defined at
the building segment level, these constraints at
the country level reflect constraints to thermal
renovation or maintenance that are not explic-
itly integrated into the model.

Energy carrier potentials and prices

Important inputs to the model and the related sce-
narios are the settings for the energy carriers to be
used in the buildings. This concerns the availability
of resource potentials and the related prices of energy
carriers both for decentral and grid-associated utilisa-
tion. In the following sections, the general approach
to deriving available resource potentials and related
prices is described, and then additional details for
specific energy carriers are presented.

General approach

With regard to the resource potentials, different
constraints are implemented in the model. First,
the maximum potentials of heated gross floor area
that can be supplied by a certain energy carrier or
a certain technology are defined for each country.
Further on, these are called saturation constraints.
On the one hand, they reflect technical restrictions
like the fact that a gas network must be available
for the widespread use of gaseous fuels or that cor-
responding heat densities must be available for the
efficient and competitive use of district heating. On
the other hand, they reflect socio-economic restric-
tions like the limited acceptance of biomass-based
decentral boilers in urban areas due to local emis-
sions. To define the saturation constraints for each
energy carrier in each country, we first split the
building stock in each country into a rural and an
urban part of the stock using Eurostat statistics.

@ Springer
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The use of biomass technologies in urban build-
ings is then extremely restricted, while especially
in small rural buildings these technologies are
nearly unrestricted. Air-source heat pumps in rural
areas are nearly not restricted in the model; in
urban areas they are. Ground-source heat pumps
are extremely restricted especially in existing urban
buildings. More details on setting the restrictions
are described in Fleiter et al. (2016). To define the
maximum shares of district heating in each country,
we analysed data regarding heat demand densities
(Miiller et al., 2019), defined a maximum expansion
velocity and allocated the resulting gross floor areas
to building types according to their shares in rural
and urban areas. For setting the maximum shares
of heated gross floor area potentially supplied with
natural gas, we analysed the locations of the trans-
mission pipelines and the geographic distribution
of the gross floor areas. Assuming a decreasing
probability of an existing gas distribution grid with
increasing distance to the transmission grid as well
as full availability in large cities leads to maximum
shares of heated gross floor area with gas systems
(Schremmer et al., 2018). The resulting maximum
shares of heated gross floor area, where a certain
space heating technology can be applied, are shown
in Table 1.

While the saturation constraints reflect the maxi-
mum potentials for given technical and socio-eco-
nomic restrictions, additional limitations might exist
due to policy measures focusing on certain technolo-
gies. Thus, on top of the saturation constraints, we
integrate diffusion constraints specific for each energy
carrier or technology to reflect a general focus on cer-
tain technology pathways. In the scenarios presented
in this work, these diffusion constraints are set the
same for all countries and focus on the direct use of
renewable energy in the buildings: solar thermal, PV
and direct use of biomass resources in the buildings
are not further restricted, for gas-based technologies
(boilers, CHPs and heat pumps), electricity-based
technologies (heat pumps and direct electric heaters)
and for district heating the diffusion constraint until
2050 is set to 50% of the saturation constraint, and
for oil-based boilers, the diffusion constraint is set to
25%. In addition, an absolute resource restriction is
defined at the country level for decentral biomass uti-
lisation. The following section describes more details
of this restriction.

@ Springer

The prices for most energy carriers are calcu-
lated with the Enertile model,® developed and run by
Fraunhofer ISI. The model determines the optimal
portfolio and its dispatch for the supply of electricity,
district heat, hydrogen and e-fuels to reach the low-
est system costs. The demand is hereby defined for
each hour of a certain year for each country, and the
resource and generation potentials are partly defined
at a higher spatial resolution, whether in the form of
raster data for wind and solar technologies or point
data for larger plants. While the price development
for fossil fuels is an input to the model, the prices for
hydrogen, synthetic methane, bio-liquids, e-liquids,
electricity and district heat are output from the model.
These outputs are then used in the Invert/Opt model
for the calculation of the scenarios presented in this
paper. Hereby, Enertile yields wholesale prices of
these energy carriers and Invert/Opt calculations are
based on retail prices. To convert wholesale prices
to retail prices, company markup, taxes (energy and
VAT*) and grid charges must be added. While the
company markup and the taxes are assumed to stay
constant for each country’s residential and service
sectors, grid charges are assumed to change due to
remarkable changes in the grid infrastructures. The
assumptions related to these changes are described in
the next section.

The fossil fuel price development is based on the
IEA sustainable development scenario (SDS) in the
World Energy Outlook 2019 (IEA, 2019). In this
scenario, crude oil, natural gas and steam coal prices
remain roughly at today’s level with a slight decline.
However, for the supply of electricity, district heat
(in Enertile) and decentral use in buildings (in Invert/
Opt), only minor amounts of fossil gas, oil and coal
remain in the supply mixes. Exogenous assumptions
were made for the share of different components in
the gaseous and liquid fuels directly used in the build-
ings. Details are described in the next section. In the
calculations with Enertile, a limited carbon budget is
applied. It reflects nearly full decarbonisation of elec-
tricity and district heating supply in 2050 with a total
budget of 5 Mt CO, for the sum of emissions of these
two sectors from all EU countries. Compared to the

3 https://www.enertile.eu/enertile-en/
4 VAT — value added tax.
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emissions in these sectors in 1990 of 1500 Mt CO,,
this reflects a 99.67% reduction.

In the calculation of optimal portfolios and dis-
patch for hydrogen, synthetic methane, e-liquids,
electricity and district heat, the demand for these
energy carriers in buildings, industry and transport is
a basic input. Enertile hereby considers the demand
for these energy carriers from all sectors. In the cur-
rent analysis, the demand for these energy carriers
was taken into account in two different ways: (1) The
demand from space heating and hot water generation
in buildings calculated by Invert/Opt is used as direct
input to the Enertile calculations. Since Invert/Opt,
on the other hand, uses the energy carrier prices cal-
culated by Enertile, an iterative calculation procedure
between both models was applied. (2) The demand for
these energy carriers from all other sectors is defined
as exogenous input to the Enertile model. Hereby, the
EU-wide demand for these energy carriers in 2050
from the 1.5TECH scenario from the European Com-
mission (COM, 2018) was used and broken down to
country level and back to 2030 and 2040 using the
national distributions and developments over time as
calculated in the SET-Nav pathway ‘Diversification’
(Hartner et al., 2019; SensfuB et al., 2019). This leads
to an EU-wide energy demand from all sectors except
buildings and district heating of 4144 TWh electric-
ity (whereof 15% results from transport purposes),
473 TWh e-liquids, 266 TWh synthetic methane and
707 TWh hydrogen. With the Enertile model, it is
furthermore assumed that carbon capture and storage
(CCS) is not available for fossil-fuel-based electricity
generation.

As explained, the Enertile model optimises the
generation of electricity, hydrogen, synthetic meth-
ane, e-liquids and district heating based on available
resource potentials, demand for these energy carriers
in different sectors as well as the settings described
before. Clearly, the resulting wholesale prices for the
stated energy carriers depend on the demand for these
energy carriers in the different sectors. Within the
study ‘Renewable Space Heating under the Revised
Renewable Energy Directive’ for the European Com-
mission, various technology pathway scenarios have
been analysed (EC DG-ENER et al., 2022).° For the
analyses within this paper, the diversified technol-
ogy pathway scenario has been selected as the base
scenario (in the report called ‘Direct RES-H’). In
this scenario, no strong preference of any technology
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pathway was assumed, rather a diverse mix of differ-
ent technology options in the buildings and district
heating portfolios. More details on the method and
the assumptions in the Enertile model can be found
in the final report of the respective study (EC DG-
ENER et al., 2022).

Details for selected energy carriers

Biomass is a restricted resource, heavily demanded as
energy and material in various sectors. As we do not
explicitly model the competition between the differ-
ent potential biomass uses, we consider an absolute
potential restriction for solid, gaseous and liquid bio-
mass resources to be used for space heating and hot
water generation. To define the potentials of solid bio-
mass resources for decentral use, we orient on ongo-
ing discussions and statements from the EU Com-
mission targeting a reduction of overall biomass use
for heating of buildings in the EU of around 10%. To
define resource potentials at national levels, we apply
the following simplified approach: the share of solid
biomass on the final energy demand for space heat-
ing and hot water generation in buildings in a country
can increase up to 15 percentage points compared to
the base year if the energy demand at the same time
decreases by 50%. In addition, the maximum share
is defined as 33%.° In total, this leads to a resource
potential for decentral solid biomass utilisation of 468
TWh for all EU-27 countries corresponding to 91%
of the amount used in 2019, i.e. a 9% reduction com-
pared to current levels (see Table 2). This approach
is a remarkable simplification, at the same time it is
transparent and considers that solid biomass is trade-
able and does not necessarily need to be consumed in
the country of origin. The prices for the solid biomass

5 See also ‘Introduction’ section for further details of the
study.

® For easier understanding of the approach, the example of BE
is explained here (see Table 2, line 2 for BE): in BE 7.1 TWh
of solid biomass was utilised for decentral heat supply in build-
ings in 2019; this is 6% of total final energy demand for space
heating and domestic hot water preparation, which was 118.3
TWh. A 50% reduction of total final energy demand would
lead to 59.2 TWh. An increase of 15 percentage points leads
to 21% share of solid biomass on total final energy demand,
which is below the defined maximum share of 33%. In abso-
lute terms, the 21% of 59.2 TWh would be 12.3 TWh of solid
biomass potential for decentral utilisation.
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Table 2 (continued)

I

Bio-oil resource poten-

potential for use in the tial for use in the space

space heating and hot
water sector (TWh)

heating and hot water
sector (TWh)

Ratio of solid biomass Biogas resource

resource potential
2050 on solid biomass

biomass potential on
final energy demand
for space heating and
domestic hot water
generation assuming

Decentral solid

full resource
potential) (TWh)

mass resource poten-

Decentral solid bio-

tial (

Share of decentral
solid biomass on final
energy demand for
space heating and

biomass utilisation

Decentral solid
(TWh)

Springer

utilisation in the base

year

domestic hot water

preparation

a decrease in related

final energy demand

of 50%

2050

Base year

33 16% 610% 1.1 0.7
468 29% 91%

1%

0.5

SK

67

69

16%

EU-27 513

energy carriers, wood logs, wood chips and pellets we
assume to stay at today’s levels.

Gaseous fuels in buildings are mainly consumed
in connection with a gas distribution grid. For the
gas distributed in the grids, the following composi-
tion is defined: 3% fossil natural gas, 10% synthetic
methane, 10% hydrogen and the rest biomethane (see
also Table 3). The average composition of liquid fuels
is defined as 5% fossil heating oil, 10% e-liquids and
85% bio-oil. These assumptions are mainly driven
by CO,-reduction targets, technical limitations for
hydrogen in distribution grids and estimated poten-
tials as well as generation costs for synthetic meth-
ane and bio-oil. Nuffel et al. (2020) estimate the
overall technical biomethane potential from differ-
ent feedstocks in 2050 for each country of the EU.
According to Peters et al. (2020), which developed
a “decarbonisation pathway towards an optimal role
for gas in a net-zero emissions energy system” for the
EU, roughly 19% of the entire biomethane could be
used in buildings. To set the potential restrictions for
biomethane and bio-oil in this analysis, we take the
identified technical biomethane potentials for build-
ings and distribute them to biomethane and bio-oil,
applying the following logic: the same feedstocks can
be used to either produce biomethane or bio-oil; the
production of bio-oil is around 20% less efficient than
the production of biomethane; Thus, correspondingly
more resources are needed for bio-oil production;
the potential is allocated to biomethane as well as to
bio-oil according to areas where a gas grid is avail-
able and where no gas grid is available (see Table 1)
hereby allocating twice as much to gas regions as to
non-gas regions. This logic, together with the pre-
sented assumptions of the shares of different compo-
nents in the gas and oil mixes, determines the upper
limit of using gaseous and liquid fuels for space heat-
ing and hot water generation in buildings in different
countries (see Table 2).

As written before, the wholesale prices for syn-
thetic methane and for hydrogen are calculated with
the Enertile model and the wholesale price for natu-
ral gas and fossil heating oil is taken from the IEA
(2019) SDS. For biomethane, we use production,
upgrade and injection costs for the different coun-
tries as stated in Nuffel et al. (2020). We assume that
the price for bio-oil is 25% higher than the price for
biomethane, and the price for e-liquids is 10% above
synthetic methane. The gas grid charge is assumed to
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Table 3 Whole sale prices for electricity and gas mix in the distribution grid in 2050 in EUR,,;o/MWh applied in the modelling (see
also EC DG-ENER et al., 2022)

Electricity (weighted by

Gas mix in distri-

Components of gas mix in distribution grid (share of component in %)

hourly demand) bution grid - -
Biomethane E-Methane (10%) E-Hydrogen Fossil
(77%) (10%) natural gas

(3%)
AT 57.6 67.2 65.6 100.0 60.2 21.9
BE 57.8 69.2 68.1 100.5 61.0 21.9
BG 53.7 74.5 75.9 96.8 57.2 21.9
CY 46.4 68.4 71.7 85.9 39.2 21.9
CcZ 56.9 72.4 72.6 99.0 59.2 21.9
DE 57.0 71.4 71.4 98.8 59.2 21.9
DK 51.7 72.9 75.7 90.7 49.2 21.9
EE 50.4 63.6 63.8 89.4 49.2 21.9
ES 50.4 68.7 70.3 89.5 49.1 21.9
FI 47.4 57.0 56.4 85.1 44.2 21.9
FR 54.7 71.8 72.5 95.9 57.0 21.9
GR 52.0 69.4 70.3 93.6 52.2 21.9
HR 54.4 73.6 75.2 95.5 55.2 21.9
HU 57.4 76.4 77.8 99.5 59.2 21.9
1IE 51.2 64.8 65.2 89.8 49.2 21.9
IT 57.4 68.7 67.8 99.5 59.2 21.9
LT 52.7 71.8 73.4 93.1 53.2 21.9
LU 57.0 67.4 68.2 83.1 59.1 21.9
LV 52.1 63.3 65.1 73.2 52.1 21.9
MT 61.1 69.4 67.6 104.1 63.2 21.9
NL 54.7 68.0 67.7 95.5 56.2 21.9
PL 54.7 72.5 73.6 95.9 56.2 219
PT 47.7 64.7 65.6 87.6 48.1 21.9
RO 54.9 75.2 76.7 97.2 57.2 21.9
SE 514 59.1 574 90.8 51.2 21.9
SI 57.2 60.4 58.7 86.0 59.1 21.9
SK 57.8 70.9 70.2 100.8 61.2 21.9

increase with a decreasing gas consumption: a third
of the price scales indirectly proportionally to the
decrease rate. On top of that, a 5% increase of the
grid charge is added, assuming additional costs for
parallel transport infrastructure, one for methane and
one for hydrogen. Overall, this leads to a remarkable
increase in gas prices compared to the current levels
ranging between 7 and 209% in the different countries
with an EU-27 average (and median) of 119%.

As described in ‘General approach’ section, the
saturation constraints for district heat are oriented
on an analysis of heat demand densities in the dif-
ferent countries, and the diffusion constraint is set to

50%. The latter reflects a low level of accepted heat
distribution costs. As also already described in ‘Gen-
eral approach’ section, the wholesale prices for dis-
trict heat are calculated with Enertile. Hereby, it is
assumed that large shares of DH are generated out of
solar thermal and geothermal energy. To determine
the retail prices for district heat in 2050, we assume
that the difference between current levels and 2050
derives from differences in the wholesale prices times
a factor of 1.2 plus VAT. Since no consistent infor-
mation on current wholesale prices for district heat-
ing is available, we use the difference in modelled
wholesale prices for 2030 and 2050 and apply this

@ Springer
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Table 4 R;tail .prices fqr Gas Oil Coal Woodlog Woodchips Pellets Electricity  District heat
energy carriers in 2050 in
EURy;¢/MWh applied in AT 162 118 39 40 35 51 198 99
the modelling BE 151 109 32 57 50 70 238 94

BG 109 149 32 25 22 31 121 45
CY 8 129 31 37 32 45 221 227
CzZ 165 122 32 27 24 33 156 92
DE 176 117 11 32 28 40 331 103
DK 160 189 33 62 55 77 317 144
EE 182 122 32 34 30 42 192 83
ES 114 121 32 35 31 43 253 99
FI. 221 131 33 54 47 66 187 84
FR 162 133 32 56 49 69 214 95
GR 148 144 33 39 35 49 210 85
HR 115 125 33 43 38 53 146 66
HU 116 174 34 25 22 31 139 62
IE 164 108 33 50 44 62 275 91
IT 136 168 32 48 43 60 225 95
LT 113 111 32 31 27 38 141 98
LU 100 98 31 51 45 63 193 96
LV 118 113 32 34 30 42 140 76
MT 115 141 31 52 46 64 139 116
NL 156 149 32 42 37 52 191 97
PL 118 126 33 29 26 36 183 59
PT 174 158 33 34 30 42 233 98
RO 119 154 33 25 22 31 152 79
SK 133 119 32 25 24 29 176 109
SI 127 127 32 44 39 54 216 82
SE 230 144 33 53 47 66 219 106

to current retail prices for district heat in the differ-
ent countries in Werner (2016). For retail electricity
prices, we apply the same approach with the only dif-
ference that current wholesale prices are used since
they are publicly available. The wholesale prices for
electricity (hourly price weighted with the hourly heat
demand in buildings) as well as for the gas mix in the
distribution grid together with its four components
are presented in Table 3, and the retail prices for the
different energy carriers finally applied in the calcula-
tions are shown in Tables 4. Figure 2 then shows a
decomposition of the retail prices for gaseous fuels
in the distribution grid for 2019, the default setting
for 2050 according to the description before as well
as for a low gas price sensitivity for 2050. In the low
gas and liquid price sensitivity, we assume a whole-
sale gas price of 55 EUR/MWh in all countries. The
decomposition shows the assumed transmission and
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distribution grid fees, the energy taxes and the VAT,
as well as a mark-up reflecting the not explainable
residuum between the before mentioned components.

Several potential restrictions are applied in the
modelling for solar thermal and PV. First, the share
of buildings that can install a solar thermal or PV
system is restricted in the form of saturation con-
straints, as shown in Table 1. Hereby, higher shares
are considered for southern countries and lower
shares for northern countries, reflecting barriers or
drivers not included in costs or radiation. A second
restriction considers that only a certain share of the
roof can be used to install solar thermal or PV sys-
tems. Hereby, we assume that 40% of the horizontal
projection of the roof of an individual building is
usable in case either solar thermal or PV is installed
and that 60% is usable in case both technologies are
installed on the same building.
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Fig. 2 Decomposition of the retail prices for gaseous fuel in the distribution grid for 2017, 2050 and 2050-low price (Ip) sensitivity

for the analysed countries

Scenario and sensitivity settings

In this work, four different scenarios as well as seven
sensitivity runs are presented. In all calculations, the
direct CO, emissions from the supply of space heat-
ing and hot water in the buildings of each country
must be reduced by 95% for the period between 2019
(the start year of the calculations) and 2050. Biogenic
resources are hereby assumed to be carbon neutral.
The four scenarios only differ in their settings
on three parameters related to refurbishment activi-
ties: the defined minimum and maximum share of
maintenance on all refurbishment activities (a) in
the entire building stock of a country, (b) in indi-
vidual building segments in a country and (c) the
average length of refurbishment cycles of building
shell elements. The refurbishment cycles in Invert/
Opt are hereby endogenously calculated based on
distributions of moment of construction or past
renovation using Weibull distributions of the life-
time of the components (see also ‘Calculation of
delivered energy, costs and emissions for possible
options’ section). In a first scenario (‘Diversified’)
we define low to medium shares of maintenance
on total refurbishment activities in the entire stock
of the countries (20-50%). Assuming an average
length of refurbishment cycles of 45 years and a

share of 50% of maintenance on total refurbish-
ment activities (defined maximum for this sce-
nario) leads to around 1.1% yearly thermal renova-
tion rate. According to EC DG-ENER et al. (2019),
this, on average, reflects the current situation in
Europe. In a second scenario (‘Low efficiency’),
we define medium to high shares of maintenance
on total refurbishment activities (65-90%). This
reflects a maximum yearly thermal renovation rate
of 0.77% at country level, which is on the lower
end of what is currently observed in EU-27 coun-
tries. At individual building segments, level shares
of 25 to 100% of maintenance on total refurbish-
ment activities are possible, i.e. if thermal renova-
tion is not at all economically feasible in a building
segment, no buildings perform thermal renovation,
and even in segments with high economic feasibil-
ity, at least 25% implement a maintenance activity.
This reflect high barriers against thermal renova-
tion. In a third scenario (‘Low restrictions’), we
define a broad range in these parameters as being
possible. In a fourth scenario, these low restrictions
are kept, and the length of refurbishment cycles is
reduced (‘Increased renovation’). This reflects an
increase in refurbishment activities over the sce-
nario period. Table 5 shows the defined settings for
the different scenarios.
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Table 5 Differences in the settings for the calculated scenarios

Scenario name Defined minimum and maximum share of maintenance Length of refurbish-
on total refurbishment activities ment cycles of building
shell
Long Short In the entire building In individual building
stock of a country segments® in a country
Diversified diverse 20-50% 10-90% 1
Low efficiency low_eff 65-90% 25-100% 1
Low restrictions low_restric 10-90% 0-100% 1
Increased renovation inc_renov 10-90% 0-100% 1/1.4

“In the model Invert/Opt, a building segment reflects all buildings of a defined building archetype with a defined heat supply system
currently in place. A more detailed description can be found in ‘The databases of building stocks, heat supply technologies and refur-

bishment options’ section.

The scenarios are calculated with a 2% interest
rate, following the assumption that the current low-
interest rate in the Euro area will continue for a longer
period and with a depreciation time of 30 years for
refurbishment activities and 20 years for heating
systems.

Besides the four main scenarios, we also cal-
culate seven sensitivity runs based on the ‘Diver-
sified’ scenario. These include increased capital
recovery factors (CRFs) for refurbishment activi-
ties, additional renovation barriers focusing on the
share building surface with improved thermal prop-
erties, gas and liquid fuel potential restrictions and
prices as well as the potential availability of solar
thermal collectors. Table 6 shows the names of
the sensitivity runs together with a description of
which parameters have been varied.

In general, the defined scenario and sensitiv-
ity settings are the same in all countries. The only
exception are the prices for gas and liquids, which
differs from country to country (see Fig. 2).

Results

For the four scenarios and seven sensitivities cal-
culated in this work, various parameters were
analysed and are presented in this section. This
includes total system costs, final energy demand,
the share of thermal renovation on total refurbish-
ment activity changes in energy needs per gross
floor area and in u-values of different components,
as well as the utilisation of roof area for solar
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thermal collectors and PV. These are presented and
discussed separately in the following subsections.

Total system costs

The total system costs considered in this work are
the sum of the capital costs for refurbishment activi-
ties, the capital costs for heating systems and the run-
ning costs for heating systems in all residential and
service buildings of all countries of EU-27 over a
defined period. The running costs are hereby made
up of O&M and energy costs (see also ‘The opti-
misation model Invert/Opt’ section). The following
Fig. 3 shows these costs calculated for the four sce-
narios for the entire EU-27 for three different periods,
2021-2030, 2021-2040 and 2021-2050.

Total system costs for space heating and hot water
generation in residential and service buildings in EU-27
over the period from 2021 to 2050 are calculated to be
in the range of €11,400 to €11,800 billion for the dif-
ferent scenarios. The ‘Low restrictions’ scenario hereby
results in the lowest total costs, which is logical given
the objective function of the calculations. At the same
time, the ‘Low efficiency’ scenario, which enforces
a high share of maintenance on the total refurbish-
ment activities, leads to the highest total system costs.
The difference between both scenarios is around 4%.
Interestingly, even the ‘Increased renovation’ scenario,
which enforces a remarkable increase in refurbishment
activities, leads to lower total system costs compared to
the ‘Low efficiency’ scenario. Looking at the results at
the country level, it turns out that not in all countries the
‘Low restrictions’ scenario is the cheapest. In HR, HU,
MT and RO, the ‘Increased renovation’ scenario leads
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Table 6 Description of calculated sensitivities based on the ‘Diversified’ scenario

Sensitivity name

Description of analysed sensitivity

Long Short

Increase CRF by 35% crf+35% The capital recovery factor (CRF) is increased by 35% to 0.06; this implies
a discount rate of 3.5% with a depreciation of 25 years. This is applied to
all refurbishment activities, i.e. thermal renovation as well as mainte-
nance

Increase CRF by 70% crf+70% The capital recovery factor (CRF) is increased by 70% to 0.076; this

implies a discount rate of 4% with a depreciation of 19 years. This is
applied to all refurbishment activities, i.e. thermal renovation as well as
maintenance

Increase CRF by 100% crf+ 100%

The capital recovery factor (CRF) is increased by 100% to 0.089; this

implies a discount rate of 4% with a depreciation of 15 years. This is
applied to all refurbishment activities, i.e. thermal renovation as well as
maintenance

Additional renovation barriers add renov barriers

It is assumed that a defined share of the surface area of buildings is not

improved in case of refurbishment (35% for buildings constructed before
1945, 20% for all other buildings). This increases the barriers and cost
especially for very ambitious refurbishment activities

No gas/liquid restriction

no gas/liquid restriction Unlimited fuel and biofuel potential (gaseous and liquid; mix in the oil and

gas carriers in the buildings stays the same), GHG-emission factors for
gas and liquids is set to zero

Low gas/liquid prices low gas/liquid price

No restrictions (see assumptions for sensitivity above) and low prices for

gas and liquids: low grid fees and lower wholesale prices; for gas oriented
on a biogas price of 55 EUR/MW assuming high shares of biogas as well
as high shares of synthetic gases generated in summer and being stored
towards winter periods at low prices; see also Fig. 2; for liquid fuels on
average a reduction of 15% compared to the prices in the other scenarios
and sensitivity runs; GHG-emission factors for gas and liquids are set to

Zero

No solar thermal collectors no solar thermal

Solar thermal collectors are excluded from the available options

to even lower total system costs compared to all other
scenarios. This is due to comparably low costs for ther-
mal renovation in combination with comparably high
saving potentials in terms of running costs. In contrast,
PT is the only country in which the ‘Low efficiency’
scenario leads to the lowest total system costs. This
is due to a comparably lower share of running costs
on total systems costs combined with very low saving
potentials in terms of running costs.

Final energy demand

The four calculated scenarios obviously lead to
differences in the resulting final energy demand
for space heating and hot water generation (see
Fig. 4). Even the ‘Low efficiency’ scenario results
in a remarkable reduction in final energy demand
of 29% between 2019 and 2050. The ‘Increased
renovation’ scenario shows the highest reduction

of 47%. This is due to a higher share of thermal
renovation on total refurbishment activities (see
also ‘Share of thermal renovation on refurbishment
activities’ section) combined with an increased
number of refurbishment activities over the simu-
lation period. Also, in the ‘Low restriction’ sce-
nario, remarkable savings of 44% are reached. In
terms of energy carriers, the share of district heat-
ing and electricity decreases with decreasing final
energy demand in the scenarios. The opposite
is the case for solar heat and biomass. Solar heat
hereby includes heat generation from solar thermal
systems as well as from PV systems. This trend
is generally similar in all large countries and can
be explained in the following relationships: roof-
top solar thermal systems on buildings are limited
in size and potential heat generation per build-
ing. Therefore, with reduced heat demand in the
buildings, the share that can be supplied by solar
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Fig. 3 Total system costs for space heating and hot water generation in buildings, including refurbishment activities over different

time periods for EU-27 for the calculated scenarios

thermal systems increases. Biomass resources are
foreseen to be scarcely available for space heating
and hot water generation in the future and, there-
fore, severely restricted in the modelling. At the
same time, heat supply from biomass is a compara-
bly cheap option. Therefore, the absolute amounts
of biomass used in the different scenarios in the
different countries are similar, but with decreasing
energy demand for space heating, the share of bio-
mass in the overall heat supply increases.

The final energy demand for space heating and hot
water generation in EU-27 buildings in 2050 calculated
for the seven sensitivities compared to the diverse sce-
nario is shown in Fig. 5. It can be observed that with
higher CRF of refurbishment activities, the final energy
demand increases. This is logical because refurbish-
ment activities become less cost-efficient compared
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to changes in the heat supply systems. A double CRF
leads to reduced savings of nearly 6 percentage points
(from 41 to 35%). An even stronger reduction of sav-
ings of around 7 percentage points is calculated in the
sensitivity ‘add renov barriers’. The sensitivities related
to the prices and availability of gaseous and liquid fuels
show a low impact on the thermal renovation activities
(see also ‘Share of thermal renovation on refurbish-
ment activities’ section) and thus also on the result-
ing final energy demand. However, the split of energy
carriers used for space heating and hot water genera-
tion changes. Without restrictions on liquid and gase-
ous fuels and same prices as in the other scenarios and
sensitivities, more liquid fuels are used. With also low-
ered prices, gas becomes more competitive and partly
replaces liquid fuels, district heating, electricity and
heat pumps, and small amounts of biomass. The ‘no
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Fig. 4 Final energy demand for space heating and hot water generation in buildings for EU-27 for the calculated scenarios

solar thermal’ sensitivity shows a higher reduction in
final energy demand compared to the diverse scenario
and a remarkable shift from solar thermal to electric-
ity and heat pump use. Here, several effects can be
observed: (a) the energy needs calculated in the model
also depend on the energy consumption costs (see also
‘Calculation of energy needs for space heating and hot
water generation’ section), thus, houses which need to
buy the energy tend to have a lower calculated energy
need than those which have a system with high invest-
ment but low running costs like solar thermal systems;
(b) the energy losses of solar thermal hot water gen-
eration are larger than those of heat pumps due to the
larger hot water storage tank; (c) more roof area is avail-
able for PV, thus, more PV electricity replaces other
heat generation technologies with lower efficiencies.

Share of thermal renovation on refurbishment
activities

Figure 6 shows the share of thermal renovation on the
total number of refurbishment activities within the

different calculated scenarios for each EU-27 country.
In the ‘low_eff’ scenario, this share is exactly 35%,
as is the exogenously defined maximum share for this
scenario (see Table 5). In the ‘diverse’ scenario, this
exogenously defined maximum share is 80%. As can
be seen in the figure, nearly all EU-27 countries show
this maximum share in the ‘diverse’ scenario: only
AUT, MLT and SWE have shares slightly below 80%.
This is because, in these countries, in some building
segments, avoiding CO, emissions only via heating
system change is more cost-efficient than any com-
bination of heating system change and thermal reno-
vation. In the ‘low_restric’ scenario, a higher share
of thermal renovation is calculated in all countries
compared to the ‘diverse’ scenario. This also applies
to those countries that did not fully exploit the upper
limit of thermal renovation in the ‘diverse’ scenario
(AUT, MLT and SWE). The reason is that in those
building segments that fully exploited the maxi-
mum share in the ‘diverse’ scenario, an even higher
share of thermal renovation is economically feasible
for avoiding CO, emissions. In 20 out of the EU-27
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Fig. 5 Final energy demand for space heating and hot water generation in buildings for EU-27 in 2050 in the sensitivities

countries, this share is again equal to the exogenously
defined maximum share of thermal renovation of
90%. This reflects a high economic potential of ther-
mal renovation for avoiding CO, emissions compared
to the change of the source and technology for heat
supply. In the ‘inc_renov’ scenario, the length of the
refurbishment cycles for building shell components is
reduced by 1/1.4. This leads to increased refurbish-
ment activities in the scenario time frame between
2019 and 2050. In other words, even currently (in
2019), relatively newly constructed buildings or
recently refurbished buildings must be refurbished
(again) until 2050. Nevertheless, very high shares of
thermal renovation on total refurbishment activities
are calculated for this scenario in many countries:
19 countries show a share of 90%, which is again the
exogenously defined maximum, and 8 countries show
a share above 80.

A comparison of the average share of thermal reno-
vation on total refurbishment activities at EU-27 level
for all scenarios and sensitivities is represented in
Fig. 7. In addition, the figure shows the exogenously
defined maximum shares (see also Table 5) and the
annual thermal renovation rates. It can be observed
that for most scenarios and sensitivities, the defined
maximum shares of thermal renovation on total refur-
bishment activities are implemented. The sensitivities
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related to the capital recovery factor (crf+x%) and
the additional renovation barriers form the exception
here. In those, a slightly lower share of thermal reno-
vation is calculated as cost-optimal by the model due
to the applied changes in input parameters. The figure
also clearly shows that the share of thermal renova-
tion activities and the annual thermal renovation rates
are directly proportional; the exception here is the
‘inc_renov’ scenario, in which a higher annual ther-
mal renovation rate is triggered by the exogenously
decreased length of refurbishment cycles.

Energy needs per gross floor area

The effects of the different scenario settings on the
energy needs per gross floor area, including user
behaviour,’ in the different building segments in Aus-
tria, are shown in Fig. 8. The figure shows the specific
energy needs of each building segment on the y-axis
and the size of the building segments in terms of
heated gross floor area on the x-axis. The red area on
the right side of the figure for each scenario reflects
the building segments newly constructed during
the scenario time frame. As expected, the scenario

7 See “Calculation of energy needs for space heating and hot
water generation’ section for further explanations on user
behaviour implemented in the Invert model.
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Fig. 8 Specific energy needs for heating considering user
behaviour (y-axis) over heated gross floor area of the building
stock (x-axis) distinguishing no action, maintenance, thermal

settings have no effect on these building segments,
and the red area is the same for all scenarios. The
black bars on the left side of each scenario diagram
reflect the building segments that are not refurbished
during the scenario time frame. As can be seen in the
figure, these have the same size in all scenarios except
the ‘inc_renov’ scenario. In the latter scenario, also
the buildings that do not undergo refurbishment in
the other three scenarios have to be refurbished and
can be found whether in the grey or blue bars. The
grey and blue bars reflect those buildings that are not
demolished and are refurbished during the scenario
time frame. Buildings in grey are those undergoing a
maintenance activity, and buildings in blue are those
undergoing a thermal renovation. The bright green
part on top of the blue bars reflects the energy needs
saved through the thermal renovation activities. It can
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renovation and new construction for Austria for the calculated
scenarios and two sensitivities

be observed that the blue area in the ‘low_eff’ sce-
nario is smaller than the grey area. This results from
the defined constraints on the share of thermal reno-
vation on total refurbishment activities (see Table 5).
In all other scenarios, the share of blue bars is
remarkably higher than the share of grey bars due to
lowered restrictions on the share of thermal renova-
tion. As discussed with regards to the previous figure,
here, the difference between the share of blue bars
and grey bars in the ‘diverse’ and the ‘low_restric’
scenario can be interpreted as the cost-efficient shift
from maintenance to thermal renovation visible due
to lowered restrictions.

The same graphs as shown for Austria for differ-
ent scenarios and sensitivities in Fig. 8 are shown for
various countries for the ‘diverse’ scenario in Fig. 9.
Differences between the countries can be observed:
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in SE, PL and FR, a remarkable increase in gross
floor area between 2019 and 2050 is assumed in the
scenarios (visible by the difference of total gross
floor area and the end of the black continuous line),
while in DE and especially IT and BG, much lower
to nearly no increase is assumed. This leads to dif-
ferent shares of new buildings (in red) on the over-
all building stock. The difference between the black
continuous line and the black dashed line shows the
reduced demand from the buildings already existing
in 2019. The shape of the lines is somewhat similar
in the different countries; SE, however, shows a lower
difference compared the other countries. This can be
explained by lower technical heat-saving potentials
due to already more efficient building stocks together
with lower differences in heat saving and heat supply
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renovation and new construction for ‘diverse’ scenario for the
countries SE, PL, DE, FR and BG

costs. In contrast, DE and FR show high economic
saving potentials represented also in the size of the
green bars.

Figure 10 then shows the changes in energy needs
per gross floor area split up between different con-
struction periods of the buildings for the four cal-
culated scenarios compared to the base year of the
calculations. It can be observed that older buildings
show higher energy needs per gross floor area in the
base year as well as higher relative and absolute sav-
ings in the different scenarios. As expected, energy
needs decrease most in the ‘Inc_renov’ scenario, sec-
ond most in the ‘low_restric’ scenario, third most in
the ‘diverse’ scenario and the least for the ‘low_eff’
scenario. These developments are similar in all con-
struction periods.
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between the base year and 2050 for all EU-27 buildings in the calculated scenarios

U-values

Thermal renovation measures mainly aim at reducing
the thermal transmittance of the building shell quan-
tified via the u-values of their different components.
Figure 11 shows the changes in the u-values in the dif-
ferent components, scenarios and construction periods
in the form of a boxplot. The boxplot looks similar to
the boxplot of the energy needs for heating in Fig. 10.
Older construction periods start at higher u-values and
show a larger decrease in absolute and relative terms
compared to newer construction periods. The most
significant decrease in absolute terms can be observed
for windows upgrades. In contrast, basement insula-
tion is performed less often (or the least).

Utilisation of roof area for solar thermal collectors
and PV

As described in ‘Calculation of delivered energy, costs
and emissions for possible options’ section, the model
Invert/Opt also considers solar thermal collectors and PV
systems installed on the buildings’ roofs. The following
Fig. 12 depicts utilisation of roof area for solar thermal
collectors and PV systems in ES and DK for the ‘diverse’
and ‘low_restric’ scenarios and for the ‘no solar thermal’
sensitivity. On the x-axis, the figure shows the share of
buildings that install a solar thermal and/or PV system
in the country in the scenario; on the y-axis, the figure
shows the share of the roof area of the individual build-
ings that install whether a solar thermal, a PV or both sys-
tems. The arrangement of the buildings from left to right
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follows the following logic: first buildings without a solar
system are shown, second buildings with higher shares
of solar thermal than PV and third buildings with higher
shares of PV than solar thermal are shown. The figure
shows that in all scenarios and sensitivities (shown in the
figure) the share of roof area with PV systems installed
is higher than the share roof area with solar thermal sys-
tems. In some cases, the share of roof area on individual
buildings for solar thermal collectors is higher than PV,
in ES around 15% of buildings, in DK less than 5%. We
further see in the figure that the difference between the
‘diverse’ and the ‘low_restric’ scenarios in terms of uti-
lisation of roof area for solar technologies is neglectable
in both countries. In the ‘no solar thermal’ sensitivity,
obviously no solar thermal systems are installed. At the
same time, the full technical potential of PV systems is
exploited in both countries. In the ‘diverse’ scenario in
ES, around 83 TWh of electricity is generated by PV, of
which 43% is used in appliances in the buildings, 38%
exported to the grid and 19% used for heat generation in
the buildings. In DK, 8 TWh of electricity is generated
by rooftop PV, 39% used in appliances in the buildings,
25% exported to the grid and 36% used for heat genera-
tion in the buildings.

Discussion, conclusions and outlook

For a drastic reduction of carbon emissions from heat
supply in buildings, many currently installed sup-
ply systems must be changed, and the energy needs
must be reduced. However, it is not straightforward
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Fig. 12 Utilisation of roof area for solar thermal collectors (green) and PV (red) for Spain and Denmark in the ‘diverse’ scenario,

the ‘low_restric’ scenario and the ‘no_solar_thermal’ sensitivity run

to identify which technologies should be used and
how much energy needs should be reduced in dif-
ferent building archetypes and building segments to
avoid carbon emissions until 2050 at the lowest pos-
sible costs. The existing building stocks in Europe
are heterogenous, and demand characteristics are
still not fully understood. There exists a variety of
options for a drastic reduction of carbon emissions
from heat supply in buildings, both for low carbon
heat supply and for reducing energy needs. Also, car-
bon—neutral resource potentials are restricted, and
available amounts and related prices have complex
interrelationships with each other and are subject to
uncertainties.

This study contributes to a better understanding of
meaningful combinations of heating system change
and thermal renovation by calculating the effects of
different restrictions for refurbishment activities as
well as several sensitivities on refurbishment barri-
ers and resource potentials with a bottom-up building
stock model minimising overall system costs. Special
features of this study are the representation of resi-
dential and service buildings of all EU-27 countries
with a remarkable number of different building arche-
types and segments in each country, the consideration

@ Springer

of a broad set of passive (refurbishment) and active
(heating system change) measures to reduce carbon
emissions, and the identification of that combination
of active and passive measures in each building seg-
ment that leads to lowest system costs while taking
into account countrywide resource restrictions.

The calculated scenarios reveal the following
result: strongly restricting the share of buildings that
are allowed to implement a thermal renovation when
the lifetime of the building shell is reached leads to
higher system costs compared to relaxed restric-
tions. Allowing 90% of the buildings in the stock of
each EU-27 country to implement a thermal renova-
tion (‘Low restrictions’ scenario) leads to around 4%
lower system costs until 2050 compared to restricting
the share of thermal renovation to a maximum of 35%
(‘Low Efficiency’ scenario). These 4% equal around
400 billion EUR in the 30-year period between 2021
and 2050 or around 13 billion EUR per year. Espe-
cially in older buildings, a combination of heating
system change and thermal renovation is cheaper
compared to only replacing the heating system to
avoid CO, emissions. However, also in newer build-
ings, the implementation of a thermal renovation
is often cost-efficient. If the model allows it (in the
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‘Low restrictions’ scenario), a remarkable share of
buildings constructed after 2000 implement a thermal
renovation. This share even increases when shorten-
ing the refurbishment cycles (in the ‘Increased reno-
vation’ scenario) and thus forcing a larger share of
newer buildings to implement any form of thermal
renovation activity on the building shell. In many
cases, at least the windows are exchanged for win-
dows with lower u-values.

Furthermore, the calculations show that the final
energy demand for certain energy carriers decreases
with decreasing restrictions on thermal renovation,
while for others, this is not the case. Especially the
final energy demand for district heating decreases in
absolute as well as in relative terms in the scenarios
with lower restrictions on thermal renovation. This
shows that a thermal renovation, in many cases, is
cost-efficient if the building is connected to a district
heating system. Solid biogenic energy carriers instead
are used as much as they are available in many coun-
tries, no matter which restrictions are set for thermal
renovation. The reason is that they provide cheap
decarbonisation options via different technologies and
that they can be used in more buildings than is possi-
ble to supply due to the assumed resource restrictions.
Also, solar thermal collectors and PV systems are
installed to a remarkable extent in all scenarios. Like
biogenic energy carriers, the share of solar energy
on the final energy demand increases with decreas-
ing final energy demand. The reason is the constant
size of the systems on the rooftop leading to larger
shares of heat demand covered by solar thermal with
reduced heat demands.

Overall, the calculations indicate that under the
assumed price developments and resource potentials
for energy carriers, the assumed costs for supply tech-
nologies and for refurbishment as well as thermal
renovation measures, a high share of thermal renova-
tion measures is cost-efficient to reach a 95% reduc-
tion in direct CO, emissions for space heating and
hot water preparation in the EU-27 building stocks.
At the same time, the calculations are, of course, sub-
ject to various uncertainties. The greatest uncertain-
ties in the calculations are assumed to be in energy
carriers’ prices and the calculated costs and effects
of thermal renovations. Besides the assumption of
unchanged district heating prices between current lev-
els and 2050, as mentioned before, the prices for the
grid-based energy carriers gas and electricity might

also deviate remarkably from the assumed prices. For
both energy carriers, it is rather uncertain in which
order of magnitude the grid fees will develop, and the
assumed grid fees are expected to be on the lower end
of potential developments. Both the simplification of
district heating price evolution as well as the low esti-
mated grid fee developments are expected to lead to
an increased cost-efficiency of thermal renovation in
the current calculations, i.e. thermal renovation might
be even more beneficial than in the presented calcu-
lations when considering these uncertainties. At the
same time, the wholesale prices for liquid and gase-
ous fuels could be lower and the available resource
potentials could be higher than assumed in the sce-
narios and lead to lower cost-efficiency of thermal
renovation measures. However, the calculated sensi-
tivities show that unlimited availability of liquid and
gaseous fuels and remarkably lowered prices does not
affect the cost-efficient share of thermal renovation.
The uncertainties related to the calculated costs
and effects of thermal renovation are expected to
decrease the cost-efficiency of thermal renovation
in the model runs. Even though the level of detail
in the thermal renovation options considered in this
study is comparably high, the considered renovation
options are still a simplification of reality. In a sen-
sitivity run, additional renovation barriers were taken
into account, resulting from monument protection
in older buildings, extraordinary exterior surfaces
like stucco or bricks, and from the fact that thermal
renovations are often not implemented as planned.
All this leads to lower shares of surface area that is
treated or treated with the same measure, and poten-
tially that thermal bridges are overlooked. This leads
to lower saving effects and higher costs. The related
sensitivity run showed a decrease of cost-efficient
savings around 7 percentage points. Furthermore,
in the scenarios we calculated with 2% interest rate
and 30 years of lifetime for refurbishment activities.
Sensitivity runs increasing the capital recovery fac-
tor up to 100% also showed remarkable effects on the
cost-efficient saving levels up to minus 5 percentage
points. At the same time, it also must be noted that
a thermal renovation of an existing building not only
decreased energy demand and resulting energy expen-
ditures. It also increases the comfort for the users and
the value for the owners. Both the rent as well as the
selling price of renovated buildings tend to be higher
than those for not renovated buildings. Such revenues
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for thermal renovation activities are not taken into
account in the analysis and would increase the eco-
nomic viability of thermal renovation compared to
heating system change.

In addition, also the estimation of the current
energy needs for space heating and hot water genera-
tion in buildings according to EN ISO 13790 (CEN,
2008) are remarkably uncertain, even though user
behaviour and rebound effects are integrated into
the Invert/Opt model. Recent comparisons of calcu-
lated demand, literature values and measured con-
sumption for local building stocks indicate that the
current energy needs in older buildings might be
overestimated and in newer buildings might be under-
estimated. Thus, potentially the economic heat-saving
potential in older buildings is overestimated, while
for newer buildings, it might be underestimated. The
overall effects on the countrywide calculations are
difficult to predict. Thus, it is of high importance
to further investigate the difference between cal-
culated and measured energy demand in the build-
ings to improve the understanding of potential costs
and effects of thermal renovation interventions. This
should also consider socio-cultural characteristics of
users and their behaviour to better understand poten-
tial future changes due to demographic change like
changes in the age structure or the level of education.

Overall, the calculations show that assuming low
technical restrictions and low capital recovery expec-
tations for refurbishment activities together with
shortened length of refurbishment cycles would lead
to cost-efficient savings of up to 47% of final energy
demand between 2019 and 2050. Assuming less
favourable conditions for thermal renovation, the
cost-optimal level of heat savings in buildings for
overall EU-27 could be suspected at around 1/3 of
final energy demand. With several unfavourable con-
ditions occurring together, cost-optimal saving levels
could even be suspected at around 1/4 of current final
energy demand. However, strong and coherent policy
measures are needed to drive the implementation
of the transformation. Among other measures, fos-
sil energy carriers must be banned or imposed with
a strong carbon price to avoid their utilisation and
availability on the market or in the grids. Financing
and subsidising investments in thermal renovation
are key to overcome the high upfront investments and
allow for higher expectations on the CRF. Also, many

@ Springer

more craftsmen able to implement thermal renovation
activities are needed and must be trained.
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