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This paper studies the factors underlying the evolution of the energy consumption for space heating in
residential buildings by linking top-down analysis, based on meso-indicators, and bottom-up analysis,
based on policy evaluations. The top-down analysis (i.e. the perspective from energy statistics) allows
one to separate the change in total energy use into activity level, societal factors and energy efficiency
gains. The explanatory power of the resulting meso-(statistical) indicators is often limited, if the under-
lying factors are not examined (e.g. changes in heating levels and patterns, weather effects, cost of energy
and policies regarding insulation and heating system standards). We overcome most of these drawbacks
by conducting a bottom-up analysis (i.e the perspective from single policy measures), which enables us to
discern the contribution of energy efficiency policies to the changes observed with the meso-analysis. We
focus on space heating consumption in the residential sectors for Germany and Switzerland. A major aim
of this analysis is to show the contribution of energy efficiency policies (such as thermal building regu-
lation, subsidy programmes, fiscal measures etc.) towards the changes in this indicator. The results show
that the progress in energy efficiency (both autonomous and policy induced) in both countries had the
greatest effect (-776 PJ for Germany, �42 PJ for Switzerland) regarding the change in energy consumption
for space heating in the period from 2000 to 2016. However, the impacts of ‘‘technical and comfort”
rebounds (+436 PJ for Germany, N/A for Switzerland) and other developments such as societal changes
(+316 PJ for Germany, +35.5 PJ for Switzerland) were found to compensate for a significant part of the
energy efficiency gains. In both countries, it was possible to link physical energy efficiency indicators
to policy evaluation, but limitations were also identified which are primarily related to data gaps.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Different aspects of energy efficiency developments in the
household, transport and industry sectors have been studied in lit-
erature. The energy demand in these sectors has been analysed,
both from a top-down perspective (statistical analysis) and from
a bottom-up perspective by aggregating individual energy effi-
ciency measures. Thomas et al. [1] developed and discussed several
bottom-up and top-downmethods for evaluating energy savings in
general. An evaluation of methods used to determine realised
energy savings was conducted by Boonekamp [2]. Abeelen
compared several top-down and bottom-up methods for monitor-
ing the Dutch Long-Term Agreement [3].

Top-down indicators were analysed to monitor the energy tran-
sition in Germany [4] and to determine energy efficiency trends
and policies in Slovenia [5]. Top-down ex-post evaluation of energy
savings is applied in several of Germany’s National Energy Effi-
ciency Plans for different sectors [6–9]. Tiangket et al. [10] analyse
the energy savings in Thailand’s residential sector using top-down
methods.

The bottom-up evaluation of energy efficiency policies is the
topic of many publications. Grealis et al. [11] review energy poli-
cies and civil society efforts to achieve the targets set for Ger-
many’s energy transition, with a specific focus on their impact on
household energy use. Thollander et al. [12] evaluate several Swed-
ish energy policies targeted at industrial energy efficiency. Ó Broin
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et al. [13] evaluate different types of energy efficiency policies tar-
geting energy consumption for space heating in several European
countries.

Overall, this article aims to link top-down indicators to bottom-
up policy evaluation to unravel the underlying effects that drive
the development of total energy consumption for space heating
in households. Most previous analysis focused separately on top-
down or bottom-up analysis. To the best knowledge of the authors,
earlier efforts have not yet combined top-down and bottom-up
approaches to close the research gap concerning the analysis of
space heating consumption in a comprehensive way.

The overarching research questions studied in this paper are:
what are the main factors influencing the change in energy
demand for space heating in households. What is the impact of
energy efficiency policies on space heating?

We strictly focus on space heating, thereby excluding domestic
hot water supply.

The building sector is most appropriate for a combined analysis
of energy efficiency improvement and policy evaluation, as it is
characterised by the large and relatively homogeneous energy
use for space heating (with regard to the energy carriers and heat-
ing technologies) as well as by rather uniform energy efficiency
policies, such as building regulations and large subsidies.

In Section 2 of this article, we present the methods used in our
analysis, combining both a top-down and a bottom-up approach.
After that, we show the policy impacts and other factors, which
affect the final energy demand in households. In Section 3, we pre-
sent the results and in Section 4 discuss these and our method. We
provide conclusions from our analysis and the judge the feasibility
of further research in Section 5.
2. Methodology

Fig. 1 schematically illustrates the link between the change in
final energy consumption (top-down approach) and individual pol-
icy measures (bottom-up approach). Changes in energy consump-
tion are only partly related to energy savings or increasing energy
efficiency as changes in activity (such as growth in population,
number and size of dwellings), or structural changes (economic
activity in different sectors etc.) typically also affect energy con-
sumption. Energy savings can be broken down into autonomous
savings, i.e. savings that would have occurred even without the
influence of policies, and energy savings generated by policies.
The latter can be allocated to individual energy efficiencymeasures.

Both top-down and bottom-up approaches are applied to deter-
mine energy savings, in particular those related to energy effi-
ciency policies. However, in both cases, additional factors
influence the impacts observed, making it impossible to compare
the results directly (Fig. 2).

Energy savings calculated with top-down approaches based on
statistical analysis include - apart from the effect of the energy effi-
ciency policy measures (PM) - effects of autonomous savings and
policy measures before the time period (including market transfor-
mation) under consideration, economic rebound effects, exogenous
factors (such as energy prices on the market, annual climate) and
structural changes in the economy (e.g. shifting towards less
energy-intensive industries) [15]. Bottom-up approaches, based
on detailed measure analysis, include - aside from the effect of
energy efficiency policy measures - free-rider effects, multiplier
effects, direct rebound effects and the effect of a number of exoge-
nous factors similar to the top-down approaches [1].

The ‘‘gross savings” established by application of the two
approaches (i.e. bottom-up or top-down, see Fig. 2) are not
necessarily the same as the results depend on the disaggregation
of data and the approach chosen for the bottom-up analysis.
2

Our analysis is composed of four parts.

1. We begin with a top-down approach using an index decompo-
sition analysis (IDA), which serves to break down the total
change in energy consumption for space heating into four main
effects: population (pop), dwellings per person (dw/pop), area
per dwelling (A/dw) and energy consumption per unit of area
(E/A). The fourth component represents the energy efficiency
effect from a top-down perspective. In Subsection 2.2, more
details are provided on this part of the analysis.

2. We then analyse the energy efficiency effect further from a
bottom-up perspective. We identify the impacts of different
energy efficiency policies on the energy efficiency effect (see
Subsection 2.3).

3. Following that, we analyse factors which counteract policy
impacts such as rebound effects (e.g. increased indoor temper-
ature level, longer heating period or larger share of heated liv-
ing space (‘‘treated area”)) and non-compliance (i.e. imperfect
policy implementation (see Subsection 2.4).

4. Finally, we discuss the results considering that there may also
be autonomous technical progress not necessarily triggered
directly by policies. Autonomous progress may also include
the impact of earlier policies in force before the period under
consideration.

In the following text, after a brief overview of the evolution in
energy demand in Germany and Switzerland, we describe the
methodology used for the four parts of the analysis.

2.1. Evolution of energy demand

Households (or the residential sector) represent a high percent-
age of many countries’ final energy consumption (27% or 285 Mtoe
in the EU; 28% in Germany; and 32% in Switzerland in 2016) [16].
Therefore, this sector has become a focus for policy makers.

According to the 2010 ‘‘Energy Concept” of the German Federal
Government, the final energy consumption associated with heating
in buildings should be decreased by 20% by 2020, as compared to
2008 [17]. However, between 2008 and 2017, a reduction of only
6.9% was achieved [18], leaving a gap of around 13% which is unli-
kely to be met in the remaining three years. For 2030, Germany has
the ambitious target of reducing the GHG emissions of the whole
building sector by two thirds compared to 1990 [19].

The Swiss energy strategy 2050, which came into force on 1st
January 2018, has a target of reducing the average overall energy
consumption per capita by 16% and 43% (relative to the base year
2000) by 2020 and 2035, respectively [20].

The final energy consumption of German households declined
by 11% (0.74% per year) from 66.9 Mtoe to 59.5 Mtoe in the period
from 2000 to 2016 (see Fig. 3). The dominating end-use in Ger-
many is space-heating, consuming approximately 70% of total final
energy [16]. Domestic water heating represents about 10 to 17%
while appliances and lighting account for about 10% of final energy
in households. The rest, about 3%, is used for cooking. In Switzer-
land, the final energy consumption of households was about a
tenth of the value in Germany but declined similarly by 12%
(0.77% per year) from 6.4 Mtoe to 5.65 Mtoe in the period consid-
ered. As in Germany, space-heating accounts for approximately
70% of total final energy consumption [16]. The share of domestic
hot water is about 12 to 14% while appliances and lighting account
for about 11–15% of final energy in households. As in Germany
about 3% is used for cooking.

In Germany, the share of space heating decreased by 8 percent-
age points in the period under review, while the share of hot water
production rose by around 7 percentage points. The shares of other
end uses remained more or less constant. As a consequence of



Fig. 1. Link between change in final energy consumption and policy measures [14].

Fig. 2. Factors affecting top-down and bottom-up analysis of energy savings.

M. Reuter, K. Narula, M.K. Patel et al. Energy & Buildings 244 (2021) 110987
reduced specific heat consumption in residential buildings, final
energy demand for space heating dropped by 21% (or 1.5%/a
between 2000 and 2016). For comparison, in Switzerland, the cor-
responding reduction was 20% (or 1.3%/a).

Fig. 4 shows the development of weather adjusted1 specific
energy consumption for space heating for Germany and Switzerland
during the period from 2000 to 2016. It decreased to a similar degree
in both countries (by 33 and 35%, respectively). On the other hand, as
a consequence of the counteracting rise in activity (increasing num-
ber of dwellings and dwelling size2), total energy consumption for
space heating decreased less rapidly over the same period.

2.2. Decomposition of energy demand for space heating

For the task of analysing the factors affecting the change of final
energy demand for space heating in the building sector, we use an
index decomposition analysis (IDA) based on the (additive) Loga-
rithmic Mean Divisia Index (LMDI) method for the top-down
approach.We describe themethodology inmore detail in Annex A1.
1 Climatic corrections are done in a linear way on the space heating (H) or cooling
(AC) consumption on the basis of the ratio between normal degree days and actual
degree days: H ¼ Hn � 1� Kð Þ þ Hn � K � HDD

HDDn
with the share of space heating

consumption independent of climate fluctuations K (e.g. 10%) and the consumption
at normal climate Hn ¼ H � HDD

HDDn

� ��1

2 For further information on the developments see the ODYSSEE decomposition
facility: http://www.indicators.odyssee-mure.eu/decomposition.html
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2.3. Energy efficiency policy impacts

We consider Swiss and German energy efficiency policies,
which have an impact on space heating consumption in house-
holds in the period from 2000 to 2016. As a main source for impact
evaluation of energy policies, we use the MURE database [21],
which is compiled by national energy policy experts from 30 coun-
tries ensuring a high quality of data. The data are enhanced using
recent national reporting and policy evaluations from a number
of other sources (see Table 1). We here only present a brief over-
view of measure impacts (see Table 2). More details on measures
in Switzerland and Germany can be found in Annex A2.

For Germany, we compiled the measures addressing energy use
for space heating in households in the period from 2000 to 2016
(see Table 2). Based on the selected evaluations, which stem from
official evaluations that allow us to assume a high degree of com-
parability, we estimated the share of these impacts affecting only
space heating consumption. For our analysis, we also consider pol-
icy measures which were in place before 2000 (replaced by more
recent ones) but are relevant for the period under review. In order
to calculate the overall impact of relevant energy efficiency policies
in 2016 we linearly interpolate the impacts indicated in the evalu-
ations, i.e. interpolating between impacts for years given in the
policy evaluations (e.g. 2015 and 2020). The aggregate impact (as
cumulative annual savings) is corrected for interactions among
the package of measures (see Section 4).

http://www.indicators.odyssee-mure.eu/decomposition.html


Fig. 3. Development of final energy consumption for households by end-use in Germany (left) and Switzerland (right) for the period 2000 to 2016 [16].

Fig. 4. Development of weather adjusted specific energy consumption for space heating in Germany and Switzerland [16].
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In order to account for interactions between policies, we
applied a simple discount factor of 0.95 on the gross impact. This
value is usually applied for building-related measures to achieve
net values including interaction [27]. This factor is applied to mea-
sures implemented before 2000 as well, in order to account for
possible double counting.
4

Fig. 5 shows the chronological sequence of implementation of
these policies and that of the energy saving ordinances (EnEV) that
followed the thermal insulation ordinances.

In Switzerland, there are limited energy policies at the federal
level. For this study, three different energy policies are chosen,
the aggregate impact of which is shown in Table 3 for the period



Table 1
Data sources for the evaluation of energy efficiency policy measures for Germany and
Switzerland.

Main sources for Germany Main sources for Switzerland1

Germany’s National Energy
Efficiency Action Plan (NEEAP)
2017 [9]

National Action Plan for Energy
Efficiency (NAPE) 2017 [22]

Annual notifications as required by
Article 7 EED [23]

Evaluations of KfW programmes
[24]

Global contributions to the cantons
according to Art. 15 EnG. Impact
analysis

Cantonal funding programmes –
Results of the survey (various
years) [25]

Buildings Programme 2018 Annual
Report [25]

Impact assessment on CO2 Levy
Update until 2015 [26]

Unlike Germany, for Switzerland, the MURE database only reports the impact of
energy policies in terms of CO2 savings with respect to the starting year and does
not report the energy savings. Therefore, we use different background studies to
estimate the energy savings attributable to energy policies (see below, Table 3). As
we do not have access to the complete model used in the background studies, we
are limited by having to rely on the reported results.

Table 2
Impact of energy efficiency policy measures implemented in Germany [21].

Main policy measures (2000–2016) Starting
year

Ending
year

Impact on
space
heating
in 2016 [PJ]

Energy Savings Ordinance (EnEV)
(new and existing buildings),
implementing the European Energy
Performance Directive of Buildings
EPBD

2002 – 601

KfW programmes for energy-efficient
construction and renovation (incl.
KfW CO2 Building Redevelopment
Programme)

2005 – 80

Renewable Energy Heat Act
(EEWärmeG)

2009 – 36

Market Incentive Programme for
Renewable Energies (MAP)

1999 – 53

KfW CO2 reduction 1999 2004 13.9
KfW Housing Modernisation

Programme II
2000 2002 4.2

KfW Housing Modernisation Programme
2003

2003 2004 1.2

KfW Ecological Construction 2005 2009 1.4
On-site advice (carried out by the

Federal Office for Economic Affairs
and Export Control BAFA)

1998 – 2.1

Relevant policy measures before 2000
Wärmeschutzverordnung of 1977

(WSVO’77; Thermal Insulation
Ordinance of 1977)

1977 1982 -/-
(estimated
by
simulation)Wärmeschutzverordnung of 1982

(WSVO’82)
1982 1994

Wärmeschutzverordnung of 1994
(WSVO’94)

1994 2002 2.0

Fig. 5. Timeline of the energy savings ordinance (EnEV) and its
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from 2000 to 2016. The three most important policy measures are
cantonal energy policies, the Buildings Programme and the CO2

Levy.
Table 3 shows the estimated policy impacts for Switzerland:

� We estimate that cantonal energy policies contributed to 14 PJ
of energy savings in the period from 2001 to 2016 (2001 was
the pilot implementation year).

� The CO2 Levy was not allocated any energy savings; we argue in
Annex A2 that most of the impact is on fuel change. However,
this may lead to some degree of underestimation of impacts
from this measure.

� We estimate the cumulative energy saved due to the measures
implemented under the Buildings Programme from 2010 to
2016 at 6.0 PJ

2.4. Identification and quantification of measure overlap, rebound
effects, non-compliance and over-achievement

When evaluating energy saving from energy efficiency policies
under the National Energy Efficiency Action Plan (NEEAP) or
National Energy and Climate Plan (NECP), applying a bottom-up
approach, the aim is to minimise the effects of distorting factors
by introducing different correction factors. In this section, we deal
with the overlap of different measures, rebound effects, non-
compliance and over-achievement.

So-called instrument factors have been developed to correct for
double counting [9]. Double counting can occur because a specific
energy end-use is addressed by a larger bundle of instruments and
programmes. For example, building owners often simultaneously
take advantage of information measures, such as an energy con-
sulting programme, and a subsidy programme for the renovation
of the building. If one were to evaluate the two instruments
separately, the full energy savings achieved could be attributed
to either of them. The instrument factors used in the German
NEEAP ensure that double counting is corrected and that the calcu-
lated energy savings are included in the total savings only once.
Regional and municipal policy measures can play an important
role, however, there are no reliable individual quantitative evalua-
tions, and hence their impacts cannot be included in the total.

A second distorting factor is the rebound effect. Rebound effects
that influence the use of space heating can play a significant role
because of the high proportion of space heating in the total energy
consumption of households. These rebound effects mainly result
from the increasing demand on thermal comfort. This increase
depends on attitudes toward thermal comfort, individual activity
levels, air temperature or humidity. In addition, the income level
of occupants as well as building ownership affect the magnitude
of rebound effects [28]. The rebound effect for space heating in
households is estimated at 10–50% [29–33]. Rebound effects can
have a shorter and a longer-term component. Short-term rebound
effects are directly linked to the insulation of a house, for example,
and occur not long after the house has been insulated (e.g. due to
changes in thermal comfort). Longer-term effects occur because
the share of expenses for heating is shrinking, which allows resi-
dents to reach higher comfort levels. Examples for such longer-
term rebound effects are at least in part larger dwelling sizes per
predecessor Wärmeschutzverordung (WSVO) in Germany.



Table 4
Average room temperatures in multi-family homes in the heating period 2013/2014
(n = 38,500) [34].

Room type Average room temperature [�C]

All heated rooms 19.6
Living room 20.3
Kid’s room 18.9
Bathroom 20.2
Kitchen 19.4
Bed room 18.5

Table 3
Impact of energy efficiency policy measures implemented in Switzerland.

Main policy measures (2000–2016) Starting
year

Ending
year

Impact on space
heating in 2016
[PJ]

Cantonal Energy Policies
(Energiepolitik in den Kantonen /
Politique énergétique dans les
cantons / Politica energetica dei
cantoni)

2001 – 14.0

CO2 Levy (CO2-Abgabe / Taxe sur le
CO2 / Tassa sul CO2)

2008 – 0.0

Buildings Programme
(Gebäudeprogramm /
Programme Bâtiments /
Programma Edifici)

2010 – 6.0
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capita, which was already included in the top-down analysis of Sec-
tion 2.1. The lower specific costs for heating as a result of improved
thermal performance of buildings contribute to the behaviour of
heating larger floor areas to comfortable temperatures.

In this section we consider the following rebound effects, which
are not easily separated statistically: increase in the room temper-
ature level after the implementation of efficiency measures and the
extension of the heating period.

The rebound effect due to heating to a higher room temperature
after the implementation of efficiency measures such as the
replacement of heating systems or building retrofit can be esti-
mated by comparing the ‘‘standard” temperature levels assumed
in the Energy Savings Ordinance (EnEV) and in-situ measurements
by energy service providers for the real estate industry and private
apartment owners. These determined an average room tempera-
ture of 19.6 �Cwithin the heating period of 2014 (October to March,
see Table 4). In the EnEV of 2014, the standard room temperature
was set at only 19 �C instead of the 20 �C that had been the standard
before3, thus setting a lower average room temperature.

The comfort driven rebound effect typically diminishes over
time as the need for additional energy services saturates over time.
In the case of space heating, these energy services would be the
increasing spread of central heating and increasing average indoor
temperature, temperature, the demands for which would then be
more saturated.

While there was an undeniable increase in average room tem-
peratures in residential buildings in the time period from 1970 to
2000 according to Fig. 6, temperature levels have levelled off in
Germany in the last 5–10 years, arguably following a similar trend
as in the UK (albeit at a higher temperature level, i.e. 19.6 �C; see
Table 4).

The overall rebound effect regarding space heating consump-
tion after retrofitting of buildings is estimated to still be around
36% of the energy savings achieved for Germany Table 5 [33].
Not only rising room temperatures contribute to this overall
rebound effect, but also inappropriate operation of the heating sys-
tem by the resident, overdesign of the heating system (i.e. heating
loads too low), changes in heating from radiators to underfloor
heating (‘‘thermal inertia”). Further reasons can be over-
ventilating by the residents or technological failures (regarding
installation of heating systems or insulation or usage) [33,36].

The effect of non-compliance with building standards for new
constructions or retrofitting of residential buildings in Germany
might only be limited. A study by ICF [37] found that the compli-
ance with MEPS (minimum energy performance standards) regard-
ing buildings is one of the highest in the European Union and
3 Standard DIN V 4108–6 defines a room temperature of 19�C and a ventilation rate
of 0.7 volumes per hour as the energy service to be achieved. [35]
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achieves a value of at least 87% for new buildings (existing build-
ings in Germany not covered), while also having an overall strong
MEPS regime. While the results of the study suggest that the com-
pliance rate for renovation of existing building is usually lower
compared to the one for new building, the strong MEPS regime
in Germany should lead to a relative small deviation between both.
This suggests that the effects of non-compliance for new construc-
tion and retrofitting can be interpreted as being relatively small in
Germany.

At the same time, a certain degree of over-achievement can be
observed in German renovation practice. The study by IWU [38]
shows that the requirements for renovation of the EnEV
2002/2007 were clearly exceeded in the modernisation practice
of the years up to 2009. In this time the insulation material thick-
nesses on average were already close (up to approx. 1 cm) to the
level required by the EnEV2009. This indicates that the impact of
regulating policies might not be properly represented in evalua-
tions regarding their direct effect on the standards actually imple-
mented in construction and renovation.

Even in those renovation cases in which no subsidies were
claimed, such over-fulfilment can be observed as the average thick-
ness of the insulation in modernisation measures from 2005 to
2009, at 10.6 cm, is only 1.5 cm below the requirements of
EnEV2009, thereby exceeding the requirements of both EnEV2002
and EnEV2007.

The thermal transmittance value (U-value) strongly exceeded
the minimum requirements set by EnEV2007. If standard insula-
tion materials for exterior walls are assumed, the additional insu-
lation thickness achieved in previous modernisation practice
already almost reaches the minimum U-value of 0.24 W/(m2*K)
stipulated by EnEV2009, while EnEV2007 and EnEV2004 only
required a U-value of 0.35 W/(m2*K) for the insulation of exterior
walls for the retrofitting of existing buildings. This example of
course only covers exterior walls. However, since heat losses are
highest in exterior walls (~30%) followed by roofs (~20%), this
example shows how exceeding the standards can generates high
unexpected savings.

We estimate the additional effect of over-fulfilment for new
buildings to be about 10% of the estimated saving for buildings
standards for new construction based on the data regarding the
achieved building standard beyond EnEV standards and the respec-
tive funding rates (to avoid overlap with KfW financial support
measures) found by the study of IWU ([38]). For the renovation
of existing buildings we estimate the additional effect of over-
fulfilment at around 27% of the savings estimated for the buildings
standards for existing buildings (taking into account only measures
implemented without financial support, for which the share is very
high for retrofitting measures in Germany). Table 5 lists a summary
of the assumptions applied for estimating the different effects.

In the case of Switzerland, cantonal energy policies are cross-
cutting across sectors and different measures evaluated as a part
of these policies are shown in the Table A.1 (Appendix). Although
the Buildings Programme is managed at the federal level, it is
implemented by cantons (see Annex A.2 for details) and runs in
parallel with cantonal energy policies. Further, there is no double



Fig. 6. Average (and trend) indoor temperatures (light blue) vs. outdoor temperatures (dark blue) in the UK [35] (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).

Table 5
Assumptions applied for the calculations of factors.

Effect Factor

Rebound effect (societal) Calculated using decomposition
Rebound effect (technical/comfort) 36% of energy efficiency gains
Over-fulfilment of standards 10% for new construction

27% for existing buildings
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counting of the impact of both programmes as financial resources
for both programmes are separate and models used for estimating
energy saving impacts of these programmes evaluate the impact of
funded measures only. However, an overestimation of energy sav-
ings from the building programmes has been reported [39].

Rebound and prebound effect, non-compliance and overachieve-
ment also play a role in Switzerland. A prebound effect, which is the
difference between the theoretical and actual final energy con-
sumption before building renovation, has been reported as being
at 30% (assessed for 3,400 households) in Germany [40] (also
reported in [41]) and is estimated at 23% (assessed for 1,172 build-
ings) in Switzerland [42]. In both countries, rebound effects have
been reported especially in low energy consumption dwellings.

A thermal energy performance gap (actual energy consumption
lower than theoretical) of 11% (median value) was reported for
Switzerland, which is attributable in part to the rebound effect
[43]. However, it varied with the energy label and the period of con-
struction of the building. In general, buildings with low energy rat-
ings were found to consume less energy than expected while those
with higher energy ratings consumed more than expected, leading
to a mixed effect of overperformance and underperformance of
buildings [43]. Khoury et al. [44] and Mojic et al. [45] also observe
the rebound effect in Switzerland and report user behaviour as an
important reason for the thermal performance gap in buildings. In
a qualitative study (based on interviews of energy experts), non-
compliance was identified as one of the reasons of thermal energy
performance gap in Switzerland among others [46,47].

2.5. Other effects

Besides the rebound effects, which are mainly linked to resi-
dents’ demand for comfort, there are different other effects which
have an impact on the energy demand in buildings. These are not
only effects counteracting energy efficiency but also positive ones
(e.g. autonomous technological progress) and can have a substan-
7

tial impact on the overall energy efficiency progress in the build-
ings sector. This autonomous progress is driven by the increasing
availability of new energy efficient technologies over time as well
as increasing or higher expected energy prices [15]. In the context
of this study, autonomous progress is identified as the overall pro-
gress in energy efficiency in residential buildings minus the impact
of policies adjusted for other important effects such as rebound,
over-fulfilment and non-compliance.

Due to the long lifetime of building stock, policy targeting this
sector has a long-lasting effect, meaning that policies implemented
prior to the period analysed continue to have an effect on the
energy efficiency of the overall building stock even though these
policies have already ended. Thus, we include the impact of discon-
tinued policies in our analysis to distinguish autonomous progress
properly from policy impacts.

We estimate the improvement of the building stock’s thermal
performance based on the observed tightening of German building
regulations (every 5–7 years) by about 20% compared to previous
regulation. Assuming a destruction rate of 0.5%/a of the overall
building stock, a new construction rate of 0.6%/a of the total building
stock, and a retrofitting rate of 0.5%/a, we estimate the effect of ‘‘old
policies” implemented prior to the year 2000 (such asWSVO’77 and
its successors WSVO’82 and ’95), for the period 2000–2016.

The results of this simulation as depicted in Fig. 7 illustrate the
strong effect of ‘‘old policies” on the building stock in 2016 and
beyond. About two thirds of the overall changes in energy con-
sumption per square meter in residential buildings can be attribu-
ted to the impact of measures implemented prior to the year 2000.

As theGermanbuilding stock grewmore rapidly in the latest per-
iod i.e. by 0.4%/a in the period from 2000 to 2016 as compared to
0.2%/a from 1976 to 2000, the absolute effect of ‘‘old policies” is
smaller than shown in Fig. 7. The absolute effect of policies active
prior to 2000 canbe linked to about half of the total reduction infinal
energy consumption related to space heating in residential
buildings.

Energy prices are seen as another driver of autonomous
progress. However, for Germany, expenditure elasticity for resi-
dential heating energy demand is below zero, which suggests that
German households see it as a necessity and thus residential
energy demand does not react significantly to price changes. For
high-income households, the reaction on energy prices is slightly
greater compared to low-income households [48], which suggests
that energy can be characterised as a luxury good with increasing



Fig. 7. Estimated effect of energy saving measures prior to 2000 on the average specific energy consumption in residential buildings (compared to the effects of more recent
measures).
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household income. This may lead to a rebound effect in the case of
higher income households [49]. A meta-analysis by Labandeira
et al. [50] suggests that agents somewhat react to price changes
in energy products; this reaction is greater in the long term than
it is in the short term and it is quite similar among different energy
carriers. Thus, in the long term, price changes and the reaction of
households could contribute to autonomous progress. As shown
in Fig. 8, energy prices related to space heating were quite stable
over the last 12 years (though with more cyclic changes for heating
oil), suggesting the limited impacts of those prices.

Another factor that affects the energy consumption for space
heating in households is the choice of heating technology. We dis-
cuss this factor in Annex A4.

Unlike the case of Germany, where policy measures have been
in place since 1982, policies in Switzerland have been imple-
mented more recently with cantonal energy policies commencing
in 2001. Thus, heat demand savings in buildings cannot be attrib-
uted to policies before 2000. However, as in Germany, there are
autonomous improvements due to higher technical efficiency of
heating systems, better building insulation, and an increased
awareness concerning energy efficiency in Switzerland. Further-
more, as in Germany, there is a limited impact of fuel prices, as
the heating demand is inelastic to changes in prices.

It is important to note that in the case of Switzerland cantonal
energy policies have not been comprehensively assessed, instead
only the impact of those measures which involve the use of public
money (listed in Table A.1) have been evaluated. Apart from these,
there are other policies at the federal and cantonal levels such as
model regulations of the cantons in the energy sector or MuKEn
(Mustervorschriften der Kantone im Energiebereich), tax laws
and incentives, spatial planning instruments etc. to encourage
8

energy efficiency in buildings, which also lead to energy savings.
The impacts of these measures have not been evaluated separately
and are not reported in this paper. Hence, ‘other effects’ in the case
of Switzerland include over-fulfilment, under-fulfilment, pre-
bound, rebound, non-compliance, and autonomous improvements
effects, yet their independent impact is indiscernible.
3. Results

In the following section, we present the results of our analysis
for Germany and Switzerland.
3.1. Germany

Final energy consumption for space heating in Germany’s
households decreased from 2,170 PJ in 2000 to 1,710 PJ in 2016
(see Fig. 9). The effect due to changes in population numbers were
rather small (-2 PJ) as these were quite stable in the period consid-
ered. At the same time, the number of persons per dwelling
decreased from 2.14 to 1.95, leading to in an increasing effect on
final energy demand of 162 PJ. The size of the dwellings in Ger-
many also grew in the period studied (from 84.5 m2 to 91.75 m2

or by 9%), resulting in a final energy increase of 156 PJ (practically
identical in size with the reduced occupancy rate). Due to the
increase in energy efficiency, the energy consumption for space
heating in relation to living space has fallen sharply. This resulted
in a reduction of 776 PJ, representing the dominating effect accord-
ing to the top-down decomposition.

Of this effect of increasing energy efficiency in residential build-
ings, about 840 PJ can be directly attributed to the impact of energy



Fig. 8. Cost of natural gas for household consumers (Band D2: 20 GJ < Consumption < 200 GJ) [51] and heating oil (delivery of 30–50 hectolitres) [52] in Germany.

Fig. 9. Linking bottom-up and top-down analysis of space heating consumption for Germany.
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efficiency policies on a national level, which have been subject to
an evaluation. As we are comparing the energy savings for a speci-
fic end-use in a single sector bottom-up savings are of a higher
magnitude as the top-down savings, as in the latter effects such
rebound etc. are already included, which decreases their size
substantially.

In addition, a significant share of energy retrofits were imple-
mented without any subsidies. According to the evaluations of
Diefenbach et al. [53] buildings meeting much higher standards
than the applicable EnEV (i.e. KfW standards) were built without
subsidies in well over a third of cases between 2005 and 2009. This
over-fulfilment of building standards in new construction and ren-
ovation of existing buildings amounts to about 130 PJ of energy
savings.

The energy savings from pre-2000 policies (energy efficiency
standards for buildings WSVO’77 and WSVO’82), in the current
building stock were estimated at 282 PJ between 2000 and 2016.

Regional programmes for renovation and new buildings exist in
several federal states in Germany. These programmes are not sys-
tematically evaluated resulting in a lack of information. This might
be due to the minor effects induced by these programmes on a lar-
ger scale. Thus, the impacts from these programmes are attributed
to the residual ‘‘other effects”.

The rebound effect (short-term after retrofits) is estimated to be
around 436 PJ (36% of total energy savings achieved). Together with
the ‘‘societal” rebound (due to the increase in floor area; quantified
in top-down analysis, 156 PJ) the short-term rebound effect after
retrofitting accounts for almost 600 PJ, meaning that the change
due to energy efficiency improvements (factor E/A) would have
been more than 1,350 PJ had no rebound effect occurred.

‘‘Other effects” covers developments such as further autono-
mous progress and account for the rest of total change (37 PJ)
and cannot be split up further.

In combination the societal and technical rebound effects have
strongly influenced the energy savings in space heating in Ger-
many’s residential sector and eroded a large share of the impact
potentially achieved by policy induced and autonomous energy
efficiency improvements.

3.2. Switzerland

Energy consumption for space heating in Swiss households
decreased from 174 PJ in 2000 to 167 PJ in 2016 (Fig. 10). The effect
of population growth was large and contributed to an increase of
about 27 PJ during the period considered. At the same time, the
number of persons per dwelling remained almost constant at 2.2,
leading to negligible changes in energy consumption. The size of
the dwellings grew marginally from 95 m2 to 98 m2 (by 4%). This
contributed to an increase in final energy use of about 8 PJ. Due
to the higher energy efficiency, the energy consumption for space
heating per unit area deceased by about 42 PJ. About 20 PJ can
be attributed to the impact of energy policies at the federal level,
which have been subject to an evaluation.

About 22 PJ of energy savings is the remaining impact which
can be attributed to other cantonal energy policies and pro-
grammes, which have not been considered in this study. These
include economic instruments such as tax exemptions and tax
incentives, regulatory instruments such as energy efficiency obli-
gations and utility demand side management programmes; and
energy efficiency awareness programmes, which led to wider
adoption of energy efficiency measures. These measures are imple-
mented as a part of cantonal energy policies which are funded by
the cantons themselves but their cost effectiveness and impact
have not been evaluated [25]. Autonomous improvements could
also explain some part of energy savings, while some energy retro-
fitting would have been implemented without subsidies. Unlike in
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Germany, the considered energy policies commenced in 2000 in
Switzerland and hence there is no impact of policies prior to
2000. Over-fulfilment of building standards and rebound effects
have not been reported in any of the studies and are therefore
not included in the assessment for Switzerland.

4. Discussion of results

In the first part of this section, we discuss the main results,
while in the second part we focus on methodological choices.

Our analysis is divided into two separate parts. First, we applied
index decomposition to identify the underlying effects of the total
change in energy consumption for space heating in residential
buildings. This analysis shows that the change in final energy con-
sumption for space heating in residential buildings is related to
increasing energy efficiency. For Germany, this is counteracted by
a decrease in occupancy rate and an increase in dwelling size.
These factors are much lower in Switzerland (esp. a much less pro-
nounced trend to lower occupancy rate) however, they are also
present. These findings are in line with our analysis in Reuter
et al. [54] or with an analysis performed for a comparable country
such as Austria in Holzmann et al. [55].The top-down analysis
shows different results for Germany and Switzerland, notably in
a number of societal trends and rebound effects: while in Germany,
the effect of changes in population size is almost zero, in Switzer-
land this contributes to the strongest increasing effect due to the
growth of the population, in particular through immigration. In
addition, the ‘‘societal rebound” due to the decrease of persons
per dwelling differs between both countries. In Switzerland, this
effect is very limited, while it represents the most important
upward driver in Germany. This difference could be due to the nat-
ural limitation of built area in Switzerland, which prevents or
slows down development of single-family homes (SFH) more than
in Germany. This effect could increase in Germany in the future as
the housing shortage in metropolitan areas increases.

An increasing effect due to larger homes can be observed in
both countries. While in Germany an increase in living area per
dwelling of almost 10% can be observed, in Switzerland it is lim-
ited to 4%.

The change due to energy efficiency is further decomposed
using a bottom-up approach. The analysis shows that this change
can be only partially explained by the effect of policies imple-
mented in the time period considered (2000–2016), but that pre-
existing policies (in force before 2000) allow us to close the expla-
nation gap. In Germany, the building standards (EnEV) and KfW
subsidy programmes have the largest impact with contributions
of 601 PJ and 143 PJ respectively by 2016 (including interaction
among policies) covering most of the total policy impact of 838 PJ.

Further, we estimated the effects of over-fulfilment of building
standards in the renovation practice and the new construction of
residential buildings as well as other effects including rebound.

While the method (i.e. LMDI) used in the first part of our anal-
ysis for the top-down decomposition of energy demand is well
established, the methods we used for estimating the effects of
the second part might have some caveats and uncertainties due
to assumptions included in the calculations.

The simulation we conducted to estimate the effect of policies
prior to 2000, is partly based on assumed average effects of the
implementation of improved buildings standards and changes in
surface area and number of dwellings. Where no data were avail-
able (i.e. up to 1987 for the number of dwellings and 1994 for sur-
face areas), data for earlier years (back to 1975) were calculated
based on average changes, which should not deviate too much
from actual developments earlier than 1987 or 1994.

The policies that are considered in our analysis are often not
purely aiming at space heating demand but may also have impacts



Fig. 10. Linking bottom-up and top-down analysis of space heating consumption for Switzerland (2000–2016).

M. Reuter, K. Narula, M.K. Patel et al. Energy & Buildings 244 (2021) 110987
on energy consumption for domestic water heating through the
replacement of heating systems, most of which are also used to
produce hot water. This share of the total savings can be expected
to be quite small, though, as the accompanied increase of overall
efficiency regarding water heating due to fuel switching can be
considered marginal and has more of an effect on related GHG
emissions rather than on energy savings. Thus, the impact of
energy policies in our analysis tends to be slightly overestimated
due to the possible inclusion of energy savings, which cannot be
completely linked to space heating.

The effect of over-fulfilment is estimated based on the in-depth
study on the buildings standards in Germany, which provides an
excellent detailed basis but covers the status quo before 2009. Of
course, rapid changes in construction and renovation practices
from 2009 up to 2016 are not impossible, however, we assume
them to be unlikely. The experience reported regarding compliance
with standards is more mixed for Switzerland.

While the rebound effect plays an important role for energy
efficiency in residential buildings, the numerous studies devoted
to this topic come to very different conclusions regarding the pos-
sible magnitude of such an effect for residential heating (estimates
range from 20% to 50% for Western European countries). For Ger-
many, this effect is estimated to be around 36% of the energy sav-
ings achieved after retrofitting of a building. We argue that a
certain level of saturation regarding rise in room temperatures
and heating duration over time, as one important rebound effect,
should have occurred in German households already. Other possi-
ble contributions to rebounds are also likely to occur (e.g. misuse
and overdesign of heating systems, technical failures). Based on
available data it is impossible to separate the contributions under-
lying this rebound effect and would require further large-scale
measurement campaigns. Thus, we show only an aggregated
rebound effect in our analysis.

While we include as many effects as possible, we cannot com-
pletely account for the residual savings, which arise from the com-
parison of top-down with bottom-up approaches and which is
explained by ‘‘other effects”. For Germany, this residual term is
small, but further analysis could provide further insights regarding
potentially important effects.
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For Switzerland, the bottom-up analysis is more limited than
for Germany due to the lack of suitable data regarding the over-
fulfilment of energy performance standards or (non–) compliance
in general, as well as rebound effects that are not associated with
societal trends and developments. Policies prior to the period
2000 to 2016 are not relevant in Switzerland as no relevant policies
were implemented prior to 2000. The ‘‘other effects” for Switzer-
land are almost as big as the overall policy impact. This is due to
the fact that only half of the total energy savings associated with
energy efficiency progress, as derived from top-down analysis,
can be explained with energy efficiency policy impacts as other
cantonal programmes and energy policies had not been evaluated
and hence could not be included in this analysis.

While our analysis shows some caveats and could be improved
upon in the future, as more data are available, it establishes new
knowledge regarding the effects that influence the development
of space heating consumption in residential buildings and provides
insights regarding their size and how they are connected.

5. Outlook and conclusion

This paper examines space heating in the residential sector and
the factors underlying the evolution of key energy efficiency indi-
cators by linking top-down analysis, based on meso- (statistical)
indicators, and bottom-up analysis (contribution of energy effi-
ciency policies to the top-down indicators).

Our top-down analysis shows how different developments in
the time period from 2000 to 2016 affect the energy consumption
for space heating in residential buildings and it quantifies the
effects of changes in population, in dwellings per capita and area
per dwelling. Changes due to energy efficiency improvements have
the biggest impact from the top-down perspective, besides ‘‘soci-
etal” rebounds for both Germany and Switzerland.

The effect of energy efficiency improvements, established from
a top-down perspective, is linked to the bottom-up perspective and
the results imply that besides direct policy impacts, effects such as
over-fulfilment of building standards and rebound after retrofit
(‘‘technical” rebound), strongly influence space heating demand
in residential buildings in Germany. For Switzerland, such effects
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cannot be included in the analysis at this point. These could be fur-
ther investigated when data regarding the compliance with mini-
mum energy performance standards and rebound after retrofits
become available for Switzerland.

For Germany, our analysis shows that subsidy programmes
have strong spill-over and multiplying effects. Further, an anticipa-
tory effect can be derived from the observation of over-fulfilment
regarding minimum performance standards in buildings. This
observation could also lead to the conclusion that raising the min-
imum requirements is not fast enough to follow real developments
and could therefore be accelerated.

Future research could be devoted to further decomposing and
particularly quantifying the components of the residual effects
(‘‘other effects”) in our analysis. Although these residual effects
are quite small for Germany, quantification of these could be of
particular interest to identify other important effects that might
be hidden in the aggregated residual effect. For Switzerland, these
‘‘other effects” have a substantial part in explaining the overall
change due to energy efficiency and should be further assessed.
This is on the one hand due to the lack of evaluations of other can-
tonal programmes and energy policies and on the other hand due
the lack of data regarding the already identified effects.

The methodological basis for the determination of these ‘‘other
effects” requires further refinement and - more importantly - addi-
tional data. This is especially the case for Switzerland as such data
would help to decompose the ‘‘other effects” regarding important
influences such as (non–) compliance with building standards,
rebound (after retrofitting of buildings) or over-fulfilment.

The individual components of the overall rebound effect (soci-
etal and technical) represent another interesting future research
topic, as these effects strongly influence the savings achieved in
residential buildings as shown in our analysis. Learning more
about these components which contribute to rebound effects plays
an important role in the design and adaptation of existing policies,
also in view of their importance for the achievement of more ambi-
tious targets on an EU and national level.

An improved data basis, relevant for future research, should, for
example, cover the development of indoor temperatures in dwell-
ings over time and monitor changes within the building stock more
precisely. Improved and openly available databases on energy per-
formance certificates (EPCs) for buildings, for example, could help
to provide at least parts of such data needed and allow more
sophisticated analyses through a better mapping of the properties
in the building stock (e.g. at the level of single buildings).
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Appendix A

A1 – Methodology: Index decomposition analysis

The methodological foundation index decomposition analysis
and its application has been described in several studies [54,56].
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In this study, we decompose the changes in climate corrected
final energy consumption for space heating FECsh between 2000
(0) and 2016 (T) as follows:

FECT
sh � FEC0

sh ¼ DFECsh

¼ DFECACT þ DFECSOC þ DFECCOM þ DFECEFF ð1Þ
The four factors are defined as follows:

� Population (activity)
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� Energy efficiency (efficiency) (related to the area A of residential
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With wi being the weight function,wi ¼ FECT
H�FEC0

H
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Hð Þ
As the statistical foundation for this analysis, we used publicly

accessible data for Germany and Switzerland provided by the
ODYSSEE-MURE project [16]. For Germany, these data are based
mostly on national sources such as AGEB [57] (energy related data)
and the national statistical office Destatis (data on buildings, con-
struction activity, etc.).

A2 – Details on the energy efficiency measures of Germany and
Switzerland used in the analyses

Energy efficiency measures in Germany
The Energy Savings Ordinance (EnEV) sets minimum standards

for buildings (residential and non-residential), while the KfW pro-
grammes offer grants for the construction and renovation of resi-
dential buildings, which are built or retrofitted to a certain
standard (so called KfW-Effizienzhausstandard). These are funded
by the federal CO2 Building Modernisation Programme. For esti-
mating the savings from the EnEV, which applies to both residen-
tial and non-residential buildings, we segregate the impact based
on previous bottom-up modelling for the third NEEAP in Germany
as well as more recent evaluations [58]. The majority share of
about 75% of the energy savings is accounted for by residential
buildings.

The MAP subsidised renewable energy installations for heating
and cooling, as well as certain heat storage facilities and local heat-
ing networks, both in residential and non-residential buildings.
The programme is nearly exclusively limited to heating systems
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in existing buildings, whereas systems in new buildings are sup-
ported only in exceptional cases.

Within the framework of on-site energy consulting (carried out
by the Federal Office for Economic Affairs and Export Control
BAFA), refurbishment concepts are developed by qualified and
independent experts for residential buildings. These consulting
activities are financially supported.

Since 2009 the EEWärmeG has stipulated an obligation to use
renewable energies for heating and cooling for new buildings.
The regulation covers both residential and non-residential
buildings.

The following policies target a reduction in energy demand for
space heating, but were implemented very recently and are there-
fore not considered in this analysis:

� Förderprogramm Heizungsoptimierung (Heating Optimisation
Funding Programme; started in late 2016)

� Anreizprogramm Energieeffizienz APEE (Energy Efficiency
Incentive Programme; started in August 2016)

� Nationales Effizienzlabel für Heizungen (National Energy Effi-
ciency Label for Old Heating Installations; started in 2017)

Policy measures which target a reduction in electricity con-
sumption in households are neglected as the share of electricity
in Germany’s final energy consumption for space heating is below
2% [59]. For the ecological tax reform, the impact on fuel consump-
tion in general is expected to be very low to non-existent (e.g. Pro-
jection Report 2017 for Germany [60], German National Action
Plan on Energy Efficiency (NAPE) [61]).

The ‘‘Wärmeschutzverordnung” of 1995 (WSchV’95) was evalu-
ated by Ziesing et al. [62]. Also, in later years, a very good imple-
mentation practice was certified for the heat insulation
ordinance [63].

Energy efficiency measures in Switzerland
Table A1 shows different measures implemented as a part of

cantonal energy policies.
The cumulative impact of cantonal energy policies is estimated

over the lifetime of measures [26]. Different lifetimes are consid-
ered for different measures, e.g. 40 years for the deep energy retro-
fitting of the building envelope, 30 years for grid connected solar
PV, 25 years for solar collectors, 20 years for heating networks
using waste heat, 15 years for wood boilers, heat pumps etc.
[25]. Assuming an average lifetime of 30 years for the measures,
we estimate that cantonal energy policies contributed to 14 PJ of
energy savings in the period from 2001 to 2016.

The CO2 Levy is a key instrument of the Swiss energy policy (de-
fined in the Federal Act on the Reduction of CO2 Emissions (Swiss
CO2 Act, [64]) and can be expected to have an impact on energy
efficiency improvement. The levy is imposed on the production,
extraction and import of fossil fuels (oil, natural gas) in Switzer-
land and applies, inter alia, to the residential sector. The CO2 Levy
was introduced in 2008 at 12 CHF/tonne CO2 and was gradually
increased to the current rate of 96 CHF/tonne CO2 on 1st January
2018. This policy was estimated to save 4.1–6.9 million tonnes of
CO2 emissions from 2005 to 2015 [65]. The impact commenced
prior to 2008 as consumers shifted to low carbon sources in antic-
ipation of the implementation of the levy [26]. The emission abate-
ment due to the CO2 levy in buildings in the residential sector was
approximately 1 million tonnes for the year 2015. This quantity
was established based on the substitution of fuel oil primarily by
natural gas and renewable energy sources (such as wood, solar,
ambient heat used in heat pumps), i.e. no CO2 savings were
assigned to energy efficiency improvement. Although the energy
efficiency of gas boilers is typically slightly higher than for oil boil-
ers, the study assumed the same final energy demand for heating
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in the residential sector (possibly to compensate for the lower effi-
ciency of biomass-fired boilers). It further argued that due to the
low CO2 Levy (60 CHF/tonne CO2 until 2014), the levy did not lead
to retrofitting of buildings (as energy demand is inelastic in the
short term to relatively low change in prices), but only resulted
in fuel substitution in the short to medium term. In light of the pre-
sented arguments and methodology adopted by the study, we do
not allocate any energy savings to the implementation of the CO2

Levy in Switzerland, arguably resulting in an underestimation of
energy savings. Further, with the forthcoming revision of the CO2

Act, there is a possibility of increasing the levy to up to a maximum
of 210 CHF/tonne CO2. This could be expected to lead to at least
some proactive investment behaviour related to energy efficiency
(by analogy to the pre-2008 effect described above) [26].

The Buildings Programme commenced in 2010 and was jointly
developed by the 26 cantons and the Swiss confederation. The
Swiss Federal Office of Energy (SFOE) is responsible for the strate-
gic management of the programme while the cantons are respon-
sible for its implementation [66]. The Buildings Programme
promotes retrofitting of buildings and is targeted at building own-
ers. Direct financial support is provided in the form of subsidies for
various measures under the Buildings Programme. Although the
building owners contribute a major share of the costs of energy
retrofitting, they benefit from the increased market value of the
property, while the impact on the tenant is the reduced annual
heating costs (maybe sometimes partly compensated for by an
increase in rent). The major part of the Buildings Programme is
funded by the federal government using income from the CO2 Levy,
which is primarily utilised for the deep energy retrofitting of exist-
ing building envelopes. Cantonal funding was also provided for the
programme, which was used for promoting renewable energy
sources, waste heat recovery and the improvement of heating sys-
tems in the buildings.

Fig. A.1 shows the estimated annual energy savings from can-
tonal energy policies and the Buildings Programme for the assessed
time period. The yearly impacts of cantonal energy policies are
derived from annual assessment reports for various years [67–
77]. The average annual impact of the Buildings Programme has
been estimated at about 0.86 PJ/year while that of the cantonal
energy policies programme was 1.16 PJ/year over the respective
time periods.

A3 - Discussion of the impact of heating types and changes in heating
periods on energy consumption. Fig. A.2 shows the shares of heating
types over the period 2002 to 2018 in Germany. During this time,
the share of central heating systems slightly declined from 90 to
72% of all newly completed dwellings. This loss in share was
mainly taken up by district heating systems (7% in 2002 to 22%
in 2018) and to a smaller degree by CHP systems (1% in 2002 to
4% in 2018). This development can be assumed to have only a
minor effect on final energy consumption for space heating as cen-
tralised heating systems had already reached a very high penetra-
tion in the period we consider in our analysis, with the main
changes happening prior to the year 2000. Also, the increase of dis-
trict heating and CHP does not change the heating behaviour, since
these new heating systems simply replace the building’s central
heating system while typically not changing the thermal comfort
preference.

Fig. A.3 does not indicate any trend towards higher heating
degree days outside the typical heating period in Germany in the
period from 2000 to 2017 (dotted line). We hence conclude that
the comfort-induced extension of the heating period in Germany
came to an end before the year 2000, representing the starting year
of our analysis.

Strictly speaking, however, this can only be assumed for multi-
family houses with central heating, since the heating period is



Table A1
Measures implemented as a part of cantonal energy policies.

Building envelope
efficiency (building
standards, MuKEn)

Energy retrofitting of
buildings (building energy
performance certificate)

MINERGIE (-P)
buildings
(building
labels)

Renewable energies Other Indirect
measures

New building system GEAK renovation to level
‘‘B”

MINERGIE
renovation

Log fires Use of waste heat Information
activities

Type of energy
retrofitting

GEAK renovation to level
‘‘A”

MINERGIE new
building

Aut. wood firing systems < 70 kW Special measures outside the scope of
energy retrofitting of buildings (electricity
efficiency, mobility, industry etc.)

Events

Envelope (roof/wall
insulation), home
ventilation

MINERGIE-P
renovation

Aut. wood firing greater
than 70 kW (with/without
additional measures flue gas
cleaning)

Initial and
continuing
education

Special measures for
deep energy
retrofitting

MINERGIE-P
new building

District heating network wood Consultation

Solar panels (collectors)
Photovoltaic
Heat pumps

Fig. A1. Estimated annual energy savings from federal energy policies in Switzerland (2000–2016) [68,68–79].

Fig. A2. Newly built dwellings by type of heating in Germany [78].
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Fig. A3. Sum of heating degree days (HDD) outside the heating period in Germany (average shown as dotted line) [79].

Fig. A4. Share in sale of heating technologies in Germany from 2008 to 2018 (Source: BDH).
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rather centrally determined here. For single-family houses, the
heating period is mostly decided upon by the occupants them-
selves. However, it can be assumed that these effects are only mar-
ginal overall, as general changes in heating periods would not be
expected in view of the development of heating degree days over
the years (see Fig. 8).

A4 – Impact of the choice of heating technologies and energy carriers
on energy consumption. In Germany, a trend towards efficient gas
condensing boilers can be observed in sales of heating technologies
15
between 2008 and 2018 (increased from around 50% to 67%). Dur-
ing the same period, the share of biomass boilers decreased slightly
while the share of heat pumps remained about the same (see
Fig. A.4).

A trend towards gas heating as well as biomass and heat pumps
can also be observed in newly constructed residential buildings
(see Fig. A.5). This change of fuel as well as the switch to more effi-
cient heating technologies is to a certain degree driven by policy
(e.g. investment subsidies ‘‘KfW 430” as part of the KfW pro-
gramme for energy efficient refurbishment).



Fig. A5. Heating systems by energy carrier in newly constructed residential buildings in Germany 1993–2018 [78].
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Also, an increasing share of multi-family homes (MFH) at the
expense of single-family homes (SFH) can contribute to decreasing
energy consumption for space heating in residential buildings as
MFH typically consume less energy per unit area. This is mainly
due to the thermal advantages compared to detached residential
buildings. SFH have on average almost twice as much exterior sur-
face area per cubic metre of heated building volume and thus
almost twice as much heat loss via the building envelope com-
pared to large multi-family houses [80], which consume only about
36% of the energy for space heating per m2. However, in Germany,
a significant trend towards MFH cannot be observed.
Appendix B. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.enbuild.2021.110987.
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