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ARTICLE INFO ABSTRACT

Keywords: Policy mixes for decarbonizing residential buildings offer significant potential for greenhouse gas emission
Policy mixes savings but involve trade-offs with public spending and distributional justice. Using microsimulation and based
Microsimulation on survey data, we evaluate the potential effect in the near term of policy mixes with various bans, requirements,
Distributional justice 1 e - . . . . .

Equity taxes, and subsidies by quantifying their impact on the immediate investment opportunities for heating and

electricity of a representative sample of 6'355 Swiss households. Substantial emission savings are already
profitable for many households even without policy intervention. However, a requirement to install solar pho-
tovoltaics (PV), combined with subsidies for PV, heat pumps, and envelope retrofits alongside increased energy
taxes, can promote greater emission savings at limited public cost, while allowing for lower and more equally
distributed heating and electricity costs for households. Added to this mix, an ambitious requirement to deeply
retrofit the worst insulated buildings can achieve further emission and energy savings, albeit at comparatively
high public costs or with exacerbated inequalities without retrofit subsidies. Without special support, low-
income, elderly, and rural households and dwelling owners risk bearing a higher economic burden to achieve
collective emission savings. By integrating rich survey data with detailed techno-economic microsimulation, this
study offers a replicable framework to quantitatively evaluate energy policy mixes in Switzerland and beyond.

Energy investments
Residential buildings

1. Introduction

Decarbonizing residential buildings is key because their energy use
contributed to 17 % of global energy-related CO2 emissions in 2021
(IEA, 2022), 15 % of greenhouse gas emissions in the European Union
(Balaras et al., 2023), and 22 % in Switzerland (FOEN, 2023; Romano
et al., 2024; SFOE, 2024). Despite high emission levels, a so-called en-
ergy efficiency gap remains (Camarasa et al., 2019; Jaffe and Stavins,
1994; Zielonka and Trutnevyte, 2024), referring to the
slower-than-cost-optimal adoption of energy efficiency measures and
low-carbon technologies (Hesselink and Chappin, 2019). Various policy
instruments aim to close this gap and prevent further carbon lock-in,
helping households overcome their structural, economic, behavioral,
and social barriers to the required energy investments (Hesselink and
Chappin, 2019; Hirst and Brown, 1990). Relevant policy instruments
range from market-based instruments, such as carbon or energy taxes
and subsidies, to regulations that include bans on fossil fuel-based sys-
tems and requirements for renewable energy generation, and other
persuasive measures, such as information campaigns (McCormick, 2017;

Wiese et al., 2018). Multiple studies have shown that single policy in-
struments can be partially successful, but will not be sufficient alone to
achieve a deep decarbonization of the building sector. Stringent and
coordinated policy mixes are thus needed (Chen et al., 2019; Econo-
midou et al., 2020; Knobloch et al., 2019). However, energy policies are
mostly evaluated from the quantitative perspective in isolation
(Rosenow et al., 2016). There is thus a growing need for ex-ante quan-
titative evaluations of energy policy mixes to better understand the in-
teractions between policy instruments and their effects (Maor and
Howlett, 2021; Spyridaki and Flamos, 2014; Wiese et al., 2018).
Beyond emission savings, all policy mixes have co-benefits and
adverse side effects (Deng et al., 2017; Lamb et al., 2020). Mitigation is
rarely the only goal as there are other policy objectives and constraints
too, such as affordability in terms of policy costs and impact on the
public budget, implementation feasibility, social and political accep-
tance, or justice (Del Rio et al., 2012; Penasco et al., 2021). The inclusion
of multiple evaluation criteria that capture elements of policy effec-
tiveness, efficiency, and fairness (Vollebergh, 2023) and the explicit
analysis of trade-offs is therefore a must in ex-ante policy evaluations,
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even if this was traditionally not common (Bhardwaj et al., 2019;
Markkanen and Anger-Kraavi, 2019). Among evaluation criteria, justice
and in particular distributional justice that focuses on the allocation of
policy benefits and burdens (Zimm et al., 2024) is key, both morally in
order to avoid exacerbating inequalities and to protect the most
vulnerable (Klinsky et al., 2017) and practically in order to gain social
and political acceptance of new policies (Briickmann et al., 2023;
Clayton, 2018; Dechezleprétre et al., 2022; Maestre-Andrés et al., 2019).
However, the distributional justice implications of energy and climate
policy, as well as the trade-offs between their justice, effectiveness, and
costs remain an emerging area of research, especially with quantitative
methods (Klinsky and Winkler, 2018; Montenegro et al., 2021; Rao
et al., 2017; Zimm et al., 2024). Other tenets of justice, such as recog-
nitional and procedural justice which are more often evaluated quali-
tatively, are important too to capture the multi-faceted nature of energy
justice related to policies (Jenkins et al., 2016).

Modeling can be used to investigate distributional impacts from the
quantitative perspective, for example, on groups of individuals, house-
holds, and firms (Montenegro et al., 2021). Input-output models have
the strength of capturing direct and indirect price impacts of carbon
taxation on the expenditures of households (Steckel et al., 2021).
Computable general equilibrium models can cover the effects of a wider
array of policies on the whole economy and thus also on the income of
households (van Ruijven et al., 2015; Vandyck et al., 2022; Wallenko
and Bachner, 2025). Agent-based and microsimulation models focus on
the direct effects of policies, but are especially suited for representing
distributional impacts on heterogenous population subgroups if sup-
ported by rich survey data (Soubelet et al., 2024; Torné and Trutnevyte,
2024). This is a distinguishing feature of such models as otherwise the
most common practice has been to depict distributional impacts across
household groups only for different levels of income or consumption
(Fischer and Pizer, 2019; Vandyck et al., 2022). With agent-based and
microsimulation models, policy impacts are simulated bottom-up at the
micro level by representing various decision rules and sometimes agent
interactions. To obtain insights into the overall policy effects, individual
impacts are quantified across samples representative of the whole pop-
ulation, accounting for various social, technical, and context charac-
teristics (Burgard et al., 2020; Klevmarken, 2022).

Despite their ability to capture distributional justice implications,
most agent-based and microsimulation models have focused on the in-
fluence of a few policy instruments on technology adoption over time
(Hesselink and Chappin, 2019; Mundaca et al., 2010). Rarely more than
one type of low-carbon technology or energy efficiency measure have
been considered at the same time, even if combined energy investments,
for instance, heat pumps with solar photovoltaic (PV), offer appealing
decarbonization solutions (van der Kam et al, 2024). Only some
agent-based models of the building stock (e.g., Nageli et al., 2020; Vivier
and Giraudet, 2024) have evaluated the effects of more complete policy
mixes in the residential sector on private and societal costs, energy and
emission savings, and fuel poverty. However, other distributional im-
pacts or other measures of distributional justice (Torné and Trutnevyte,
2024; von Platz, 2018) have not been included. So far, the focus on
modeling the dynamics of policy instruments over time, agent behavior,
and other real-world frictions to energy investments have come at the
expense of modeling a richer suite of various policy instruments and
their mixes, various household energy investments and their combina-
tions, and the disaggregation of policy impacts across household groups.

In this context, we develop a novel microsimulation approach that
integrates detailed household microdata with a broad range of energy
co-investments to evaluate policy mixes aimed at decarbonizing the
residential sector. We adapt an analytical method to screen through a
wide range of policy mixes and, accounting for interactions, identify the
most influential policy instruments, assess their individual effects, and
uncover appealing combinations. We apply this combined methodology
to Switzerland, and estimate the potential effect in the near term of
policy mixes with various bans, requirements, taxes, and subsidies that
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could accelerate the decarbonization of electricity and heat in residen-
tial buildings. We evaluate the mixes based on their impact on house-
holds’ immediate opportunities for energy investments, and quantify
their effectiveness in terms of promoted emission savings, their potential
costs to the public budget, and their distributional justice implications in
terms of equally distributed opportunities for energy investments and
economic burden across multiple sociodemographic groups. We focus
on Switzerland addressing calls to focus more on decarbonization efforts
by people of high socioeconomic status, responsible for a dispropor-
tionate share of greenhouse gas emissions (Nielsen et al., 2021). We set
out to answer three research questions. First, what are the trade-offs
between the promoted greenhouse gas emission savings, public
spending, and distributional justice of energy policy mixes targeting the
Swiss residential sector? Second, which energy investments and policy
mixes are associated with which outcomes? Which policy mixes stand
out as appealing based on the measured outcomes? Last, what are the
distributional impacts of the policy mixes across household groups?

2. Methodology and data

We use data from a representative sample of Swiss households
(Section 2.1) and evaluate a comprehensive suite of policy mixes (Sec-
tion 2.2) using microsimulation. Specifically, we quantify the effects of
the mixes at the micro level and on households’ investment opportu-
nities related to heating and electricity (Section 2.3), as shown in Fig. 1.
We then use the results across the household sample to evaluate each
policy mix in terms of potential emission savings, net public spending,
and distributional justice outcomes (Section 2.4) and explore trade-offs
between these. Next, to increase the interpretability of results, we cluster
the policy mixes regarding their outcomes and investigate which policy
instruments characterize each cluster (Section 2.5). This allows for
analyzing the effect of policy instrument combinations and promoted
energy investments on the policy mix outcomes and identifying
appealing combinations of policy instruments. Last, we measure the
distributional impacts of the mixes across various household groups.

2.1. Swiss household sample

Adapting an earlier approach by Torné and Trutnevyte (2024), we
build a representative sample of Swiss households with data from the
Swiss Household Energy Demand Survey (SHEDS) (Weber et al., 2017)
complemented by data from the Household Budget Survey (HBS) (BFS,
2015). The HBS has data on household income and expenditures for
9’955 Swiss households from 2015 to 2017, and the SHEDS has infor-
mation on the postal codes, dwelling characteristics, energy equipment,
and energy consumption of 12716 households from all Swiss cantons
(states) but Ticino from 2018 to 2023. The households and their main
information are taken from the SHEDS, while the HBS is used to weigh
the SHEDS households and impute values of disposable income. We take
a non-parametric statistical matching approach (D’ Orazio et al., 2006)
and weigh each SHEDS household by adding up the cross-section sta-
tistical weights of all equivalent HBS households per a set of matching
variables and then dividing that weight by the number of equivalent
SHEDS households. Weights, which are accounted for in all analyses,
allow scaling the results up to the whole of Switzerland. Then, to each
SHEDS household, we impute the average value of disposable income of
all equivalent HBS households with the same set of matching variables.
The matching variables — close to those by which the HBS is made
representative — are: household structure (including age and gender
information), quintile of equivalized disposable income, dwelling tenure
(tenant/owner), rural-urban-periurban settlement type, and canton of
residence. When necessary, we harmonize this set of categorical vari-
ables to be common between both surveys. We additionally impute
missing values for other important variables through regression: the
quintile of equivalized disposable income, electricity consumption, and
heating consumption (see Appendix Al for details). The resulting
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Fig. 1. Methodological workflow.

household sample (N = 6'355) is representative of 81.5 % of the di-
versity of households in the original HBS sample. Descriptive statistics
for the variables are available in Appendix A2, alongside examples of
household final data in Appendix A3. Appendix A4 shows the repre-
sentativeness of the merged sample regarding multiple sociodemo-
graphic groups.

2.2. Policy mixes

We simulate Switzerland-wide policy mixes (Table 1) to decarbonize
the residential sector — including energy taxes, incentives for low-carbon
technologies, and regulations related to buildings — by taking a

Table 1
Simulated policy instruments.

Bans on heating systems

©

PV and retrofit requirements

v —
v —

On installing new electric boilers

On installing new electric and oil boilers
On installing new electric, gas, and oil
boilers

No requirement

To install solar PV when renovating roof
To deeply retrofit the envelopes of all
dwellings with G and F envelope efficiency
labels. See Appendix Bl for the
assumptions on the required depth of
retrofit.

To deeply retrofit the envelopes of all
dwellings with G to D envelope efficiency
labels

A double requirement: to install solar PV
and retrofit dwellings with G and F
envelope efficiency labels

A double requirement: to install solar PV
and retrofit dwellings with G to D envelope
efficiency labels

No subsidies

20 % of investment costs for heat pumps,
wood boilers, district heating connections,
dwelling envelope retrofits, solar thermal
collectors, solar PV, and electric batteries
40 % of investment costs for the same
technologies

Low: 120 CHF/tCOx, for heating fuels and
1.5 cCHF/kWh for electricity

Mid: 165 CHF/tCOx, for heating fuels and
2.1 cCHF/kWh for electricity

High: 210 CHF/tCOx. for heating fuels and
2.6 cCHF/kWh for electricity

One-time subsidies for low-
carbon technologies and
retrofits

L=

Energy taxes

==

greenfield approach. We take inspiration from the current Swiss policy
(EnDK, 2023, 2022, 2015; Fedlex, 2024, 2020, 2016; FOEN, 2021;
Francs énergie, 2024; SFOE, 2016; Silgeneve, 2023), from ongoing dis-
cussions about future policies (e.g. EnDK, 2024; Etat de Vaud, 2023;
FOEN, 2024; RTS, 2023; Swiss Parliament, 2023), and also consider
more ambitious versions of these policies to explore new ways to
accelerate decarbonization. With all possible combinations of policy
instruments from Table 1, we simulate 118'098 different policy mixes.

2.3. Microsimulation of investment opportunities

We quantify energy investment opportunities for every household in
our sample under each of the policy mixes. These involve techno-
economic calculations of the annualized discounted long-run costs for
heating and electricity, the resulting emission savings, and the received
public spending of various combinations of energy investments. The
energy investment options considered are: (1) whether to deeply retrofit
the envelope of the dwelling; (2) whether to keep or replace the heating
system; (3) whether to install solar thermal collectors as a complement
to the heating system; and (4) whether to install solar PV with or without
batteries (see Appendix B1 for the specific assumptions on the size, cost,
emissions, efficiencies, and lifetimes of the various investment options).
With a similar model structure to past studies (Hesselink and Chappin,
2019; Sachs et al., 2019; Wilson and Dowlatabadi, 2007), we adopt a
depreciation economic assessment approach (Streicher et al., 2020), and
per household and policy mix select the combination of investment
options with the minimum annualized discounted long-run costs. These
long-run costs account for the costs of heating fuels and electricity,
operation and maintenance, the annualized investment costs for new
equipment, and the residual value of existing equipment (see Appendix
B2 for further details).

Our techno-economic calculations also account for the effects of the
policy instruments. Bans on new electric, gas, and oil boilers and re-
quirements to install solar PV systems and to retrofit dwelling envelopes
are taken into account when determining the set of investment options
available to each household. Investing in PV systems and solar thermal
collectors is discarded for households that already have this equipment,
and retrofits are discarded for those conforming with a Minergie or
better energy efficiency standard (Minergie, 2024). There are some
additional constraints on no disconnections from district heating, no
switching from gas to oil boilers, no new wood boilers in urban areas due
to air quality regulations and lack of storage space (Marcelino et al.,
2019; Nageli et al., 2020). We also consider some location-based
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constraints: that district heating connections as well as air-, water-, and
geothermal-source heat pumps are not an option for the households
whose postal code area had no buildings with such a heating system at
the end of 2023 (FSO, 2023). The rest of the policy instruments — sub-
sidies for low-carbon technologies and taxes on heating fuels and elec-
tricity — are accounted for when calculating the investment and
operational costs of each investment option. Since price elasticities for
electricity and heating fuels are low in Switzerland (Filippini and
Kumar, 2020; Volland and Tilov, 2018), demand reductions are not
considered when simulating taxes.

To investigate what policy action can activate a just household en-
ergy transition, we take a static microsimulation approach and simulate
the effects of all policy instruments within a mix at once and just one
time, focusing on the immediate future. Therefore, in this study, bans on
installing new electric, gas, and oil boilers target households whose
heating system has reached the end of its lifetime in 2025 and must
replace it in the near term, which represents 42.6 % of households in our
sample (34.6 % with electric, gas and oil boilers). The rest of the
households are not that affected by such installation bans in this period
as early retirements of heating systems are very rarely cost effective
considering the systems’ residual value. Similarly, the PV requirement
that we simulate affects households with a roof that has reached the end
of its lifetime in 2025, constituting 22.9 % of households in our sample.
We identify households having to replace roofs and heating systems in
the near term with survey-based information on their year of installation
and assuming theoretical lifespans (see Appendix B1). Retrofit re-
quirements affect dwellings based on their efficiency. The requirement
targeting dwellings with G and F envelope efficiency labels affects 44.0
% of households in our sample, while the requirement for dwellings with
G to D envelope efficiency labels affects 63.2 %.

2.4. Evaluation of policy mix outcomes

We evaluate policy mixes regarding four main outcomes (see Ap-
pendix B3 for further details on the calculations):

e Emission savings: the total promoted COz¢q emission savings per
year if households implement the energy investments with minimum
long-run cost, including emissions from electricity and heating fuel
consumption and embodied emissions of new energy investments.
Therefore, this measure represents an upper threshold of the miti-
gation potential of the mixes.
Net public spending: the sum in Swiss francs (CHF) of subsidies
paid by the public budget minus revenues generated by energy taxes
in the five years after the policy enforcement, assuming that house-
holds claim all available subsidies and implement the energy in-
vestments with minimum long-run cost. This net public spending
represents public funds needed in the short run, but without
considering the policies’ design, implementation, and enforcement
costs.
Distributional justice: two criteria that show the extent to which
the policy mixes can represent an economic burden for households in
the long run and how equally this burden is distributed. These two
criteria complement each other as higher equality in the distribution
of costs does not necessarily mean more justice if it also promotes
higher costs.

o Average cost share for heating and electricity of households:
the average of the minimum annualized costs of heating and
electricity over the annual disposable income that households can
achieve under each policy mix.

o Gini coefficient of household heating and electricity cost
shares: the level of equality in the distribution of the minimum
annualized costs of heating and electricity divided by the annual
disposable income that households can achieve under each policy
mix. Although designed to measure income inequality, the Gini
coefficient (Gini, 1997) has been used to operationalize (in)
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equality across fields (Jacobson et al., 2005; Pehle et al., 2025;
Sasse and Trutnevyte, 2020; Sitthiyot and Holasut, 2020).

For our analysis of distributional justice, we only consider direct
costs related to heating and electricity as described in Section 2.3. We do
not consider indirect costs such as cost increases of other types of con-
sumption due to energy taxes, or the costs of financing subsidies, which
is equivalent to assuming that funds for subsidies are raised in a dis-
tributionally neutral way when comparing policy mixes.

To evaluate distributional impacts in further depth, we also quantify
the average shares of heating and electricity cost of various
household groups defined by household structure, quintile of equiv-
alized disposable income, dwelling tenure, settlement type, and canton
of residence. This indicator measures the minimum relative cost for
heating and electricity that different household groups can achieve
under each policy mix. It can also be interpreted as the economic effort
that the households must make to achieve the promoted emission sav-
ings that we report for each policy mix. As Swiss tenancy law allows full
pass-through of low-carbon heating and electricity investments from
dwelling owners to tenants in the long run (VMWG, 2024), we assume
such pass-through to quantify the worst-case scenario for tenants.
However, there are cases when dwelling owners do not increase the rent
after making energy investments because such increase would also
require adjusting rent terms retrospectively according to the actual in-
terest rates, and the owners might end up losing. A previous study
showed that assuming full pass-through or not has little effect on the
justice rankings of different fossil fuel boiler bans and of the household
groups more and less affected by the bans (Torné and Trutnevyte, 2024).

2.5. Clustering and characterization of policy mixes

As we aim to explore how specific combinations of policy in-
struments are linked to general tendencies in the outcomes of policy
mixes, we first group policy mixes regarding these outcomes. We then
use an XGBoost algorithm (Yang et al., 2021) and Shapley additive ex-
planations (SHAP) values (Lundberg et al., 2020) to investigate which
policy instruments characterize each outcome group. We group policy
mixes using K-means clustering (Ikotun et al., 2023) based on the four
considered policy mix outcomes: promoted emission savings, net public
spending, the average household shares for heating and electricity cost,
and the Gini coefficient of these shares. K-means clustering is well-suited
for large-n samples like ours and has a centroid-based technique that
helps us split our ensemble of mixes based on distinct levels of their
continuous outcome variables. We choose the number of clusters based
on a silhouette metric (Rousseeuw, 1987). An XGBoost model that is
trained to classify combinations of policy instruments into the clusters
allows us to capture the non-linear relationships between policy in-
struments and the general outcomes of the policy mixes. We use XGBoost
as it is the model with the best classification accuracy out of the four
machine learning models that we test (see Appendix Table C1 and Fig.
C1). SHAP values allow us to interpret the model’s results by retrieving
the most important policy instruments for this classification. SHAP
values combined with XGBoost have been used to unravel non-linear
relationships for multiple applications (e.g., Batunacun et al., 2021;
Jaxa-Rozen and Trutnevyte, 2021; Yang et al., 2021). We also explore
how energy investments are linked to general tendencies in the out-
comes of policy mixes by retrieving the total capacity of different
heating system types, solar PV and batteries, and retrofit savings that are
promoted by each cluster of policy mixes.

3. Results
3.1. Trade-offs between policy mixes

Our analyzed policy mixes yield a large variety of outcomes in terms
of promoted emission savings, net public spending, and distributional
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justice (Fig. 2). At this point, we do not find a single-best policy mix that
outperforms the rest in the four outcomes considered (cf. Discussion
section), and therefore there is always a trade-off to accept. However, we
observe a group of policy mixes — those at the upper left and front corner
of Fig. 2 — that can be considered better solutions to encourage emission
savings, as for similar levels they promote comparatively lower and
more equal relative heating and electricity costs for households at
similar or lower potential costs for the public budget. There are syn-
ergies too, for example, when more public spending leads to lower
household cost and lower Gini values and thus higher distributional
justice, or when it leads to higher emission savings as these measures are
positively correlated (Appendix Fig. C2). Nevertheless, the specific
regulation in place and how subsidies are allocated to the different low-
carbon technologies have an important impact, as public spending alone
only explains a limited portion of the variance in emission savings. There
is an even stronger correlation between equality and costs to house-
holds: policy mixes that promote less expensive energy investments also
promote a more equal distribution of costs among households, leading to
a more decisive justice outcome. Policy mixes that would potentially
require lower public spending and lead to lower costs for households do
not necessarily encourage lower emission savings, meaning that some
energy investments lead to emission savings that are more cost-effective
than others.

By encouraging energy investments with subsidies and taxes and
enforcing them through regulation, policy mixes yield total emission
savings above 4.8 MtCOyey/year and up to 5.9 MtCOzq/year for a
sample size of 81.5 % of the whole Swiss household population. If these
savings are proportionally scaled to the whole of Switzerland, without
considering embodied emissions, they translate to more than 60 % of the
emissions from heating fuel and electricity use in residential buildings in

olls &
rr/b,-,y Choley ens. <
e (%
°)

Gini (household heating and electricity cost shares)
—_——  —
0.47 0.48 0.49

Fig. 2. Trade-offs between promoted emission savings, net public spending,
level of equality and average household heating and electricity cost shares of all
118'098 simulated policy mixes. Equality is operationalized through the Gini
coefficient, with 0 corresponding to perfect equality and 1 to perfect inequality.
Results are obtained from a sample which covers 81.5 % of the size and di-
versity of all Swiss households as captured by the HBS (BFS, 2015), and thus do
not represent total values for the whole of Switzerland.
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2021. Importantly, 3.5 MtCOzeq/year of total savings are already
economically profitable for households with no policies (Appendix
Fig. C9), confirming the existence of the energy efficiency gap. Policy
mixes thus promote 35 %-68 % additional emission savings beyond
those that are anyway economically profitable for households. The
majority of emission savings are mainly due to reduced heating fuel use
as a consequence of retrofits and the electrification of heating. These
savings largely outweigh the embodied emissions of new installations
and retrofits, as well as potential slight increases in emissions from
households’ electricity use, even with our pessimistic assumption where
the emission factor of the Swiss electricity is static (Appendix Fig. C9).

3.2. The relation between energy investments and policy mix outcomes

Here, we aim to explore which energy investments are promoted by
the different policy mixes and how promoting some energy investments
over others is associated with policy mix outcomes. We capture general
tendencies in outcomes by clustering the 118'098 policy mixes (Section
2.5), where we obtain sixteen clusters (Fig. 3 and Appendix Table C2 for
descriptive statistics). This step enables us to link ranges of promoted
energy investments to ranges of outcomes (Fig. 4 and Appendix Fig. C3).
After presenting all clusters, we present here results for four represen-
tative clusters that cover the span of the outcomes we consider, while the
results for the rest of the clusters are available in Appendix C.

Even without policy, there are some energy investments that appear
more cost-attractive in the long run for households than others. Heat
pumps represent the largest share of cost-attractive heating system ca-
pacity, especially air-source heat pumps which can be implemented in
most locations (Fig. 4 and Appendix Fig. C3). To a more limited extent,
district heating is also a feasible and cost-attractive option. Even if not
banned, oil, gas, electric, and wood boilers are not as competitive energy
investments in terms of long-run costs as heat pumps and district heat-
ing. Policy mixes that promote further emission savings than those that
are anyway profitable without any policy do so by further promoting the
phaseout of oil and gas boilers, favoring the abovementioned low-
carbon heating systems, through retrofits, and also promoting solar PV
beyond the comparatively small amount that is profitable for households
without subsidies. Despite modeled subsidies and taxes, and although
electric batteries and solar thermal collectors can be interesting from
other perspectives, neither appear as cost attractive for households
under any simulated policy mix.

In terms of the relation between different energy investments and
policy mix outcomes, on one hand, clusters that with similar retrofit
savings promote higher uptake of solar PV (e.g. the forest green-colored
cluster with respect to light purple-colored cluster in Fig. 4) also
encourage a higher uptake of heat pumps. Consequently, oil boilers are
phased out to a greater extent and larger emission savings can be ob-
tained. The reason for this is that the availability of self-produced
electricity makes heat pumps more cost-attractive than fossil fuel
boilers, and also reduces the overall carbon intensity of the electricity
that households consume. Despite Switzerland’s high share of renewable
electricity already, and the expectation that the carbon content of Swiss
electricity is going to decrease with the electricity sector transition
(Prognos AG; INFRAS AG; TEP Energy GmbH; Ecoplan AG, 2021), it is
still non-negligible due to the imports from the neighboring countries
(Romano et al., 2024). On the other hand, promoting decarbonization
through retrofitting the dwelling envelope and thus allowing lower
installed heating capacities and lower heating fuel use (e.g., the salmon-
and light blue-colored clusters in Fig. 4) leads to more unequal and
higher costs for households than solely focusing on the electrification of
heating. Deep dwelling envelope retrofits are an expensive solution
(Appendix B1): they lead to either high costs for households if subsidies
are low, high public spending if subsidized, or both. Only policy mix
clusters promoting low levels of energy savings through retrofits (e.g.
the forest green- and light purple-colored clusters in Fig. 4) achieve both
low and more equally distributed costs for households at constrained
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Fig. 3. Policy mix clusters obtained through K-means clustering. The two cubes depict the four different measured outcomes for the 118'098 policy mixes that we
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public spending.
3.3. The relation between policy instruments and policy mix outcomes

In order to investigate which combinations of policy instruments are
associated with which policy mix outcomes, we identify which policy
instruments characterize each of the sixteen clusters of mixes that we
obtained in Fig. 3. Using an XGBoost classification model and the
analysis of SHAP values, we retrieve results for the same four clusters
presented in Section 3.1 here (Fig. 5) and display the remaining clusters
in Appendix Fig. C5. We focus on the analysis of policy instrument
combinations and not of standalone policy instruments because the ef-
fect of the policy instruments on public spending, emission savings, and
justice largely depends on the rest of the instruments in the mix
(Appendix Fig. C6). Overall, the most important policy instruments to
characterize the clusters, i.e. those with higher mean absolute SHAP
values and thus the highest influence on policy mix outcomes, are the
requirements to install PV when renovating roofs and to retrofit the
envelopes of worst-insulated dwellings (Appendix Fig. C4). Subsidies for
dwelling retrofits are the second most influential instrument (Appendix
Fig. C4) with a big effect on household costs and public spending
(Appendix Fig. C6). Subsidies for heat pumps and to a smaller extent
energy taxes are the third and the fourth most important instruments
respectively (Appendix Fig. C4), especially influencing promoted emis-
sion savings (Appendix Fig. C6). Subsidies for PV panels are also
important in determining which combinations of energy investments
appear as the most profitable for households (Appendix Fig. C4) and
therefore influencing the policy mix outcomes. However, the bans on
installing electric and fossil fuel boilers, as well as subsidies for district
heating, wood boilers, electric batteries, and solar thermal collectors
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have lower or even null effect (Appendix Fig. C4). Bans almost do not
affect the possible ranges of promoted emission savings by the policy
mixes (Appendix Fig. C6) and are not particularly associated with policy
mixes promoting high emission savings (see Appendix Fig. C5) because
in the near term they would only affect a portion of households with
fossil fuel heating systems, and most importantly, because the most
profitable option of new heating system for these households is rarely a
fossil fuel boiler anyway.

Mid-high and high emission savings above 5.6 MtCOz¢q/year for a
sample size 81.5 % of the whole Swiss household population are most
associated with a combination of high energy taxes and high subsidies
for heat pumps. We obtain this result by identifying the policy in-
struments with high SHAP values that describe clusters promoting mid-
high and high emission savings (e.g., the salmon- and forest green-
colored clusters in Figs. 4 and 5) and not the rest of the clusters (e.g.,
the light blue- and light purple-colored clusters in Figs. 4 and 5). On top
of these instruments, a PV requirement and high subsidies for PV and
retrofits (therefore most of the forest green-colored cluster in Figs. 4 and
5) promote slightly higher emission savings above 5.8 MtCOa¢q/year
and 14 times the solar PV capacity up to 3220 MW. The advantage of this
combination of policy instruments is that substantial savings are pro-
moted at constrained public spending and, at the same time, households
can achieve low and equally distributed long-run costs of heating and
electricity. A retrofit requirement on top of the PV requirement, with the
high energy taxes and heat pump subsidy mentioned above (most of the
salmon-colored cluster in Figs. 4 and 5 and the dark blue, yellow, light
grey and dark grey-colored clusters in Appendix Fig. C3 and C5), pro-
mote even slightly higher emission savings above 5.9 MtCOy/year and
at least 12.4 TWh/year of energy savings, instead of at most 0.8 TWh/
year without the retrofit requirement. However, this combination of
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Fig. 5. Impact of policy instruments (as SHAP values) on the policy mix outcomes (as XGBoost classification models of four selected clusters of policy mixes).
Appendix Fig. C5 presents the rest of the clusters. SHAP values — represented as points — depict the extent to which each policy instrument of each policy mix
contributes to classifying that policy mix as part of a cluster (positive SHAP value) or as not being part of a cluster (negative SHAP value). The color of the SHAP
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instruments comes with the trade-off of higher public spending and/or
higher household costs, depending on the retrofit subsidies. Another
option to promote high emission savings above 5.8 MtCO2q/year and at
least 12.4 TWh/year of energy savings would be a retrofit requirement
only, high energy taxes, and a high heat pump subsidy (most of the
cream-colored cluster in Appendix Fig. C3 and C5). However, compared
to the same mix but with the PV requirement, up to 10 times less PV
capacity would be promoted.

High net public spending is mostly associated with high subsidies for
dwelling envelope retrofits up to 40 % of investment costs when com-
bined with stringent retrofit requirements affecting dwellings with G to
D efficiency labels. This is the combination of policy instruments with
high SHAP values that describes clusters with high public spending (i.e.
the dark pink- and salmon-colored clusters in Appendix Fig. C3 and C5)
and not the rest. High subsidies for retrofits but with less stringent
retrofit requirements only for dwellings with G and F efficiency labels
are also associated with clusters with high — but slightly lower — public
spending (i.e. the dark purple- and light grey-colored clusters in Ap-
pendix Fig. C3 and C5). Additionally, by observing the distribution of
public spending across individual policy instruments (Appendix
Fig. C6), we find that first subsidies for heat pumps, and then to a lower
extent for PV, are also important in determining the potential costs for
the public budget. Compared to subsidies for other low-carbon tech-
nologies, the same proportional changes in the amount of these subsidies
lead to higher changes in public spending. As we measure the potential
short-term impact of the policy mixes on net public spending (see Sec-
tion 2.4) and because the different tax levels only lead to very limited
changes in the distribution of net public spending (Appendix Fig. C6),
we find that taxes have a limited effect on net public spending.

On one hand, distributional justice, defined as the promotion of
equally distributed and low relative heating and electricity costs for
households, is associated with a combination of the PV requirement,
high energy taxes, and high subsidies for heat pumps, PV, and retrofits
(i.e., the forest green-colored cluster in Figs. 4 and 5). It is also associ-
ated with policy mixes characterized by no requirements, and high
subsidies for heat pumps (part of the light green-colored cluster in Ap-
pendix Fig. C3 and C5). These combinations of instruments receive high
SHAP values for clusters with high equality and low costs for households
and not the rest. In addition, a combination of no requirements with no
or low subsidies for low-carbon technologies (the light purple-colored
cluster in Fig. 5 and dark green-colored cluster in Appendix Fig. C3
and C5) also promotes equally distributed and only slightly higher costs
for households. The former of the combinations is associated with mid-
high emission savings, while the latter can be described as an environ-
ment with almost no policy that promotes low emission savings. Almost
no policy promotes mid-low and equally distributed relative household
costs as, even though investments are not subsidized, households are not
forced to energy investments that are not the most economically prof-
itable in the long run. On the other hand, low equality in the distribution
of household costs is particularly associated with the requirement to
retrofit dwellings with G and F efficiency labels and low subsidies for
retrofits (Appendix Fig. C6 and the dark grey and light blue-colored
clusters in Appendix Fig. C3 and C5). A combination of the more strin-
gent requirement to retrofit dwellings with G to D efficiency labels and
low subsidies for retrofits is associated with slightly lower inequality as
this combination affects more households, but also with the highest
average household costs (i.e. the dark blue- and light pink-colored
clusters in Appendix Fig. C3 and C5).

3.4. Distributional impacts by household groups

To give further insights into distributional justice, we quantify the
distributional impacts of the policy mixes across household groups. We
find disparities in the extent to which the different groups can achieve
low heating and electricity costs relative to their disposable income in
the long run, especially across equivalized income quintiles and
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household structures (Fig. 6 and Appendix Fig. C7). For the clusters
promoting the most unequal distribution of costs among households (i.e.
the light blue- and dark grey-colored clusters in Appendix Fig. C3), we
find differences up to 8.0 % in average heating electricity cost shares
between household structures, and 11.2 % between the most and least
affluent household groups (Appendix Fig. C7). Under all policy mix
clusters and on average, the lowest-income group, older people living
alone, dwelling owners (considering full pass-through of energy in-
vestment costs from the property owners to tenants), rural households,
and households from the less populated cantons are those whose mini-
mum achievable heating and electricity costs are the highest. Put
differently, these are the groups that would need to make the highest
economic effort to achieve the collective emission savings promoted by
the different clusters in Fig. 4 and Appendix Fig. C3. On the flip side, the
highest income group, couples with children, tenants, urban households,
and households from the cantons of Geneva and Lucerne, would need to
make the lowest economic effort. Household groups that face the highest
long-run costs align closely with those that would need to face the
highest investment relative to disposable income, or, in other words, the
most credit-constrained (Appendix Fig. C8). However, the latter are only
dwelling owners and not tenants, as tenants face investment costs only
indirectly and spread over time through rent increases. Conversely,
owner-occupants of dwellings must raise these upfront costs and, only if
they have access to loans, can distribute payments over time.

There are very few differences between policy mix clusters in the
order of household groups by minimum achievable heating and elec-
tricity cost shares. Although most policy mixes impose higher costs than
no policy, the order of household groups by cost is also very similar with
and without policies. This means that the extent to which households
can achieve low heating and electricity costs in the long run is mostly
driven by the pre-existing dwelling characteristics and not policy mixes.
However, policy mixes including retrofit requirements (e.g. the salmon-
and light blue-colored clusters in Fig. 6) especially target and econom-
ically burden men over 65 years old who live alone. Concentrating the
economic burden on this household group helps explain why policy
mixes with retrofit requirements obtain a lower equality outcome. With
retrofit requirements, older men would be imposed large investments
and bear the highest economic burden because, in this study’s sample
and among groups of people living alone, they live in and own more
often larger houses with low envelope efficiency, have comparatively
high electricity and heating consumption, and have a comparatively low
disposable income (Appendix Table A4). Overall, high household costs
relative to disposable income are due to a combination of factors. They
are associated with households with fewer members, as these house-
holds have lower income and can profit less from the economies of
sharing compared to households with more members. High costs are also
associated with households living in larger dwellings more often located
in less densely populated areas, as they require bigger systems and thus
more expensive energy investments. Households living in older dwell-
ings are also associated to high costs, as these dwellings tend to be more
carbon intensive and thus require more energy investments.

4. Discussion

Our findings show that certain policy mixes in Switzerland would
perform well in terms of encouraging emission savings with limited
public spending and distributional justice, without substantial trade-
offs. Requiring households to install PV when renovating roofs,
increasing the current energy taxes, and offering subsidies of up to 40 %
of investment for heat pumps, PV, and retrofits would encourage sub-
stantial emission savings. This would be achieved by making fossil fuel
heating rarely cost-attractive in the long run, increasing the attractive-
ness of heat pumps, reducing the carbon footprint of household elec-
tricity consumption, and promoting some retrofits where closer to being
economically profitable. While these types of policy mixes would impose
PV investments on households that renovate roofs, the issue of
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households being credit-constrained is limited compared to other policy
mixes and it could be mitigated by low-interest loans or rent-a-roof PV
schemes. The PV requirement would additionally allow multi-family
buildings to overcome the barrier of deciding on a common project to
profit from economies of scale. Such a policy mix would result in
comparatively low and equally distributed heating and electricity costs
for households in the long run relative to their disposable income. The
mix would also have a limited impact on public spending as we show,
and it could be socially acceptable too as it aligns with popular policies
in Switzerland: more generous subsidies, better information, less bu-
reaucracy related to subsidies and building permits, and higher focus on
PV and heating systems, despite tax-related measures not being popular

(Wekhof and Houde, 2023). On top of the policies mentioned above,
with greater than current ambition, Switzerland could also oblige
dwellings with the least efficient envelopes to be deeply retrofitted.
While this would ensure further emission and energy savings in line with
Swiss energy efficiency goals (EnDK, 2022), requiring such retrofit
depths with high subsidies for retrofits would imply a high cost burden
on the public budget. Lower subsidies would otherwise imply higher
household investments and would place an especially high economic
burden on older people living alone and less affluent households, lead-
ing to higher and more unequally distributed costs among households.
Higher access to loans — often difficult to obtain by older and less
affluent people — could counter these adverse impacts. At the expense of
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energy and cost savings, less ambitious versions of this requirement
could counter its adverse impacts too.

Despite several studies evaluating ex-ante emission savings in the
residential sector due to energy policy mixes (Hesselink and Chappin,
2019; Mundaca et al., 2010), we found only one similar study by Nageli
et al. (2020) for Switzerland. In contrast to us, Nageli et al. (2020)
modeled temporal dynamics and considered bounded rationality in in-
vestment decisions, since their main goal was to estimate emission
savings and not to explore distributional justice implications. Despite
the different approaches, some results are compatible between the two
studies. Similar to us, they found that renewable generation re-
quirements are effective in promoting the phase out of residential fossil
fuel heating in Switzerland, especially with financial incentives on top.
Furthermore, they observed that financial incentives alone are not
enough to promote dwelling retrofits as we also did, because substantial
energy savings through retrofits are only promoted in the presence of
requirements. However, they noted that bans are key to phasing out
fossil fuel heating, which we did not find as we do not consider other
barriers and drivers to technology adoption than costs. In our analysis,
fossil fuel heating is rarely the most cost-attractive option in the long run
anyway. Apart from bans, we also acknowledge that other comple-
mentary policy instruments could help households overcome behavioral
and other barriers, achieving higher emission savings. For instance,
green leases could help overcome the tenant-owner dilemma
(Astmarsson et al., 201 3), low-interest loans could help overcome the
lack of capital barrier, and awareness campaigns, energy labels, or en-
ergy audits could overcome the households’ lack of information
(Hesselink and Chappin, 2019). Personal carbon allowances and
energy-saving feed-in tariffs are also examples of innovative policies
that could further encourage emission savings (Bertoldi, 2022). In terms
of public spending, Nageli et al. (2020) similarly found that revenues
from the CO, tax will most likely not be sufficient to cover spending on
subsidies in the long run. To ensure the cost-effectiveness of the policy
mix, there is hence a need for better targeting of subsidies to support
those in need and avoid free-riding (Allcott et al., 2015).

Although some of our findings resonate with insights from existing
energy justice literature, a key contribution of our study is the nuanced
quantification of distributional policy impacts due to the richness of the
underlying data. Recent studies have started quantifying distributional
aspects using nationally representative microdata (Landis et al., 2019;
Vandyck et al., 2021; Weitzel et al., 2023), yet they often focus on
climate policies, depict impacts across fewer societal groups, or repre-
sent a more limited suite of available technical solutions. We screen
through a wide array of mixes to decarbonize the Swiss residential sector
and find that on average, less affluent households, older people living
alone, dwelling owners, rural households, and households from the less
populated cantons are the groups who appear as the most economically
burdened since, relative to their disposable income, they are required to
face higher investments to minimize long-run costs for heating elec-
tricity, and because these minimum achievable costs are higher than for
other household groups. Although such costs are a useful indicator to
quantify the justice of mixes, they are just minimum costs and not
necessarily the actual costs that households will pay, as we assume that
the households choose the combination of investments that leads to the
least annualized discounted long-run costs. In reality, under policy
mixes that encourage investments rather than enforce them through
regulation, the actual costs might be higher and might even change the
rankings of the most economically burdened. For instance, without bans,
the users of fossil fuel heating would most likely incur higher costs than
the minimums we show, as their familiarity with the technology will
likely refrain them from investing in other technologies that might be
cheaper in the long run (Lang et al., 2021). Incurring higher costs could
also be especially the case for male people, people with a lower level of
education, and people with a higher rental value for their homes,
because in Switzerland these groups especially report high investment
costs as a barrier to energy investments (Wekhof and Houde, 2023).
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Older people and female people could also incur higher costs than
calculated as they especially report cautiousness to invest because they
feel that they are too old and do not have enough time to gather the
benefits (Wekhof and Houde, 2023). Last, tenants would also most likely
incur higher costs than the minimums we show as the energy investment
decision depends on dwelling owners, and their interests might not
align. In sum, barriers to profitable investments that especially affect
certain household groups risk exacerbating inequalities. Therefore,
apart from promoting additional emission savings, justice promotion is
another reason to include complementary policies to the ones we
simulate in the mix.

Overall, we provided a methodology and new insights into which
energy policy mixes Switzerland could adopt to foster a just, effective,
and budget-conscious household energy transition. Results regarding
the potential for emission savings and public spending of policy mixes
are to some extent applicable to countries with a similar dwelling stock
in terms of equipment and energy consumption. Results regarding
distributional impacts could be transferred to countries that, in addition,
have a similar household distribution, e.g., dominated by urban tenants
living in flats and high income with respect to energy expenditures.
Moreover, the methodology is replicable and can be applied in other
contexts as long as similar survey data exists. However, for more pre-
dictive rather than explorative purposes, such as estimating expected
rather than potential emission savings from specific policy mixes, the
modeling of energy investment decisions would need to be more realistic
and involve economic, structural, and behavioral barriers to in-
vestments, as well as drivers like peer effects. For that, there are options
to model bounded rationality (e.g., Edelenbosch et al., 2022) or use
implicit discount rates (Schleich et al., 2016). A complementary option
to estimate expected emission savings rather than an upper treshold,
would be to use empirical lifespans of equipment instead of the theo-
retical ones used for cost-benefit analysis. Longer empirical lifespans
would better replicate the natural replacement cycle of equipment as
households extend equipment usage for various reasons, such as post-
poning investments imposed by regulation.

Regarding future work, a dynamic rather than static modeling
approach, accounting for evolving prices, emission factors, costs, tech-
nology retirements, household composition, and the aging of population
and dwellings, could be implemented to explore the effects of policy
mixes over time to 2050 and their sequencing. Such an approach would
yield new insights; for instance, the expected decrease of the emission
factor of electricity consumed in Switzerland (Prognos AG; INFRAS AG;
TEP Energy GmbH; Ecoplan AG, 2021) would make policy mixes that
promote electricification even more attractive from the emission savings
perspective compared to our current static analysis based on recent
emission factors. To account for these evolving conditions, we are
extending the model of this study to be dynamic in a future publication,
where we will also incorporate empirical lifespans of equipment and
implicit discount rates that capture resistance to energy investments. In
future work, our focus on three evaluative outcomes of emission savings,
public spending, and justice could also be expanded, especially in terms
of justice. Apart from quantitatively evaluating distributional justice,
the procedural, recognitional, corrective, and transitional justice of the
energy policy mixes could be explored too (Zimm et al., 2024).
Regarding distributional justice, equality in terms of the distribution of
household costs could take into account over and underconsumption,
justice could be estimated using other justice principles than only
equality (Torné and Trutnevyte, 2024; von Platz, 2018), and it could be
based on the distribution of other impacts than only costs (Urge-Vorsatz
et al., 2016). Future work could also explicitly measure energy poverty
(e.g., through a Low Income Low Energy Efficiency indicator (GOV.UK,
2025)) and capture cases of deprivation (Vivier and Giraudet, 2024). It
could also examine the feasibility of implementing the mixes and
consider their design, implementation, and enforcement costs (van den
Bergh et al., 2021), or investigate their political viability and social
acceptance (Huber et al., 2020). Rebound effects (Bohringer and Rivers,
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2021), which could lessen the effectiveness of policy mixes, and indirect
effects of policy mixes through the economy (Naess-Schmidt et al.,
2015), for instance, the additional distributional impacts associated
with financing expensive policy mixes, could also be considered.

5. Conclusion and policy implications

This study advances the quantitative evaluation of residential
decarbonization policies by introducing a static microsimulation
approach that combines highly granular microdata — linking household
socio-economic and technical dwelling characteristics — with the rep-
resentation of rich technical detail through a broad range of energy co-
investments available to households. This enables a nuanced quantifi-
cation of distributional justice impacts across multiple household
groups, alongside policy effectiveness and cost. This study also show-
cases an analytical method to screen across a wide array of policy mixes
and, taking account of interactions between instruments, to obtain
valuable insights on the most influential instruments, on the effects of
individual instruments, as well as on appealing combinations of
instruments.

We apply this methodology to Switzerland and evaluate the imme-
diate potential for emission savings of the policy mixes, how they could
impact public budget spending, and especially to what extent and how
equally they could represent an economic burden for households. As
expected, we find that regulation rather than price-based instruments
shape these outcomes the most. We also find that although substantial
emission savings are already profitable for households in Switzerland
even without policy, a combination of a PV requirement, increased en-
ergy taxes, and high subsidies for heat pumps, PV and retrofits would
promote even higher emission savings at limited costs to the public
budget, while allowing for lower and more equally distributed heating
and electricity costs for households. Additional requirements to deeply
retrofit the least efficient dwelling envelopes would ensure further
emission savings and lower energy consumption, but at a high cost for
the public budget. Lowering retrofit subsidies could counter this adverse
effect, but at high and more unequally distributed costs among house-
holds. Our study also reveales that lower-income households, older
people living alone, dwelling owners, rural residents, and those from less
populated Swiss cantons risk bearing a higher economic burden to
achieve collective emission savings. Adding complementary policies to
the mix could protect these household groups, further ensuring justice,
and help these and other households overcome real-world barriers to
energy investments, further ensuring emission savings.

Apart from providing policy insights for Switzerland and a replicable
methodology for other countries, this study underscores broader policy
implications. First, specific policy instruments interact to amplify or dim
individual effects on emissions, costs, or distributional justice as we
demonstrate, hence policy decision-making should not solely rely on
evaluations of standalone instruments. Second, decision-makers should
require researchers to carefully evaluate regulation-based policies.
While regulation-based instruments can be more effective than market-
based ones in achieving emission savings and other goals, since they
enforce rather than merely encourage mitigation, these regulation-based
instruments also carry a higher risk of negative consequences on justice.
Third, as this study also demonstrates, there is a risk that some policy
mixes can concentrate negative economic impacts on specific societal
groups and exacerbate existing inequalities. As these justice implications
are not straightforward to foresee, it is crucial to quantify distributional
impacts and not only aggregated effects. Finally, where possible, high-
quality large-n survey data should be repeatedly collected on house-
hold energy use and spending as this data enables micro-level simula-
tions of policy effects that are an effective way to uncover distributional
impacts.
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