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The new EU's Energy Efficiency First (EE1) Principle was enshrined to level the playing field between supply-side
and demand-side solutions in energy policy. It requires to verify whether the objectives of large-scale energy-
related investments could be achieved more cost-effectively using energy efficiency. Relying on cost-benefit
methodologies, such assessments should include wider impacts of examined measures. However, several tech-
nical parameters to carry out these assessments are not specified. In this study, we model a large number of
combinations of supply- and demand-side measures in the EU residential sector. We found that across all
examined approaches and countries, energy efficiency is cost-optimal on average for 69% + 21% of buildings.
Yet, we also show stark differences in cost-effectiveness of energy efficiency solutions when varying key pa-
rameters, with particularly cost perspective and discount rate having considerable effects. As well as revealing
misalignments in legislative frameworks and cost-optimal levels of energy efficiency at national level, our results
provide an analytical basis to further clarify and narrow down technical details of the envisaged cost-benefit
methodologies: In spite of its essential role in energy policy in promoting cost-effective energy efficiency mea-
sures, strengthening assessments' technical details will be key to ensure the EE1 principle's effectiveness and

ambition.

1. Introduction

In light of the efforts to decarbonise worldwide economies, energy
efficiency plays a central role. According to the IEA's net zero 2050
scenario, energy efficiency could contribute more than a third of
necessary carbon emission reductions (IEA, 2024b). Furthermore, nearly
200 countries at the 2023 COP vowed to double the global annual rate of
energy efficiency improvements by 2030 (IEA, 2024b). However, while
the cost-effectiveness of energy efficiency is hardly contested in the
scientific community, the implementation of measures is lagging behind
these figures. This results in a significant energy efficiency gap,
describing the difference between cost-effective and actual imple-
mentation of energy efficiency measures (Gerarden et al., 2017; Jaffe
and Stavins, 1994).

Several publications have tried identifying the reasons for this gap.
Brought up explanations include inter alia a perception that future
benefits will not match the necessary upfront investments, high trans-
action costs due to the necessary decentral implementation scale, and

the number of necessary actors compared to decarbonisation measures
that can be addressed centrally (e.g. installation of utility-scale renew-
ables) (Brown and Wang, 2017; Mandel and Pat6, 2024).

One approach to alleviate this mismatch has been the focus on
Multiple Impacts (MIs), which underline the wide-ranging, mostly pos-
itive additional effects of energy efficiency measures (IEA, 2023). These
cover environmental aspects such as reduced air pollution and green-
house gas emissions, social impacts like alleviation of energy poverty
and health benefits, and economic effects ranging from saved energy and
emission certificate costs (from emission trading schemes), over addi-
tional value creation and employment to improved energy security
(Campbell et al., 2014; Reuter et al., 2020). While pertinent research
goes back even further (Hasanbeigi et al., 2013; Heffner and Campbell,
2011; Jakob, 2006; Ryan and Campbell, 2012; Selvakkumaran and
Limmeechokchai, 2013), the International Energy Agency's 2014 land-
mark publication “Capturing the Multiple Benefits of Energy Efficiency”
(Campbell et al., 2014) has catapulted the topic into the spotlight of
energy efficiency research (Fawcett and Killip, 2019; Kerr et al., 2017;
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Killip et al., 2019). Yet, this widespread attention has not resulted in a
significant closing of the energy efficiency gap.

This was until the EU Green Deal's overhaul of key climate-related
directives reached the Energy Efficiency Directive (EED), enshrining
the Energy Efficiency First (EE1) Principle in its Article 3 to level the
playing field between supply- and demand-side options (Energy Effi-
ciency Directive, 2023). This principle requires “cost-benefit method-
ologies that allow proper assessment of the wider benefits of energy
efficiency solutions”. Furthermore, the recast directive specifies the
requirement to consider the wider benefits in cost-benefit analyses for
major investments beyond 100 million € (175 million € for transport
infrastructure projects).

In this paper, we analyse the impact of different interpretations of the
EED's EE1 Principle. Thereby, for the first time, we showcase the im-
plications of the principle's scope for interpretation concerning technical
transposition details on the legislation's ambition. We develop a
framework to systematically compare solutions using differing assess-
ment methods, cost perspectives, reference baselines, and societal dis-
count rates to implement the requirements of the EE1 principle in
decision-making processes. We assess the impact and sensitivity of
these different approaches on results at the example of the residential
sector across EU Member States. Finally, we discuss resulting conse-
quences, issues, and policy proposals that could help redress these
concerns. Thereby, we enable policymakers to identify the most
important technical details to specify in order to ensure the EE1 prin-
ciple is implemented in an ambitious and expedient manner.

The developed framework and model as well as their limitations are
described in Chapter 2, followed by a presentation of results across the
four assessment parameters evaluation approach, cost perspective,
reference baseline, and societal discount rate in Chapter 3. Finally, these
results are discussed along policy implications and put into the legisla-
tive context of the EE1 Principle in Chapter 4.

2. Methodology and data

The developed framework builds on four parameters defining the
inclusion of MIs in policymaking: evaluation method (cost-benefit
analysis versus weighted cost-benefit analysis), cost perspective (socie-
tal versus private cost perspective), reference baseline (status quo versus
carbon neutrality baseline), and societal discount rate (discount rate
level) (Chapter 2.1, see Fig. 1). In principle, there are 16 combinations
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possible with the options for the four parameters. However, the com-
bination of weighted CBA with a private perspective is not considered
relevant, as the weighting factors concern indicators merely relevant
from a societal perspective. This affects four approaches, thus the 12
relevant approaches.

In order to assess the impacts of these parameters, a bottom-up en-
ergy demand model for space heating in the residential sector has been
developed and results for the different options have been calculated and
compared (Chapter 2.2).

Finally, limitations and shortcomings of the methodology, the
developed framework, as well as the building stock model are discussed
(Chapter 2.3).

2.1. Developed framework

In order to structure the different approaches that can be used to
interpret the EE1 principle in decision-making, we developed the
framework based on the four parameters mentioned at the beginning of
the section, with two or three competing options for each. The different
options are explained and discussed in the following sections.

2.1.1. Evaluation method

The evaluation method pertains to the way the results from a MIs
analysis are presented in order to be considered in a decision-making
process. This includes the possibility of monetising and including
them in a cost-benefit analysis (CBA), and the option to weigh this CBA,
with the weights based on additional non-monetised indicators.

Of course, there is also the possibility to merely provide an overview
of the MIs, either in physical values or in monetary terms, without
blending them into a single score or result. Given the difficulties related
to the aggregation of impacts, this is the most common approach for
scientific publications as well as for MIs assessments accompanying
policies (Cluett and Amann, 2015; Kerr et al., 2017; Reuter et al., 2020).
Moreover, given the differing relevance of certain indicators among the
spectrum of MIs for different countries or private actors (Berger et al.,
2022; Kerr et al., 2017), such an overview can be more expedient. In
particular, companies tend to strongly prioritise certain benefits over
others and prefer basing their decisions on them rather than more
intangible scores or financial indicators. However, given the qualitative
nature of this approach in taking MIs into account, it is unsuitable for a
quantitative comparison as envisaged in this study.

12 relevant approaches
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Fig. 1. Workflow of the study. It shows the process from development of the framework and model to the calculation and analysis of results. Abbreviations: CBA;
WCBA: normal & weighted cost-benefit analysis, Soc.; Priv.: societal & private cost perspective, SQ; CN: status quo & climate neutral baseline, 2%; 10%: 2% & 10%

societal discount rate.
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Thus, the approach of merely providing an overview of the different
indicators for MIs will not be considered and discussed in greater detail
in this paper. Instead, using a weighted cost-benefit analysis as well as a
monetisation of impacts and inclusion in a cost-benefit analysis are
described in the subchapters to come.

2.1.1.1. Monetisation with cost-benefit analysis. A more refined approach
is to monetise the analysis criteria and compare the solutions in the
framework of a cost-benefit analysis (CBA). The latter can be done by
assessing economic indicators such as net present value, annuitised
costs, levelised costs, etc (Thema et al., 2019).

In this study, annuitised costs are used to carry out the CBA
(Konstantin and Konstantin, 2018).

2.1.1.2. Weighted cost-benefit analysis. Yet, a shortcoming of the mon-
etisation approach is the difficulty in monetising certain indicators,
especially considering the risk of double counting, often making it
impossible to take all relevant criteria into account (Urge-Vorsatz et al.,
2016).

For instance, the legal text of the EE1 principle calls for consideration
of wider societal impacts, inter alia specifically naming distributional
effects, which describe how benefits and costs of measures affect
different wealth and income brackets. However, the monetisation of
distributional effects or tackling of energy poverty is a difficult issue,
since a priori the same money flows might occur, only to different re-
cipients. Thus, depending on the cost perspective, a CBA is oblivious to
distributional effects, with the same result expected for a measure
mainly targeting more affluent households as one exclusively targeting
the lowest social bracket (though beyond a certain income threshold,
measures could be financed by those groups on their own). But even
from a private perspective, it is hard — if not impossible - to monetise the
additional benefit of targeting more deprived households on a larger
scale, while the associated necessary higher subsidy rates tend to
negatively impact such measures’ cost-effectiveness (Rosenow et al.,
2013).

Similarly, indicators relating to energy security, such as impact on
import dependence, are typically omitted from CBAs. As became evident
in the aftermath of Russia's invasion in Ukraine, high import dependence
as well as limited supplier diversity can leave states exposed to geopo-
litical tensions and dependence situations from unfavourable partner
countries, as well as subsequent energy price hikes and inflation epi-
sodes (IEA, 2024a; Sun et al., 2024; Vivoda, 2009). Despite their general
political relevance (Berger et al., 2022), such indicators are hard to
include in a CBA, due to the nearly impossible task of attributing a
marginal price component for non-domestic energy, whether as direct or
social cost. Also, when MIs are analysed at smaller scales (company or
municipality level) individual benefits appear small and shared with
many other actors.

An approach to alleviate this shortcoming is to use these non-
monetisable indicators to weight the results of the CBA. Thus, key
non-monetisable indicators can still impact the selection of the best-
suited solution.

In this paper, we exemplarily use the indicators “People lifted out of
energy poverty” as well as “Impact on import dependence” as weighting
factors, which are then multiplied with the results of the CBA. The two
indicators have been selected for their straightforward quantification
but difficult monetisation and having been considered particularly
relevant by most policymakers in Berger et al. (2022). Furthermore, the
newly enshrined EE1 principle explicitly mentions both indicators
(Energy Efficiency Directive, 2023). Energy poverty is defined along the
2M methodology described in Gouveia et al. (2023), covering house-
holds spending more than twice the share of income on residential en-
ergy consumption compared to the median household. Import
dependence is defined as the quantity of the affected energy carrier
typically being imported from abroad. The exact quantification of these
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indicators is described in the section on Weighting factors.

2.1.2. Cost perspective

The cost perspective concerns which costs and benefits are consid-
ered. While a government might have a vested interest in societal im-
pacts, such as reducing local and greenhouse gas pollution, these kinds
of benefits merely sporadically influence private actors’ decision, which
mainly hinges on economic viability (Arnold-Keifer et al., 2025; Berger
and Rohde, 2021).

2.1.2.1. Private perspective. The private perspective covers all costs and
benefits relevant to a private actor when taking the decision. This en-
compasses straightforward aspects like investments, energy cost savings,
network charges, taxes, and subsidies, but also wider internalised im-
pacts, particularly carbon cost from the EU emission trading scheme
(ETS). However, societal benefits, such as avoided health costs or local
air pollution, are not considered in this cost perspective (though some of
these costs may impact for example labour availability and productivity
of enterprises). In this perspective, costs are discounted using the
weighted average cost of capital. Depending on the region, it is generally
scattered around a value of 5%, which we use in this study
(Azcarate-Aguerre et al., 2022; Micelli et al., 2025).

2.1.2.2. Societal perspective. The societal perspective considers all as-
pects affecting the whole of society. While also including aspects from
the private perspective, such as investments, energy costs savings, or
network levies, further wider societal effects are also taken into account.
This can inter alia include health effects (due to indoor climate or local
pollutants), social cost of carbon, crop and material damage due to
pollution, as well as several other wider societal impacts.

Transfer payments should be excluded from a societal economic
analysis as they do not alter the real value of the domestic product.
Public transfers, taxes, and subsidies do not represent genuine benefits
or costs to society. While they affect project revenues, they essentially
net out at societal level. Subsidies are viewed as reverse taxes and shift
resources from one party to another, without creating new resources
(Konstantin and Konstantin, 2018). Therefore, when evaluating a pro-
ject's economic impact from a societal perspective, it is essential to
remove these transfers from the calculations, focusing instead on the
actual societal costs of resources (EIB, 2023; Konstantin and Konstantin,
2018).

In this study, considered and monetised societal impacts cover so-
cietal costs of global and local pollutants, health effects linked to air
pollution and indoor climate.

2.1.3. Reference baseline

This parameter pertains to which alternative solutions energy effi-
ciency is compared to. In the past, most cost-benefit assessments
compared it to status-quo technologies. With the emergence of climate
neutrality targets and related scenarios, comparing energy efficiency to
other carbon neutral alternatives can be more sensible, especially when
the share of fossil fuels in the overall energy mix is supposed to strongly
drop in the future.

2.1.3.1. Status quo. With this approach, energy efficiency solutions are
compared to alternatives achieving the same output, no matter their
climate impact. If energy efficiency is not economically more viable,
every other solution is accepted.

In this study, all solutions involving standard or advanced building
retrofitting and/or heat pumps have been considered energy efficiency
solutions. In contrast, solutions with nothing more than maintenance
refurbishment (no substantial upgrade energy-wise) and any heating
technology but heat pumps have been deemed status quo, against which
energy efficiency is assessed.
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2.1.3.2. Carbon neutrality. Given the imperative to reduce greenhouse
gas emissions and avoid lock-in effects considering the relevant tech-
nology lifetimes, an alternative is to merely consider technologies
compatible with climate neutrality targets. This includes technologies
relying on carbon-neutral fuels, as well as those whose energy input can
realistically be decarbonised in the near future (e.g. while electricity is
currently not climate-neutral in most countries, a decarbonised EU
electricity system is realistic in the coming decades).

In this study, all renovation options based on biomass and electricity
are considered carbon neutrality-compatible and used as comparison to
energy efficiency solutions (except for combinations including retrofit-
ting or heat pumps, which are considered efficiency technologies).
Although sustainability and COj-accounting practices of biomass’
combustion are controversial, the use of domestic biomass for heating
can be sustainable, justifying its inclusion in this reference baseline
(Booth and Giuntoli, 2025; Pulles et al., 2022).

2.1.4. Societal discount rate

The discount rate is a financial metric used to determine the present
value of future cash flows, reflecting the time value of money. Discount
rates allow to consider opportunity costs in the form of expected returns
if the resources were invested elsewhere on the market (Garcia-Gusano
et al., 2016; Hermelink and de Jager, 2015; Konstantin and Konstantin,
2018; Schleich et al., 2016).

2.1.4.1. Low discount rate. Under a low societal discount rate, benefits
accruing in the future are given the same or a similar value compared to
the same benefits materialising in the present. This benefits measures
with longer payback periods. Moreover, this increases social cost of
carbon, as these external costs expected in the future are weighted
similarly to present costs.

For the calculations, a low societal discount rate of 2% is used.
Although there are also calls to use a societal discount rate of 0%, as to
societally weight the benefits and costs of future generations equally to
nowadays’ impacts, a 2% is a value several studies recommend at the
lower end of the spectrum (Arnold-Keifer et al., 2025; Hermelink and de
Jager, 2015; Steinbach and Staniaszek, 2015).

2.1.4.2. High discount rate. With a high discount rate, benefits and costs
in the present are weighted significantly higher than their emergence in
the future. As a result, energy efficiency with its long payback periods
and high upfront investments is generally rendered less cost-effective
compared to alternatives with higher operating costs.

For the calculations, a societal discount rate of 10% is used, which
was also used by the European Commission when calculating the costs of
the Fit-for-55-package, a value that was controversially high (Riley,
2021). As Hermelink and de Jager (2015) point out, societal discount
rates of even up to 17.5% were used in previous climate policy impact
assessments by the Commission, justified by the fact that barriers to
energy efficiency need be reflected in societal discount rates. Given the
fact that this study investigates the societal optimum under specified
circumstances and not the realistic costs, we stick to 10% societal dis-
count rate as high value.

2.2. Developed model for the residential sector (buildings)

To assess the impacts of these parameters on cost-benefit results, a
bottom-up energy demand model for space heating in the residential
sector covering all 27 EU Member States has been developed, allowing
the cost-based assessment of different energy-related solutions. This
includes the thermal insulation of buildings as well as the installation of
different individual (building-integrated) heating technologies. In the
following sections, design of the building stock model, cost-calculation
framework, and weighting factors are discussed.
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2.2.1. Building stock model

The building-stock module provides the technical basis for each
renovation package that feeds the subsequent cost-calculation frame-
work. Its workflow involves the following elements.

2.2.1.1. Segmentation of the building stock. For every EU-27 Member
State the residential stock is disaggregated into a 7 x 4 matrix of ar-
chetypes — seven age bands and four building types (single-family,
terraced, multi-family, apartment block) - resulting in 28 different
building stock segments per country (756 EU-wide). Construction pe-
riods, reference geometries and baseline U-values are drawn from the
TABULA typology (Loga et al., 2016). For the ten Member States not
covered by TABULA, we proxy the nearest neighbour with comparable
construction practice (e.g. Croatia — Slovenia).

2.2.1.2. Renovation choice set. Each building stock segment can be
addressed using 21 mutually exclusive renovation packages, each
including an envelope option combined with a heating option:

Status-quo refurbishment without change in thermal performance,
light retrofit, or deep retrofit (3 envelope options) combined with air-
source HP, ground-source HP, electric resistance, woodchip, pellet,
gas, or oil (7 heating system options).

This generates both “do-minimum” refurbishments and actual ret-
rofits. Multiplying these 21 renovation packages by 756 building stock
segments gives 15,876 housing stock segment-renovation package
combinations per model run.

2.2.1.3. Energy need for heating. For every combination the model es-
timates annual energy need for space heating (“useful energy”)
(MWh/yr) with the TABULA Calculation Method (Loga et al., 2013), a
reduced-order implementation of EN ISO 13790 (Energy performance of
buildings — Calculation of energy use for space heating and cooling).
Key inputs are conditioned floor area and component areas (m2);
component U-values after each retrofit depth (W/(mzK));
country-specific heating-degree-days (Kd/yr); and site solar irradiation
(kWh/(mzyr)) (relevant for internal gains). An internal set-point tem-
perature of 20 °C is selected.

2.2.1.4. Temporal framing & system boundaries. The decision year is
2024; costs are included until 2050 (27-year horizon). Demolition and
demographic change are excluded to focus on renovation economics.
Where technology lifetimes are longer or shorter than the 27-year ho-
rizon, reinvestments as well as salvage costs are taken into account.

2.2.2. Cost-calculation framework

For every country i, age band a, building type b and package (en-
velope, heating system) 1, the model selects the least-cost renovation
pathway on the basis of total discounted cost (TC). For a given decision
perspective m (societal or private) the indicator is

TCyup i — ici,a,bl,t‘ﬂm a
iablm 2 (1 T rm)t

Where.

e t =1...27 is the yearly time step,

e n is the assessment horizon (27 years)

e r is the real discount rate (%/yr)

e C is the cash-flow of a given cost item, and

e f is a binary selector that includes (1) or excludes (0) each cost item
under perspective m, according to Table 2.

Public transfers (taxes, subsidies, ETS) are counted only in the pri-
vate perspective because they cancel out from society's viewpoint.
Conversely, external costs (greenhouse gases, air pollution) and wider
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health impacts are internal to the societal ledger but invisible to private
actors. Detailed cost-component formulas, data sources and price set-
tings are provided in the following sections.

2.2.2.1. Capital costs. Capital outlays are expressed as annualised costs
C.qp that enter the total-cost equation (see above). For every package
(Table 1) and perspective m, the equation derives a discounted life-cycle
cost and then converts it to an annuity.

1 I, Sn
Cor= (i k) @
-
a= T+ 3
Where.

Ip: residual, non-written-off value of existing assets, ensuring that
premature replacements carry the penalty of stranded asset value
(EUR),

I;: reinvestment or mid-life retrofit expenditure in year t (EUR),

Sn: salvage value at the end of the 27-year horizon n, based on linear
depreciation of the latest asset (EUR).

Input data for envelope packages (maintenance, light, deep) are
specific investment costs per m? of floor, wall, roof and window taken
from Mandel et al. (2023) for Germany and scaled to each Member State
by Eurostat's price level indices for construction (labour and materials)
(Eurostat, 2022a). Heating-system costs stem from the Danish Energy
Agency technology catalogue (DEA, 2021); catalogue points are
regressed to linear cost-capacity curves and price-adjusted based on
machinery price level indices (Eurostat, 2022b). All figures are
expressed in 2020 euros and exclude VAT, subsidies and other transfer
payments, which are treated separately in the public-charges block of
the cost framework.

2.2.2.2. Energy & fuel costs, network charges, taxes and charges. Energy-
related costs are calculated for each year t as the product of final-energy
demand and the relevant unit price components p. Final demand consists
of (i) useful heat demand Qg divided by the seasonal efficiency or per-
formance factor of the heating device # and (ii) auxiliary electricity
consumption of pumps, controllers and fans Eg,:

E= & + Eau_x (4)
n

Cyt=Epx: (x=fuel, net, tax, emtax) 5)

Table 1

Building stock model choice sets.

Age band Building type Envelope renovation Heating system (7)
@ @ package (3)
<1945 Apartment Maintenance Wood chips boiler
1945 — Multi-family Light retrofit Wood pellets
1969 house Deep retrofit boiler
1970 - Single family Electric heater
1979 house Gas boiler *
1980 — Terraced house Air-water heat
1989 pump
1990 - Ground-water heat
1999 pump
2000 - Oil boiler *
2009
>2010

# Gas and oil progressively become decarbonised blends — e.g. natural gas is
gradually replaced by biomethane, PtG methane and hydrogen according to
Mandel et al. (2023).
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Table 2
Cost items and perspective binary selectors.

Cost category Cost item Description Binary selector () by
perspective m
Societal Private
(Bmsoc) Bumpri)
Capital costs Envelope Insulation, 1 1
(Ceap) * retrofit (Ceap rec) windows
Heating system Boiler/HP 1 1
(Cegp heat) purchase
Energy & fuel Fuel/electricity Delivered 1 1
(Cen) ™" (Cenuet) energy
Auxiliary Pumps, controls 1 1
electricity
(Cen.aux)
Network charges  Grid fees Power/gas 1 1
(Cret) (Cretnet) networks, oil
transport
Operation and Fixed O&M Annual service 1 1
maintenance (Comfix) costs
(Com)
Public transfers Non-emission VAT, excise 0 1
(Cpwp) taxes & levies duties
(Cpub.mx)
Emission taxes/ Internalised 0 1
ETS (Cpuy emtax) CO; costs
Subsidies Investment 0 1
(Cpupsup) grants
Externalities Climate Social cost of 1 0
(Cext) © damages (Cextcc)  carbon
Air-pollution Health, crops, 1 0
damages (Cext.qp) ecosystems
Wider health Thermal- Cold-related 1 0
impacts (Cpmisc)  discomfort illness
morbidity
(Crisc.mor)
Thermal- Cold-related 1 0
discomfort excess deaths
mortality
(Chniscmort)

@ Excluding public charges and transfers.
b Excluding externalities.
¢ Excluding internalised costs (emission taxes/ETS).

Prices are entered exogenously by energy carrier and evolve along
the scenario paths (exemplified in Appendix A for the German case). Gas
and oil prices reflect progressively decarbonised blends — e.g. natural gas
is gradually replaced by biomethane, PtG methane and hydrogen ac-
cording to Mandel et al. (2023).

Emission pricing is modelled through two schemes (Kreidelmeyer
and Kemmler, 2025).

e ETSI (affects electricity in the model): allowance price rising linearly
to 205 EUR2g20/tCO2eq by 2050.

e ETSII (affects heating fuels in the model): starts in 2027 and reaches
161 EURzozo/tCOzeq in 2050.

Until 2026, national carbon taxes reported by TaxFoundation are
applied instead (Asen, 2020).

2.2.2.3. External costs. External costs account for damages from
greenhouse-gas and air-pollutant emissions that are not internalised in
market prices. Following Mandel et al. (2023), they are monetised by a
damage-cost approach: for each pollutant u and receptor v (see below)
the model multiplies the emission factor ¢ (t/MWh) by a value factor o
(EUR/t) and by the final-energy demand for space heating for a given
fuel (electricity, wood chips etc.) in year t:

Cextr = ZZ (Eu.t “Ouyt E) (6)
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Pollutants covered are COs-equivalents, NH3, NMVOC, NOx, PM, and
SOg; receptors are human health, biodiversity, crops and building ma-
terials. In terms of scope, emissions include on-site combustion (Scope 1)
plus upstream electricity generation (Scope 2).

Emission factors for electricity and fuels come from EEA (2019) and
Lauf et al. (2021), electricity-grid intensities follow EEA (2023) for 2020
and are assumed to fall by 95 % by 2050 under the Net-Zero pathway.

Value factors for air pollutants use the German damage costs from
Matthey and Biinger (2020) and are transferred to the other 26 Member
States via unit-value transfer with a PPP-adjusted GDP per capita elas-
ticity of 0.8 (Eurostat, 2023; van Essen et al., 2019). The social cost of
carbon is set at 167 EURg020/tCO2eq at a 2 % discount rate, consistent
with (Rennert et al., 2022).

The resulting cross-products ¢ x ¢ give technology- and country-
specific cost rates (EUR/MWHh) that are applied to annual final-energy
use to produce the external-cost stream C,x that feeds the total-cost
calculation.

2.2.2.4. Wider health impacts. The calculation of wider health benefits,
in this study avoided asthma cases and excess cold weather mortality
due to indoor climate, are in line with the methodologies and data
sources developed in the EU-funded MICAT project, thoroughly
described in (Xia-Bauer and Mzavanadze, 2023a, 2023b). Some smaller
adjustments were made in order to adapt to the model inputs.

For one, when allocating vulnerable citizens VC,; to building ty-
pologies, excess heating demand beyond 100 kWh/m?/yr is used as
weighting factor:

3 esROCap-NRqp

=EPR-NB,,-RPB,} -
Vca.b R ab RP. ab Roca‘b Za.bNRa_b (7)
E,p — 100 kWh/m?
ROC,p = [myr ®)
@E — 100 kWh/m2?yr
Where.

e EPR: national energy poverty rate (as share of households unable to
keep home adequately warm) from Eurostat (2025b).

e NB,;: number of buildings of age class a and building type b from EU
Building Stock Observatory (2025).

e RPB,;: number of residents per building, calculated from total
population data and building data, assuming a constant number of
residents per household across building typologies (EU Building
Stock Observatory, 2025; Eurostat, 2025a).

e ROC,y: relative overconsumption, as consumption of a certain
building typology over 100 kWh/m?yr compared to average across
all building typologies.

e E,;: modelled energy consumption per m? and year of a certain

building typology.

@E: modelled average energy consumption per m and year across all

building typologies.

e NR,: total number of residents in a certain building typology,
calculated from EU Building Stock Observatory (2025) and Eurostat
(2025a).

The threshold of 100 kWh/m?yr is a commonly used value for a
minimum energy demand (Moss et al., 2021). The share of excess
heating demand reduced by a retrofitting measure was also used as
metric for its effectiveness to address health impacts.

Furthermore, the discrete values to attribute excess cold weather
mortality cases to indoor climate (ECWDy¢) described in (Xia-Bauer and
Mzavanadze, 2023b), have been turned into a continuous function. The
form of the function has been selected to better reflect the expected
relationship around boundary values while still crossing identified key
point and removing hard thresholds:
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ECWDyc = — 0.075 + 0.4 /[1 +exp(—50 - EPR)] ©)]

2.2.3. Weighting factors

In order to take non-monetised indicators into account, the result of
the monetised cost-components is multiplied with both exemplary
weighting factors mentioned earlier (Energy poverty alleviation and
Impact on import dependence). For both, the following equation is used to
calculate the weighting factor WF,p, 5

AVa.b,r,h - Q)Ava,b):|

10
DA Va.b ( )

WFa,bAr.h =08+04 / |:1 + exp( +

Where.

e AV,p.p: absolute value of people lifted out of energy poverty or
energy imported from abroad for a certain age class a, building type
b, envelope renovation level r, and heating technology h

o BAV,;: average absolute value of all considered measure combina-
tions in the relevant building typology.

The selected equation has been selected to give both indicators a
substantial impact on the result, without dwarfing other indicators.
Thus, the functional form limits the weighting factors to a range from
80% to 120% in order to avoid them disproportionally affecting the end
result, while still allowing values in the typical ranges to have significant
impacts on weighting factors. The used function allows for a definition
range covering all potential results while upholding the imposed limi-
tation of the value range in a continuous way. However, since the
selected details of the functional form have considerable sway over the
related results and the selection of exact values still has an arbitrary
character, a sensitivity analysis covering different value ranges and
exponential coefficients (affecting the curve's slope) has been carried
out. The sensitivity analysis shows that the selection of range and
exponential coefficient has substantial effects on results, pointing to the
possibility of even higher differences in buildings where energy effi-
ciency is cost-optimal depending on the selected evaluation method
(Appendix B).

The sign in the bracket of the exponential function is positive in the
case of Energy poverty alleviation, as a higher value is positively attrib-
uted and should thus reduce the overall perceived costs. In turn, for
Impact on import dependence, the sign is negative, since a higher share of
imported energy carriers is negatively attributed.

2.2.3.1. Energy poverty alleviation. The methodology used for the
assessment of energy poverty alleviation in this study is based on the
methodology and data sources developed by Vondung (2023) in the
framework of the MICAT project, which in turn is based on Gouveia et al.
(2023). It uses the 2M metric, characterising households as energy poor
when their share of expenditure on energy is twice as high as the median
household. Merely smaller alterations to the methodology were made.

Firstly, the figures pertaining to number of buildings and residents
per dwellings from the model were used instead of the proposed liter-
ature sources. Then, the rent increase to expect after renovations in
rented dwellings was kept at 4% for standard renovations and increased
to 7% for advanced renovations. Furthermore, as the model covers the
whole national building stock, the national energy poverty rate was used
as policy target factor (share of measures implemented among energy
poor households) (Eurostat, 2025b). Finally, the allocation of energy
poor households to building typologies described in the section Wider
health impacts was used here as well.

The resulting number of people lifted out of energy poverty was then
used to calculate a weighting factor, as described in the previous section.
However, rebound effects in terms of higher residential target temper-
atures, which tend to be higher in energy poor households, are not taken
into account in the methodology (Rosenow et al., 2013). This is in line



F. Berger et al.

with accounting principles for savings achieved among energy poor
households under Article 8 EED (Energy Efficiency Directive, 2023).

2.2.3.2. Impact on import dependence. The impact on import depen-
dence is defined as the absolute quantity of imported fossil fuels and
biomass (considering coal, oil, gas, and biomass) for the selected solu-
tion. This means this figure is calculated by multiplying the energy
consumption with the relevant import dependence value.

For fossil fuels, the latter is calculated as the ratio of imports to gross
available energy, with values stemming from e3modelling (2020b),
whereas the import dependence for biomass is drawn from BioEnergy
Europe (2023). In the case of heating technologies running on elec-
tricity, the quantity of coal, oil, gas, and biomass going into the gener-
ation of one energy unit of electricity have been calculated using
restricted EU Reference Scenario 2020 data (e3modelling, 2020a).
These values were then multiplied with the relevant import dependence
figures to get the import dependence of inputs into electricity
generation.

2.2.4. Comparison metric and calculation of results

In order to compare the results, the costs (either private or societal)
have been annuitised. Thereby, the values are still comparable when
lifetimes exceed the model's last year considered, 2050. All items are
considered costs.

From there, the stock-weighted share of representative types of
buildings where an energy efficiency solution would be selected as most
cost-effective approach is calculated, which is the main comparison
metric used in this study. The main outcome is the average across all EU
Member States. In addition, the figures for Austria, Denmark, Germany,
the Netherlands, and Bulgaria are examined in greater detail, since they
tend to show the most interesting manifestations of the investigated
effects (Appendix C).

This is done for each possible combination of options for the four
parameters, exemplifying the effects of different interpretations of the
legal text. However, the combination of weighted CBA with a private
perspective is not considered relevant, as the weighting factors concern
indicators merely relevant from a societal perspective. Thus, the results
of these four approaches are excluded when calculating overall average
share of buildings where energy efficiency is cost-effective, maximum
difference, and standard deviation in Table 4, resulting in 12 relevant
approaches (Appendix C).

In order to ensure comparability of the results among themselves,
other variables have been kept fixed across the study. Table 3 gives an
overview of the selected values for fixed variables.

2.3. Limitations of the methodology

The study has limitations that are to be kept in mind when consid-
ering its results. These pertain to the selected parameters and options, as
well as to the developed tool.

While this study looks at different evaluation methods, cost per-
spectives, reference baselines, and societal discount rates, further pa-
rameters could have been used as well. This concerns aspects such as

Table 3
Fixed variables used in this study.
Variable Value
Private discount rate 5%
Internal target temperature 20°C
Decision year 2024
Cost pathway * Medium estimate
Energy supply pathway NetZero
Assessment horizon 2050

# The model includes three cost pathways: low estimate, medium
estimate, and high estimate. Medium estimate figures are shown in
Table.
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Table 4

Overview of the impact of different parameters on the share of buildings where
energy efficiency is cost-effective across the assessed 27 EU Member States.
When evaluating the effects of the four variables, the difference in percentage
points is examined compared to the standard settings, while the three other
variables are held constant (defaults: monetisation with cost-benefit analysis,
societal perspective, status quo baseline, 2% societal discount rate).

Metric Average Standard Maximum  Minimum
across deviation
countries
Unit %-points/% (only last row)
Effect of evaluation 3% +3% 14% 0%
method
Effect of cost perspective 31% +23% 83% 1%
Effect of reference 3% +5% 19% 0%
baseline
Effect of societal discount 23% +16% 56% 0%
rate
Largest difference 38% +24% 89% 8%
between all 12 relevant
approaches *
Standard deviation of all 15% +10% 36% 2%
12 relevant approaches
a
Average share of 69% +21% 99% 20%

buildings where energy
efficiency is cost-
effective across all 12
relevant approaches *

# The combination of weighted CBA with a private perspective is not consid-
ered relevant, as the weighting factors concern indicators solely relevant from a
societal perspective. This affects four approaches, thus the 12 relevant
approaches.

target internal temperature, underlying energy supply pathway, cost
estimate (the model includes three cost pathways: low estimate, medium
estimate, and high estimate), or private discount rate. However, there
are typical values to select for each of these parameters: most studies use
a target temperature of 20 °C, there are no major grounds to pick the low
or high-cost estimate, private discount rates typically use the weighted
average cost of capital. Thus, the four aforementioned parameters per-
taining to very fundamental aspects, with wider ranges of sensible
values, and/or strongly differing results have been selected. Moreover,
for these other potential parameters, values outside narrow sensible
ranges are not to be expected in any assessment carried out in good faith.

Furthermore, for the selected parameters, more options could have
been assessed. For instance, the cost perspective could include options
covering certain combinations of external costs. Similarly, the weighting
factor of the two exemplary non-monetisable indicators used in the
weighted CBA could also be varied. A medium societal discount rate
could also have been considered. However, providing incremental op-
tions between the extremes described in Chapter 2.1 would have hardly
added insights to the range of results to be expected depending on the
interpretation of the EE1 principle (though they are important to
consider when applying the methodology in practice).

The main limiting factor regarding the modelling tool is the use of
average values rather than normal distributions around mean values
throughout the model. In each national combination of age class and
building type, the model assumes that all buildings reflect the average
characteristics of this building typology. Yet, actual characteristics of
buildings of one typology can be assumed to be normally distributed
around the mean values. Similarly, this effect also affects a myriad of
further variables, inter alia prices, heating technologies efficiency,
target internal temperatures, etc.

Specific limitations for single parameters arise, for instance from the
fact that supply technologies for buildings compatible with climate
neutrality are limited to electricity and biomass-based technologies,
while technologies based on synthetic gas or oil have been excluded to
account for their questionable potential for space heating (Rosenow,
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2022).

Finally, subsidies have not been considered in the model, as they
tend to be strongly dependent on a wide range of factors, several of them
not reflected in the tool (e.g. social bracket of recipients). Moreover,
many national subsidy programmes can be short-lived, preventing good
outlooks for the future. Yet, merely including current subsidy schemes
would have hampered comparability over time. Consequently, the cost
from a private perspective for all assessed approaches can deviate from
actual costs including subsidies.

3. Results

The effects of the different underlying parameters evaluation
method, cost perspective, reference baseline, and societal discount rate
are assessed in the following sections, before an overview is provided.

The different sections present the share of buildings in the model
runs where energy efficiency solutions as defined in section 2.2 are the
most cost-effective across the 27 EU Member States while varying the
corresponding parameter, e.g. the evaluation method, keeping the other
parameters fixed. The standard settings of the four parameters are:
standard-CBA, status quo baseline, the societal perspective, and a soci-
etal discount rate of 2%.

3.1. Evaluation method

The impact of including import dependence and energy poverty as
weighting factors is comparably small with an effect across all countries
of 3%-points +3%-points. Generally, the weighted CBA tends to render
energy efficiency solutions slightly more cost-effective (Fig. 2), with
only few countries featuring the opposite effect, notably the
Netherlands, where the consideration of energy security suggests the
installation of biomass boilers rather than insulating a building with a
gas boiler (Appendix D). Nevertheless, it is worth mentioning that
merely two additional non-monetisable impacts were considered for the
weighted evaluation method. Covering more non-monetisable impacts
or even increasing their weighting would likely further hike their impact
on results, systematically as well as statistically.

3.2. Cost perspective

Among the four assessed parameters, the cost perspective has the
highest impact on outcomes, with a societal cost perspective on average

100%
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leading to a 31%-points +23%-points higher share of energy efficiency
solutions being cost-effective than from a private cost perspective. A
societal instead of a private cost perspective is predominantly increasing
the cost-effective share of energy efficiency solutions, with the exception
of the Netherlands, having favourable framework conditions for energy
efficiency (very low effective tax rates on electricity and high taxation
on fossil fuels and biomass). This quasi-systematic effect is visible in
Fig. 3, mainly due to the inclusion of societal co-benefits in the societal
perspective, increasing the cost of non-energy efficiency solutions and is
also reflected in Austria, Denmark, Germany, and to a minor extent in
Bulgaria, where both cost perspective suggest high energy efficiency
rates (Appendix D).

3.3. Reference baseline

The impact of the selected reference baseline has a comparably
minor effect on the outcome (Fig. 4). Across the EU Member States, it
amounts to an average difference of 3%-points +5%-points and is sys-
tematically increasing the share of buildings where energy efficiency
solutions are economically the most viable (or no change). This is
logical, since using a carbon neutrality baseline merely reduces the
number of options for non-energy efficiency solutions, without altering
any costs. While the exclusion of fossil fuel boilers shows an effect in
Denmark, Germany, and the Netherlands, there is no effect in Bulgaria,
where already the status quo baseline recommends an energy efficiency
approach for all buildings. In Austria, biomass is already the cost-
optimal approach for all buildings where energy efficiency is not
economically viable (Appendix D).

The reason for the comparably low average difference lies in the
model's preference for biomass. Being the most frequently selected non-
energy efficiency solution, removing fossil fuel-based solutions has only
a minor effect. While it is worth discussing the sustainability of biomass
in a broad application, it is still listed as a renewable energy source in the
EU's renewable energy directive (Booth and Giuntoli, 2025). Moreover,
an in-depth analysis of this goes beyond the study's scope.

3.4. Societal discount rate

The societal discount rate has a considerable impact, amounting to
an average difference of 23%-points +16%-points. A higher societal
discount rate systematically reduces the share of building where an
energy efficiency solution is the economically most viable one (Fig. 5).
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Fig. 2. Effect of evaluation method. Share of buildings where energy efficiency solutions are most cost-effective across the 27 EU Member States using standard
CBA and weighted CBA approaches. The calculations are performed with the status quo baseline, the societal perspective, and a societal discount rate of 2%. The
graph shows the interquartile range (IQR) with the median line and the mean (x) as well as the maximum and minimum range, excluding outliers (Q1/3 &+ 1.5*IQR).
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Fig. 3. Effect of cost perspective. Share of buildings where energy efficiency solutions are most cost-effective across the 27 EU Member States using societal and
private cost perspectives. The calculations are performed with the standard CBA, the status quo baseline, and a societal discount rate of 2%. The graph shows the
interquartile range (IQR) with the median line and the mean (x) as well as the maximum and minimum range, excluding outliers (Q1/3 £ 1.5*IQR).
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Fig. 4. Effect of reference baseline. Share of buildings where energy efficiency solutions are most cost-effective across the 27 EU Member States using status quo
and carbon neutrality reference baselines. The calculations are performed with the standard CBA, the societal cost perspective, and a societal discount rate of 2%. The
graph shows the interquartile range (IQR) with the median line and the mean (x) as well as the maximum and minimum range, excluding outliers (Q1/3 &+ 1.5*IQR).

This is consequential due to the generally higher upfront and lower
operating costs of energy efficiency solutions, a setting that is reflected
more beneficially with lower discount rates. This increase in costs can
also be seen in Denmark, Germany, the Netherlands and Bulgaria (where
the effect seems a little muted, since energy efficiency is still cost-
optimal for more than 90% of buildings). The difference is even more
stark in Austria, where energy efficiency approaches relying on deep
retrofitting rather than heat pumps are the favoured approach under low
societal discount rates. However, given their high upfront costs, such
approaches are not cost-effective under high societal discount rates
(Appendix D).

3.5. Overview

The results show stark variations when varying evaluation methods,
cost perspectives, reference baselines, and societal discount rates. On
average, countries' outcomes on the share of buildings where energy
efficiency solutions are most cost-effective span 39%-points depending

on selected assessment approaches (Table 4). This is also reflected in
selected countries’ results, notably Austria, Denmark, Germany, the
Netherlands, and Bulgaria (Appendix D).

4. Discussion

A striking result of the analysis is that approaches, even the more
unfavourable combinations for energy efficiency, lead to an average
share of buildings where energy efficiency is cost-effective reaching 69%
(Table 4). When using the default approach of a CBA from the societal
perspective with a status quo baseline and a societal discount rate of 2%,
this figures further climbs up to 83%. While considering the limitations
discussed in section 2.3, this in an important justification (at least for the
building sector, investigated in this analysis) of why the EE1 principle is
important to consider. This even holds true from a private sector
perspective for many countries. In the large majority of cases, the
principle will direct decisions towards energy efficiency solutions
compared to decarbonising the supply in the buildings sector.
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Fig. 5. Effect of societal discount rate. Share of buildings where energy efficiency solutions are most cost-effective across the 27 EU Member States using societal
discount rates of 2% and 10%. The calculations are performed with the standard CBA, the societal cost perspective, and the status quo reference baseline. The graph
shows the interquartile range (IQR) with the median line and the mean (x) as well as the maximum and minimum range, excluding outliers (Q1/3 + 1.5*IQR).

Looking more into details, the results show stark variations,
depending on the selection of parameter settings (evaluation method,
cost perspective, reference baseline, and societal discount rate, the cost-
effectiveness of energy efficiency measures): while the chosen evalua-
tion method and reference baseline have limited impacts in the analyses
(taking into account the limitations discussed in section 2.3), substantial
differences arise from the private versus societal cost perspective and
from the differences in societal discount rates. In particular relevant
differences between cost perspectives hint at a significant split-
incentive, reflecting a mismatch between private actors’ most econom-
ically viable options and the societal optimum.

A country where these effects play a major role is Austria. Relying to
about a third on decentralised biomass (predominantly felled domesti-
cally) for space heating, subsidies, taxes, and charges have followed suit
in boosting the installation of biomass boilers (Pelkmans, 2024). While
this slightly affects the weighted CBA positively due to its energy secu-
rity benefits, this also engenders a substantial discrepancy between
private and societal optimal share of energy efficiency measures. From a
societal cost perspective, it would be cost-effective to use energy effi-
ciency solutions in 83% of buildings, whereas this figure is dwarfed to
3% from a private perspective. Moreover, the fact that the main costs
associated with biomass are feedstock (which are more or less evenly
spread across the measure lifetime) lead to a 56%-points plunge in
buildings where energy efficiency solutions are economically favourable
when increasing the societal discount rate to 10%. This shows the sig-
nificant detrimental effect of inflated discount rates on cost-effective
energy efficiency valuation (Riley, 2021). Not taking potentially
compensating subsidies into account, the model points to a potential
mismatch between private incentives and societal cost-effectiveness in
Austria under the assumed price and levy structure (in particular its high
electricity and low biomass levies, especially network charges). Similar
effects can be seen in Germany and Denmark (albeit not necessarily
favouring biomass), both also featuring high taxes and network charges
on electricity.

Interestingly, the Netherlands has the opposite effect, with 13%-
points more buildings where energy efficiency is cost-effective from the
private compared to the societal perspective. This points to an overly
favourable legislative framework (very low effective tax rates on elec-
tricity and high taxation on fossil fuels and biomass), although a more
comprehensive inclusion of co-benefits might justify this overshoot.

In contrast, Bulgaria only has a split-incentive of 1%, with nearly
identical shares of buildings from private and societal perspective cost-
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effective to retrofit using energy efficiency solutions.

This shows that there can be significant mismatches between private
and societal optima, but also the potential of policies to redress them.
The cases of Bulgaria, but also the Netherlands show how the use of
taxation and charges can help level the playing field in line with the EE1
principle, inter alia with higher levies on fossil fuel solutions (an over-
view of effects for these countries is shown in Appendix D).

Yet, the three other parameters rather pertain to the way of calcu-
lating the societal and private most cost-effective energy efficiency po-
tentials, with especially the societal discount rate having substantial
sway over the resulting cost-effective share. In addition, there are
several other factors, mainly linked to methodological choices, that can
significantly influence results, whether it is the selection of considered
co-benefits or the choice of quantification approach (several impacts
have more than one possible quantification method) and monetisation
factors to name but a few.

All these approaches would generally constitute legitimate and
justifiable ways to comply with the requirement for cost-benefit meth-
odologies in the sense of the EED Article 3 from the current perspective.
However, the country examples discussed above, notably the Austrian
case, show that the outcome of our analysis can be strongly dependant
on the present policy settings in a country and raises questions on these
settings when evaluated through the lens of the EE1 principle. In order
to reduce the leeway in interpreting the legislation, at a time where
several EU Member States are backpedalling on previous climate
ambition (Weise et al., 2025), a clearer set of technical details and
agreed methodological approaches (i.e. specifying which parameters
and settings to use in cost-benefit assessments, inter alia the ones dis-
cussed in this study) would contribute to strengthening the ambition of
the EE1 approach.

5. Conclusion and policy implications

While this study has shown the generally high cost-effectiveness of
energy efficiency in the residential sector, from a private and even more
from a societal perspective, as well as the potential to close the gap with
policies and levies, it has also shown how starkly the four assessed pa-
rameters can influence the cost-effective energy efficiency potentials. In
particular, the setting of cost perspective and societal discount rate have
substantial effects on the share of buildings where energy efficiency is
the most economically viable solution. As a result, while complying with
the EE1 principle, parameter selection can be pivotal in deciding
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whether energy efficiency measures are to be implemented.

However, this also means that, besides being a fruitful way to
operationalise the EE1 principle across different countries, from both
private and societal perspectives, the presented approach selection can
be misused as a useful tool to get the desired assessment outcome,
allowing Member States or private actors to reduce the EE1 principle's
ambition and effect, by adjusting the assessment's configuration. As a
consequence, it is sometimes left to each actor to ensure the often-
mentioned “levelling of the playing field” the principle was supposed
to enshrine. Clear guidance on the technical specifications of the prin-
ciple and a narrowing of the room for implementation that is left to each
actor will be key in preventing this and ensuring the principle's envis-
aged ambition of “levelling of the playing field” between different actors
or countries. This can reduce largely the differences in implementing the
EE1 principle across the EU, as observed so far (Chlechowitz et al.,
2022).

Beyond concrete guidance on the implementation, the enshrinement
as a general principle has also a normative impact, clarifying legislators’
desired approach to energy-related investments, influencing regulation
and court decisions to come (European Commission, 2023). Moreover,
general principles of law “also fill actual or potential legal gaps”. As
such, the principle can cover shortcomings of the legal landscape of laws
across different codes, all pertaining to the relevant EE1 principle, but
yet to be formulated (Kohen and Schramm, 2013). Hence, even if the
technical specifications of the law leave a lot of room for interpretation,
the mere principle can steer normative values and influence the direc-
tion of related court decisions. This, in turn, can also considerably
contribute to the “levelling of the playing field” between energy supply
and demand, in the same way other principles, such as the polluter-pays,
the prevention, the precautionary, or the integration principle, have
done in their respective fields.

Despite the great leap forward it constitutes, the enshrinement of the
EE1 principle and of MIs in the recast EED can only be the first step to an
effective and enforceable levelling of the playing field, given the current

Appendix A

Table I
Exemplary energy prices for Germany by energy carrier and price component
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wide range of possible outcomes in decision-making, depending on the
text's interpretation.
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Energy carrier Energy carrier Blend share 2020

Price p in EUR2020/MWHh for year 2020 (2050)

group (2050)

Network
charges

Non-emission taxes and
charges

Emission taxes and
charges

Total

Energy
Electricity Grid mix 57.25 (86.32)
Wood chips Wood chips 28.93 (37.35)
Wood pellets Wood pellets - 38.17 (43.73)
Gas Natural gas 98.6% (3.0%) 25.20 (13.40)

Biomethane 1.4% (77.0%) 71.40 (87.90)

Synthetic methane 0.0% (10.0%) 209.29 (98.15)

(PtG)

Synthetic hydrogen 0.0% (10.0%) 171.11 (73.37)
oil Fuel oil 99.5% (5.0%) 50.32 (30.63)

Biooil 0.5% (85.0%)
Synthetic fuel (PtL) 0.0% (10.0%)

89.25 (109.88)
220.76 (106.08)

89.40 (140.00)
3.68 (3.68)
3.68 (3.68)

15.80 (50.62)

15.80 (50.62)

15.80 (50.62)

15.80 (50.62)
7.12(7.12)
7.12(7.12)
7.12(7.12)

151.94 (234.49)

11.22 (14.12)
14.40 (16.31)
14.03 (21.91)
29.84 (47.41)
75.95 (50.41)

63.08 (42.05)
15.11 (9.92)

24.62 (29.89)
57.35 (28.51)

6.85 (2.53)

0.00 (41.33)

0.00 (54.67)

305.44 (463.34)
43.84 (55.15)
56.26 (63.72)
55.03 (127.26)

117.04 (185.93)

301.04 (199.18)

249.98 (166.04)

72.55 (102.34)
120.99 (146.89)
285.22 (141.70)

Sources: European Commission (2018), European Commission (2020), Agora
Verkehrswende and Agora Energiewende (2018), van Nuffel et al. (2019), Dui¢
et al. (2017).

Appendix B

The sensitivity analysis regarding the form function used to include the non-monetised indicators regarding energy security and energy poverty
into a weighted CBA is divided into two parts. Their sensitivity has been examined by computing the mean and the standard deviation of the difference
in share of buildings where energy efficiency is most cost-effective (in absolute terms) between normal and weighted CBA across all 27 member states
and all 8 combinations of cost perspective, reference baseline, and social discount rate.

First, the sensitivity regarding the selected value range (80% to 120%) has been assessed in Fig. I, showing that the selection of this range has
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substantial impacts on the results (2%-3% of buildings where energy efficiency is cost-optimal per step). Second, the sensitivity concerning the
selected exponential coefficient (1, affecting the curve's slope) has been examined in Fig. II, showing considerable effects as well (~1% per step, but
this coefficient can be picked from an even wider range of values).
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Fig. I. Mean and standard deviation of the absolute difference between normal and weighted CBA for different value ranges.

0.3

0.2

SRARR

Exponential coefficient

Absolute difference between normal and
weighted CBA
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Fig. II. Mean and standard deviation of the absolute difference between normal and weighted CBA for different exponential coefficients.

Appendix C

Table II
Overview of national energy efficiency shares depending on the four assessed variables (in light grey: the 4 irrelevant combinations of weighted CBA and private cost
perspective).

Country Societal discount CBA Weighted CBA
rate

Status quo Renewables Status quo Renewables

Private Societal Private Societal Private Societal Private Societal
AT 2% 3% 83% 3% 83% 3% 88% 3% 88%
BE 2% 36% 85% 43% 89% 34% 85% 34% 89%
BG 2% 99% 100% 99% 100% 99% 100% 99% 100%
HR 2% 70% 89% 85% 89% 86% 93% 86% 93%
CYy 2% 80% 96% 84% 100% 80% 89% 84% 93%
CZ 2% 84% 96% 84% 96% 84% 100% 84% 100%
DK 2% 5% 57% 6% 74% 4% 71% 7% 74%

(continued on next page)
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Table II (continued)

Country Societal discount CBA Weighted CBA
rate Status quo Renewables Status quo Renewables
Private Societal Private Societal Private Societal Private Societal
EE 2% 77% 92% 77% 92% 77% 96% 77% 96%
FI 2% 0% 43% 0% 62% 0% 49% 0% 49%
FR 2% 41% 91% 59% 99% 49% 100% 54% 100%
DE 2% 9% 76% 9% 82% 6% 82% 6% 82%
EL 2% 89% 97% 91% 97% 91% 97% 91% 97%
HU 2% 91% 100% 91% 100% 91% 100% 91% 100%
IE 2% 29% 41% 43% 56% 21% 41% 26% 47%
T 2% 42% 69% 44% 70% 47% 73% 47% 73%
LV 2% 63% 75% 63% 75% 63% 75% 63% 75%
LT 2% 73% 80% 73% 80% 73% 80% 73% 80%
LU 2% 61% 95% 64% 98% 56% 98% 59% 98%
MT 2% 60% 100% 91% 100% 85% 99% 91% 99%
NL 2% 99% 86% 99% 91% 67% 85% 67% 85%
PL 2% 57% 63% 57% 63% 57% 63% 57% 63%
PT 2% 25% 94% 29% 95% 28% 95% 29% 95%
RO 2% 79% 96% 85% 96% 90% 99% 96% 99%
SK 2% 49% 89% 49% 89% 43% 89% 43% 89%
SI 2% 74% 97% 74% 97% 68% 97% 68% 97%
ES 2% 43% 62% 46% 63% 37% 61% 37% 61%
SE 2% 0% 83% 2% 83% 2% 89% 2% 89%
AT 10% 3% 27% 3% 29% 3% 2% 3% 20%
BE 10% 36% 40% 43% 63% 34% 35% 34% 46%
BG 10% 99% 92% 99% 99% 99% 99% 99% 99%
HR 10% 70% 54% 85% 85% 86% 73% 86% 85%
CcYy 10% 80% 79% 84% 91% 80% 72% 84% 91%
CZ 10% 84% 79% 84% 91% 84% 83% 84% 91%
DK 10% 5% 33% 6% 51% 4% 52% 7% 74%
EE 10% 77% 81% 77% 85% 77% 81% 77% 83%
FI 10% 0% 0% 0% 21% 0% 4% 0% 11%
FR 10% 41% 57% 59% 82% 49% 75% 54% 90%
DE 10% 9% 44% 9% 63% 6% 44% 6% 56%
EL 10% 89% 97% 91% 97% 91% 94% 91% 94%
HU 10% 91% 73% 91% 91% 91% 76% 91% 91%
IE 10% 29% 37% 43% 55% 21% 37% 26% 55%
T 10% 42% 35% 44% 38% 47% 36% 47% 38%
LV 10% 63% 63% 63% 66% 63% 63% 63% 63%
LT 10% 73% 77% 73% 80% 73% 82% 73% 82%
LU 10% 61% 70% 64% 83% 56% 78% 59% 83%
MT 10% 60% 91% 91% 92% 85% 91% 91% 91%
NL 10% 99% 57% 99% 82% 67% 61% 67% 68%
PL 10% 57% 63% 57% 71% 57% 63% 57% 71%
PT 10% 25% 44% 29% 88% 28% 50% 29% 81%
RO 10% 79% 80% 85% 89% 90% 80% 96% 99%
SK 10% 49% 66% 49% 79% 43% 54% 43% 70%
SI 10% 74% 71% 74% 91% 68% 72% 68% 86%
ES 10% 43% 58% 46% 61% 37% 61% 37% 61%
SE 10% 0% 38% 2% 42% 2% 42% 2% 44%
Appendix D
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Fig. III. Overview of the impact of different parameters on the share of buildings where energy efficiency is cost-effective across the 5 discussed countries Austria
(AT), Denmark (DK), Germany (DE), the Netherlands (NL), and Bulgaria (BG). When evaluating the effects of the four variables, the difference in percentage points is
examined compared to the standard settings, while the three other variables are held constant (defaults: monetisation with cost-benefit analysis, societal perspective,
status quo baseline, 2% societal discount rate).
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