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Staged retrofits were introduced in the energy performance of buildings directive, but they remain underex-
plored in the literature. This paper addresses households’ budget restrictions as a reason for implementing staged
retrofits based on a data-driven analysis of owner-occupied single-family houses in Spain. The research question
is as follows: What is the impact of households’ budget restrictions on modelling the optimal timing of staged
retrofits and their resulting CO, emissions? This study combines two methods: the statistical matching of Eu-
ropean Union statistics on income and living conditions and household budget survey data and the staged retrofit
mixed-integer linear optimisation model. This paper concludes that without any financial measure designed to
accelerate building stock decarbonisation, a building renovation roadmap, from the first optimisation year until
the last measure, may consume a total of 17 years. Various energy policy instruments addressing building stock’s
techno-socioeconomic heterogeneities, such as innovative financing and incentive schemes, are needed to reduce
the CO2 emissions of buildings significantly and rapidly. Furthermore, the use of metrics representing CO5
emissions with time (e.g. cumulative CO; emissions) is recommended for building renovation passports. Such a
metric will enable the monitoring of buildings’ decarbonisation and better frame EU Member States’ policy

strategies.

1. Introduction

In 2020, most of the household energy consumption of European
Union (EU) members (EU-27) was allocated to space and hot-water
heating, which accounted for 85% of their total energy consumption.
Specifically, space heating accounted for 64%, hot-water heating for
15% and cooking for 6%. The remaining 15% was attributed to elec-
tricity usage, which consisted of lighting (14%), space cooling (0.4%)
and other end uses (such as household devices; 1%) (Eurostat, 2020).
These statistics indicate the significant challenge of decarbonising the
space heating sector, especially considering that 32% of EU households’
final energy consumption is covered by natural gas (Eurostat, 2020).
This challenge has become even more urgent due to the Russian invasion
of Ukraine, which started in 2022 and has emphasised the need to
decarbonise the EU’s heating systems to ensure energy supply security.

In this context, building renovation has been discussed as a strategy
for reducing the fuel dependence of Member States. However, only 11%
of the building stock undergoes yearly renovation activities; the annual
renovation rate is 1%, with the deep renovation rate (aimed at reducing
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energy consumption by at least 60%) being only 0.2% (European
Commission, 2019. The European Green Deal strategy for renovating EU
buildings, known as the Renovation Wave, focuses exclusively on the
building sector and aims to double the annual building renovation rate
by 2030. The Renovation Wave strategy also targets a 60% reduction in
buildings’ CO2 emissions, a 14% decrease in buildings’ final energy
consumption and an 18% decrease in buildings’ energy consumption for
heating and cooling by 2030 compared with 1990 levels (BPIE, 2020;
European Commission, 2020). The impacts and effectiveness of reno-
vation measures on buildings’ heating demand and CO; emissions
constitute an important research area (Jakucionyte-Skodiene and
Liobikiene, 2023) and are the main focus of the present paper.

The main legislative instrument regulating building stock decar-
bonisation is the energy performance of buildings directive (EPBD),
which introduced building renovation passports (BRPs) in 2018 (Euro-
pean Parliament, 2018). BRPs are roadmaps for incrementally
improving the energy efficiency and the CO, emissions of buildings
(Fabbri et al., 2016). Additionally, BRPs can address the information gap
between the different stakeholders involved in building-related
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activities, such as building owners, public authorities, financing in-
stitutions, mortgage creditors, investors and insurers, construction
companies and real estate companies. By improving building docu-
mentation and information, BRPs enable a comprehensive assessment of
overall building quality, energy efficiency and CO, emissions (Sesana
and Salvalai, 2018).

The staged renovation approach outlined in BRPs is an alternative to
the traditional single-stage approach, where all renovation measures are
completed simultaneously to minimise heat losses and optimise heating
system operation. While recognising that the staged approach may not
be the technically ideal solution, policymakers have acknowledged its
prevalence based on evidence from real-life renovation practices
(Cischinsky and Diefenbach, 2018; Fehlhaber, 2017). The staged
approach involves implementing renovation measures gradually,
considering factors such as the number of stages, the measures and
lock-in effects per stage and the stage sequence Avoiding lock-in effect is
especially relevant to maximise the energy saving potential when
implementing a certain measure.

This paper elucidates the role of staged retrofits in decarbonising
building heating systems, which has received limited research focus. The
central question is as follows: What is the impact of households’ budget
restrictions on the optimal timing of staged retrofits and the resulting
energy demand and CO; emissions? To answer this question, this study
builds upon previous work and provides a detailed assessment of a
Spanish case study. The main workflow consists of integrating data-
driven budget restrictions derived from statistically matched EU statis-
tics on income and living conditions (EU-SILC) and household budget
survey (HBS) (Maia et al., 2023a, b)into a mixed-integer linear pro-
gramming model (Maia et al., 2021). The main objective is to obtain
indications about the time dimension of staged retrofits as time plays a
key role on the achievement of the decarbonisation goals. The main
contribution of the present paper is to use data-driven budget re-
strictions and to provide more precise time estimation about staged
retrofits. It distinguishes the present paper from several studies that do
not consider budget restrictions or use arbitrary assumptions for budget
restrictions in renovation activities (Jafari and Valentin, 2017; Wang
et al., 2014; Wu et al., 2017). Furthermore, this paper introduces new
aspects to the discussion on staged retrofits modelling, such as the
rebound effect and the impact of climate change.

The term “staged renovation” is used to be in line with the policy
instruments terminology introduced by the EPBD. Other literatures refer
to this renovation approach by “phased renovation” as explained in
section 2. Section 2 presents a literature review on (1) reasons for and
barriers to deep renovations, (2) EU surveys as data sources for house-
hold budget restrictions, (3) staged retrofits as a renovation approach
and (4) current state of policy incentives for renovation activities. Sec-
tion 3 presents the adopted methods and data also briefly explaining
how to derive data-driven budget restrictions through statistical
matching and calculate optimal timing using the staged retrofit opti-
misation model. Section 4 presents the results and discussions, including
the limitations encountered. Finally, Section 5 presents the main
conclusions.

2. Literature review

Renovation activities encompass an intricate multidisciplinary
domain, requiring a comprehensive understanding of techno-
socioeconomic aspects. These aspects involve bridging the gap be-
tween energy and CO; emission modelling, the technical specificities of
practical renovation activities, socioeconomic data analyses and the
policy framework supporting the actions necessary to achieve the goals
set by the EU Commission. This chapter presents a holistic overview of
studies focusing on the following: reasons for and barriers to perform
deep renovation activities (Section 2.1), EU survey data providing
techno-socioeconomic information (Section 2.2), staged renovations
within the framework of BRPs (Section 2.3) and the current state of
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policy incentives for renovation activities (Section 2.4).
2.1. Reasons for and barriers to carry out deep renovation activities

Buildings’ retrofits present various potentials like increased energy
efficiency, mitigated carbon emissions, improved non-energy benefits
(such as comfort and indoor air quality), and alleviation of energy
poverty (through lower energy bills) among others. Especially after the
Russian invasion of Ukraine, which started in 2022, the importance of
retrofits to assure EU fuel independency became even more clear: the
energy savings generated through deep renovation reduce the energy
consumption decreasing the energy import necessity.

However, in the past years the EU-Member States have failed to
achieve their own deep renovation targets as mentioned in Chapter 1
above. Given the low rates of building renovation, addressing these
challenges calls for novel, innovative practices to encouraging building
renovation activities that significantly increase energy efficiency while
reducing CO; emissions. Such energy-saving building renovation activ-
ities are called retrofits. The primary distinction between a renovation
and a retrofit lies in the higher initial investment required by the latter,
which is due to its focus on achieving higher energy efficiency.

The decisions of households to retrofit depends on diverse personal,
socioeconomic, geographical and cultural characteristics (Ipsos, 2018).
A study on regional differences in renovation activities concluded that
people living in urban areas prefer spending subsidies on new houses,
whereas people living in deprived regions use subsidies to insulate their
houses (Frantal and Dvorak, 2022).

Previous research has identified various obstacles to building reno-
vation activities. These include technical challenges, such as a lack of
skilled craftspeople or knowledge required for renovations (Fabbri,
2017). Additionally, renovation activities are hampered by acceptance
issues, such as mistrust or scepticism toward new technologies or
improvement measures (Filippidou et al., 2017). Given the different
interests among involved parties, legal considerations also play a role,
such as the landlord-tenant dilemma when splitting the capital costs
(Astmarsson et al., 2013; Marz et al., 2022). Economic factors, such as
building owners’ budget restrictions or their ability to invest in
energy-saving measures, are also barriers. Furthermore, the lack of ad-
vantageous financing and incentive schemes is a financial challenge
(Bertoldi et al., 2021). These barriers are not necessarily independent or
isolated, and building owners have complex reasons for refusing to
undertake retrofits (Tugran et al., 2021). Additionally, renovating a
building element or replacing a component does not always guarantee
an improvement in energy efficiency (Friege and Chappin, 2014), which
depends on the capital invested in high building energy efficiency and
climate-neutral standards.

The house ownership status is a significant socioeconomic charac-
teristic in retrofitting projects. It plays a crucial role in determining
various aspects of a project, as it indicates the parties involved in the
decision-making process, those responsible for making investments and
the specific budget constraints of project implementation. Additionally,
the house ownership status helps identify the primary interests and
motivations of the individuals or entities engaged in the retrofitting
process. In owner-occupied households, the homeowners make tech-
nical and economic decisions themselves, whereas in multi-family
houses, obtaining a common agreement between several parties is an
important challenge (Ebrahimigharehbaghi et al., 2019).

Hence, differentiating the three key parties in building retrofits,
namely, decision-makers, investors and beneficiaries, is crucial. The
investor bears the financial responsibility for the retrofitting of the
building, whereas the beneficiary—typically the owner or ten-
ant—directly uses the building. At times, the decision-maker may also
be the investor and beneficiary, such as in the case of an owner-occupied
single-family house. In such cases, the owner invests in retrofits and
directly reaps their benefits, such as reduced energy costs and improved
comfort. However, for rentals, the decision-maker and beneficiary may



LE.N. Maia et al.

not be the same individual or entity. In the context of rented apartments,
the decision-maker could be the building owner, who may be a private
person, a private company or a public authority, and the beneficiary is
the building user or renter. Similarly, in a rented office, the direct
beneficiary is the workers, the decision-maker is the company renting
the building and the investor is the building owner (e.g. a real estate
company). Building owners are classified as follows: (1) private in-
dividuals or companies, such as real estate firms, and (2) public entities
or housing associations. Building ownership is categorised as follows
(iBROAD, 2020):

e Owner-occupied buildings: The building user and owner are the
same party, which may include public authorities in the case of non-
residential buildings. A private owner-occupied property can be
either fully owned (no outstanding loans or mortgages on the prin-
cipal residence) or owned with an ongoing mortgage.

Privately rented buildings: Tenants pay rent to landlords at market
prices, and landlords, who may be private persons or companies,
operate their buildings for commercial purposes.

Socially rented buildings: Tenants pay a subsidised rent (reduced or
zero) to landlords, who are typically public entities or housing
associations.

The present paper contributes to the literature by elucidating the
economic aspects of retrofitting activities that are particularly linked to
household budget restrictions. Household survey microdata are assessed
and an optimisation model is used to quantify the time dimension of
renovation activities. Given these considerations, this paper focuses on
owner-occupied single-family residential buildings.

2.2. EU surveys as data sources for household budget restrictions

The EU-SILC and HBS datasets are crucial data sources widely used in
various fields of research. The EU-SILC survey is designed to collect
timely, comparable microdata on income, poverty, social exclusion and
living conditions (Eurostat and Commission, 2021a). It has been a
well-established annual survey in EU countries since 2004. The survey
encompasses cross-sectional and longitudinal data providing valuable
insights into different aspects of households’ well-being. The dataset is
organised into separate files, each containing information at the
household inhabitant and household levels. They offer data on more
than 100 variables, which are categorised into four main groups:
household register, personal register, household data and personal data.
These variables cover a wide range of socioeconomic factors, enabling
researchers and policymakers to gain a comprehensive understanding of
living conditions and societal dynamics. The EU-SILC microdata are
anonymised (individual and household identifiers are removed) to
ensure privacy and confidentiality. The number of observations avail-
able in the dataset varies depending on the specific country and year
under consideration. Overall, the EU-SILC dataset is a valuable resource
for conducting in-depth analyses and drawing evidence-based conclu-
sions to address the social and economic challenges in the EU. The HBS is
a national survey that focuses on households’ expenditure on goods and
services, thus also providing information about the socioeconomic and
living conditions of households (Eurostat and Commission, 2021b). HBS
results are primarily used to compile weightings for important macro-
economic indicators, including the consumer price indices used to
measure national inflation and accounts. The survey is performed every
five years, and the dataset is organised into separate files containing
household-level information. Some variables are covered by both data-
sets, whereas others are exclusively covered by either dataset. There-
fore, some researchers have performed statistical matching to impute
some variables from one dataset (EU-SILC) to the other (HBS). The au-
thors developed and demonstrated a method for statistically matching
the two datasets via logistic regression; they introduced the novel
approach of incorporating EU-SILC data into the HBS dataset for a
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quantitative analysis of household budget constraints per house
ownership status and dwelling type (Maia et al., 2023a, b). The same
paper reviewed various studies involving statistical matching and found
that most researchers impute data from HBS to EU-SILC, which is the
opposite of their developed workflow (Donatiello et al., 2016; Serafino
and Tonkin, 2017).

In the present study, after an assessment of datasets from 10 coun-
tries, Spain’s data were considered the most reliable for use due to their
completeness and large number of so their outcomes were used in this
paper. A recent literature review identified a study about household
budget restrictions and transport poverty using Spain’s HBS data
(Alonso-Epelde et al., 2023) which confirmed the usefulness of HBS for
studying household budget restrictions and the usability of Spain’s HBS
data.

2.3. Staged retrofits in BRP context

The concept of long-term, step-by-step renovation was introduced in
the energy performance of buildings directive (EPBD) in 2018 (EPBD
recast 2018/844/EU) as part of the BRPs. A BRP is a building document
that is also called a building roadmap and provides tailored advice on
how to improve the building’s energy efficiency gradually. Since the
approach was proposed, the terminology has evolved, and the term
‘staged’ currently refers to gradual, stepwise renovation. The ongoing
proposal for an EPBD recast suggests a more robust and specific defi-
nition: ‘staged deep renovation means a deep renovation carried out in
several steps, following the steps set out in a renovation passport
following Article 10" (European Parliament, 2023).

Some authors use different terms to refer to the same practices in the
process of implementing renovation measures within the same building.
The concept of retrofit measure ‘sequencing’ was used by an author in
adopting a decision-support system model to determine the order and
ranking of retrofitting measures for non-residential buildings (Ibn-Mo-
hammed, 2014). The term ‘sequencing’ was also used to examine and
understand the intricacies of retrofits (Murto et al., 2019). Other authors
introduced the term ‘phasing’ to delineate the time dimension of retrofit
measure sequences (Merlet et al., 2022).

Another term used is ‘serial renovation’, denoting a series of reno-
vation activities done to scale up different buildings, such as those in a
building portfolio, as used to investigate the viability of serial renova-
tion using air heat pumps in multi-family houses Ochs et al., 2022).

Fig. 1 explores possible roadmaps according to the numbers of
stages. The technical specifications required to avoid lock-in effects are
taken into account, especially in regard to the measures combined in a
step. Six renovation measures are considered: insulating the upper
ceiling (or roof), insulating the facade (or external wall), replacing the
windows, insulating the cellar ceiling (or floor), replacing the heating
system and installing a renewable energy system. A roadmap with five or
more steps is technically possible but has high interruption/cancellation
risks; a maximum of four steps is ideal. The staged retrofit model used in
the present paper defines the optimal retrofit sequence by calculating
the timing of performing each stage. The model assumes a three-stage
building roadmap, which is considered a reasonable, realistic practice.

Certain projects in Europe have already embraced the concept of
building passports to promote awareness of a building’s energy perfor-
mance and encourage staged deep renovations. In Germany, the State of
Baden-Wiirttemberg launched the sanierungsfahrplan (iSFP) in 2015 as
an energy audit instrument, which has also been adapted into the Aus-
trian building certification scheme klima aktiv. France’s passeport
efficacité énergétique (P2E) offers solutions to achieve low-energy or
nearly zero-emission buildings (P2E, 2018). In Flanders, Belgium, the de
woningpas serves as a digital tool for storing building-related information
and automated renovation details (Flanders, 2017). Although a national
initiative regarding BRPs in Spain was not found in this literature re-
view, a past study concluded that BRPs have considerable potential in
Spain, especially if the urban scale were considered, thus reducing
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Fig. 1. Deterministic matrix of roadmaps with different numbers of stages and measure combinations to avoid lock-in effects per stage (for one building). Source:

Maia et al., 2023a, b.

transaction costs in some cases (Villarejo et al., 2021). Nevertheless,
Spain was used in a cross-country comparison of the climate optimality
of staged renovation activities between Germany, Sweden and Spain
(Maia et al., 2023a, b).

Besides the abovementioned country-specific initiatives, several EU-
funded research projects have explored BRPs and their potential. The
Alliance for Deep Renovation in Buildings (ALDREN) project supports
deep renovation investments and proposed an EU-wide building
assessment framework that incorporates sustainability metrics in certi-
fication schemes and decision-support protocols and tools (Aldren,
2018).

The Individual Building Renovation Roadmap (iBRoad) project
developed two tools: the building logbook and the roadmap assistant.
The building logbook centralises essential information about a building,
from its administrative details to its characteristics, whereas the road-
map assistant facilitates the creation of a staged renovation plan
considering the occupants’ needs and circumstances (I. Maia et al.,
2020; Monteiro and Fragoso, 2018). The iBRoad2EPC project extends
the usability of these tools by exploring their convergence with energy
performance certificates, which are important instruments for assessing
and comparing buildings’ energy performance (iBRoad2EPC, 2022).

2.4. Current state of policy incentives for renovation activities

Although the policymakers have made an effort to increase the deep
renovation rates through funding and financing programs, unfortu-
nately, these mechanisms had only limited diffusion as concluded by
(Conforto and Hummel, 2022) and as shown by the deep renovation
rates presented in chapter 1.

In the past, many studies have dedicated attention to the topic of
financing building renovations, and some of these are presented next. A
country-by-country overview of the most important public schemes
identified across the EU various private, public financial and fiscal
mechanisms for energy renovations in buildings (Bertoldi et al., 2019). A
few years later, the same authors collected EU data about financial and
fiscal instruments applied by municipalities to encourage renovations in
residential, commercial and public buildings across European regions
and municipalities (Economidou et al., 2021). After these deep-dive
studies and the review of ongoing financing practices, the authors pre-
sented innovative instruments for energy renovations of residential
buildings to encourage the increase of deep renovation rates through

new financing instruments and schemes (Bertoldi et al., 2021). Other
authors studied financing interventions from different stakeholders’
perspectives: demand-side (such as subsidised loans to homeowners)
and supply-side (sales and service offer from companies). The authors
concluded that one-off payment grants and tax incentives are more
widely used by homeowners and inadequate attention is paid by the
policymakers concerning supply-side policies (Kerr and Winskel, 2020).

The COVID-19 pandemic period made the low renovation rates
evident and helped reinforce the argumentation that most renovations
are not sufficiently energy efficient and do not achieve climate
neutrality standards. Although existing, financing schemes and funding
programmes were not properly uptaken by the market and, conse-
quently not widespread.

2021 was a political game changer as clear goals were set to achieve
Europe’s climate neutrality until 2050. The European Green Deal rep-
resents a stronger commitment to strengthen EU-Member States’ sup-
port mechanisms, especially from the financial point of view. The
European Investment Bank (EIB), the European Structural and Invest-
ment Funds (ESIF) and the European Fund for Strategic Investment
(EFSI) are exemplary funding streams to finance buildings’ renovation.
According to the EU Commission Website, more specific financial in-
struments will be developed between 2021 and 2027 under the
InvestEU. The same website shows increased transparency about exist-
ing actions by providing a list of national programs that target building
retrofits, their current rules and support measures. Alternative to public
funds, private and green banks also finance retrofitting, however with a
stronger homeowners’ financial participation need as reported (GFI,
2020). Finally, from the perspective of financial investments’ avail-
ability, one can say that the current situation is more favourable and
promising to considerably boost retrofitting activities than it was in the
past.

In this favourable context, where an increased amount of retrofit
funds and destinated investment help to overcome an important barrier,
complimentary champagnes and actions should not be forgotten. Active
communication and clarification champagnes should bring information
to the homeowners about the existence and conditions of these in-
centives. Furthermore, a well-established support structure should exist
(ie. One-stop-shops). In a literature paper, the authors present six key
retrofit design features: the source of capital; the financial instrument(s);
the project performance requirements; the point of sale; the nature of the
security (ie. repayment); and the channel and customer journey. The paper
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concludes that finance alone is not a driver for retrofitting and a holistic
view leads to successful retrofits when these key features are included
(Brown et al., 2019).

3. Methods and data

This chapter presents the methods and data used in this study being
divided into three sections. Data-driven budget restrictions of different
household types: owner-occupied or rented single- and multi-family
houses derived through statistical matching (Section 3.1). These re-
strictions were utilised as input data into the staged retrofit optimisation
model (Section 3.2), which was used to calculate the optimal timing of
each stage. The Spanish reference building stock (single-family houses)
is described in Section 3.3, particularly their technical characteristics,
retrofitting costs, energy efficiency standards and household budget
restrictions. Fig. 2 presents an overview of the method used in this study
and the data flow between the different methods (M1 and M2).

3.1. Statistical matching for defining data-driven household budget
restrictions

Assessing retrofitting activities has the challenge that the data is
available from different sources. The technical approach focuses on
characteristics like geometry, energy efficiency standards, construction
period, etc. Without considering the socioeconomic aspects of the
households. On the other hand, many socioeconomic studies use the EU-
SILC (explained in section 2.2) indicators like “household type” and
“ownership status” to assess sociodemographic and living conditions. In
these studies, detailed quantitative information about household ex-
penditures is not required, which is on the hand crucial to define the
data-driven budget restrictions (and available in the HBS surveys).

Statistical matching is a statistically proven method to combine
different data sources and set up a database. A workflow was developed
to statistically match both data sources EU-SILC and HBS to obtain
combined information about the household type (ie. single-family or
multi-family houses), ownership status (owned or rented) and budget re-
strictions (numerical indication). With that, the data-driven household
budget restrictions were defined and used as input into the staged
retrofit optimisation model (explained in section 3.1) that requires
techno-socioeconomic data as input.

The detailed statistical matching via logistic regression method was
developed by the same authors as the present paper and is explained in
the journal publication “Integration of datasets to provide insights about
households’ natural gas expenditure as trigger to building stock decar-
bonisation” (Maia et al., 2023a, b). The whole statistical matching
workflow consists of four stages starting from data preparation (selecting
data from different EU countries, merging files, analysing data gaps,
excluding observations, etc); dataset comparison (identifying common
variables, harmonising the data, comparing variables distribution,
selecting a country dataset); modelling (setting the model, setting the

\ data-ariven
budget
restrictions

M1: statistical
matching via logistic
regression

M2: staged retrofit
mixed-integer linear
programming
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programming code in R and generating the synthetic data) and results
(assessing the results and verifying their plausibility). The modelling
stage consisted of imputing the variable ‘dwelling type’ from EU-SILC
into HBS, a parametric modelling workflow developed, implemented
and tested using a logistic regression model to carry out the analysis
(Equation (1)). According to the literature and expert knowledge of
statistics, trustful prediction models have an accuracy higher than 70%
(considered a plausible threshold value). The developed model presents
an accuracy of 77% according to the R program indicators. After the
validation, the results were considered plausible and were used as input
into the optimisation model as presented in section 3.3.3.

Equation (1) shows the logistic function that generated the fore-
casted values based on the probability (p) that an observation i with x
characteristics has Z.

Bo+B1 %1 +Boxo +B3 x5 1. B #xg e

. exp
p(Zi)=

- 1 + exp%*’“l*XI+32*X2+B3*X3+«--B(,*X0+<’ Equation 1
where p is the probability of a house to be classified as dwelling type 1
(single-family house) or 0 (multi-family house). Four socioeconomic
parameters are represented by the matching variables x; to x¢: marital
status, x; = never married and xy = separated/widowed; degree of ur-
banisation, x3 = intermediate urbanised area and x4 = sparsely urban-
ised area; status of employment, x5 = employer; and ownership status,
Xe = rented. e is the regression residual. The regression coefficients (0,
B1, ..., p6) were calculated using logistic regression modelling in the
statistical computing software/environment R.

3.2. Staged retrofit optimisation model to calculate the optimal timing

The retrofitting model embodies the perspective of homeowners and is
based on three key principles. An economic premise initially holds:
homeowners allocate a portion of their income to cover energy-related
costs, encompassing the initial investment for retrofitting, ongoing en-
ergy expenses and maintenance charges, as outlined in prior studies (Less
and Walker, 2014; Verbeeck and Hens, 2005). The second principle per-
tains to energy-related expenses or expenses associated with the retrofit
and those currently installed systems; the former denotes costs linked to
enhancing energy efficiency, whereas the latter refers to routine expen-
ditures, often designated for maintenance. The maintenance activities are
represented in the model by the variable building material ageing. The
third principle revolves around the remaining value of the initial invest-
ment. The staged retrofit optimisation model is in detail explained,
developed, improved and tested in the publication “New step-by-step
retrofitting model for delivering optimum timing” (I. Maia et al., 2021).

The primary goal of the staged optimisation is to calculate the
optimal timing when each stage is performed. For optimal timing, the
net-present-value (NPV) is maximised. Therefore, the optimisation
process consists of, first, calculating the NPV (Equation (2)) over the
period and; second, calculating the time in a mixed-integer optimisation
(Equation (3)).

B
[

4 &
Spanish
residential single-
family houses

©)

Results:optimum timing,
NPV, cumulative CO2
emissions

Fig. 2. Inputting of outcomes from statistical matching (M1), namely, data-driven budget restrictions, into staged retrofit mixed-integer linear programming model

(M2) for a case study of Spanish single-family houses.
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The NPV of household income relates to energy assets, considering
accumulated income and deducting energy-related expenses, within a
specific optimisation timeframe.

T
CF, L
NPV = Z S T - Equation 2
t

1+ (1+n?

L is the residual value of the retrofitting measures in year t (euro), r is
the interest rate (%), tp is the depreciation time (yr) and T is the opti-
misation period (yr).

The mixed-integer optimisation calculates the maximised NPV by
defining when each stage should be performed. Equation (3) shows the
objective function indicating the optimal timing when the NPV is
maximised per stage. The binary decision variables x, y and z represent
each stage and its corresponding year, tx, ty and tz.

max NPV =f{t,,1,,1.,x,y,2} =NPV, xx+ NPV, xy+ NPV, xz
Equation 3

s.t.

xe{0,1}
ye{0,1}
z€{0,1}
X+y +z <3

teT
T

ngl
t

t

T

Zzél

1

to+ty+t, <T

There are different optimisation conditions (described in s.t.): over
the optimisation period (T), a stage can only be performed once; in a
specific year t, more than one stage can be performed (meaning a
maximum of three stages performed); and each stage has an optimal

Staged retrofit
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timing (ty, ty and t,) that can also be the same for different stages, but
cannot exceed the optimisation period (T).

The model consists of a mixed-integer linear programming code
implemented in Python using Gurobi as the solver. Fig. 3 shows an
overview of this model, which consists of the input data (described on
the left-side), the core programming code and the background databases
(including country-specific ones) and the output data (described on the
right-side). Four indicators represent the optimal time at which each
stage should be performed in terms of economic feasibility (net present
value [NPV]), climate friendliness (cumulative CO, emissions) and en-
ergy efficiency (roadmap duration and optimal timing).

The input data for the model are as follows:

1. Renovation cycles: The model determines the optimal timing
(top) of each renovation cycle within the specified period. It de-
cides whether a step should be performed and in which year it
should be performed.

2. Retrofitting measures and their initial investments (IC): The
staged approach involves one or more retrofitting measures, or a
package of measures, based on building roadmaps.

3. Building material lifetime database (tL): This database aligns
with relevant literature (BBSR, 2017; Pfeiffer et al., 2010) and
contains the lifetimes of building materials and heating technol-
ogies. The model automatically assigns a lifetime to each building
element using this database, which is also accessible online.

4. Material ageing rate (m): The material ageing rate is assumed to
be 6.5 based on literature sources (Hansen, 2010; Kockat, 2011).

5. Heating and cooling system technologies: The model con-
siders the currently installed heating and cooling systems and
those specified in each building roadmap. The energy carrier
prices for the specified heating technologies are automatically
retrieved from the heating and cooling system technologies
database.

6. Energy prices and heating technology prices (EC): The prices
and price development of energy and heating technologies were
determined based on previous studies, which mainly used
different modelling scenarios (Capros et al., 2018; European
Commission, 2019; Grave et al., 2016).

7. Optimisation period (T): The model’s optimisation period spans
30 years, from 2020 to 2050.

8. Depreciation time (tp): The depreciation time considered for
assets is 30 years.

9. Annually allocated energy-related asset (A): Initially, the
model calculates a constant annual allocated income of 3000
euros for all cases, accumulated over the 30-year optimisation

Input data P Output data
P optimisation model P
Core programming
A ised 3-stage-roadmap o
Mixed integer ] Optimum timing per stage

linear
programming
code

stage

Country specifc

< > Optimisation/

Databases time

Solver

Total optimum staged retrofit

initial investments per
measure

Heating and cooling
technology
database

Data-driven and country specific
budget restrictions

Country specific database

Building material

life database o T
! Cumulative CO2 emissions

Building
typologies

Optimised net-present-value

Energy carrier
prices scenario

Fig. 3. Optimisation model overview to assess optimal timing, economic feasibility and cumulative CO, emissions of staged retrofits at building stock level. Source

(Maia et al., 2023a, b).
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period. This income is derived from 10% of the disposable income
(INC), which is assumed to be 30,000 euros based on a review of
studies on European households’ disposable income (del Pero
et al., 2016; European Commission, 2019). The sensitivity anal-
ysis considers worst- and best-case scenarios of 900 and 6000
euros annually, respectively.

10. Loan (1): Although the model regards incentives and loans as
input data, this study does not take loans into account.

11 Interest rate (r): The model calculates an estimated interest rate,
initially set to 3% and later to 8%.

12 Number of stages (i): The model generates a roadmap with three
stages (i = 3). Step 3 allocates the active system (heating and
cooling technologies) measure if it is foreseen in the roadmap.
This approach enables an analysis of the effects of ‘dependency’
or ‘no dependency’ between the sequence of measures and the
impacts on the energy efficiency and CO2 emission reduction of
including Step 3.

13. Automated three-stage roadmaps: This is a new calculation
module that automatically computes roadmaps and offers two
possible combinations of measures per stage.

14. Country-specific initial investments: The calculated roadmaps
consider country-specific measurement costs, including installa-
tion, material and labour costs.

15. Data-driven budget restrictions: Data-driven household budget
restrictions are classified by dwelling type and ownership status.

16. Country-specific building typologies: The building typologies
for Spain are defined considering the building characteristics per
construction period.

3.3. Definition of Spanish reference building stock

3.3.1. Technical characteristics of reference buildings

Table 1 shows the input parameters per building element of the
reference single-family houses in Spain (continental climate) according
to the reference typologies described by the EU-funded TABULA and
EPISCOPE projects. The characteristics of the Spanish buildings, which
are described using their typology-specific element surface areas and
envelope qualities, are divided into six construction periods. In all
buildings, a gas boiler (n = 0.85) for space heating and domestic hot
water is considered. The described building geometries differ signifi-
cantly between construction periods, and buildings with better energy
efficiency have been constructed since 1980.

3.3.2. Retrofit standards and investment capital

Fig. 4 shows specific global costs of the sixteen combinations of en-
ergy different measures per construction period (represented by ID 1 to
16). It shows that ID 2, namely, 15 cm of external wall and floor insu-
lation, 20 cm of roof insulation and a window U-value of 0.95 W/m?K, is
the cost-optimal variant in all construction periods. Then, these retrofit
measures and respective investment capital were utilised as input data
into the staged retrofit optimisation model.

Energy Policy 188 (2024) 114047

3.3.3. Household budget restrictions

According to previous studies, owner-occupied single-family houses
account for 32% of Spain’s building stock; only 40% of these households
can afford retrofits without government incentives. Then, the annual
budgets of 36,000 to 50,000 euros/year were used as input data, where a
fixed rate of 10% was considered as budget restrictions.

4. Results

The presented results were used to evaluate the buildings’ decar-
bonisation roadmap and the economic feasibility of staged retrofits for
owner-occupied single-family houses in Spain using the following in-
dicators: roadmap time (total time between the first optimisation year
and the year of the last stage), cumulative CO, emissions (representing
the time dimension of COy emission reduction) and NPV (indicating
economic feasibility). Furthermore, this section discusses this study’s
limitations.

4.1. Roadmap time versus NPV

The Spanish reference buildings have diverse geometries and thus
surface areas between construction periods, as shown in Table 1. Due to
the heterogeneity of the building stock and the lack of any trend
regarding building standards norms, the results are interpreted per
construction period. The total roadmap time is the period between the
first optimisation year (2020) and the year when the last stage is per-
formed. The roadmap time indirectly represents the building’s age (and
thus energy efficiency standards) and geometry. Given the same annual
budget, older, larger, and lower-efficiency buildings will need more time
to complete the roadmap than smaller or younger buildings. The NPV
represents the relation between annual income, capital investments and
energy costs.

Fig. 5 shows the total roadmap time versus the NPV; the total
roadmap time generally decreases with the annual income. Except
1937-1959, all construction periods have positive NPVs, showing the
economic feasibility of the cost-optimal retrofitting measures. The NPVs
are positive because Spanish buildings generally have lower energy
demand (compared with German and Austrian buildings) due to climate
conditions. This reduces energy costs and increases NPVs. The NPVs in
this analysis vary between —11,000 and 12,000 euros. The construction
period of 1937-1959 presents a negative NPV because it has the most
economically unfeasible buildings, namely, those with high energy de-
mand (reflecting low-energy efficiency standards) and large geometric
sizes (and thus higher initial investments).

The effect of the annual income on economic feasibility is highly
relevant in 1901-1936, in which retrofit activities are not economically
feasible for lower-annual-income households.

4.2. Roadmap time versus cumulative CO, emissions
Fig. 6 shows the total roadmap time versus the cumulative CO5

emissions. The specific cumulative CO, emissions vary between 252 and
715 kgCOy/m?, depending on the annual income and the construction

Table 1
Geometric characteristics and energy efficiency standards per element of reference buildings in Spain. Source: (EPISCOPE, 2016).
Building element Construction year until 1900 1901-1936 1937-1959 1960-1979 1980-2006 after 2007
Ref.floor area [m2] 55 202 350 171 163 119
Roof 1 Surface area [m2] 50 87 166 64 132 68
U-value [W/(m2K)] 2.1 3.1 2.7 4.2 0.6 0.5
Wall 1 Surface area [m2] 66 258 464 312 234 176
U-value [W/(m2K)] 0.2 2.9 2.6 1.3 0.6 0.5
Floor 1 Surface area [m2] 50 87 146 90 107 68
U-value [W/(m2K)] 2.4 0.9 1.8 0.9 0.9 1.3
Window 1 Surface area [m2] 4 29 44 13 66 20
U-value [W/(m2K)] 5.0 4.6 4.6 4.6 3.1 3.1
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Fig. 4. Specific global costs per energy efficiency measure variant (ID 1 to 16) per construction period. ID 2 is the cost-optimal variant (lowest global costs) in all

construction periods.

Construction period

Annual income [€]

® 15011936
16 B nn ¢ 1937.1959
. - + 1560-1979 48k
14 oo = 1580-2006
- a after 2007
% - e until 1900 46k
£ 12
% 44k
£ 10
® .ee
o 42k
: 8 CLTEN
3
o +*
- 40k
6 SHEEE masann
4 eene 38k
LA R
-10k -5k 0 Sk 10k

Net present value [€]

Fig. 5. Total roadmap time and NPV from optimisation model for Spanish reference buildings at annual household budgets of 36,000-50,000 euros.

period. The construction period after 2007 has the lowest cumulative
CO4 emissions and shortest roadmap time, whereas 1901-1936 has the
highest cumulative CO, emissions for lower-annual-income households.
Some construction periods require a higher budget than others to ach-
ieve the same cumulative CO, emissions. For example: for a cumulative
CO,, emission of approximately 600 kgCO,/m?, the construction period
1937-1959 requires an annual budget of 3760 euros; 1980-2006, 4310
euros; 1901-1936, 4360 euros.

4.3. NPV versus cumulative CO5 emissions

Fig. 7 is a plot of economic feasibility versus climate friendliness. At
the assumed annual budgets of 36,000-50,000 euros, only 1937-1959
presents a negative NPV. These results highlight the climate friendliness
between households by showing that higher-annual-income households
have lower specific cumulative CO, emissions. However, this scenario

should be avoided in real life.

4.4. Discussions and limitations

Staged retrofits were introduced into policy instruments (EPBD) in
2018, and different studies have shown that this deep renovation
practice is widely performed in real buildings. Although many studies
focus on the single-stage approach, this is not the most performed
renovation approach in real-life scenarios while evidence from real-life
practices show that staged retrofits are commonly performed. Never-
theless, retrofits still present low rates, although they are important to
assure energy security and decarbonise the buildings.

Due to the high risks of lock-in effects and interruption, staged retrofits
have been insufficiently covered in the literature, specifically their
modelling approaches and detailed examples of completed staged retrofits.
Therefore, one limitation of the present study is result validation, which is
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due to the small number of studies exploring this topic. Germany has
documentation on staged retrofit practices (Cischinsky and Diefenbach,
2018), but it does not include the time the measures were implemented.
A novelty of the present work is the development of deterministic
roadmaps (Fig. 1) based on the technical specifications of implementa-
tion, which are intended to generate roadmaps with low lock-in risks.
The automated three-stage roadmap covers a wider range of possibil-
ities; nevertheless, other technical and even individual aspects involved
in generating roadmaps should be further explored in the literature.
Another novelty of the present work is the incorporation of data-
driven budget restrictions into the optimisation model; this differs
from common practice, which adopts arbitrary assumptions. From the
statistical matching workflow, data from Spain was selected based on
their completeness, sample amount and quality. The workflow
compared ten different EU countries. From the building energy con-
sumption perspective, due to its climate, Spain is not considered the
main challenging EU country (when compared with countries in colder
climate zones). However, in Spanish households, the socioeconomic
characteristics (also represented by the budget restrictions) play a
relevant role. The present paper calls for country-specific analysis due to
different building stock, socioeconomic, and cultural (eg. scepticism,

heritage) aspects. Some EU countries might have more challenges on the
building side, while others on the socioeconomic or cultural side. This
justifies the relevance of considering both techno and socioeconomic
aspects when assessing building stock decarbonisation.

The optimisation model is capable of providing indications about
rapid energy price shock, as generated by the Russia—Ukraine war. Such
a situation will affect the sequence chosen by the model for each stage
and the total time needed to complete a roadmap.

Previous studies have discussed optimisation model sensitivity
analysis regarding energy prices, building owner budget restrictions and
initial investment (I. Maia et al., 2021). However, further sensitivity
analyses can include the calculated energy savings, final energy demand
and their effect on the NPV. Furthermore, limitations exist regarding the
energy demand calculation model because weather data that account for
climate change scenarios were not used. It is expected that climate
change affects buildings’ energy demand by mainly decreasing space
heating (Olonscheck et al., 2011) or even increasing space cooling
(Frank, 2005). And not considering the trade-off between capital in-
vestment and future uncertainties is considered a limitation.

Another limitation is the lack of consideration for rebound effects
after the first or second stage. The increased non-energy benefits
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through retrofits may generate less energy savings than expected
because the building users adapt the consumption behaviour (Ferreira
et al., 2017). This means that certain energy savings and CO5 emissions
may not be achieved, and the model should be further developed to
internalise such non-energy benefits (such as increased comfort, indoor
air quality, lighting, etc).

Other future model improvements should include the dynamic
adjustment of a household’s available budget based on its annual in-
come. Households with lower annual incomes may have lower shares of
income to invest than higher-income households, as shown by Spain’s
results. Finally, the model should include a final energy demand factor
that corrects the energy expenditure according to the annual income.

5. Conclusion and policy implications

This paper mainly aims to assess the effects of staged retrofits and
their time dimension, which are underexplored topics in the literature.
The two main novelties of this work are its combination of technological
and socioeconomic parameters in an optimisation model for staged
retrofits and evidence-based model inputs in the form of household
budget restrictions derived via statically matched EU datasets.

The study assesses the long-term climate friendliness and economic
feasibility of retrofit measures in terms of using primarily the cumulative
CO; emissions and NPV together with the total roadmap time. This
assessment is relevant because its insights support accelerating building
stock decarbonisation, which is significant for the achievement of
climate goals.

In Spain, only 12% of houses are owner-occupied single-family
houses. The annual income of this group exceeds 36,000 euros, and in
most construction periods (except 1937-1959), staged retrofits are
economically feasible. The calculated optimised roadmap time is an
average is 12 years, depending on the annual income. The majority of
households present budget restrictions and together with the heteroge-
nous building stock characteristics, incentives targeted to end users are
needed to accelerate real-life retrofits. Even households that can afford
staged retrofits, as suggested by the data, will need incentives for faster
decarbonisation. Other non-technical aspects play a role (e.g. legal
decision-making rights, financing split between involved parties and
psychological aspects related to the retrofit experience), especially in
Spain, where 70% of households are multi-family houses. Then, for a
more accurate policy design of retrofitting schemes, future work should
consider households’ socioeconomic characteristics (represented by
budget restrictions, age, demography, etc.) together with the technical
ones. We aim to do so, by extending the models’ parameters and as-
sumptions, for example by monetarizing non-energy benefits and by
assessing different incentive scenarios (under the consideration of
household budget restrictions).
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