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Abstract

Residential energy renovation remains a central pillar of climate mitigation and social
sustainability strategies, yet renovation rates persistently lag behind policy targets, par-
ticularly in older urban neighborhoods. This study investigates the underlying causes of
renovation inertia using a neighborhood-scale mixed-methods approach that combines
door-to-door household surveys, façade infrared thermography, and expert focus groups.
Using a post-industrial residential district in Liège, Belgium, as an exploratory case, the
study jointly analyzes building conditions, household characteristics, and renovation con-
texts. The results reveal that renovation failure cannot be explained solely by technical
deficiencies. Instead, three interacting socio-technical mechanisms emerge: adaptive oc-
cupant behaviors that mask poor building performance, a constrained renovation agency
shaped by tenure and income asymmetries, and the stratification of energy awareness along
social lines. Together, these mechanisms reinforce a form of renovation lock-in in which
technical degradation, behavioral adaptation, and institutional fragmentation mutually
sustain inaction. By integrating physical diagnostics with social and experiential data, the
study explains why conventional incentive-based renovation policies systematically under-
perform in comparable urban contexts. Rather than treating energy renovation as a purely
technical or economic decision, the findings highlight the need for policy instruments that
explicitly address agency constraints, behavioral compensation, and unequal exposure
to energy-related risks. The proposed mixed-method framework is transferable to other
urban neighborhoods and offers a replicable approach for diagnosing renovation barriers,
supporting more socially sustainable energy transition strategies.

Keywords: energy renovation; infrared thermography; energy poverty; neighborhood-scale
analysis; socio-technical factors; residential buildings

1. Introduction
The European Union (EU) [1] has committed to reducing its emissions by 55% in 2030.

European countries are expected to achieve net-zero greenhouse gas emissions by 2050.
However, 40% of the energy consumed in the EU is used in buildings. The revised EPBD [2]
places particular emphasis on implementing an ER plan tailored to each country’s building
stock, aiming to renovate the 26% worst-performing buildings by 2033. This objective has
been transposed in the Stratégie Wallonne de Rénovation à Long Terme (Walloon Long-
Term Renovation Strategy) [3]. But despite long-standing announcements, the average and
deep ER (>30% energy savings) rate is stagnating at around 1% in Europe [4].

Sustainability 2026, 18, 1370 https://doi.org/10.3390/su18031370

https://crossmark.crossref.org/dialog?doi=10.3390/su18031370&domain=pdf&date_stamp=2026-01-30
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-5197-9293
https://orcid.org/0000-0002-9477-5098
https://doi.org/10.3390/su18031370


Sustainability 2026, 18, 1370 2 of 33

The Walloon region, in particular, shows little sign of an acceleration in ER rates despite
its many benefits [5]. This can be explained, among other things [6], by an old building
stock (77% constructed before 1981) and a significant proportion of single-family homes
(76%) [7]. The wide variety of building types makes it difficult to implement industrialized
ER programs such as EnergieSprong in The Netherlands [8]. And while city centers can
rely on a more compact building typology, with more apartment buildings and terraced
houses, they have a particularly old building stock and a higher concentration of vulnerable
populations [9]. These densely populated dwellings must also address specific technical
issues, such as interior insulation [10]. The risk of overheating after renovation work is also
greater [11].

However, barriers to ER—high initial investment costs, uncertain profitability, admin-
istrative difficulties, and lack of knowledge [10–12]—depend as much on the building as
on the occupant. This interaction between technical and socio-economic characteristics is
central to the definition of an effective strategy. It has been the subject of two studies aimed
at clarifying its distribution [9,12].

At the same time, the 2022 energy crisis highlighted the vulnerability of the entire
European energy system and of the most vulnerable households. The Energy Poverty (EP)
barometer [13] estimates the EP rate in Wallonia at 29.2%. This EP has significant effects on
the ability to heat homes, physical health, mental well-being, and social integration of the
households concerned [14,15]. It has been proven that effectively combating EP requires
major ERs to be brought to their homes [14,16,17]. Socio-economic aspects can therefore be
considered both determinants and objectives of ER.

Several studies have already raised the relevance of examining these ER dynamics
at the local level [18–20]. A smaller scale allows us to validate and refine conclusions
drawn at the regional level regarding the joint distribution of technical and socio-economic
characteristics. It paves the way for a more detailed analysis of motivations and obstacles
as a function of these characteristics. It enables the proposal of strategies adapted to this
urban and social context. It is therefore worth considering using a tool such as IRT to
enable a socio-energy diagnosis at the neighborhood level [21]. In this study, infrared
thermography (IRT) is not considered as a substitute for detailed energy audits or building-
level diagnostics. Rather, it is mobilized as a rapid, non-destructive screening and mediation
tool at the neighborhood scale, capable of highlighting relative thermal weaknesses, usage
patterns, and socio-technical contrasts between dwellings. When combined with household
surveys and qualitative insights, IRT contributes to the prioritization of intervention areas
and the support of locally adapted renovation strategies. Despite extensive research on
building energy performance and on socio-economic determinants of renovation, few
studies explicitly integrate building conditions, household realities, and energy poverty
within a single neighborhood-scale analytical framework. Existing approaches often rely
on either technical diagnostics or socio-economic surveys, limiting their capacity to inform
locally actionable renovation strategies.

Through a specific analysis of an old neighborhood in the city of Liège, we therefore
seek to (a) understand the dynamics of ER at work in this neighborhood based on its specific
technical and socioeconomic characteristics, (b) understand how these ER dynamics relate
to the specific issue of EP, and (c) assess the relevance of the IRT for quickly estimating
these technical and socio-economic characteristics.

The corresponding research questions are as follows:

1. What are the technical characteristics of the housing and the socio-economic character-
istics of the inhabitants in a former urban suburb in the Walloon region? And what
are the links in between?
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2. What are the motivations and obstacles to ER based on these technical and socio-
economic characteristics?

3. What are the specific risks associated with EP in this neighborhood, and how can ER
strategies address them?

4. How does the IRT contribute to our understanding of ER dynamics?

The results enable us to identify dominant building/occupant profiles that require
locally adapted ER strategies. These results also highlight the need to integrate the issue of
EP directly into ER strategies, not only as an objective but also as a determinant of these
strategies. Finally, the IRT demonstrates its capacity for rapid neighborhood-scale screening
while also revealing its technical limitations.

Against this background, this paper addresses a critical gap in current research on
renovation and policy practice. While most studies focus either on building performance
metrics or on household socioeconomic characteristics in isolation, fewer investigate how
technical conditions, lived experiences, and institutional contexts interact at the neighbor-
hood scale to produce persistent renovation inertia. This study adopts a mixed-method
diagnostic approach that combines infrared thermography, household surveys, and expert
focus groups to examine these interactions in an integrated manner. Rather than aiming
for statistical representativeness or predictive modeling, the objective is to identify the
socio-technical mechanisms that prevent renovation policies from translating into action in
real residential contexts. By doing so, the paper moves beyond a local case description and
contributes to a broader understanding of why energy renovation strategies repeatedly
underperform in older urban neighborhoods across Europe.

2. State of the Art
Technical characteristics primarily determine the need to renovate a building to im-

prove its energy efficiency. The EPC [2] models these characteristics to estimate energy
use under specified technical and behavioral assumptions. More precise energy audits
or renovation passports [22] are available to better target interventions. These audits go
further in analyzing the building and make specific proposals regarding the work to be
undertaken [23] and, at their command, to respect the Trias Energetica and avoid the lock-in
effect [24,25]. They are also responsible for adapting energy renovation solutions to the
specific technical characteristics of the building in question. Managing the hygrothermal
behavior of walls—particularly those insulated from the inside [10,26]-and the installation
of suitable ventilation [27] requires special attention. The risk of increased summer over-
heating must be properly taken into account [11]. While it is possible to limit its effects, the
lack of appropriate measures leads to a significant increase in the risk of overheating and
the energy requirements for air conditioning [28]. EPC and audits serve as the basis for
regulations, communication on sales and rentals, and future performance requirements.
They could also be used to determine eligibility for loans or subsidies. They may even
offer an estimate [29] on the profitability of the proposed works. They are, therefore, key
elements in defining and promoting energy renovation strategies [30]. But actual energy
use may differ significantly from estimated use [29,31,32] due to simplifying assumptions
about behaviors and technical characteristics that are unknown. These simplifications
lead to both overestimating energy use in inefficient buildings and underestimating it in
high-performance buildings [33]. This performance gap must be considered to estimate
the financial profitability of an energy renovation project accurately [31]. These assessment
tools must also go beyond energy use to analyze the entire life cycle [34–36]. A more
comprehensive assessment of sustainability is even desirable. [37]. While certification and
auditing are useful steps in guiding ER [23,30]. They should be improved [29,31] and
cannot be the sole determinants of a strategy for widespread ER.
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“The Energiesprong business model instead offers an integrated approach based
on an energy performance guarantee, industrialised supply chain, simple cus-
tomer journey and self-sustaining financial model.” [8].

Following Energiesprong’s business model, several initiatives are being implemented
across Europe to promote large-scale, high-performance ER programs [38,39]. The Walloon
Region has thus incorporated a massification plan into its ER strategy [40], yet this has
not been reflected in an increase in the renovation rate. Pellegrino identifies six major
obstacles to this widespread adoption: (i) Regulatory and urban planning constraints
that limit projects; (ii) Significant initial costs coupled with uncertainties regarding return
on investment; (iii) The multiplicity of actors involved in renovation markets; (iv) The
small size of projects and the inertia of large companies; (v) Inadequate performance
assessments, no verification of performance after work is completed, no consideration of
the life cycle, and little consideration of occupant comfort [39]. Taking these obstacles into
account requires identifying the appropriate scale of intervention, which enables pooling of
study costs inherent to this type of market, offers solutions optimized for the geophysical
characteristics of the territory, and considers the needs and capacities of the households
concerned. Several studies have thus highlighted the importance of developing strategies
adapted to a more local context, at the city or neighborhood level [9,19,40–44]. While the
success of the Energiesprong approach is based on the industrialization of solutions, the
approach was designed as a one-stop shop [45] that primarily meets the needs of occupants:
“energy performance guarantee, industrialised supply chain, simple customer journey and
self-sustaining financial model.” [8].

In fact, the decision to renovate depends less on a dwelling’s energy efficiency than
on the occupant’s ability and willingness to undertake the renovation. In Belgium, ER
activities depend largely on household age, region, education level, type of ownership, and
construction period [46]. The economic aspect—the need for initial funding or the work’s
uncertain profitability—is the primary barrier to ER [47]. Subsidies should therefore target
major energy-efficient renovations rather than minor works [48]. Administrative difficulties
and a lack of knowledge among stakeholders also constitute significant barriers. [47,49].
At the same time, thermal [49] and acoustic comfort [47] are recurring motivations for
renovation, as important as purely financial gain. The occupants’ commitment and support
are important. We are already seeing that the people most sensitive to energy issues, who
might be interested in ER work, are also, in part, those who already adopt energy-saving
behaviors [49,50]. This paradoxical observation underscores that the economic profitability
of the works is highly dependent on user behavior and inevitable rebound effects [51].
However, financial gain is not the main driver behind home renovation. Currently, the
primary motivations for prospective renovators are: (i) rational use of living area, (ii) quality
improvement, (iii) comfort improvement, (iv) higher quality of life [52]. Communication
campaigns that focus heavily on energy savings should perhaps draw more inspiration
from what residents are looking for. Nevertheless, involving residents early on in ER
projects ensures that their needs are taken into account [15], while raising awareness leads
to better use of buildings after ER, and limits the rebound effect [53]. ER programs must
therefore take these socioeconomic factors into account [49] in addition to the technical
characteristics of the built stock.

Taking these socioeconomic factors into account enables us to consider specific yet
common situations arising from their diversity. The renovation of condominium buildings,
for example, is a well-known issue. Each occupant of the building has their own interests,
needs, and financial capabilities [44,47]. The ER of a building does not have the same
financial benefit for the occupant of the first floor as it does for the occupant of the top floor.
Nor does ER confer the same benefit on an owner-occupier as it does on a landlord [54]. The
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situation in which the landlord finances major works while the tenant reaps the primary
benefits in terms of comfort and lower energy bills is known as a split incentive [55,56]. A
future carbon dioxide (CO2.equiv.) emissions tax (GHG emissions equivalent) could there-
fore impose an additional burden on tenants [57]. Among tenants, households experiencing
EP are overrepresented and therefore more likely to face split incentives [57]. These house-
holds generally live in substandard housing but lack the means to finance ER work [58].
This EP has direct impacts: some households significantly reduce ancillary expenses to pay
their energy bills, while others significantly reduce heating energy use [15]. These impacts
then reverberate throughout society, which bears the costs directly (e.g., energy subsidies)
or indirectly (e.g., declines in physical and mental health, social isolation) [59,60]. All
these situations must be incorporated into renovation strategies in three ways: (i) adapting
regulations to both facilitate the work and enforce energy performance standards for the
housing in question; (ii) raising awareness among various stakeholders by developing
training courses and information tools focused on energy renovation; (iii) implementing
viable financial solutions that correspond to each individual’s economic capacity [42,57,61].

Thermography appears here as an interesting tool for specifying the technical charac-
teristics of the building stock and user behavior, while raising awareness of their energy
use. Infrared thermography measures the temperature of the target object by analyzing its
infrared radiation. When applied to the exterior surfaces of a building, infrared thermogra-
phy can generally be used to assess the heat loss from these surfaces and identify specific
defects (thermal bridges, water infiltration) that cause greater losses [62–67]. This rapid,
non-destructive assessment has established itself as the preferred solution for building
energy audits. It is a solution attracting growing interest for auditing entire neighbor-
hoods [66,67], particularly through aerial thermography [65,68,69]. The IRT only evaluates
the performance of the part of the envelope that is surveyed. However, part of the enve-
lope can be used as a proxy for the overall performance of buildings at the neighborhood
level [68]. The results of infrared thermography are even more accurate and informative
when combined with other sources, such as photographs, LiDAR, and EPC. [66,70–72].
To process the large volume of data generated, deep neural networks, LVM, and LLMs
show promise for improving the speed and quality of IRT data interpretation [62,73,74].
A previous review of the literature allows us to define the advantages and disadvantages
of IRT more extensively [21]. Thermography results are also powerful educational and
awareness-raising tools for promoting energy savings [75,76]. However, the results remain
limited by the definition of thermography, the lack of information on lower floors, and the
dissemination of information to the affected populations. To our knowledge, there are no
studies on the impact of internal temperature variation on external infrared thermography,
even though a building’s heat loss is logically dependent on user behavior. This state-of-
the-art underscores the interest in large-scale facade thermography as an assessment and
awareness-raising tool, even though a better understanding of the impact of user behavior
is necessary, and clearer communication with users is required.

Given the reviewed literature, a more detailed examination of energy renovation (ER)
dynamics at the neighborhood scale is necessary to better capture the interactions among
building conditions, household characteristics, and local implementation constraints. Such
an approach enables analysis of socio-technical mechanisms that are insufficiently ad-
dressed in studies at broader spatial scales, particularly in relation to rental housing and
energy poverty. This study adopts an integrated perspective that combines technical
assessment and socio-economic analysis to examine how ER strategies may influence
the evolution of the energy performance of the residential building stock. Infrared ther-
mography (IRT) is employed in this approach to assess its capacity to support an initial
neighborhood-scale diagnosis when combined with social inquiry. The analysis is applied
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to an old urban neighborhood in the Walloon Region, providing empirical insights of
scientific and policy relevance for the design of locally adapted ER strategies in similar
urban contexts. These proposals must be adapted to the context in which they are ap-
plied. Climatic conditions, construction methods, building types, urban organization,
socio-economic characteristics of residents, cultural habits, available budgets, and political
dynamics are all factors that influence energy renovation strategies.

3. Methodology
This study uses a convergent mixed-methods design at the neighborhood scale to

examine how building envelope conditions and household socio-economic realities interact
in the context of residential energy renovation. Three complementary sources of evidence
are collected in parallel and then integrated during interpretation: (i) a door-to-door house-
hold survey, (ii) façade infrared thermography (IRT), and (iii) a professional focus group.
The overall conceptual logic and data flow are summarized in Figure 1. Triangulation is
applied to enhance credibility by examining convergence and divergence across methods
while giving comparable interpretive weight to each stream [77,78].

Figure 1. Study Conceptual Framework.

The approach is exploratory and diagnostic, not predictive. Its objective is to identify
structural patterns, barriers, and mismatches between the technical performance of resi-
dential buildings and the socio-economic realities of households, rather than to estimate
energy performance indicators or simulate renovation outcomes. This positioning is consis-
tent with neighborhood-scale studies of energy renovation and energy poverty, in which
heterogeneous household conditions interact with relatively homogeneous building stocks.

The overall research design, data flows, and integration logic are summarized in
Figure 1, which illustrates how the three methods inform each other during the inter-
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pretation phase. All primary quantitative and qualitative data generated in this study
are documented and shared through an open mixed-methods dataset hosted on Harvard
Dataverse [79].

3.1. Research Design and Conceptual Framework

The methodological framework is structured around the complementarity of three
empirical tools that capture different dimensions of residential energy renovation. House-
hold surveys provide self-reported information on socio-economic conditions, dwelling
characteristics, energy use, comfort, and renovation status. Infrared thermography of
façades offers systematic, instrument-based observations of relative heat-loss patterns at
the building level, independent of occupant perception. Focus group discussions with
professionals and stakeholders yield contextual and interpretive insights into renovation
barriers, energy poverty dynamics, and policy implementation challenges.

Each method has intrinsic strengths and limitations. The survey enables direct linkage
between household characteristics and dwelling attributes, but is non-representative and
subject to self-reporting bias [80]. IRT provides comprehensive spatial coverage of the
neighborhood and allows comparison across buildings, but does not deliver calibrated
thermal performance metrics and must be interpreted qualitatively through relative tem-
perature contrasts [21]. Focus groups generate rich, in-depth qualitative information but
are limited in generalizability and sensitive to group dynamics [81].

The integration of these three methods compensates for individual weaknesses while
strengthening analytical robustness. Equal analytical weight is given to each data stream,
in line with triangulation principles [77]. Convergences across methods are interpreted as
reinforced findings, while discrepancies are treated as analytically valuable signals that
may reveal perception gaps, measurement limitations, or socio-technical tensions. This
integration strategy underpins all subsequent analysis and interpretation.

The complete structure of the mixed-methods design, including survey instruments,
infrared imagery, focus group transcripts, and synthesized integration outputs, is docu-
mented in the associated Harvard Dataverse dataset [79].

3.2. Variables, Indicators, and Operationalization

The analytical framework is built on the explicit operationalization of technical build-
ing variables and household socio-economic variables, allowing their joint examination at
the dwelling and neighborhood scales. Variables were selected based on their relevance in
the literature on residential energy renovation, energy poverty, and building performance,
as well as their feasibility for collection through non-intrusive field methods.

3.2.1. Technical Building Variables

Technical characteristics of dwellings are described using six primary indicators:

1. Construction period, expressed as building age in years.
2. Building typology and geometry, distinguishing apartments and single-family

dwellings and the number of exposed facades.
3. floor area (m2).
4. Energy performance certificate (EPC) label, reported on a categorical scale from A to G.
5. Reported annual energy use, expressed either in monetary terms or technical units

and subsequently harmonized.
6. Relative façade heat-loss patterns, derived from infrared thermographic imagery and

interpreted through surface-temperature contrasts.

IRT indicators do not represent absolute thermal transmittance values but provide
qualitative diagnostics of envelope performance, such as wall insulation continuity, window
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and frame losses, thermal zoning, and signs of non-occupancy. These indicators are used
comparatively across buildings rather than as calibrated performance metrics.

3.2.2. Household Socio-Economic Variables

Socio-economic characteristics of households are captured through the survey
and include:

1. Net household income category.
2. Tenure status (owner-occupier or tenant).
3. Household composition, including the number and age of occupants.
4. Education level of adult household members.

Additional variables describe energy-related practices and perceptions, such as re-
ported energy expenditure, heating setpoints, ventilation practices, perceived comfort,
satisfaction with dwelling performance, and attitudes toward energy renovation and regu-
latory instruments.

3.2.3. Analytical Intent

The analytical focus is placed on relationships and patterns between technical and
socio-economic variables rather than on causal inference or prediction. Correlations and
associations are examined to identify recurring configurations of building conditions and
household circumstances that may explain differences in renovation behaviors, comfort
outcomes, or vulnerability to energy poverty. These relationships form the basis for the
subsequent mixed-methods integration and interpretation.

All variable definitions, coding schemes, and anonymized survey responses are pro-
vided in the associated open dataset [79], enabling transparency and reuse.

3.3. Study Area and Sampling Frame

The empirical investigation is conducted in the Saint-Léonard district of Liège, Belgium
(Figure 2). This neighborhood was selected because it combines a relatively homogeneous
residential building stock with a high diversity of socio-economic household profiles,
making it suitable for exploratory analysis of the interactions between building conditions
and household realities.

The building stock is largely composed of terraced houses and small apartment blocks
constructed more than 50 years ago, typically featuring masonry façades, wooden floors
and frames, and limited or absent thermal insulation. These characteristics are representa-
tive of the former working-class neighborhoods found in many Belgian and North-Western
European post-industrial cities [82]. A check in the Walonmap database [83] confirms
that no heritage-protected buildings are located within the study area. Two dwellings are
listed in the heritage inventory but are not subject to any special protection measures. The
residents of these two buildings did not respond to the survey. From a methodological per-
spective, this relative homogeneity reduces structural variability in envelope performance
and allows greater analytical focus on differences related to occupancy, socio-economic
status, and renovation trajectories.

At the same time, the Saint-Léonard district exhibits pronounced social heterogeneity,
simultaneously housing low-income and energy-vulnerable households alongside higher-
income residents attracted by proximity to the city center and housing quality, reflecting
early stages of gentrification [84]. This combination makes the area particularly relevant
for studying energy renovation and energy poverty in parallel.

The study focuses on a contiguous subset of the neighborhood comprising 288 street-
facing buildings. Buildings located within inner courtyards were excluded because their
facades were not accessible for infrared thermographic observation from public space.
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21 additional buildings were identified in these courtyards using satellite imagery. Three
of the 288 buildings are not aligned with the road frontage, which constitutes a major
technical constraint, strongly encouraging interior renovation for all the others. Based on
doorbell counts, letterbox numbers, and survey observations, these buildings are estimated
to contain approximately 522 individual dwellings. For data protection reasons, the precise
geographic delineation of the study area is not disclosed.

Figure 2. Map of the city of Liège and the location of the case study “https://geoportail.wallonie.be/
walonmap (accessed on 12 December 2025)”.

The selected area does not aim to be statistically representative of the city of Liège, the
Walloon Region, or the Belgian housing stock. Instead, it constitutes a purposeful sampling
frame designed for neighborhood-scale diagnostic analysis, where depth of information
and methodological triangulation take precedence over representativeness. Institutional
collaboration with the City of Liège and academic-stakeholder platforms facilitated access
to the field and informed the design of the study’s qualitative components.

All spatial descriptors and anonymized contextual information related to the study
area are documented in the associated Harvard Dataverse dataset [79].

3.4. Data Collection
3.4.1. Door-to-Door Household Survey

A door-to-door household survey was implemented to collect detailed socio-economic,
technical, and behavioral information directly from residents. This approach was selected to
ensure access to population groups that are often underrepresented in online or self-selected
surveys, including older residents, low-income households, and households with limited
digital access [85]. These groups are particularly relevant in the context of energy renovation
and energy poverty. Door-to-door surveys also allow the interviewer to explain the meaning
of questions if necessary, particularly technical concepts that could be misunderstood, such
as the EPC label or the presence of insulation.
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The survey instrument was designed based on the research objectives and a review
of comparable questionnaires in the literature. It is structured into two main parts. The
first part collects descriptive and status information to characterize respondents and their
dwellings, including socio-economic profile, household composition, dwelling typology,
construction period, floor area, energy systems and reported energy use, setpoint temper-
atures, EPC label, insulated parts of the envelope and ventilation and air conditioning
systems. This section supports comparison between the survey sample and broader pop-
ulation statistics and enables linkage between household characteristics and building
attributes. Several questions have a “Don’t know” answer option in order to reduce the risk
of false positives (people who answer without really knowing the answer), even though
this answer also increases the risk of false negatives (people who do not answer even
though they know the answer) [86].

The second part is tailored according to tenure status (owner or tenant) and renovation
status (renovated or non-renovated dwelling). It focuses on any ER work that has been car-
ried out, perceived thermal comfort, energy affordability, renovation decisions, motivations,
barriers, satisfaction with renovation outcomes, and attitudes toward energy performance
regulations. Opinion-based questions predominantly use Likert-scale response formats to
facilitate response consistency and subsequent analysis [87].

A pilot survey was conducted with 11 volunteer households, who were chosen for the
diversity of their profiles, including people with no knowledge and people who had carried
out energy renovations with significant knowledge. Respondents were asked about the
relevance of the questions (apparent validity), the completeness of the questions (content
validity), logical flow, length, and respondent burden (construct validity) [88]. Based on
feedback from this phase, questions were reworded, reordered, or removed to reduce
ambiguity and limit completion time to approximately 15 min, which is considered optimal
for maximizing response rates in face-to-face surveys [89]. The finalized questionnaire is
provided in the associated dataset [79].

The main survey was conducted between February and April 2025, concurrently
with the infrared thermography campaign. Residents were informed in advance through
notices distributed in letterboxes. Surveyors systematically visited all dwellings in the
study area, briefly explained the study objectives and data protection measures, and
invited residents to participate. Surveys were primarily self-administered, with researchers
providing clarification when needed. In cases of language barriers or respondent preference,
questions were administered orally by the researcher.

A total of 67 households completed the questionnaire. Paper questionnaires were
digitized and checked for completeness and legibility. In line with established method-
ological recommendations, questionnaires with excessive missing data (more than 5% of
unanswered items) were excluded from analysis [90]; no complete questionnaires met this
exclusion criterion. Among these respondents, two households responded twice. One
person responded twice, while a couple responded separately several days apart. This
test–retest allows us to verify the reliability of the survey. The responses are broadly similar,
although there is greater variability in the responses on energy consumption (“I don’t know”
on the first test, specific response on the second) and comfort (in the case of the couple).
The motivations on the Likert scale show similar results, with one level of difference.

Reported energy use values were expressed in monetary units (€) or physical units
(kWh, m3, liters, steres) according to the respondents’ preference, to improve the response
rate. Most questionnaires were completed in €, with only 7 respondents using one or more
physical units. None of these 7 respondents benefited from a social energy tariff. As a result,
these physical units were harmonized by converting them into monetary equivalents using
average regional energy tariffs provided by the Walloon energy regulator (CWaPE). This
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standardization enabled comparison across households reporting different energy vectors
and units. The decision to favor monetary units over physical units in the analysis of the
results meets three objectives. (i) As noted, energy consumption was mainly expressed by
respondents in euros, as this is the unit they are most familiar with. Some respondents
also benefit from a social tariff, which makes it more complex to estimate the quantities
of energy consumed. (ii) The objective of the study is to examine renovation dynamics,
which we believe are more dependent on energy expenditure than on energy consumption.
(iii) The calculation of standardized primary energy, which is the most relevant in terms of
environmental impact, requires the integration of a coefficient that leads to a significant
loss of meaning in relation to the perception of the public.

All anonymized survey responses, variable coding, and documentation are included
in the Harvard Dataverse dataset [79].

3.4.2. Infrared Thermography (IRT)

Façade infrared thermography (IRT) was conducted to obtain systematic, non-intrusive
observations of relative heat-loss patterns across the residential buildings in the study area.
Unlike indoor monitoring or invasive diagnostics, facade IRT enables neighborhood-scale
coverage from public space and supports comparative analysis between buildings and
dwelling types.

Thermal images were acquired using a FLIR TG267 (Teledyne FLIR LLC, Wilsonville,
OR, USA) infrared camera. This handheld device has significantly lower resolution and
thermal sensitivity than higher-quality instruments. That is why a preliminary test survey
was carried out in December 2024 on buildings with similar characteristics to assess image
quality, operational constraints, and protocol adjustments prior to the main campaign.
This test phase highlighted the importance of allowing sufficient camera warm-up time
to stabilize automatic calibration and ensure consistency across recordings. The test also
highlights the camera’s limitations in terms of the accuracy of absolute temperature mea-
surements. The absolute temperatures measured will therefore not be used in the rest of
the study, and only relative temperature differences will be examined. The main IRT cam-
paign comprised five recording sessions conducted on 23 January, 5 February, 6 February,
13 February, and 14 February 2025. Sessions were scheduled under meteorological condi-
tions aligned with established IRT guidelines and literature recommendations: outdoor
air temperatures below 5 ◦C, overcast conditions, and absence of direct solar radiation to
minimize thermal disturbance of façade surfaces [21,91,92]. For each session, recording
times and corresponding dry-bulb temperatures measured at the Bierset meteorological
station were documented [93].

Images were captured from the opposite pavement to maximize the field of view
and reduce perspective distortion. Obstacles may have interfered with the shooting by
obscuring part of the facade. As all facades face the street, these obstacles are mainly
vehicles (Figure 3). Cars only obscure the lower part of the facade and do not constitute
a significant loss of data, as shown in the qualitative analysis below. Of the 1209 images
produced for the IRT of the 522 facades in the case studies, only six images were affected
by the presence of a van significantly obscuring the ground floor. Nevertheless, it should
be noted that these obstacles pose three problems: (i) they could be much more numerous
for other urban typologies, (ii) they constitute a significant loss of data in the case of a more
precise analysis of the thermal characteristics of the walls, and (iii) in the event of automated
image processing, it will be necessary to integrate these obstacles, in particular vehicles with
hot engines. Due to the camera’s limited angular coverage, multiple images were taken
per facade and subsequently assembled using image-processing software (Gimp 3.0.6-1) to
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reconstruct complete façade views (Figure 3). These reconstructions facilitate comparative
analysis across buildings but are not strictly required for single-building interpretation.

Figure 3. Reconstruction of a thermal photograph of a facade (here with 4 source photos).

Given the camera’s resolution-inspection-oriented design and the losses of information
related to the shooting method, thermograms were interpreted qualitatively, focusing on
relative surface-temperature contrasts rather than absolute temperature values. Obser-
vations targeted recurring envelope features, including wall insulation discontinuities,
window and frame heat losses, apparent thermal zoning, open windows, and apparent
non-occupancy (Figure 4). These indicators were used comparatively across the building
sample to identify dominant heat-loss patterns at the neighborhood scale.

All thermal images, acquisition metadata, and qualitative interpretation notes are pro-
vided in the associated Harvard Dataverse dataset [79], enabling transparency and reuse.

3.4.3. Focus Group Organization

In parallel with the survey and infrared thermography, a focus group study was
conducted to capture qualitative insights from professionals, institutional actors, and civil
society stakeholders involved in housing, energy renovation, and energy poverty. This
qualitative component was designed to contextualize and interpret the quantitative findings
and to explore mechanisms, barriers, and policy-related dynamics that cannot be observed
solely from household-level data.

The focus group was organized within the framework of the UNIC CityLabs initiative,
which promotes collaboration between academia, public authorities, and societal actors in
post-industrial urban contexts [94]. The session’s thematic focus was energy poverty and
residential energy renovation in the city of Liège. The discussion framework and guiding
questions were jointly developed by the research team and UNIC organizers, drawing on
established focus group methodologies [95].
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Figure 4. Infrared image of buildings with (a) suspected low wall thermal insulation, (b) suspected
low thermal resistance windows/glass, (c) apparent thermal zoning, (d) two open windows, (e) pre-
sumed unoccupation, and (f) presumed good insulation.

Participants were recruited through purposive sampling to ensure a diverse range of
perspectives and expertise. Invitations were sent to researchers from the University of Liège,
representatives and employees of the City of Liège, and professionals and stakeholders
from civil society organizations and associations active in the housing and energy domains.
In total, 25 participants took part in the focus group exercise, including researchers and
academics, municipal staff, and civil society representatives. Participants were distributed
across three parallel discussion groups, each comprising approximately eight participants,
a size consistent with recommended focus group practices to encourage balanced partici-
pation and limit dominance effects [81,96]. The composition of stakeholder categories is
illustrated in Figure 5.

The focus group was structured in two discussion rounds. In the first round, partici-
pants discussed the determinants, manifestations, and recent evolution of energy poverty
in Liège, guided by semi-structured questions introduced by moderators. Following a
short break and a presentation of preliminary survey and IRT observations, a second
round focused on potential responses, including behavioral strategies, renovation barriers,
financing mechanisms, and priority policy measures at the local level.

Each discussion session was moderated by a trained facilitator and documented with
dual audio recordings, complemented by handwritten notes from designated rapporteurs.
All participants provided informed consent prior to recording. At the end of the sessions,
rapporteurs presented preliminary syntheses of the discussions to verify the accuracy of
the recorded content and to enable immediate clarification or correction.
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Figure 5. Distribution of the different focus group stakeholders.

Audio recordings were transcribed verbatim, with filler words and repetitions re-
moved to facilitate analysis. Rapporteurs reviewed transcripts for verification. The three
group transcripts were then jointly analyzed using a structured thematic extraction aligned
with the guiding questions, enabling the identification of recurring themes, points of con-
sensus, and divergent viewpoints across groups. An anonymized synthesis of the focus
group findings was produced and shared with participants for feedback.

All anonymized transcripts, thematic syntheses, and supporting documentation are
included in the associated Harvard Dataverse dataset [79].

3.5. Data Processing and Analysis

Data processing and analysis were conducted separately for each empirical component
prior to mixed-methods integration, following a sequential but complementary logic. This
approach ensured methodological rigor within each data stream while preserving the
analytical independence required for triangulation.

3.5.1. Survey Representativity, Data Processing and Analysis

Survey responses collected on paper were digitized and encoded into a structured
database. Data cleaning involved checking for completeness, internal consistency, and
legibility. In accordance with established methodological recommendations, questionnaires
with more than 5% missing responses were considered inadmissible and excluded from
analysis [90]; no questionnaires met this exclusion criterion.

The study of the distribution of respondent categories in comparison with their actual
distribution in the city of Liège (Figure 6) reveals any categories that may be underrepre-
sented. We find that respondents with a higher education degree (a) and a high income (b)
are overrepresented. Conversely, people with low levels of education and low incomes are
underrepresented, as are older people (c). There are several reasons for these differences.
Households with a high level of education are proportionally more open to responding
to these surveys. In addition, as we will see in the results, high-income households tend
to live in single-family homes, while low-income households tend to live in apartments,
which are more difficult to contact due to the barrier represented by the intercom. All
types of households are represented (d) despite an underrepresentation of single-person
households and single-parent families, which is consistent with previous observations.
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Overall, our sample is composed of varied profiles, even if it is not fully representative of
households in Liège and Wallonia.

Figure 6. Comparison of the distribution of (a) maximum level of education, (b) net household income,
(c) age of household members and (d) household type, between survey respondents, residents of the
city of Liège and residents of the Walloon Region.

Descriptive statistical analysis was conducted in three stages. First, univariate descrip-
tive analysis was applied to all variables to examine distributions, frequencies, and central
tendencies, and to identify potential anomalies [97]. This stage also enabled characteriza-
tion of the survey sample and comparison with reference population data for the city of
Liège and the Walloon Region.

Second, bivariate descriptive analysis was performed using contingency tables to
explore associations between technical building variables and socio-economic household
variables [98]. This approach is well-suited to mixed data types, including nominal, ordinal,
and discrete quantitative variables. Third, for selected contingency tables with notable
patterns, Cramér’s V was calculated to assess the strength of the association between
variables. This statistic is particularly appropriate for small sample sizes and categorical
data [99].

3.5.2. Infrared Thermography Analysis

Thermal images were processed and examined using a qualitative diagnostic approach.
Individual thermograms and reconstructed façade images were reviewed to identify recur-
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ring heat-loss features, including wall insulation discontinuities, window and frame losses,
thermal zoning, open windows, and signs of non-occupancy. Interpretation focused on
relative temperature contrasts between facades rather than absolute surface temperatures,
in line with the equipment’s limitations and the neighborhood-scale scope of the study.

Observations were systematically coded into predefined diagnostic categories to
support comparisons across buildings. To ensure the robustness of the observations, a
single person was responsible for systematic co-coding. Coding was carried out in a single
day for the entire batch. Coding was repeated a second time on another day to identify any
images that were open to debate and make a final decision on the choices. These codes
were then linked to survey variables for dwellings where both survey and IRT data were
available, enabling joint interpretation of envelope performance and reported occupancy
or usage patterns.

3.5.3. Focus Group Analysis

Focus group transcripts were analyzed using a structured thematic approach aligned
with the guiding discussion questions. For each initial question, all three group transcripts
were reviewed in parallel to extract relevant statements and themes. Identified elements
were then categorized according to their recurrence across groups, their perceived impor-
tance within discussions, and their consistency or divergence relative to existing literature.

Attention was paid to statements that explained observed quantitative patterns or
highlighted institutional, behavioral, or policy-related barriers not directly observable
in survey or IRT data. Selected quotations were retained to support and nuance the
interpretation of results in the Section 5.

All processed datasets, coding schemes, and analytical outputs are documented and
shared in the Harvard Dataverse repository [79].

3.6. Mixed-Methods Integration and Triangulation

Mixed-methods integration constitutes the core analytical step of the study and is
implemented following a convergent triangulation strategy. Quantitative and qualita-
tive findings are first analyzed independently and subsequently brought together dur-
ing interpretation to examine convergence, complementarity, and divergence across data
sources [77].

Integration is carried out in two stages. In the first stage, survey data and IRT ob-
servations are jointly examined for all dwellings for which both sources of information
are available. Survey responses related to dwelling characteristics, occupancy, heating
practices, and perceived comfort are used to contextualize and interpret façade thermo-
grams. This step addresses a key limitation of IRT, namely its dependence on unknown
internal conditions and usage patterns, by linking observed heat-loss features to reported
household practices and building attributes. Convergences between survey responses
and thermographic observations are interpreted as reinforced findings, while discrepan-
cies are examined as potential indicators of reporting bias, measurement constraints, or
heterogeneous occupancy conditions.

In the second stage, results from the survey–IRT integration are compared with themes
emerging from the focus group discussions. This step enables interpretation of household-
level observations considering professional and institutional perspectives on energy ren-
ovation, energy poverty, and policy implementation. Focus group insights are used to
explain observed patterns, identify structural barriers, and highlight mismatches between
household experiences, technical diagnostics, and stakeholder expectations.

Across both stages, contradictions between methods are not treated as methodological
failures but as analytically meaningful signals. Such divergences may reveal differences in
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perception between residents and professionals, limitations of diagnostic tools, or socio-
technical tensions inherent to residential energy renovation. The integrated analysis,
therefore, explicitly documents both reinforced findings and points of tension, which jointly
inform the discussion and conclusions.

The integrated datasets supporting this triangulation process are documented and
shared in the Harvard Dataverse repository [79].

3.7. Ethics, Data Protection, and Data Management

This study involves the collection and processing of personal data as defined by the
General Data Protection Regulation (GDPR). Ethical and data protection measures were
implemented throughout all stages of data collection, analysis, publication, and storage to
ensure compliance with legal requirements and institutional guidelines.

All data handling follows the principle of “as open as possible, as closed as necessary”,
in line with FAIR data principles. Personally identifiable information, including names,
exact addresses, and any elements that could enable direct identification of respondents
or dwellings, was neither stored in the analytical datasets nor disclosed. For infrared
thermographic images, distinctive façade elements that could allow location identification
were blurred where necessary. No explicit linkage between façade images and household
socio-economic data is disclosed.

Survey participants received written information explaining the study’s objectives, the
nature of the data collected, the data protection measures, and their rights as participants.
Informed consent was obtained explicitly through a mandatory confirmation question at
the end of the questionnaire. Focus group participants were informed verbally and in
writing about recording procedures and data use, and their consent was obtained prior to
audio recording.

Paper questionnaires were securely stored in a restricted-access room at the University
of Liège and digitized for analysis. Digital data was stored on secure university servers.
All research data will be retained for up to 5 years after publication, after which it will
be permanently deleted. In accordance with the University of Liège’s data protection
procedures, the sensitivity of the data and the mitigation measures implemented did not
require formal ethics committee approval.

Anonymized datasets, documentation, and metadata are shared via Harvard Data-
verse to support transparency and reuse, while respecting all data protection constraints [79].

3.8. Quality Assurance, Robustness, and Limitations

Multiple complementary quality-assurance mechanisms ensure the study’s robust-
ness. The primary safeguard is methodological triangulation, whereby three independent
methods addressing similar research questions are applied and integrated [77,100]. Consis-
tent findings across survey responses, IRT observations, and focus group discussions are
interpreted as robust results.

In addition to methodological triangulation, researcher triangulation was applied.
Different research teams were responsible for the development and execution of the survey,
IRT campaign, and focus group, thereby providing complementary perspectives and
reducing the influence of individual researchers’ bias. Survey instruments were pilot-
tested, the IRT protocol was validated through a preliminary campaign, and focus group
outputs were verified through member checking and cross-group comparison.

Several limitations must be acknowledged. The study is based on a single neighbor-
hood case study and does not aim for statistical representativeness at the city or regional
scale. Results should therefore be interpreted as context-specific and exploratory, rather
than generalizable without caution. The survey’s non-representative nature limits infer-
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ential claims, though this limitation is mitigated by triangulation with systematic IRT
coverage and qualitative insights.

Some limitations are more specifically related to the self-reported survey method.
Respondents may be influenced by the social desirability of their answers. The accuracy of
responses on technical concepts, such as energy labels or wall insulation, may also vary
depending on the occupants’ knowledge in this area. To limit the effect of these limitations,
this article (i) explains these limitations, (ii) describes their impact on the results, and (iii)
outlines directions for future research [101]. From a technical perspective, the infrared
camera’s limited spatial resolution and calibration constraints necessitated qualitative in-
terpretation of thermograms. While this approach is appropriate for neighborhood-scale
diagnostics, higher-resolution equipment could improve consistency and reduce analyt-
ical uncertainty in future studies. The lack of access to all dwellings located in interior
courtyards also constitutes a limitation in the representativeness of the study. Qualita-
tive analysis of defects also involves subjective judgment, which should subsequently be
formalized, for example, by quantifying temperature variability on a higher-quality IRT.

Finally, while the focus group provided rich contextual insights, qualitative findings
are inherently shaped by participant composition and discussion dynamics.

Despite these limitations, the structured combination of multiple data sources, stan-
dardized protocols, pilot testing, and explicit validation procedures ensures that the method-
ology is reproducible, transparent, and robust within its intended exploratory scope.

4. Results
4.1. Survey

The results presented below enable us to characterize the respondent profile. The most
interesting data relating to the research questions will be highlighted.

By socioeconomic status, 55% of single residents live in apartments, whereas 91% of
couples live in houses. Homeowners occupy an average of 153 m3 of living space, while
renters occupy an average of 82 m2. 52% of homeowners live in homes that have undergone
ER work, compared to only 17% of tenants. Among owners of renovated homes, 23% of
household members are over 55, 24% are between 40 and 54, 22% are between 25 and
39, and 31% are under 24. Among owners of non-renovated homes, 19% of household
members are over 55, 17% are between 40 and 54, 37% are between 25 and 39, and 27% are
under 24. However, if we focus on ER visits over the last five years, 43% of occupants of
these buildings are aged 25–39.

By building type, 44% of respondents’ homes were built before 1900, 38% between
1900 and 1945, and 14% between 1946 and 1970. Most respondents, therefore, live in homes
built before energy standards were introduced. Most of these homes are terraced houses
(57%). The remainder are apartments (24%), often formed by subdividing large terraced or
semi-detached houses (14%). The building typology is therefore homogeneous, as desired
when selecting the case study, with many buildings classified as traditional workers’ and
middle-class houses, some of which have been subdivided into apartments.

As shown in Figure 7a, 57% of respondents reported that part of their window frames
was insulated (at least double-glazed). This will not be considered ER work in the rest
of the study, but rather maintenance work. 54% of respondents report that part of their
roof is insulated. Only 27% of respondents reported that part of their walls was insulated,
and 16% reported that part of their floors was insulated, which can be explained by the
greater technical complexity involved in working on these walls. Finally, it should be noted
that 19% of respondents report producing renewable energy, and 16% have mechanical
ventilation. Window frames and roofs are the most common types of work carried out
but they are not representative of a deep ER. On the other hand, 91% of homes that have
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insulated their walls have also insulated their roofs, window frames, and made at least
one other energy improvement. Gas boilers are installed in 78% of homes (Figure 7b),
compared to 10% for oil boilers and 6% for gas or oil stoves. Wood stoves (20%), electric
radiators (15%) and heat pumps (10%) are mainly used as secondary systems coupled with
a gas boiler. This reflects both the impact of the area studied being supplied by town gas
and the cost of electricity in Belgium. Considering that urban housing must in future be
heated by a district heating network or a heat pump, this means that none of the homes
visited meet future energy source requirements.

Figure 7. Penetration of (a) energy efficiency improvements in buildings and (b) heating systems.

65% of tenants are unaware of the energy rating of their homes. However, the energy
certificate must be provided at lease signing, and half of the households have lived in the
home for two years or less. Only 32% of homeowners are unaware of their home’s energy
rating, while 22% know that their building has not yet been certified.

Residents report heating their living rooms to an average of 19.1 ◦C and their bedrooms
to 17.2 ◦C. However, tenants heat their living rooms to an average of 0.8 ◦C higher than
homeowners do, and their bedrooms to 2 ◦C higher. Part of the explanation offered by some
tenants lies in the method of paying for energy as a fixed charge, which does not incentivize
energy conservation. There seems to be little correlation between heating temperature and
ER work, except that the most energy-efficient buildings (A, B, C) do not drop below 19 ◦C
in the living room.

Several observations can be made on the energy expenditure reported by respondents
(Figure 8). The self-reported nature of the data collected may contribute to underestimating
or overestimating energy expenditure, even though a large proportion of respondents
consulted their energy bills when completing the questionnaire. It is therefore important to
focus on general trends rather than outliers. First, an improvement in the energy rating
does not necessarily result in a significant reduction in energy use; conversely, the absence
of an energy rating can lead to high energy costs. Lack of knowledge about this energy
rating has a more moderate effect. Tenants tend to have higher average use than owners.
In any case, only 25% of residents are aware of their home’s energy performance, which is
clearly insufficient to accelerate ER. Residents with a budget meter or a social tariff pay an
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average of €21.54 per m2. Owners consume an average of €17.87/m2, while tenants spend
an average of €22.36/m2. Residents of renovated homes spend an average of €17.90 per m2,
whereas residents of non-renovated homes spend an average of €20.41 per m2.

Figure 8. Breakdown of energy expenditure according to EPC label, indicating occupant status and
ER work.

Table 1 summarizes the main technical and socioeconomic criteria previously stud-
ied [9,12]. All apartments are grouped into a single category. Incomes are classified
into two categories: low and medium income (below €39,999 per year) and high income
(above €40,000 per year), allowing us to divide our sample into two groups of similar sizes.
Three specific categories of resident/building pairs are particularly well represented in our
sample: high-income owners of renovated terraced houses (23% of the sample), low-income
owners of non-renovated terraced houses (15%), and low-income tenants of apartments
(18%). The underrepresentation of detached and semi-detached houses in the case study
precludes further conclusions regarding their distribution. Calculating Cramer’s V for this
contingency table gives: 0.56. The literature suggests that this result indicates a strong
association between the technical and socioeconomic criteria examined, which reinforces
our previous observations.

Table 1. Contingency table cross-tabulation of technical criteria (housing geometry and ER) with
socio-economic criteria (occupancy status and income category) among survey respondents.

Tech. Criteria

Socio-Eco. Criteria Owner Tenant
Low/Med.

Income
High

Income
Low/Med.

Income
High

Income

Energy
renovated

Detached house 0 1 0 0
Semi-detached house 1 2 2 0

Attached house 5 15 1 0
Apartment 0 0 1 1

Energy
non-renovated

Detached house 0 1 0 0
Semi-detached house 0 2 2 0

Attached house 10 2 2 3
Apartment 1 0 12 1

Background color: Well represented categories of resident/building pairs.

When creating the questionnaire, four sections were designed to elicit a more detailed
understanding of the motivations and obstacles faced by four profiles: owners of renovated

https://doi.org/10.3390/su18031370

https://doi.org/10.3390/su18031370


Sustainability 2026, 18, 1370 21 of 33

homes, owners of non-renovated homes, tenants of renovated homes, and tenants of non-
renovated homes. As there were only a few tenants of renovated homes, we will focus
mainly on the other profiles. Figure 9a shows that owners who have not renovated their
homes may be motivated by multiple factors. However, the main motivations are financial
gain (60% high or very high impact), energy prices (56% high or very high impact), and
environmental awareness (52% high or very high impact). When compared to what actually
motivated renovating homeowners to renovate (Figure 9b), we see that the primary trigger
for ER is often a change related to the home, such as purchasing it (59% high or very
high impact), ahead of environmental awareness (52% high or very high impact), and
energy prices (44% high or very high impact). Although many levers could, in principle,
be mobilized, the purchase of a home is the ideal time to renovate. Conversely, financial
criteria remain a primary factor distinguishing those who have renovated from those who
have not. Environmental awareness is particularly stable, with or without renovation.
While this may reflect the penetration of these issues among the population, this high rate
could also be representative of the social desirability of the response.

Figure 9. Assessment of the importance of various changes that could (a) encourage homeowners
to renovate or that have (b) encouraged homeowners to renovate from the most important to the
least important.

Tenants do not have the same opportunities to undertake ER work. However, it should
be noted that although only 17% of tenants took energy performance into account when
choosing their current home, 79% consider it a deciding factor when looking for a future
rental property. Respondents who will not consider this criterion report that they do not
have the option to select housing based on it.

Finally, regarding comfort, owners who have renovated their homes report being satis-
fied or very satisfied. Conversely, owners who have not renovated report being dissatisfied
or very dissatisfied with their winter (48%) and summer (33%) comfort. 43% of tenants
living in non-renovated housing report being somewhat dissatisfied or very dissatisfied
with their comfort in both winter and summer. ER therefore results in improved comfort
in both winter and summer for the time being, although these results will need to be
recontextualized in light of the effects of climate change.

4.2. Infrared Measurements

The study of IRT images allows us to make several observations about the technical
characteristics of buildings visible from the street and their use. On the one hand, we can
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compare the number of buildings with presumed poor facade insulation, poor window
insulation, thermal zoning, or high vacancy rates with the total number of buildings visible
from the street. In addition, we can compare the number of open windows with the
presumed number of dwellings that need ventilation. These observations are summarized
in Table 2.

Table 2. Main observations from IRT.

Housing
(Estimate)

Open
Windows Buildings Poor

Insulation
Poor

Windows
Temperature

Zoning Empty

522
73

288
169 81 103 34

14% 59% 28% 36% 12%

Poor insulation in buildings was an expected finding. It is clearly visible in more than
half of them, not counting apparently unoccupied buildings whose performance cannot be
determined. The rate of 59% of heat loss indicates an underestimation of the problem, given
that these are largely terraced buildings facing the street, which can easily improve their
compactness by insulating the roof and rear facade, but which are difficult to insulate at the
front (esthetics, facade alignment, technical problems with interior insulation). However,
this is also why this measure alone is insufficient to assess a building’s performance.

Poor window insulation is a better indicator. Replacing windows is among the first
energy-efficiency measures to enhance comfort. Observing poorly performing window
frames is a strong indication of the likely absence of energy-efficiency improvements in the
rest of the building. This is especially true if it coincides with poor wall insulation.

It is also noticeable that a significant number of buildings are visibly thermally zoned.
This apparent thermal zoning can be explained by a difference in wall insulation or a
difference in indoor setpoint temperature. For thermal zoning to be visible on the IRT,
given the camera’s low resolution, these differences in composition and/or temperature
must be significant.

The number of empty buildings is consistent with findings from other indicators.
Although this is not directly relevant to our study, it is an essential element in the public
authorities’ assessment of the housing policies to be implemented in each neighborhood.

Finally, the most unexpected observation was the number of open windows. While
it is recommended to open windows to ventilate homes without mechanical ventilation,
this should be limited to a few minutes per day. Thermographic readings were taken at
different times of day, thereby reducing the likelihood that windows were opened at a fixed
time. Finally, some of these homes have CMV, while it is likely that other residents do not
open their windows enough to ventilate. It is therefore likely that this opening rate reflects
excessive ventilation in some homes, resulting in energy loss.

4.3. Focus Group

Following a study by three Focus Groups (FG01, 02, 03) on issues relating to EP in the
city of Liège and the Walloon region, several lessons were summarized. First, the three
groups (FG01, 02, 03) highlighted four factors that exacerbate EP in Liège. (i) The stock of
buildings in Liège has some distinctive technical characteristics. It is old, aligned along
property lines, with significant heritage issues and a general lack of maintenance. (ii) The
population of Liège also has a high concentration of socio-economic disadvantages: house-
holds in precarious economic situations, people with disabilities, single-parent families,
young people and students, people from immigrant backgrounds, and tenants. (iii) The
energy crisis of 2022 has caused hardship for households that are less protected by existing
assistance and safeguards, and which, until then, had been able to pay their energy bills.
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(iiii) According to participants, energy issues in housing require a great deal of knowledge:
energy billing, how a home works, and administrative management of renovations and
subsidies. The fragmentation of ownership makes it more difficult to pool this knowledge.

Liège is not a homogeneous entity; significant disparities exist among neighborhoods.
In general, neighborhoods in valleys are denser and have a higher concentration of house-
holds in precarious economic situations, whereas neighborhoods on hillsides are less dense
and have a lower concentration of households in precarious economic situations (FG01,
02, 03). However, some participants (FG02) note the success of certain urban renewal
projects that have altered the dynamics in certain neighborhoods, thereby triggering a
virtuous cycle.

From the perspective of households facing EP, two contrasting behaviors have been
highlighted. (i) FG02 and 03 thus tended to focus on households that were cutting back
on energy use, either directly on energy use or on other types of use, at the risk of putting
themselves in danger. (ii) In addition, other participants in FG01 also highlighted the
particularly energy-intensive behavior of certain households in precarious situations, who
apparently had no idea how much energy they were consuming. However, all groups agree
on the risks of social isolation and health depletion associated with EP.

The three focus groups unanimously agreed that there has been no structural response
to these difficulties. After the significant expenditure in 2022, most residents and institu-
tional actors have returned to their pre-crisis behavior. On the contrary, the rules governing
ER subsidies have been revised, which has reduced confidence in public authorities (FG03).
However, uncertainty remains very high regarding energy prices. Although winters are
becoming less cold (FG01), the increase in heat waves is raising concerns among many
stakeholders that households in precarious situations are overexposed to heat waves (FG02,
03). As mentioned in the state of the art section, this exposure to overheating affects
both certain unrenovated buildings and other buildings that have been renovated without
specific attention to summer comfort.

Following this observation, participants expressed their opinions on the various
strategies to reduce the number of households in EP. We have grouped these strategies into
three areas:

1. The energy crisis of 2022 demonstrated that short-term financial assistance is essential
to prevent many households from falling into poverty, but it is unsustainable in the
long term for the state’s finances. Depending on how this aid is distributed, it can
also be used for other purposes (FG01, 02). On the contrary, investing funds in energy-
saving measures should prove more profitable or less risky in the long term. The
first proposal is to reallocate ER assistance to prioritize comprehensive support for
households most in need. This seems preferable to all participants compared with
the current scattergun approach, which ultimately benefits households that are better
able to invest (FG01, 02, 03). However, other actions were also mentioned, such as
implementing ER programs (FG01, 02), working on heating networks to decarbonize
and reduce energy prices (FG01, 03) and targeting social housing (FG01). To finance the
additional investments, FG02 noted the possibility of redirecting funds and leveraging
the future European carbon tax, while emphasizing the long-term profitability of
energy-saving measures. FG01 also mentioned two additional difficulties: the lack of
skilled labor in the building trades and rising land prices.

2. Some participants noted that awareness campaigns on energy and housing always
reach the same audience already invested in these issues (FG01, 03). While it is neces-
sary to continue training, it is also necessary to develop tools to reach new people by
drawing on local associations and cultural organizations that enjoy greater trust (FG01,
03) or by refining our understanding of the region (FG01). However, these awareness
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campaigns must take care not to stigmatize certain population groups (FG01), but
rather to listen to them. We need to develop new housing standards that people want
(FG01). This awareness-raising goes hand in hand with simplifying administrative
procedures to reduce non-take-up (FG01, 02, 03). Support must continue after the
work is completed to provide training on the proper use of the premises and limit the
rebound effect (FG02).

3. At the same time, regulations should continue to be developed to identify and encour-
age certain groups to renovate, such as landlords and co-owners, who are particularly
prevalent in large cities such as Liège (FG01, 02, 03), as well as new buyers who find
themselves at a turning point in the life of the building (FG02).

5. Discussion
5.1. Triangulation of Survey Data, Infrared Survey Data, and Focus Group Data

The first part of triangulation involves studying buildings for which we have both a
survey response questionnaire and infrared imagery of the facade. By organizing these
infrared images using the same logic as in Figure 6, we obtain a distribution of images
based on the PEB and the respondent’s reported energy expenditure (Figure 10). The
image heterogeneity is relatively significant. However, we still observe a trend among
buildings for which PEB is known, with increasingly homogeneous and cold IRT. However,
the energy production criterion appears to be more informative for assessing low energy
expenditure, even in a very warm IRT. This observation appears to confirm that renewable
energy production is more effective than envelope insulation at reducing energy costs. And
that is without even mentioning the installation costs and technical difficulties involved
in insulation. Unfortunately, this production of local renewable energy never translates
into the priority installation of a carbon-free heating system. This highlights a partial
failure of the certification system, which is unable to logically coordinate the various
works undertaken.

Furthermore, we note that respondents who benefit from the regulated social tariff
on the purchase price of energy seem to have warmer IRT, probably because they live in
lower-quality housing. As a result, the social tariff does not translate into financial savings,
but rather as essential assistance in avoiding skyrocketing bills. Conversely, households
using a budget meter have lower energy costs, which may indicate better budget control,
although the sample size is too small to draw definitive conclusions.

Overall, the three methods converge on several common findings. Starting with the
chronic inefficiency of Liège’s building stock and the total absence of energy transition
in these dense, old neighborhoods, which still rely heavily on gas. The observation of
thermal zoning is particularly interesting for single-family homes. Whether it is a deliberate
reduction in temperature by the occupant or an unoccupied room that does not need
to be heated, it illustrates the widespread practice of energy-saving behavior in poorly
performing buildings. However, it is important to be aware that this thermal zoning
will reduce the cost-effectiveness of the ER work recommended by an energy audit. This
is especially true if the occupant pays less attention to their behavior after the work is
completed (rebound effect).

However, there has been a slow but steady improvement in ER work. Rather than for
financial gain, which remains limited due to relatively low energy prices, the work is being
carried out as part of a broader renovation and redevelopment of the property, particularly
at the time of purchase. Notably, people with the financial means to do so are increasingly
taking this information into account, a pattern that was not necessarily the case before.
However, they say they do not need a subsidy to do so. From this perspective, we can see
that energy issues are indeed permeating the population, with more than half reporting that
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they are willing to consider energy-saving measures out of environmental awareness. The
current financial incentives are ineffective. They are not the reason for the work that has
been done, and they are insufficient to convince new households to undertake renovation,
particularly those in precarious situations.

Figure 10. Classification of facades IRT according to their energy expenditure and EPC label, with
indication of buildings that produce renewable energy and buildings with special energy prices.

One of the most interesting findings of the study is the marked dichotomy between
households that report being sensitive to these issues and attempting to implement energy-
saving measures and those that are less concerned. This dichotomy is evident across
household income and education levels, as observed in both the survey and the focus group
conclusions. IRT also highlights these significant differences. Awareness of energy issues
is likely to become a real social marker, but also a factor of exclusion, in the same way as
income, level of education, language proficiency, etc.

At the same time, tenants emerge unanimously as big losers, even though they occupy
more apartments that are theoretically more compact. They experience poorer-quality
buildings, less power to influence them, energy charges that do not encourage energy-
saving behavior, and a concentration of risk profiles that can be cumulative (e.g., lower
incomes, isolated individuals, single-parent families, people with disabilities, people
under guardianship).

From a ventilation perspective, the IRT survey findings were corroborated by the ques-
tionnaire and focus group. Indeed, 76% of respondents reported regularly opening their
windows to ventilate, thereby ensuring a minimum degree of indoor air renewal. However,
this habit often leaves windows open for too long. As shown in the IRT, this opening
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time results in significant heat loss, which presents an opportunity for energy savings,
particularly if the home is equipped with a single-flow mechanical ventilation system.

The limitations of facade IRT do not diminish its value. In a large-scale mapping
approach, it could be used to estimate heat loss from the building envelope with greater
accuracy than aerial IRT. The facade IRT highlights differences between window frames
and walls, as well as between apartments in the same building. This precision also enables
raising awareness among all building residents while avoiding the “disappearance” of
houses with unheated attics.

5.2. Key Findings and Recommendations

This study identifies three interacting mechanisms, listed in Table 3, that explain why
residential energy renovation systematically stalls in energy-inefficient urban neighbor-
hoods, even when technical need is evident.

Table 3. Socio-technical mechanisms stabilizing residential renovation inertia at the neighbor-
hood scale.

Mechanisms Why Does Residential Energy Renovation Systematically Stall in
Energy-Inefficient Urban Neighborhoods?

1. Adaptive Masking Mechanism

Households respond to poor building performance through behavioral
adaptation, including under-heating, spatial thermal zoning, intermittent
occupancy, and acceptance of discomfort. These practices reduce immediate
energy expenditure and partially conceal technical inefficiency, weakening the
perceived urgency of renovation. As a result, technical degradation persists while
remaining socially normalized.

2. Constrained Renovation
Agency Mechanism

Renovation capacity is unevenly distributed across households and structured by
tenure, income, and decision-making authority. Households most exposed to
inefficiency often lack the authority or resources to undertake renovation,
whereas those with sufficient agency face weaker incentives. Renovation inertia
thus reflects a misalignment between responsibility, benefit, and control rather
than a lack of motivation.

3. Energy Awareness
Stratification Mechanism

Energy awareness and access to renovation information function as selective
enablers rather than universal drivers. Higher-income and higher-education
households are more able to interpret and act on energy-related information,
while vulnerable households remain structurally excluded. Awareness-based
policies, therefore, risk reinforcing inequalities instead of overcoming
renovation barriers.

Together, these mechanisms produce a socio-technical lock-in in which technical
degradation, behavioral adaptation, tenure asymmetry, and institutional fragmentation
reinforce non-renovation as the least risky and most stable outcome. These lock-ins can be
locally reinforced by the conflicting interests that guide local governments, architects, and
historical heritage managers in their own vision of territorial development. These interests
can hinder or even negate social and ecological priorities. Breaking this lock-in requires
interventions that redistribute agency and coordinate action at the neighborhood scale,
rather than relying solely on individual awareness or voluntary uptake.

5.3. Strengths and Limitations

The primary strength of this study lies in its integrated neighborhood-scale triangula-
tion, which enables identification of mechanisms that remain invisible in single-method
approaches. Survey data alone would underestimate technical inefficiency due to adaptive
masking, while IRT alone would ignore the social constraints shaping renovation behavior.
Focus group insights further reveal how institutional logic interacts with household-level
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realities. The convergence of these perspectives strengthens the credibility of the findings,
while divergences are analytically productive rather than problematic.

A second strength is the deliberate focus on a homogeneous building stock with
heterogeneous households, which allows socio-economic mechanisms to emerge clearly.
This design choice allows attributing differences in renovation to agency, tenure, and
institutional context rather than to building typology.

Several limitations must nonetheless be acknowledged. The study is exploratory and
non-representative, and its findings cannot be statistically generalized. Surveys rely on
residents’ statements and may suffer from potential biases, such as social desirability and
lack of knowledge. IRT suffers from low resolution and imperfect representativeness. It is
interpreted qualitatively and does not provide calibrated performance metrics. However,
these limitations are consistent with the study’s diagnostic objective. The methodology is
not intended to predict energy savings, but to explain why renovation does or does not
occur under real-world conditions.

Importantly, these limitations do not weaken the core contribution: the identification of
structural mechanisms that stabilize renovation inertia at the neighborhood scale. Neverthe-
less, improvements in these various areas would individually contribute to strengthening
the overall quality of the results.

5.4. Implications on Practice and Research

The findings explain why many energy renovation policies systematically underper-
form. Policies centered on information provision, voluntary uptake, or individual financial
incentives implicitly assume that households possess the agency to act once informed. The
evidence contradicts this assumption. When renovation capacity is constrained by tenure,
income, or institutional complexity, such instruments primarily benefit already advantaged
households, leaving structurally vulnerable households behind.

Effective practice, therefore, requires shifting from individualized renovation logic
to collective and tenure-sensitive strategies. Neighborhood-scale interventions, landlord-
targeted obligations, coordinated renovation programs, and trusted local intermediaries
are more likely to disrupt the identified lock-in mechanisms than are additional awareness
campaigns or marginal increases in subsidies. Renovation techniques could be adapted to
the specific characteristics of each building rather than being constrained by performance
requirements for each element, which can prove counterproductive. An integrated ap-
proach is essential to transform opportunistic interventions into real environmental gains,
such as local PV panels powering heat pumps.

For research, this study demonstrates the value of framing residential energy reno-
vation as a socio-technical transition problem rather than a purely technical optimization
challenge. Future work should replicate this approach across contrasting neighborhoods,
explore longitudinal dynamics of adaptation and lock-in, and examine which institutional
arrangements successfully reallocate agency. Comparing the results obtained with other
methods, such as physical measurement campaigns and administrative records, would
also help to strengthen the conclusions. Methodologically, the study supports further
development of mixed-method diagnostic frameworks that prioritize explanation over
prediction and equity over average performance gains.

In sum, residential energy renovation stalls not because solutions are unknown, but
because existing systems reproduce non-renovation as a stable outcome. Understanding
and dismantling this stability is the central challenge for both research and policy.
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6. Conclusions
This study demonstrates that the persistent low uptake of residential energy renova-

tion in older urban neighborhoods cannot be explained solely by technical deficiencies.
Instead, renovation inertia emerges from a set of interacting socio-technical mechanisms
that stabilize non-renovation as the most feasible outcome for many households.

At the building level, infrared thermography confirms widespread envelope inefficien-
cies across the neighborhood. Yet these deficiencies do not systematically trigger renovation.
Survey and qualitative evidence show that households frequently rely on adaptive strate-
gies, such as under-heating, spatial thermal zoning, or acceptance of reduced comfort, to
cope with poor performance. These practices temporarily reduce energy expenditure while
simultaneously masking technical inefficiencies, thereby reducing the perceived urgency
of renovation.

Crucially, renovation capacity is unevenly distributed. Households most exposed to
energy inefficiency and energy poverty are often tenants or low-income occupants who lack
decision-making power, financial leverage, or long-term security. In contrast, households
with sufficient agency to renovate are less exposed to energy stress. This misalignment
between need, control, and benefit explains why policies centered on voluntary uptake,
information provision, or generic financial incentives systematically underperform.

Methodologically, the study shows the added value of neighborhood-scale mixed-
methods triangulation. Combining façade infrared thermography, household surveys, and
stakeholder focus groups enables the identification of mechanisms that remain invisible in
single-method approaches. Importantly, discrepancies between methods are not treated as
noise but as signals revealing gaps between measured conditions, lived experience, and
policy assumptions.

Beyond the Liège case, the findings highlight a broader challenge for residential energy
transitions in post-industrial urban contexts. Effective renovation strategies must move be-
yond individual choice models and address structural constraints related to tenure, agency,
and institutional fragmentation. Neighborhood-based, tenure-sensitive, and coordinated
interventions are more likely to break renovation lock-in than incremental adjustments to
existing incentive schemes.

Aligning building conditions with household realities is therefore not an im-
plementation detail but a central requirement for equitable and effective residential
energy renovation.
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