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Abstract: The environmental impact of building energy renovation is commonly evaluated through
life cycle assessment (LCA). However, existing LCA studies often overlook the energy performance
gap—a substantial disparity between calculated and actual energy use—when estimating operational
energy use before and after renovation. This paper examines the influence of the energy performance
gap on the comparative LCA between unrenovated and renovated buildings. First, a statistical
correction model, based on a recent large-scale Flemish study, is developed to correct regulatory
calculated energy use for space heating and domestic hot water in a pragmatic way. Subsequently, the
model is applied to four single-family dwellings with different energy characteristics that underwent
renovation in accordance with Flemish energy regulations. The results show that the anticipated
environmental savings over a 60-year study period decrease significantly when the correction model
is applied, reducing the estimated savings of 49-80% to 21-49%. Moreover, environmental payback
times increase from 2.9-9.1 years to 10.4-22.5 years. Notably, neglecting the energy performance
gap in LCAs leads to systematic underestimations of the material use significance. This research
underscores the importance of integrating the energy performance gap into LCAs to obtain more

accurate estimations of the environmental benefits of energy renovations.

Keywords: life cycle assessment; energy renovation; energy performance gap; saving potential;
payback time; single-family dwellings

1. Introduction

The European Union (EU) aims to reduce greenhouse gas (GHG) emissions by at least
55% by 2030 and 80% by 2050 compared to the 1990s level [1,2]. Given that 85-95% of
the existing EU buildings will still be in use by 2050, there is an urgent need for energy
renovations [3]. Currently, only a mere 1% of the EU building stock undergoes some degree
of energy renovation annually. Moreover, the annual rate of deep energy renovations,
which involve reducing energy use by at least 60%, is only 0.2% [3]. This rate is far below
the proposed 2% target in the Renovation Wave [3] as well as the necessary 3% rate for a
full renovation of the EU building stock by 2050 [4]. Renovating all EU residential build-
ings could potentially reduce final energy use for space heating by 44% [5], significantly
contributing to the EU’s GHG reduction goals. However, this process requires significant
amounts of building materials and causes high waste streams. As a result, adopting a life
cycle approach becomes crucial to ensure a sustainable transition.

1.1. Environmental Impact of Energy Renovations

Life cycle assessment (LCA) is commonly applied to evaluate the environmental
impact of building energy renovations, encompassing both operational energy use and em-
bodied impact. Multiple researchers [6-25] compared different renovation measures—from
enhancing the building envelope to incorporating renewable energy sources—and assessed
these measures against a reference scenario, where the existing poorly or non-insulated
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building is preserved without any energy improvements. Table 1 gives an overview of
LCA studies assessing the environmental savings potential of renovating residential and
non-residential buildings.

Table 1. Summary of the literature on the environmental impact of renovation measures.

Reference Country Case RSP  Measures Env.l ronmental 'Payback Time
Savings in Years
Dominguez et al. [6] DE SF 25 BE, HS, PV, SC GWP: 36-83% -
GWP: 67-77%
Passer et al. [7] AT MEF 60 BE, PV, SC CED: 67-98% CED: 2-10
Conci et al. [8] DE MF 30 BE, HS, PV, SC GWP: 58-75% -
Chandrasekaran et al. [9] LT MF 40 BE, HS, SC GWP: 12-48% -
Oliveira Fernandes et al. [10] NL SF, MF 30 BE, HS, PV SS: 13-62% -
Vavanou et al. [11] UK SF 60 SBg’ HS, HR, PV, GWP: 30-77% -
) . GWP: 25-59%
Gonzalez-Prieto et al. [12] ES NR 100 BE, HS, PV CED: 27-69% -
BE, HS, HR, PV, GWP: 95% GWP: 2
Apostolopoulos et al. [13] GR MEF 25 sC PE: 91% PE: 3
Struhala and Ostry [14] (@4 SF 60 BE, HS, SC SS: 58-90% -
Rabani et al. [15] NO NR 60 BE, HS, PV GWP: 48-52% GWP: 3.9-5.1
Khadra et al. [16] SE MF 50 BE, HS, HR, PV - GWP: 7-18
Arbulu et al. [17] ES SF, MF 50 BE, HS, PV GWP: 3-91% -
GWP: 13
Rasmussen et al. [18] DK MF 60 BE, HS, PV - PE: 18
Others: 14
Shirazi and Ashuri [19] Us SF - BE, HS - PE: 1.4-5.8
Dodoo et al. [20] SE MF 50 BE, HR PE: 6-32% -
GWP: 76%
Lasvaux et al. [21] CH MF 60 BE, HS, HR CED: 71% -
. . GWP: 10-19%
Ramirez-Villegas et al. [22] SE ME 50 BE, HR Others: 4-17%
. GWP: 3.2-6.5
Asdrubali et al. [23] 1T NR 50 BE, HS - PE: 2.9-7.0
GWP: 8.6-23.3
Zhang et al. [24] ES, NL, SE MF 100 BE - CED: 17.6-205
. GWP: 93-95% GWP: 1.1
Wralsen et al. [25] NO MEFE 30 BE, HS, HR Others: 56-96% CED: 2.1

Country—DE = Germany, AT = Austria, LT = Lithuania, NL = Netherlands, UK = United Kingdom, ES = Spain,
GR = Greece, CZ = Czech Republic, NO = Norway, SE = Sweden, DK = Denmark, US = United States,
CH = Switzerland, IT = Italy; Case—SF = single-family, MF = multi-family, NR = non-residential; RSP = Reference
study period; Measures—BE = building envelope, HS = heating system, HR = ventilation with heat recovery,
PV = photovoltaic, SC = solar collector; Indicators—GWP = global warming potential, CED = cumulative energy
demand, PE = primary energy, SS = single score.

Across the examined studies, it is consistently found that energy renovation results
in a reduction of the overall environmental impact compared to unrenovated buildings.
The extent of these environmental savings varies from 3% to 98%. This significant variation
stems from differences in the initial condition of the building, reference study period,
impact indicators, specific renovation measures, etc. Nevertheless, all studies concluded
that the operational energy savings due to renovation compensated for the material use of
renovation (i.e., embodied impact). Within this context, several studies examined the time
required for the embodied impact to be recovered through the annual operational energy
savings, commonly referred to as the environmental, carbon, or energy payback time. The
findings reveal a range between 1.0 and 23.3 years, a period notably short in comparison to
the total service life of buildings.

The savings potential and payback times are closely linked to the difference in oper-
ational energy use between renovated and existing buildings, as operational energy use
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significantly contributes to the environmental impact. In the research of Lasvaux et al. [21],
for example, operational energy use contributed approximately 80% of the global warming
potential and cumulative energy demand of the renovated building. Similarly, Vavanou
etal. [11] addressed contributions of 84-99% in life cycle CO, emissions.

1.2. Energy Performance Gap

LCA studies of renovation projects commonly employ theoretical models to estimate
operational energy use before and after renovation. This varies between (1) simplified mod-
els such as the heating degree day method [10,26,27], (2) regulatory calculation methods
used for energy performance rating and certification [7,9,14,28,29], and (3) more advanced
dynamic building simulations [6,13,15,17,22,24]. However, multiple studies have shown
that energy renovations often yield smaller energy savings than initially estimated [30-35].
This phenomenon is known as the ‘energy saving gap’, which represents the difference
between calculated and actual energy savings. Cozza et al. [35] reported a median energy
savings gap of 37% for a sample of 1172 retrofitted Swiss buildings. Additionally, van den
Brom et al. [31] found that of the nearly 90,000 Dutch renovated dwellings, 57% had lower
energy savings than expected and noted that the gap tended to be larger when the energy
performance of the unrenovated building was worse.

The energy savings gap stems from the difference between calculated and real energy
use, referred to as the ‘energy performance gap’ (EPG). Several studies from various
countries have investigated the EPG [35—40]. These studies consistently found that actual
energy use in old, non-insulated buildings was significantly lower than calculated energy
use. As buildings improve in energy performance, the average deviation between actual
and calculated values decreased. In some instances, the EPG even shifted further towards
an underestimation of the actual energy use in highly efficient buildings [36,40]. In a
literature review of 144 EPG studies, Mahdavi et al. [41] reported a mean EPG of about 30%
in residential buildings, with a significant variability spanning from an underestimation of
the actual energy use by 25% to an overestimation by 96%. Similarly, Zheng et al. [42] found
in their literature review that the EPG ratios (i.e., ratio of actual over predicted energy use)
ranged from 0.5 to 2.5 for residential buildings. Bai et al. [43] concluded from 76 low-energy
building case studies that actual energy use was 86% lower to 483% higher than predicted,
with an average relative difference of 58%.

Discrepancies between calculated and actual energy use stem from a variety of factors,
making it challenging to accurately determine energy savings [41,44-47]. There are physical
modeling errors that arise from inadequate design, performance, or execution quality of
building envelopes [47-50] and technical installations [49,51]. Eon et al. [52] underscored
that discrepancies between as-designed and as-built performance may occur during con-
struction and commissioning stages due to a lack of knowledge, skills, and communication
among stakeholders. In addition, simplifications, assumptions, and conservative values in
energy models add to the EPG [44,47]. On the other hand, occupant behavior plays a crucial
role. Variations in heating, ventilation, and domestic water use behavior can considerably
affect energy use [47,53]. Socio-economic factors and household demographics contribute
to behavioral variation, with parameters such as income, size, and energy prices influencing
occupant behavior [37,46,54]. In the context of energy renovation, the literature references
two phenomena to explain part of the EPG: rebound [55-57] and prebound effect [40,57].
Whereas the first refers to part of the energy savings being offset by increased energy use,
the latter describes lower energy uses than predicted in unrenovated dwellings. Both
phenomena are frequently linked to occupant behavior.

1.3. Research Goal, Scope, and Steps

The discrepancy between calculated and real energy use could have a potentially
significant influence on the environmental savings potential and payback times of energy
renovation, as operational energy use represents a dominant share of the environmental
impact. The substantial figures reported in literature regarding the EPG emphasize the
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importance of addressing this aspect when conducting an LCA of energy renovations.
However, current LCA research on the environmental savings potential and payback times
of renovation measures generally does not consider the EPG. Consequently, the primary
aim of this paper is to investigate how to incorporate the EPG into LCA calculations and
to assess the influence of the EPG on the comparative LCA between unrenovated and
renovated dwellings in terms of environmental savings potential and payback times.

Given the extensive data required for conducting an LCA and the multifaceted nature
of factors contributing to the EPG, this study aims to develop a pragmatic correction model
to adjust calculated operational energy use in LCAs. This model prioritizes simplicity and
flexibility over the complexities of correcting physical building modeling. Attempting to
incorporate individual causes would exceed the scope of this paper, which is to address
the importance of potential discrepancies between calculated and actual energy use on
the environmental savings potential and payback time of energy renovations. Notably, no
studies have been found that specifically integrate the EPG into LCA calculations.

First, existing models in the literature that aim to correct calculated energy use are
reviewed. Subsequently, a correction model is developed, drawing inspiration from the
methods underlying these existing models. Due to substantial variation in the EPG among
countries, influenced by regional and national disparities (e.g., climate conditions, construc-
tion methods, and regulatory calculation methods) [38,58], this research aims to provide
an applicable model for LCAs in the Belgian context. Therefore, recent insights from a
large-scale Flemish study by Van Hove et al. [38,59] addressing the EPG of single-family
dwellings were employed to develop a statistical model tailored to the needs of this study.
An average correction based on large-scale statistical data was found most appropriate
for the analysis, as the research focuses on a synthetic sample of representative dwellings
rather than a specific real-world renovation project. Moreover, the focus of this paper is
on single-family dwellings, which aligns with the scope of Van Hove et al. [38,59] and
is substantiated by the significant prevalence of single-family dwellings in the Belgian
building stock, comprising 78% of all residential and non-residential buildings [60].

Next, the developed model is applied to four representative Flemish single-family
dwellings with identical geometry but different construction years, each possessing varying
initial energetic characteristics. To standardize their energy performance post-renovation,
all buildings were renovated in compliance with the Flemish Energy Performance of Build-
ings Directive (EPBD) regulations. The environmental impact of both the unrenovated and
renovated dwellings is calculated over a 60-year study period. Finally, the life cycle environ-
mental impact, savings potential, and payback time, both without and with consideration
of the EPG, are evaluated and compared to highlight the significance of incorporating the
EPG in LCA applications for energy renovations.

2. Existing Models to Correct Calculated Energy Use

As mentioned, there is a consistent pattern in the EPG where actual energy use tends
to be lower than the calculated values. The better the energy performance, the narrower
the gap between the two. In some instances, the trend even reverses. Several researchers
have explored correlations between calculated and real energy uses, leading to specific
models aimed at correcting calculated energy use in a pragmatic way. An overview of such
correction models is provided by Sunikka-Blank and Galvin [40].

Tigchelaar et al. [61] defined the ratio between real and calculated energy use for space
heating as a ‘heating factor’, similar to the ‘energy intensity factor’ used by Cayre et al. [62].
A heating factor of one signifies equality between calculated and actual energy use, whereas
a value below one indicates lower actual energy uses than expected. Their study, based on
a sample of 4700 Dutch residential buildings, derived average factors in relation to Energy
Performance Certificate (EPC) labels. These factors consistently fell below one, indicating a
systematic overestimation of real energy use. The factors ranged from 0.88 for EPC-label A
to 0.53 for EPC-label G, with a significant variability in these average factors, from 0.25 to
1.75. Analogously, Laurent et al. [58] documented correction factors as a function of EPC
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labels, ascertained through research conducted in both French and English contexts. For
the French dwellings, factors of 1.7 (label B) to 0.4 (label G) were identified, whereas the
English cases showed factors of 0.97 (label C) to 0.58 (label G) (note that each European
country can determine its own classification system, which ensures that the definition of
EPC labels varies significantly across countries [59,63]).

Furthermore, Loga et al. [39] formulated a different type of correction model based on
a dataset of 1702 German buildings. Specifically, a correlation was defined by depicting
average values of the ratio between measured and calculated energy use against normalized
calculated energy use per floor area:

feorr = —0.2+ 1.3 / (14 Qy care / 500) 1)

with correction factor feorr [-] and normalized calculated energy use for space heating
Qh cale [kKWh/m?]. This model yields a ‘correction factor’ that should be multiplied by the
calculated energy use for space heating, offering an estimate of actual energy use. As an
inverse function, the correction increases steadily with decreasing calculated values.
Finally, Hens [64] introduced a ‘direct rebound factor” for correcting regulatory calcu-
lated energy use for space heating. To establish a correlation between real and calculated
energy use, the data of 964 Belgian dwellings were considered. The factor divides the
difference between calculated and real energy use by the former. Unlike Loga et al. [39],
the function is not defined in relation to calculated energy use but to the U-value and
compactness. Specifically, the factor is defined using the following power function:

rebound= 1 — 0.633 (U / C) "¢ @)

with direct rebound factor ayepound [-], average thermal transmittance of the building
envelope U, [W/(m?XK)], and compactness C [m]. Note that this formula should be
converted as “1-aehbound” t0 be comparable with the correction factors from the previous
studies. This value can then be multiplied by the calculated energy use for space heating to
estimate actual energy use for space heating.

The present research does not proceed with the aforementioned correction models.
The variation in the EPG among countries renders these models less suitable for the
specific context under investigation: Flanders, Belgium. Whereas the model by Hens [63]
was grounded in Belgian data, it only corrects energy use for space heating; the present
research also includes domestic hot water (DHW). Consequently, a new correction model
is developed based on the findings from a recent Flemish study conducted by Van Hove
et al. [38,59]. The methodology for developing this model draws inspiration from the
existing reported models.

3. Development of the Correction Model

Van Hove et al. [38,59] conducted a large-scale statistical study on the gap between
real and regulatory calculated energy use of Flemish single-family dwellings. Their study
included the energy performances of 69,870 existing EPC-certified dwellings and 68,228 new
EPB-rated dwellings. The regulatory calculated primary energy use includes space heating,
DHW, auxiliary energy, cooling, and photovoltaics. For existing dwellings, the primary
energy use per gross floor area is translated into an EPC label, from A(+) (<100 kWh/m?.a)
to F (>500 kWh/m?2.a) [65]. For new dwellings, the results are converted into an E-level,
which is the total primary energy use divided by that of a reference building and multiplied
by 100 [66]. On the other hand, real energy use data for natural gas and electricity were
obtained in their study via the Belgian distribution system operator Fluvius.

The steps to formulate a model for correcting regulatory calculated energy uses for
space heating and DHW are presented in Figure 1.
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Figure 1. Steps in the development of the correction model with selection of dataset from Van Hove
etal. [38,59].

First, the most suitable dataset is selected from Van Hove et al. [38,59]. Secondly,
correction factors are determined for each EPC label (for existing dwellings) and E-level
(for new dwellings). Thirdly, a correction model is developed by plotting the obtained
correction factors against the normalized primary energy use for space heating and DHW.
Lastly, the integration of this model into LCA calculations is explained.

3.1. Selection of Dataset

Van Hove et al. [38,59] categorized the dwelling sample into three subsamples: (1) total
primary energy use of dwellings with gas and/or electricity for space heating and DHW,
(2) domestic electricity use of dwellings without electricity for space heating and DHW,
and (3) primary energy use for space heating and DHW of dwellings with gas for space
heating and DHW. To determine the environmental impact of operational energy use in
LCA, a distinction between gas and electricity must be possible to attribute the respective
environmental impact to each energy source. Consequently, the first dataset is unsuitable
for further analysis. If a correction model were to be developed based on this dataset,
it would yield less stringent correction factors. This is due to the regulatory calculation
method not accounting for domestic electricity use, leading to a consistent underestimation
of real electricity use [36,38,59]. The present study does not include electricity use for
lighting and appliances, as it is assumed that this will not be affected by the proposed
renovation strategies in this research. In addition, the second dataset exclusively provides
information on domestic electricity use, whereas this study focuses on correcting energy
use for space heating and DHW. Consequently, the results from the third dataset are used
for the development of the correction model.

This dataset consists of 37,412 existing EPC-certified dwellings and 49,781 new EPB-
rated dwellings. Figure 2 (adopted from Van Hove et al. [38,59]) shows the real and
regulatory calculated primary energy use for space heating and DHW across distinct EPC
labels and E-levels. The calculated energy use significantly decreases with the improvement
of the energy performance, whereas only slight variation is noted in real energy use. On
average, the calculated energy uses of the EPC-rated dwellings are 55% (EPC-label A) to
327% (EPC-label F) [59]. The EPG of the EPB-rated dwellings is in line with the more energy
efficient EPC labels (i.e., A and B). For this sample, calculated energy uses are approximately
41-106% higher than actual energy uses when comparing the median values.

3.2. Correction Factors Per EPC Label and E-Level

The second step involves the definition of correction factors as a function of the EPC
labels and E-levels, analogous to the approach applied by Tigchelaar et al. [61] and Laurent
et al. [58]. First, the values for the 25th, 50th, and 75th percentiles of both actual and
calculated energy use are derived from Figure 2 per EPC label and E-level. Subsequently,
correction factors are determined by dividing the real energy use by the calculated energy
use. The correction factors per EPC label and E-level are depicted in Figure 3.
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Figure 2. Real and regulatory primary energy use for space heating (SH) and domestic hot water
(DHW) per (a) EPC label for existing dwellings (n = 37,412) and (b) E-level for new dwellings
(n =49,781), adopted from Van Hove et al. [38,59].
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Figure 3. Correction factors for the 25, 50, and 75th percentiles per (a) EPC label and (b) E-level,
calculated with data derived from Van Hove et al. [38,59].

A correction factor of one implies an equal actual and regulatory energy use, whereas
a value below one indicates that actual energy use is lower than predicted. The correction
factors based on median values (EPG50) range from 0.24 (EPC-label F) to 0.71 (E-level
0-20). The error bars represent results associated with the 25th and 75th percentiles, with
a minimum of 0.21 for the 25th percentile and a maximum of 0.79 for the 75th percentile.
These 25th and 75th percentile values are included in further steps to incorporate some
spread on the EPG, representing high (EPG 25) and low correction (EPG75), respectively.

3.3. Correction Model as a Function of Normalized Primary Energy Use

In the third step, the findings obtained in the previous step are translated into a
correction model that merges the factors from both datasets and deals with borderline
cases. Specifically, cases that fall just within one category should not have a correction
factor that significantly differs from cases falling just within another category. Therefore,
each correction factor is linked to its corresponding normalized calculated energy use for
space heating and DHW per gross floor area. These normalized values are documented in
the research of Van Hove et al. [38,59]. For the high, median, and low correction factors,
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the values for the 25th, 50th, and 75th percentiles of normalized energy use, respectively,
are gathered per EPC label and E-level, as listed in Table 2.

Table 2. Normalized calculated energy use for the 25th, 50th, and 75th percentile correction factors
per EPC label and E-level in kWh/ (m?.a) based on Van Hove et al. [38,59].

A

B

EPC Labels E-Levels
C D E F 0-20 21-40 41-60 61-80 81-100

25%
50%
75%

93
109
124

154
172
186

221 317 418 541 48 60 71 97 126
245 340 442 598 55 72 81 108 139
270 367 470 687 67 84 82 121 154

Subsequently, these normalized calculated energy uses are plotted against the correc-
tion factors established in the previous section, as illustrated in Figure 4.

1.0 ¢

o fgpgys =—0.2211n(Qnhorm) + 1.6809

o
(o]
T

o

e fEpG50 =~ 0.199In(Qhorm) + 1.5021

02 L =0 fEpGos = — 0.188n(Qnorm) + 1.3837

Correction factor [-]
o
=
T
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Primary energy for SH & DHW [kWh/(m?2.a)]

Figure 4. Correction factors for the 25th, 50th, and 75th percentiles as a function of normalized
primary energy use for space heating (SH) and domestic hot water (DHW).

A best-fit trend is sought among the data points, which is a logarithmic function. The
obtained functions are also depicted in Figure 4, corresponding to the different percentile
values. Moreover, it is assumed that real energy use never surpasses regulatory energy
use due to the absence of data. For normalized calculated primary energy uses below
12.4 kWh/(m?.a), it is suggested to apply a correction factor of one.

3.4. Integration into LCA Calculations

LCA considers both the embodied impact (i.e., raw material extraction, production,
transport, construction, and end-of-life of materials) and operational energy use. The
developed correction model only affects the latter, specifically, the regulatory calculated
energy use for space heating and DHW. Using the normalized calculated primary energy
use for space heating and DHW, low, median, and high correction factors are derived from
the functions in Figure 4. These correction factors are applied to the regulatory calculated
final energy use for space heating and DHW. The corrected final energy uses, along with
other final energy uses (e.g., auxiliary energy), are then multiplied by the reference study
period and the environmental impact of the respective energy source. This process results
in the corrected environmental impact of operational energy use, which is added to the
calculated embodied impact to obtain the total environmental impact.

Eltot = Eleyp + [Qf, sH fEPG - Eles + Qf, pHw fEPG * Eles + Z(Qf, other Eles)} ‘RSP 3)

with total environmental impact El;y [Pt], embodied impact El,,;, [Pt], final energy use for
space heating Qy, sy [M]J/a], final energy use for DHW Q¢ ppw [M]/a], correction factor
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for EPG fepg [-], other final energy uses Qf, 1o [M]/a], environmental impact of energy
source El,s [Pt/M]], and reference study period RSP [a].

4. Application of the Correction Model

The developed model is applied to four single-family dwellings characterized by an
identical geometry but distinct construction years, with each initially exhibiting distinct
energy characteristics. A description of the existing cases is provided in Section 4.1. Subse-
quently, these dwellings are energetically renovated to an identical energy performance
in accordance with the current Flemish EPBD regulations, with the renovation scenarios
elaborated in Section 4.2. Finally, the environmental impact of both the unrenovated and
renovated buildings is quantified through LCA, as discussed in Section 4.3.

4.1. Description of Existing Dwellings

Four representative terraced single-family dwellings are considered, located in Flan-
ders, Belgium. The dwellings share an identical geometry and floor plan (see Appendix A):
a two-level main building of 6 by 9 m and a single-level horizontal extension of 3 by 3 m.
The total gross floor area is 154 m?2, the volume is 490 m3, and the compactness is 2.1 m (i.e.,
ratio of volume to heat loss area based on external dimensions). However, the dwellings
have different construction years of 1945, 1965, 1985, and 2005, with variations in construc-
tion method and insulation level. Representative building envelope elements for these
construction years, together with their thermal characteristics, are derived from the Belgian
residential building typologies from the TABULA /episcope project [67]. The composition
and U-value for each envelope element are listed in Appendix A. None of the envelope
elements of the two earlier construction years have any insulation, whereas varying degrees
of insulation are present for the two later construction years. The average U-values are 3.0,
2.8, 1.1, and 0.9 W/(m? K) for the respective construction years. As TABULA provides little
to no information regarding the materiality of the elements, assumptions are made about
existing materials based on the research by Devos et al. [68].

Although the TABULA Webtool offers information on typical technical installations per
construction period, this study assumes uniform installations across the four construction
years. A condensing gas boiler with a 109.6% efficiency relative to the higher heating
value is deployed for both space heating and DHW, with radiators at a temperature regime
of 75/65 °C. Only natural ventilation is present, and poor airtightness is assumed for
all existing states, considering a default vsp-value of 12 m3/(h.m?). No thermal bridge
surcharge is considered due to the inadequate insulation level of the existing dwellings.
The normalized primary energy uses are 410, 380, 182, and 150 kWh/(m?.a). The first two
dwellings have EPC-labels E and D, and the latter two both have EPC-label B.

4.2. Renovation Scenarios

These existing dwellings are renovated in an analogous way. All building envelope
elements are insulated to such a degree that they meet the current maximum U-values
imposed by the EPBD regulations for energy renovations in Flanders (i.e., 0.24 W/(m?.K)
for opaque elements, 1.50 W/ (m? K) for windows, and 2.00 W /(m?.K) for external doors).
The average U-value of the building envelope after renovation is 0.38 W /(m?.K).

One renovation strategy per envelope element is proposed, employing identical ma-
terials for the four dwellings. The external wall is insulated by gluing EPS to the outer
surface of the existing structure, finished with an exterior plaster (ETICS). In dwellings with
a cavity wall, the outer brick (and any existing insulation) is first removed. For the 1945
dwelling, the pitched roof is completely reconstructed (i.e., ceramic roof tiles, roof foil, glass
wool between trusses, PE-foil, and gypsum board), whereas for the other dwellings, glass
wool insulation is added between the existing structure, with PE-foil and gypsum board
at the interior side. The existing interior finishing and insulation are again first removed.
For the flat roofs, bitumen roofing and any existing insulation are removed, followed by
the application of PUR insulation and EPDM on top of the existing concrete structure.
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(a) Conservation

Previous life cycle

Furthermore, the existing floor tiles and cement screed of the slab on grades are removed,
after which PUR is sprayed onto the existing structure. Subsequently, PE-foil, new cement
screed, and ceramic tiles are provided. Note that the 1945 dwelling has no concrete slab yet;
therefore, a new reinforced concrete slab is additionally considered. Finally, the windows
are replaced with high-efficiency double glazing in new PVC frames, and the external doors
are upgraded to doors with a better thermal property.

Regarding technical installations, a new condensing gas boiler is implemented in
all dwellings, with an efficiency identical to the existing one (i.e., 109.6% relative to the
higher heating value). The radiators are replaced by low-temperature radiators operating
at 50/40 °C. Furthermore, a balanced ventilation system with heat recovery (84% effec-
tiveness) is installed. Moreover, an improvement in airtightness is assumed, characterized
by a vsp-value of 6 m®/(h.m?). In addition, thermal bridges are addressed through a
0.04 W/(m?2.K) surplus on the average U-value of the envelope. The renovation results in a
normalized primary energy use of 61 kWh/(m?.a) for each dwelling.

4.3. LCA Method

To evaluate the environmental savings potential of renovating the four existing
dwellings, an LCA is performed with the software SimaPro (v9.5). The study period
is 60 years, which commences from the moment of renovation (here, 2025). This study
period is in line with the Belgian LCA tool, TOTEM [69], and is commonly applied in the
literature [70]. The functional unit is the conservation or renovation of an existing dwelling
with a gross floor area of 154 m?, encompassing both envelope materials and technical
installations. Internal elements such as internal walls, floors, doors, and stairs are excluded
from the analysis. The life cycle inventory utilizes generic data applicable to the European
context, sourced from the Ecoinvent 3.9 “‘cut-off” database. Furthermore, the EN 15978+A2
method is used with PEF (Product Environmental Footprint) normalization and weighting
factors [71,72]. The results are aggregated into a single score, expressed in points (Pt).

The research includes the product (A1-3), construction (A4-5), replacement (B4),
operational energy use (B6), and end-of-life (C1-4) stages. The embodied impact comprises
all mentioned stages, excluding operational energy use. To assess the embodied impact
of the building envelope, the impact of the 1 m? element is extrapolated to the building
level. Regarding technical installations, the embodied impact includes the condensing gas
boiler, radiators, air handling unit, air valves, and air ducting, of which the data inventory
relies on prior research conducted by the authors [73]. Other components are excluded, as
their embodied impact is assumed to remain constant across all scenarios. Assumptions
to quantify the embodied impact (e.g., transport distances and end-of-life scenarios) are
derived from the Belgian LCA tool, TOTEM [74], along with the approach to define the
system boundaries for demolished, retained, and new materials, as shown in Figure 5. The
replacement and end-of-life stages of existing materials are included, whereas only the
end-of-life stage is considered for demolished materials.

(b) Renovation
End-of-life Renovation End-of-life
Current life cycle l ‘ Previous life cycle l Current life cycle l

)emolished materials

l
s

[ T

Reference study period Reference study period

( \ A C
- Retained materials — New materials — Impact included --- Impact excluded

Figure 5. System boundaries for demolished, retained, and new materials in line with TOTEM [73]
for (a) conservation and (b) renovation of an existing building.
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Finally, the operational energy use (B6) is computed according to the national single-
zone monthly quasi-steady-state method with a uniform interior temperature of 18 °C [66].
This includes space heating, DHW, and auxiliary energy; electricity use for lighting and
appliances is excluded. Note that the correction model from Section 3 is exclusively applied
to final energy use for space heating and DHW. The final energy use is multiplied with the
60-year study period and the environmental impact of gas (for space heating and DHW)
and electricity (for auxiliary energy).

5. Results
5.1. Environmental Savings Potential

This first section investigated the environmental savings potential of renovating the
four existing dwellings. First, the effect of implementing the developed correction model on
the environmental impact of operational energy use is assessed, neglecting the embodied
impact. The operational environmental savings potential is calculated, defined as the
disparity between the operational impact post-renovation and pre-renovation, expressed
as a percentage relative to the operational impact pre-renovation.

Subsequently, these results are extended by including the embodied impact, thereby
investigating the influence of the EPG on the overall life cycle environmental impact.
Analogously, the life cycle environmental savings potential is determined. Similar to the
definition of the operational environmental savings potential, the life cycle environmental
savings potential is the percentage difference between the life cycle environmental impact
after and before renovation, relative to the latter.

5.1.1. Operational Impact

The annual final energy uses for space heating, DHW, and auxiliary energy for the
four existing cases and their renovated state are shown in Table 3.

Table 3. Annual final energy use for space heating, domestic hot water, and auxiliary, in MJ.

1945 1965 1985 2005 Renovation
Space heating 216,471 199,754 90,075 72,304 17,660
Domestic hot water 8830 8830 8830 8830 8830
Auxiliary energy 1022 996 774 721 2398

The final energy use for space heating and auxiliary energy of the unrenovated
dwellings varies. The older the dwelling, the higher the final energy use before reno-
vation. The final energy use for DHW is identical for all cases. Furthermore, renovating
the four dwellings results in an equal final energy use, as all boundary conditions affecting
energy use are identical.

Subsequently, correction factors for space heating and DHW are determined through
the application of the established model. The values for space heating and DHW from
Table 3 are enumerated and normalized by the gross floor area of 154.2 m? to obtain
normalized final energy use per unit floor area. These values are converted into kWh by
dividing them by 3.6 and multiplied with the primary conversion factor for gas, which
equals 1. Based on the defined functions discussed in Section 3, the correction factors for
the respective normalized primary energy uses are computed. The obtained correction
factors, corresponding to the 25th, 50th, and 75th percentiles, are listed in Table 4 for the
unrenovated and renovated dwellings. The median correction factors range from 0.31
(oldest, least energy efficient dwelling) to 0.73 (all renovated dwellings). As previously
noted, the smaller the factor, the more pronounced the overestimation of the energy use.
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Table 4. High (EPG25), median (EPG50), and low (EPG75) correction factors to correct final energy
use for space heating and domestic hot water in the existing and renovated dwellings.

1945 1965 1985 2005 Renovation
EPG25 0.25 0.27 0.41 0.45 0.66
EPG50 0.31 0.32 0.47 0.51 0.73
EPG75 0.35 0.37 0.53 0.58 0.83

Finally, these factors are applied to the final energy use for space heating and DHW,
after which the results are translated into an environmental impact, together with the
uncorrected auxiliary energy use, over a 60-year study period. The operational impact for
the four unrenovated dwellings is depicted in Figure 6, juxtaposed with the operational
impact after renovation, which is identical for all cases. The figure shows the outcomes for
both the uncorrected and corrected operational impact. Moreover, the error bars reflect the
application of the correction factors for the 25th and 75th percentiles.

0T Scenario
=50 | 481 @ 1945 Existing
=) o 1965 Existing
g 10 ® 1985 Existing
£ @ 2005 Existing
'é 30 s @® Renovated
;5) 20 175 151 147 Operational impact
& o L II . i i 102 91 @ Space heating
) 54 Domestic hot water
o L || i i ; Auxiliary

No correction Correction

Figure 6. Operational impact of the four dwellings with distinct construction years before and after
renovation and with or without correction for the energy performance gap. The error bars reflect the
application of the correction factors for the 25th and 75th percentiles.

In all scenarios, space heating dominates the operational impact. In the unrenovated
dwellings, space heating constitutes 87-95% of the operational impact without correction,
whereas DHW accounts for 4-11%. After renovation, the contribution of space heating
notably decreases to 54%. Conversely, the share of DHW and auxiliary energy increases
to 27% and 18%, respectively. In addition, the operational savings vary between 61% and
86% when no correction factors are applied. However, the application of the respective
correction factors from Table 4 substantially reduces the savings potential to only 41-64%,
with a margin of 1-4%.

5.1.2. Life Cycle Environmental Impact

Subsequently, Formula (3) is used to determine the corrected life cycle environmental
impact before and after renovation per dwelling. Additionally, the uncorrected life cycle
environmental impact is calculated by using a correction factor of one to exclude the EPG.
This allows for the examination of the effect of the EPG on the life cycle environmental
impact and environmental savings potential. The corrected and uncorrected operational
impacts from the previous section are thus supplemented with the embodied impact of the
building envelope and technical installations. The embodied impact encompasses neces-
sary material replacements in the existing dwellings, along with the additional materials
required for their renovation. The balance between the embodied and operational impact
is shown in Figure 7.
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(a) Unrenovated — (b) Unrenovated — (c) Renovated — (d) Renovated —
Uncorrected Corrected Uncorrected Corrected
1945 9% 19 %% 4
1965 99% 19 96% 4
1955 7% 3
2005 o T
Environmental impact Construction year
Embodied @ Operational ® 1945 1965 ® 1985 ® 2005

Figure 7. Ratio of embodied and operational impact for the four dwellings with distinct construction
years (a) pre-renovation without correction, (b) pre-renovation without correction, (c) post-renovation
with correction, and (d) post-renovation with correction.

Operational energy use comprises 70-99% of the life cycle environmental impact when
no correction is considered (Figure 7a,c). Specifically, the operational energy contribution
of the unrenovated existing dwellings spans from 96% to 99%, whereas for the renovated
dwellings, the contribution is 70% to 74%. Implementing the median correction factors
(EPG50) results in a reduction of these figures to 64-96% (Figure 7b,d). Due to the lower
operational impact after correction, the embodied share proportionally increases, leading
to a systematic underestimation of its significance. Specifically, the embodied impact is 1.2
to 3.1 times more significant than initially expected.

Subsequently, the environmental savings potential is discussed, which represents the
relative difference between the life cycle environmental impact before and after renovation,
relative to the former. Figure 8 shows the life cycle environmental impact before and
after renovation for the different dwellings, without and with correction for the EPG. The
diagonal lines indicate the environmental savings due to renovation.

(a) no correction (b) correction Construction year
15 ® 1945 @ 1985
=, 1965 @ 2005
&
,g Correction factor
s 9 EPG25
2 EPG50
g ° @ EPG75
<3 Saving potential
0 | ‘ .- 0% 60%

== 20% - 80%
0 10 20 30 40 50 0 10 20 30 40 50 . 409

Before renovation [Pt]

Figure 8. Life cycle environmental impact before and after renovation (a) without and (b) with high
(EPG25), median (EPG50), and low (EPG75) correction for the energy performance gap.

Figure 8a shows the results without correction for the EPG, demonstrating environ-
mental savings of 49-80%. The highest savings are realized through the renovation of
the 1945 dwelling (80%), closely followed by the renovation of the 1965 dwelling (79%).
Renovating the 1985 dwelling yields savings of 58%, whereas the savings potential for the
2005 dwelling is 49%. These savings are thus comparatively smaller than the operational
savings (which were 61-86%), attributable to the inclusion of the embodied impact.

Similarly, Figure 8b shows the life cycle environmental impacts after the application
of the high, median, and low correction factors in Formula (3). Evidently, correcting for
the EPG significantly reduces the environmental savings, as the life cycle environmental
impact is reduced more before renovation than after renovation. When considering median
correction factors (EPG50), the savings are only 21-49% compared to the initial 49-80%.
Moreover, the savings potential is 5-7% lower when incorporating high correction factors
(EPG25) and 3—4% higher when considering low correction factors (EPG75). In conclusion,
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Environmental impact [Pt]

the discernible difference in savings potential underscores the importance of taking into
account the EPG when assessing the environmental benefits of renovation.

In addition, these findings can be translated into an ‘environmental performance gap’,
which can be defined analogously to the EPG as the difference between the uncorrected
and corrected life cycle environmental impact, relative to the former. The outcomes indicate
an environmental performance gap varying between 15% and 68%. The highest gap
corresponds to the unrenovated 1945 dwelling, whereas the lowest gap is associated with
the renovated 1945 dwelling. These figures are lower than the EPG (1—correction factor),
ranging from 27% to 69%, due to the inclusion of the embodied impact.

5.2. Environmental Payback Time

Finally, the effect of integrating the EPG through the proposed correction model on
the environmental payback time (EPBT) is assessed. The EPBT is defined as the time
required for the embodied impact to be offset by the annual operational energy savings. In
other words, the EPBT represents the ratio of the embodied impact difference between the
unrenovated and renovated building to the annual operational impact savings. Figure 9
illustrates the environmental impact calculated over time, with and without consideration
of the EPG, for the four dwellings.

(b) 1965 (c) 1985 (d) 2005

N
29 \ 2.6

J 1 1 1 J

Construction year
1945

1965

24 30 0 6 12 18 24 30 0 6 12 18 24 30 0 6 12 18 24 30
[years] [years] [years] [years]
Correction factor
1985 e=——2005 No 50 25-75

Figure 9. Effect of applying the correction factors (50th, 25th, and 75th percentile) for the energy
performance gap on the environmental payback time for dwellings with construction years of (a) 1945,
(b) 1965, (c) 1985, and (d) 2005.

In year zero, the difference in embodied impact for production, transport, and con-
struction between the unrenovated and renovated dwellings is depicted. Subsequent years
show the gradual compensation of the initial embodied impact by annual operational
energy savings, accounting for any material replacements required during renovation. The
EPBT marks the point when the cumulative environmental impact equals zero.

The EPBT, without correction for the EPG, ranges from 2.9 to 9.1 years. The lowest
EPBT corresponds to the renovated 1965 dwelling, closely followed by the renovated 1945
dwelling. Despite the higher annual operational energy savings for the 1945 dwelling, its
renovation demands a greater amount of materials due to the complete reconstruction of
the pitched roof and the casting of a new reinforced concrete slab, which is not required in
the 1965 dwelling. The slightly higher EPBT for the 1945 dwelling is therefore attributed to
the higher initial embodied impact, necessitating more time to be compensated for by the
energy savings. Conversely, the highest EPBT corresponds to the renovation of the 2005
dwelling because of the smaller energy savings, which is associated with the better initial
energy performance of the unrenovated dwelling.

When the median correction factors (EPG50) are considered, the EPBT considerably
increases, ranging from 10.4 to 22.5 years. Moreover, Figure 9 additionally depicts the
spread of these values by applying the high and low correction factors. The EPBT spans
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from 13.0 to 27.3 years for the high factors (EPG25) and from 8.8 to 19.9 years for the low
factors (EPG75). Although these EPBTs are significantly higher than those observed without
correction, they still fall within the considered 60-year study period.

6. Discussion

The objective of this paper was to address the EPG in LCA calculations and its implica-
tions for assessing the environmental savings and payback time of renovating single-family
dwellings. To achieve this, a pragmatic, statistical correction model was developed to arrive
at representative, average correction factors. The model was applied to four single-family
dwellings with distinct energy characteristics, representative of the Flemish context. Their
renovation involved quasi-identical strategies, resulting in an equal energy use after ren-
ovation. The environmental impact of both unrenovated and renovated dwellings was
compared with and without the application of low, median, and high correction factors.
This discussion section is first directed towards the developed correction model, after which
the environmental savings and payback times are discussed.

6.1. Correction Model

First, the developed correction model is compared to existing models cited in Section 2.
Tigchelaar et al. [61] and Laurent et al. [58] proposed correction factors based on EPC labels
for Dutch, French, and English datasets. Tigchelaar et al. [61] reported factors between
0.53 and 0.88, whereas Laurent et al. [58] documented factors between 0.4 and 1.7. In this
study, the median correction factors ranged from 0.24 to 0.63. A consistent trend across the
correction factors is that real energy use in dwellings with worse EPC labels is substantially
overestimated. This overestimation decreases as dwellings with better EPC labels are
studied. Due to differences in national classification systems, comparing the factors per
EPC label with the study’s results is not possible. However, the overall magnitude of the
EPG in this study is significantly larger than in the other countries.

Loga et al. [39] and Hens [64] defined functions to correct calculated energy use.
Applying these models to the present study’s dwellings shows that our correction factors
are notably lower, particularly for the older, unrenovated dwellings (Figure 10). This
disparity may stem from national variations, as Loga et al. [39] considered a German
dataset; however, Hens [64] did focus on the Belgian context. Both prior studies exclusively
considered space heating, whereas our study additionally accounted for DHW. The Flemish
EPB method estimates the net energy use for DHW based on the building’s volume [66].
However, this approach might underestimate real energy use for DHW in small dwellings
or overestimate it in large dwellings, as the size of the dwelling may not accurately reflect
the number of occupants [75].

1.2 ¢
1.02 Scenario

- 0T 083 08 @ 1945 Existing
5 03 073 1965 Existing
g ' I ® 1985 Existing
E 0.6 Lo. 5 051 @ 2005 Existing
5 I @ Renovated
g 0 32
J o 0 v Study

0.2 ® 1oga (2016)

. Hens (2013)
0.0 This study
1945 1965 1985 2005 Renovation

Figure 10. Comparison of correction factors derived from the developed model in this research with
those from the models proposed by Loga et al. [39] and Hens [64], applied to the different existing
and renovated dwellings.
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As demonstrated by Van de Putte et al. [76], who focused on two multi-family build-
ings, the Flemish EPB method can lead to a significant overestimation of energy use for
DHW. The analysis showed that 97% and 98% of the apartment units exhibited actual
energy use for DHW that was smaller than the calculated values. Notably, in a substantial
portion of these units (81% and 85%), actual energy use was even less than half of the
calculated values. In our study, DHW accounted for only 4-11% of the operational impact
in the unrenovated dwellings but rose to 27% for the renovated dwellings. For unrenovated
dwellings, the correction will thus be predominantly influenced by space heating, whereas
for renovated dwellings, it remains uncertain whether space heating or DHW dominates
the correction. Given the absence of separate data, considering the combined effect of both
space heating and DHW is considered the most suitable for this study.

Furthermore, the developed correction model exhibits several limitations. The model
relies on a recent, extensive Belgian study conducted by Van Hove et al. [38,59]. Conse-
quently, the inherent limitations of their research apply to this study. For instance, data
quality is a concern, particularly the accuracy of input data in energy performance cer-
tificates. The precision of these reported data was uncertain, as assessors’ choices might
influence the resulting energy ratings. In addition, the actual figures for natural gas con-
sumption might include domestic cooking, as dwellings with gas-based cooking could not
be identified. Thus, the obtained correction factors might have exerted a slightly higher
impact if these specific cases could have been excluded.

The proposed statistical model, which corrects energy use as a function of calculated
normalized primary energy use, only limitedly captures the large variability in actual en-
ergy use for a given calculated energy use, as documented in the literature. This variability
stems from diverse origins, including user behavior, climate conditions, building character-
istics, and construction quality. To mitigate this limitation, low and high correction factors
were included in addition to median correction factors. Moreover, the primary objective of
this research was not to identify explanatory parameters but rather to integrate the EPG
in a simplified manner into LCA calculations. Therefore, the focus was on providing a
pragmatic correction model in which simplicity and flexibility were prioritized over the
complexities of correcting physical modeling of buildings.

Lastly, the research aimed to address the importance of the EPG on the environmental
savings potential and payback times of energy renovations, given the lack of studies
integrating the EPG into LCA calculations. The present study does not focus on a specific
real-world renovation project but instead considers a synthetic sample of representative
cases. Therefore, an average correction based on large-scale statistical data was found most
appropriate. Additionally, the model applicability is confined to the Belgian context, as the
EPG varies across countries. However, the described methodology in Section 3 remains
transferable, as similar datasets to those provided by Van Hove et al. [38,59] are available
in other countries like Switzerland [35] and the Netherlands [36].

6.2. Environmental Savings Potential and Payback Times

The literature reports a broad range of environmental savings potential and payback
times, though comparability is challenging due to differences in energy characteristics
and renovation measures. Based on the results of our research, integrating the EPG in
existing LCA studies is expected to significantly reduce reported environmental savings
and considerably increase payback times. The latter was also concluded by Jerome et al. [77]
when assessing the life cycle GWP of renovated and unrenovated buildings by means of
calculated and measured energy savings. Whereas the payback time was 7.5 years based
on calculated energy use, this value rose to 25 years when actual measured data were used.

Integrating the EPG did not nullify the environmental savings potential in our research;
instead, corrected savings of 16-51% were observed compared to 49-80% without correction.
Additionally, the corrected payback times of 8.9-27.4 years contrast with the uncorrected
2.9-9.1 years, yet still remain well within the expected service life of buildings. There is
thus a potential environmental benefit of renovating dwellings; nevertheless, this benefit
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is highly contingent upon the actual energy use pre-renovation. Moreover, renovation
should not be solely perceived as a means to achieve energy savings. It holds broader
benefits, including enhancements in comfort, indoor air quality, health, social well-being,
and market value [78-80].

Lastly, it must be noted that the results from this research regarding environmental
savings and payback times are case-specific. Specifically, this research considered the reno-
vation of four single-family dwellings with an identical geometry but varying construction
years. Only one renovation strategy for the building envelope and technical installations
was considered. However, as the research considered representative dwellings in Flanders,
the results can be generalized and extrapolated to similar cases.

7. Conclusions

This study examined the effect of integrating the energy performance gap into the
framework of the environmental impact assessments for building renovation. First, a
statistical correction model was developed, which built on a large-scale study on the energy
performance gap between real and regulatory calculated energy use of Flemish single-
family dwellings. This model provides a logarithmic function contingent upon normalized
primary energy use for space heating and domestic hot water. It offers a pragmatic ap-
proach to address the energy performance gap in LCA calculations for renovation projects,
acknowledging its limitations and contextual constraints.

Upon applying the correction model to four representative Flemish single-family
dwellings, the environmental savings decreased by 28-31%, and the environmental pay-
back times increased by 7.5 to 13.4 years. Due to correction, the share of operational energy
use in the life cycle environmental impact significantly decreased, thereby amplifying the
relative contribution of materials. This trend leads to a systematic underestimation of
the significance of material choices in renovation projects. These findings underscore the
importance of integrating the energy performance gap into LCA calculations to more accu-
rately assess the potential environmental benefits of building renovations. The developed
model enhances the reliability of LCA outcomes, supports informed decision making for
sustainable building practices, and aids in providing a more realistic estimation of the
environmental savings associated with renovating the existing building stock.

In conclusion, it is strongly recommended to rectify energy use calculations derived
from regulatory methods in comparative LCAs between unrenovated and renovated
dwellings. The actual energy use, especially in the case of existing inadequately or non-
insulated dwellings, proves to be significantly lower than the calculated energy use, thereby
resulting in a non-negligible overestimation of predicted savings potential. This overes-
timation, coupled with the inclusion of the embodied impact in a life cycle approach in
addition to operational energy use, reduces the ecological benefit of renovation. Therefore,
it is recommended to rely on measured data whenever possible to evaluate the environ-
mental advantages of renovation more realistically. However, when measured data are not
available, it is advisable to correct regulatory calculated energy uses by means of correction
factors, as explored in this study. Future research can build on the proposed model to
explore region-specific adjustments and further refine it to include other building types.

Author Contributions: Conceptualization, Y.D.; methodology, Y.D.; validation, Y.D.; formal analysis,
Y.D.; investigation, Y.D.; resources, Y.D.; data curation, Y.D.; writing—original draft preparation,
Y.D.; writing—review and editing, M.S. and N.V.D.B.; visualization, Y.D.; supervision, M.S. and
N.V.D.B,; funding acquisition, Y.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Research Foundation Flanders, SBO-1511621N.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Sustainability 2024, 16, 7792

18 of 21

Data Availability Statement: All data supporting the results reported can be requested through the

email address of the first author.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A. Existing Dwelling Details

Table Al. Compositions, U-values, and areas of existing envelope elements per construction year
based on TABULA [67] (compositions, U-value) and Devos et al. [68] (materials).

1945 1965 1985 2005

External Wall A = 63.5 m?

Massive wall, Cavity wall, Cavity wall, Cavity wall,
solid bricks, solid bricks, hollow clay bricks, hollow clay bricks,
uninsulated uninsulated PUR insulation PUR insulation

[ 1 K

.
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hl

U =220 W/(m?2K)

U =170 W/(m?2.K)

U =1.00 W/(m?2.K)

U =0.60 W/(m2.K)

Pitched Roof

A =73.6 m?

Ceramic roof tiles,
rafters and purlins,
no sub-roof,
uninsulated
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U=5.00W/(m2K)*

Ceramic roof tiles,
rafters and purlins,
fiber cement sub-roof,
uninsula/ted

S

U =4.69 W/(m2.K) *

Ceramic roof tiles,
rafters and purlins,
fiber cement sub-roof,
glass wool insulation

Ceramic roof tiles,
trusses,
fiber cement sub-roof,
glass wool insulation

Flat Roof
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Bitumen roofing,
reinforced concrete,
uninsulated

<
4
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Bitumen roofing,
reinforced concrete,
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< a

<
a
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<

Bitumen roofing,
reinforced concrete,
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<

<
a
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<
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reinforced concrete,
PUR insulation

<
a

U =045 W/(m2K)

<

Slab on grade

A = 63.0 m?

Ceramic tiles,
cement mortar,
uninsulated

U =0.79 W/(m?2.K)

Ceramic tiles,
reinforced concrete,
uninsulated

<
4

U=0.75W/(m?2K) *

Ceramic tiles,
reinforced concrete,
uninsulated °

B

<
a

U=0.75W/(m?2K) *

Ceramic tiles,
reinforced concrete,
PUR insulation
Y

9
s

a

U =0.55 W/(m?2.K) *

Window

A =20.7 m?

Wooden frame,
single glazing
U =5.00 W/(m?.K)

Wooden frame,
single glazing
U =5.00 W/(m?.K)

Wooden frame,
double glazing
U =3.31 W/(m2K)

Wooden frame °,
double glazing
U =3.31 W/(m2K)

External door

A =4.0 m?

Wood-aluminum
U =4.00 W/(m2.K)

Wood-aluminum
U =4.00 W/(m2.K)

Wood-aluminum
U =4.00 W/(m2.K)

Wood-aluminum
U =4.00 W/(m?.K) *

° Composition differs from TABULA [67]; * U-value differs from TABULA [68] by more than 10%.
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