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Abstract

Thermal comfort accounts for significant residential energy consumption in high latitudes;
however, quantitative information about insulation improvements is not widely available.
First, we performed a study to quantify the effects of improving the insulation in walls,
roofs, and windows of typical dwellings in the Netherlands (a studio, an apartment, and a
stand-alone house). Our results indicate that improving from single- to double-glazing is
the most significant change, reducing gas consumption up to 50%, whereas the difference
between double- and triple-glazing is less than 7%. Improving the roof insulation, filling
cavity walls with insulation, or adding external wall insulation did not show attractive
business cases, as the payback time was too high. Second, we evaluated upgrading the
dwelling energy label by improving the insulation or adding a PV system and a heat pump.
The results showed that, for energy labels C or above, the insulation reached a saturation
point where it is not attractive to improve it before its end-of-life proactively. Instead,
investing in the energy system by adding a PV system and a heat pump has better payback
times. Our results allow policymakers and project developers to focus on the most relevant
changes to accelerate the energy transition.

Keywords: building envelope; building insulation; building performance simulation; heat
pumps; energy efficiency

1. Introduction
Space heating to ensure thermal comfort is one of the major sources of energy con-

sumption in residential buildings in the Netherlands [1]. In general, countries at higher
latitudes require a significant amount of energy to face the lower temperatures, typically
supplied by gas (although electricity, biomass, and district heating networks are also used
in some cases). For instance, the spacial heating demand was 85 TWh during 2016 [2] in
the Netherlands, with a kilogram of oil equivalent of approximately 7 kgOE/m2, which
remained somewhat constant until 2021 [3]. However, proactive measures must be taken to
meet international climate goals, since 75% of the building stock in the European Union is
considered energy inefficient [4]. On the one hand, heating electrification has been widely
adopted in the form of heat pumps, surpassing the 17% of Dutch households by 2023 [5],
with an expected acceleration in adoption towards 2030 [1]. Nevertheless, massive deploy-
ments of heating electrification create significant pressure on the electric infrastructure,
as system operators must supply an increasingly growing demand. On the other hand,
improvements in insulation techniques tackle the demand, not from the energy source,
but by reducing the overall consumption. These two measures are not mutually exclusive,
but the best way they are implemented (either individually or together) would depend on
the case.
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Current research recommends studying what kind of insulation improvements are
optimal for different types of buildings [6,7]. From a technical perspective, understanding
the effects of the insulation on the thermal demand could reduce building improvement in-
vestments by adequately designing the insulation required for walls, roof, and windows [8],
avoiding under- or over-dimensioning. Similarly, from a cost perspective, an analytical
background would allow data-driven business cases, since tractable and reproducible
simulations and cases can be performed. This way, project developers and policymakers
could understand when it is better to invest in insulation and when it is better to invest in
heating electrification, based on a techno-economic assessment [9].

1.1. Literature Review

Recent works can be found in the literature that focus on studying how the thermal
properties of buildings affect the heating demand for different countries or regions. For in-
stance, the work in [10] studied how the thermal transmittance coefficients approved in
the Polish law during the last decade affect the energy demand for heating in residential
buildings. Their results suggest a decrease in the thermal demand between 11% and 32.6%,
which translates into yearly savings between e43 and e67. Similarly, ref. [11] used 18 years
of energy consumption measurements of existing buildings in Poland to compare the
consumption before and after insulation improvements were carried out using large slabs,
demonstrating that the method results in energy savings between 16% and 23%.

The European Union-level study performed by [12] indicated that improving the
insulation of walls and roofs can lead to energy savings of up to 48%. Nevertheless,
the results show a high sensitivity to the current insulation levels. In addition, it showed
the importance of a baseline for energy efficiency (required heating degree days (HDD)
or U-values) when comparing the results among countries. These results are congruent
with [13], who compared the regulations for residential building stock between Finland
and Türkiye, suggesting that the current insulation in Finnish buildings is likely above
the optimal, whereas Turkish insulation limits must be improved. In [14], a case study
was carried out for a single-family house from 2012 in Ontario, Canada, modeled using
eQUEST. It was concluded that energy improvements could lead to energy savings of up
to 78%, where window and door upgrades accounted for only 13 % of the energy savings
and required an investment of between 14,620 CAD and 18,292 CAD, and the PV system
and the heat pump account for 33% and 20%, with costs around 18,000 CAD each.

Polystyrene thermal insulation in walls and roofs was studied by [15] in a case study in
Chalous city, Northern Iran, using DesignBuilder. The results suggested heat loss reduction
of up to 54.8% in walls and 53.5% in roofs and highlighted the importance of adequate
insulation to minimize thermal losses and costs. A comparison of the impact of different
U-values for walls, windows, roofs, and floors in Palestine, considering different climatic
zones following the ASHRAE standard 90.1-2019 using the software DesignBuilder, was
conducted in [16]. Using the current Palestinian building energy code as a reference,
improving the insulation resulted in a reduction between 43% and 83% when compared
with other international building energy codes. However, their study is limited to the
building types and materials used in Palestine.

Different optimization strategies have also been proposed in the literature to obtain the
ideal insulation thickness. For example, in [17], a human thermal comfort index (predicted
mean vote) was used to optimize the insulation thickness of the external walls and roof
for two case scenarios (Greece and Cyprus), without considering economic indicators.
The simulations conducted in TRNSYS show an improvement in the yearly comfortable
hours from below 60% to 97%, while reducing the heating load 66% compared to a non-
insulated house, when using wall insulation between 2.9 and 3.2 cm and roof insulation
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between 13.9 and 14 cm. The work in [18] focused on optimizing the EPS insulation
thickness of brick walls for a case study in Algeria to minimize energy costs using TRNSYS,
suggesting an optimal range between 1 and 2.5 cm. The effect of insulating the walls of
buildings from different construction methods (gray brick, hollow clay block, LECA block,
and AAC block) and regions is compared in [19] to optimize the insulation thickness based
on energy savings. As expected, the optimal insulation would depend on regional climatic
conditions; however, the results indicated that walls made with AAC block would not
require additional insulation in regions where the other wall types do. This way, in the
cold regions, insulating gray brick (optimal insulation of 1.5–2 cm) or hollow clay block
(optimal insulation of 1.5–2 cm) walls would reduce energy consumption by up to 53%,
and LECA block (optimal insulation of 0.5–1 cm) walls by up to 26%, but AAC block would
not show any significant benefit (no insulation needed). These strategies provide insight
into the optimal thickness of the insulation based on different objective functions; thus,
future work should compare or implement their results with the available market.

Alternatively, other works have focused on analyzing heating electrification adoption
from a cost perspective, since changing the source of heating supply would not necessarily
mean a change in the heating demand. A case study in three Italian cities suggests that
replacing gas boilers with a heat pump leads to significant reductions in energy costs [20].
Using TRNSYS, it was determined that combining a heat pump, a PV system, and a
battery, together with improved insulation, results in up to 52% primary energy savings.
Similar results were obtained by [21] for a case study in Ireland, where replacing the gas
boilers in residential buildings reduced the overall primary energy consumption between
45% and 72% (or up to 128 kWh/(m2·year)). Similarly, ref. [22] evaluated the energy
and economic performance of different combinations of insulation and energy system
improvements for a case scenario in Greece. Their results demonstrated that adding a
high-efficiency heat pump and improving the window glazing have the highest impact on
reducing the thermal demand of space heating in a residential building.

More complex systems have also been proposed in the literature. Different multi-
carrier energy system configurations were simulated using TRNSYS 17.2 [23]. Combining a
heat pump with a PV system resulted in a self-consumption rate of 34.1%, adding a battery
energy storage system and a thermal energy storage system improved the self-consumption
rate to 69.4%, but did not noticeably change the overall energy demand. Instead, using a
photovoltaic-thermal system coupled to the heat pump led to the best performance, with a
self-consumption rate of 96.2%, but with a considerably higher investment cost. The results
in [24] also suggest that combining electric and thermal storage together with heat pumps
in residential dwellings allows higher heating electrification adoptions if aggregated at the
neighborhood level, compared to using only a system comprised of a PV and a heat pump,
at the cost of very unattractive business cases for the prosumers. Both results are consistent
with the review performed by [25], which demonstrated that highly efficient heat pumps
do not lead to the best economic scenario due to their higher upfront costs and relatively
low difference in consumption when compared to others with lower energy labels.

Specifically in the Netherlands, some works have examined the Dutch context to
understand pathways for reducing residential energy demand and achieving climate
targets. A bottom-up dynamic building stock model was developed by [26] to simulate
the evolution of Dutch residential buildings under the national control scenario. Their
analysis showed that improvements in insulation, together with heating electrification and
PV deployment, could reduce space heating demand by two-thirds and cut operational
GHG emissions by up to 90% by 2050, but material-related emissions will gain relative
importance. In their work, ref. [27] studied the temporal dynamics of space heating demand,
using hourly gas consumption data from 8077 dwellings during 2020 to model thermostat
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behavior and its dispersion across households. It was demonstrated that occupant-driven
thermostat settings significantly influence peak loads, highlighting the need for demand-
side flexibility and accurate district-level heat demand profiles. The cost-optimal retrofit
for typical Dutch housing archetypes was addressed by [28], emphasizing that upgrading
to current regulation standards combined with heat recovery ventilation can reduce spatial
heat demand up to 60%, while investments in insulation improvement led to thermal
demand reductions of only 12%.

1.2. Research Gap

Based on the literature review, the following research gaps were found:

• many studies provide results based on insulation improvements without detailing
the initial insulation condition of the buildings nor the insulation measures taken
(including their costs), and

• most of the literature focus either on insulation or on heating electrification techniques
but does not compare them directly.

Therefore, the contributions of this paper are

• a quantitative assessment of available thermal insulation improvement methods from
an energy consumption and cost-effective perspective, considering different initial
insulation levels, and

• a techno-economic comparison between insulation improvement and a heating electri-
fication adoption scenario.

2. Thermal Losses Mathematical Description
To estimate the thermal demand in buildings, one can use building performance

standards (BPS), as well as standardized methods, such as ISO 52016-1 [29] . However,
these methods often require detailed input data and computational resources. As a response,
the work in [30] provided an analytical framework to model the thermal losses of a Dutch
house. The model accounts for the losses due to conduction, convection, infiltration, and
ventilation for a specific type of window, roof, and wall. External radiative heating effects
are not considered (e.g., heating through the windows due to solar irradiance). This section
is dedicated to adapting the models for the window, roof, and wall losses to include
additional insulation, allowing us to perform a more comprehensive analysis on the most
common house insulation methods used in the Netherlands.

The ventilation (Q̇v) and infiltration (Q̇i) losses were calculated based on the Ameri-
can Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Hand-
book [31]. The ventilation losses can be estimated with

Q̇v(k) = caρaqv∆T(k) , (1)

where ca and ρa are the specific heat capacity and density of the air, ∆T(k) is the temperature
difference between the outside and inside of the house (in degrees Fahrenheit), and qv is
the required ventilation airflow (in cubic feet per minute), given by

qv = 0.03Acf + 7.5(Nbr + 1) , (2)

where Acf is the building conditioned area (in feet squared) and Nbr is the number of
bedrooms in the house.

The infiltration losses can be estimated with

Q̇i(k) = caρaqi∆T(k) . (3)



Energies 2025, 18, 5467 5 of 21

where qi is the infiltration airflow, given by

qi(k) = Aes Au

√
Cs|∆T(k)|+ Cwu2(k) , (4)

where Aes is the building’s exposed area (in feet squared), Au is the unit leakage area (in
inches squared per foot squared), Cs is the stacking coefficient, Cw is the wind coefficient,
and u is the wind speed (in miles per hour). Internal sources of heat, such as inhabitants,
lighting, and appliances, were neglected, as high-efficiency appliances were considered [31].

2.1. Windows Insulation

Three types of glazing are modeled in this section: single-, double-, and triple-glazing.
On the one hand, a single-glazed window behaves as a solid wall, without intermediate
convective mechanisms. On the other hand, double- and triple-glazing, thanks to their
air gaps, prevent convective-only heat flows, increasing the window’s thermal resistance.
The thermal circuits considered for single-, double-, and triple-glazed windows are shown
in Figure 1. This way, the thermal losses for each type of glazing can be represented as

Q̇window, single(k) =

(
1

hconv
out, window

+
Lglass

kglass
+

1
hconv

in, window

)−1

Awindow [Tin(k)− Tout(k)] , (5)

Q̇window, double(k) =

(
1

hconv
out, window

+ 2
Lglass

kglass
+

1
hconv

gap, window
+

1
hconv

in, window

)−1

Awindow [Tin(k)− Tout(k)] , (6)

and

Q̇window, triple(k) =

(
1

hconv
out, window

+ 3
Lglass

kglass
+ 2

1
hconv

gap, window
+

1
hconv

in, window

)−1

Awindow [Tin(k)− Tout(k)] , (7)

where hconv
out, window and hconv

in, window are the convective heat transfer coefficients between the
window and the outdoor and indoor air, respectively; hconv

gap, window is the convective heat
transfer coefficient of the air gap between the glass layers, and Lglass and kglass are the
thickness and thermal conductivity of the glass, respectively. Awindow is the window area,
and Tin and Tout are the indoor and outdoor temperatures, respectively. We assumed that
for double- and triple-glazed windows, the glass and air gaps have the same thickness
per layer.

(a)

Figure 1. Cont.



Energies 2025, 18, 5467 6 of 21

(b)

(c)

Figure 1. Equivalent thermal circuit considered for a (a) singgle-, (b) double- and (c) triple-glazed
window.

2.2. Roof Insulation

The improvements of the roof consist of increasing the conductive thermal resistance
by increasing the thickness of a layer of insulation material, resulting in the thermal circuit
shown in Figure 2. This way, the thermal losses through the roof are

Q̇roof(k) =

(
1

hconv
out, roof

+
Lroof
kroof

+
Linsulation
kinsulation

+
1

hconv
in, roof

)−1

Aroof [Tin(k)− Tout(k)] , (8)

where hconv
out, roof and hconv

in, roof are the convective heat transfer coefficients between the roof
and the outdoor and indoor air, respectively, Lroof and Linsulation, and kroof and kinsulation are
the thickness and thermal conductivity of the roof and insulation layers, respectively. Aroof

is the roof area, and Tin and Tout are the indoor and outdoor temperatures, respectively.

Figure 2. Equivalent thermal circuit considered for the roof.

2.3. Walls Insulation

For the walls, we considered two separated insulation mechanisms, namely external
wall covering and wall gaps, as shown in Figure 3. For the latter, two fillings are considered:
air and insulation material. The external wall covering consists of a layer of insulation
material placed against the wall, increasing the conductive thermal resistance. The wall gap
effect, however, would depend on the filling. In the case of air, the cavity would increase
the overall thermal resistance by adding a convective heat transfer coefficient, as shown in
Figure 3a, whereas filling the air gap with insulation material would replace the convective
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effect by a conductive resistance, as shown in Figure 3b. This way, the expressions for a
wall with an air or filled gap are

Q̇wall, air(k) =

(
1

hconv
out, wall

+
Lwall, cover

kwall, cover
+

Lwall
kwall

+
1

hconv
gap, wall

+
1

hconv
in, wall

)−1

Awall [Tin(k)− Tout(k)] , (9)

and

Q̇wall, fill(k) =

(
1

hconv
out, wall

+
Lwall, cover

kwall, cover
+

Lwall
kwall

+
Lgap, wall

kgap, wall
+

1
hconv

in, wall

)−1

Awall [Tin(k)− Tout(k)] , (10)

respectively, where hconv
out, wall and hconv

in, wall are the convective heat transfer coefficients be-
tween the walls and the outdoor and indoor air, respectively, Lwall, cover, Lwall and Lgap, wall,
and kwall, cover, kwall and kgap, wall are the thickness and thermal conductivity of the wall
insulation cover, the wall itself and the wall filling layers, respectively. hconv

gap, wall is the
convective heat transfer coefficient of the air gap within the wall, Awall is the wall area,
and Tin and Tout are the indoor and outdoor temperatures, respectively.

(a)

(b)

Figure 3. Equivalent thermal circuit considered for an (a) air-filled cavity wall and (b) insulation-filled
cavity wall.

3. Case Description
This work provides a quantitative assessment of the influence of different insulation

techniques applied to Dutch residential buildings. Two different case scenarios are consid-
ered. First, the insulation techniques are analyzed individually, considering the insulation
of a house energy label C (following the Dutch energy label standard NTA 8800:2024 [32])
as reference for the other insulation elements (see Table 1). Second, different insulation
parameters were chosen to replicate houses with energy labels between G and A, as shown
in Table 1. The thermodynamic models used were taken from [30].



Energies 2025, 18, 5467 8 of 21

Table 1. Parameters considered for each energy label.

G F E D C B A

Windows type Single Single Single Double Double Double Triple
Roof insulation 3 cm 5 cm 10 cm 15 cm 15 cm 20 cm 30 cm
Inner wall insulation Solid wall 3 cm (air) 5 cm (air) 5 cm (air) 8 cm (air) 8 cm (EPS) 10 cm (EPS)
External wall insulation - - - - - - 10 cm (EPS)
Heating type Boiler Boiler Boiler Boiler Boiler Boiler Heat pump
RES - - - - - - PV

The individual analysis considers improvements on the windows (dingle-, double-,
and triple-glazed), roof (3 cm, 5 cm, 10 cm, 15 cm, 20 cm, and 30 cm insulation), and walls
(no cavity, cavities of 3 cm, 5 cm, 8 cm, and 10 cm filled with air and EPS; and 10 cm
of external wall insulation). In addition, three types of houses are considered: a studio,
an apartment, and a stand-alone house, whose parameters are shown in Table 2. These val-
ues were obtained through an exploratory search carried out in the housing platform Funda,
which hosts approximately 97% of the housing market listings in the Netherlands [33].
The weather data for ambient temperature and solar irradiance were taken from the KNMI
database. For our simulations, we used the open-source library available in [34], built in
Python 3.12.11 (see the block diagram in Figure 4), considering a timestep of 15 min for a
whole year.

Table 2. Description of the houses considered.

Windows [m2] Roof [m2] Walls [m2] Consumption [kWh]

Studio 4 56.2 76.6 1000
Apartment 8 120.3 111.6 2500
Stand-alone 12 120.3 219.5 5000

Figure 4. Flow diagram of the components used for the simulation.

Four metrics are considered to compare the performance of the insulation improvements:

• Thermal demand [kWh]: considered as the amount of thermal energy used to main-
tain the indoor temperature.

• Gas consumption [m3]: considered as the gas used by the boiler to deliver thermal
power for space heating.
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• CAPEX: [e] considered as the total cost of improving the insulation.
• OPEX: [e] considered as the total energy cost (electricity and gas) by the household.
• Payback: [years] considered as the time it would take to cover the CAPEX based on

the change in OPEX after an improvement.

Note that the cost considered for the insulation improvements, as well as the PV
system and the heat pump, was obtained through quotes requested from local contractors
in the Netherlands.

Three different types of windows were considered, namely single-, double-, and
triple-glazed. Each glass layer is assumed to be 4 mm thick with a thermal conductivity of
0.8 WK−1m−1, and with air gaps of 1.4 cm for double- and triple-glazed windows. The costs
considered are shown in Table 3. In this case, we considered a single-glazed window as the
base; therefore, no cost is associated, since it is assumed that such glazing would already
exist in the building. Note that these costs are only for the window upgrade (materials
and labor) and exclude any improvement or replacements of the frames; therefore, no
changes in the infiltration rates are considered when changing the glazing. Also, it was
assumed that the frames, regardless of the glazing type, are in good quality and there are no
considerable leakages (aside from what is estimated using the ASHRAE method detailed
in (3)) through the frame or air gaps in the case of multiple-glazed windows.

Table 3. Costs considered for the windows insulation.

Glaze Cost [e/m2]

Single -
Double 700
Triple 1000

For the roof insulation analysis, it was assumed that the improvement would be made
by insulation panels with a thickness of 10 cm or 15 cm. For insulation thinner than 10 cm,
no capital expenses were considered, since the available insulation is a minimum of 10 cm,
and it is assumed that, for the cases with insulation thinner than 10 cm, it would already
be placed in the building. The cost per thickness is shown in Table 4. Note that these
costs include only materials and labor related to the insulation alone; thus, finishings
are excluded.

Table 4. Costs considered for the roof insulation.

Thickness [cm] Cost [e/m2]

0–5 -
10 35
15 40
20 50
30 60

Two different methods were considered to improve the insulation of walls: cavity
filling through granulated EPS and external covering. On the one hand, air (thermal
conductivity 0.0257 WK−1m−1) and EPS fillings (thermal conductivity 0.035 WK−1m−1)
were considered for cavity widths between 3 cm and 10 cm. For walls with air cavities,
no CAPEX was considered, as it was assumed that the building was initially constructed
with the cavity. For EPS filling, a fixed cost of e40/m2 was considered. It is important
to mention that the cavity gap is often between 3 cm and 5 cm, which is the reason why
contractors often quote based on area instead of volume. In our work, we extended the
cavity gap up to 10 cm to evaluate if thicker gaps would have a noticeable improvement,
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but no changes in the cost are assumed. On the other hand, 10 cm thick EPS panels were
considered as external covering, with a cost of e150/m2.

After the individual analysis, a comparison of different combinations of insulation lev-
els associated with an energy label, as shown in Table 1, was done. The PV system was sized
to cover the base electric load of the household, excluding the heat pump. This is because,
typically, the usage of space heating indoors is more significant during low-irradiance
periods, both seasonal (mostly winter) and hourly (early in the morning or during the
evening) [1]. Therefore, adding the heat pump electric consumption to the sizing of the
PV system, albeit resulting in a net-zero house, would probably exchange a large part of
the generation with the grid due to the mismatch between solar generation and electric
consumption, leading to local congestion in the residential distribution networks [24].
The cost and peak power for the PV system are shown in Table 5. For the heat pump, a fixed
cost of e10,000 was considered.

Table 5. Costs considered for the PV system.

Peak Power [kW] Cost [e]

Studio 2 2469.6
Apartment 4.8 6148.5
Stand-alone 10 12,272.4

4. Results
4.1. Windows Insulation

The results are shown in Figure 5. In general, one can notice a significant change from
single- to double-glazed windows in terms of thermal demand reduction (Figure 5a) and,
thus, gas consumption and energy cost (Figure 5b). Nevertheless, the change from double-
to triple-glazed is less noticeable, improving the overall thermal performance around
10% for stand-alone houses, while being almost 40% more expensive than double-glazing
(Figure 5).

The performance behavior can be explained given the total window area for the
different house types, as apartments and studios have less window area and, thereby,
fewer losses through the windows. Similarly, the single air gap can significantly reduce the
thermal loss, leaving only cooling mechanisms via convective effects, which are minimal
when there is no air flow (within the air gap). Thus, a second air gap, despite reducing the
convective and radiative heat transfer mechanisms, has a significantly lower impact.

From a cost perspective, it was mentioned that improving from single- to double-
or triple-glazed windows might result in a more attractive scenario for both cost and
performance perspectives than improving from double- to triple-glazed windows. Table 6
shows the payback for these upgrades for studios, apartments, and stand-alone houses,
respectively. These results show that, despite triple-glazed windows resulting in lower
gas consumption, they would only be attractive when upgrading single-glazed windows.
This is because the reduction in gas consumption from double- to triple-glazed windows is
one order of magnitude smaller, as shown in Table 7. Nevertheless, if the double-glazed
windows are deteriorated and require a replacement after their lifetime, it might be worth
replacing them with triple-glazed windows, based on the household owner’s criteria.
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(a) (b)

(c) (d)

Figure 5. Results for different window insulation, comparing (a) thermal demand, (b) gas consump-
tion, (c) capital expenses, and (d) operative expenses, for a representative studio, apartment, and
stand-alone house.

Table 6. Payback [years] for the windows insulation improvement for a representative studio,
apartment, and stand-alone house.

Glaze Single Double Triple

Single - 6.2/6.3/6.3 8.4/8.5/8.5
Double - - 138/137/137
Triple - - -

Table 7. Gas reduction [m3] for the windows insulation improvement for a representative studio,
apartment, and stand-alone house.

Glaze Single Double Triple

Single - 331.3/616.2/920.9 331.4/656.9/981.6
Double - - 20.1/40.7/60.7
Triple - - -

4.2. Roof Insulation

The results shown in Figure 6 demonstrate that, as expected, thicker insulation results
in better thermal demand and gas consumption performance (Figure 6a,b). Still, the perfor-
mance difference decreases when the thickness increases, i.e., the performance would reach
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a saturation point. This way, as shown in the windows analysis, depending on the current
status, it might not be worth improving the roof insulation until it has reached its lifetime.

(a) (b)

(c) (d)

Figure 6. Results for different roof insulation thicknesses, comparing (a) thermal demand, (b) gas
consumption, (c) capital expenses, and (d) operative expenses, for a representative studio, apartment,
and stand-alone house.

Table 8 shows the payback time when upgrading the roof insulation. As shown,
proactively upgrading insulation below 10 cm is relatively attractive for homeowners.
However, improving insulation from 10 cm would have very high paybacks (around
33 years), despite resulting in gas reductions up to 21.5% (96.9 m3), 25.7% (204.3 m3),
and 19.5% (203.9 m3) when upgrading from 10 cm to 30 cm for studios, apartments, and
stand-alone houses, respectively, as shown in Table 9.

Table 8. Payback [years] for the roof insulation improvement for a representative studio, apartment,
and stand-alone house.

Thickness [cm] 3 5 10 15 20 30

3 - - 4.6/4.7/4.7 4.6/4.7/4.6 5.3/5.4/5.4 6.0/6.1/6.1
5 - - 10.2/10.4/10.3 8.6/8.7/8.7 9.5/9.6/9.6 10.2/10.3/10.3

10 - - - 32.6/33.4/33.4 27.1/27.5/27.6 24.2/24.5/24.6
15 - - - - 80.8/80.9/81.4 47.7/48.1/48.3
20 - - - - - 93.9/95.35/95.6
30 - - - - - -



Energies 2025, 18, 5467 13 of 21

Table 9. Gas reduction [m3] for the roof insulation improvement for a representative studio, apart-
ment, and stand-alone house.

Thickness [cm] 3 5 10 15 20 30

3 - - 294.6/618.4/622.2 342.4/718.5/722.4 366.6/770.1/773.7 391.5/822.7/826.1
5 - - 133.4/282.3/282.6 181.2/382.4/382.8 205.4/434.0/434.1 230.3/486.6/486.5

10 - - - 47.8/100.1/100.2 72.0/151.7/151.5 49.1/104.2/103.7
15 - - - - 24.2/51.6/51.3 49.1/104.2/103.7
20 - - - - - 24.9/52.6/52.4
30 - - - - - -

4.3. Walls Insulation

The results for the air cavity wall are shown in Figure ??. From a thermal performance
perspective, adding an air cavity of only 3 cm already reduces the gas consumption by
around 9% (see Figure ??b). However, increasing the width of the cavity, despite decreasing
the thermal demand, has a small influence on the thermal performance, as shown in
Figure ??a. Filling the cavities with materials whose thermal conductivity is similar to air
would result in similar behaviors. In this case, EPS was considered, and the results are
shown in Figure 8.

(a) (b)

(c)

Figure 7. Results for different thicknesses of air-gap cavity walls, comparing (a) thermal demand, (b) gas
consumption, and (c) operative expenses, for a representative studio, apartment, and stand-alone house.

As EPS has a higher thermal conductivity than air (0.035 WK−1m−1 and
0.0257 WK−1m−1, respectively), the EPS filling results in slightly lower thermal perfor-
mance due to the way the cavity is modelled. In this case, the cavity is assumed to be
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isolated from the environment (acting as a double-glazed window); therefore, the air gap
has no convective nor infiltration losses, whereas in reality, such losses would decrease the
thermal insulation performance of the air gap. Nevertheless, the results for the filled cavity
are, in fact, more accurate than the results for the air gap, as conductive losses are indeed
taken into consideration.

Adding an external layer of isolation had a similar effect on the thermal performance.
Figure 9 shows the performance comparison between having or not having the wall external
cover. As shown, including the insulation panels can reduce the gas consumption between
11.3% and 16.4% (Figure 8b, Tables 10 and 11). However, the high cost of this kind of
insulation makes it unattractive for houses with some degree of insulation.

(a) (b)

(c)

Figure 8. Results for different thickness of EPS-filled cavity walls, comparing (a) thermal demand,
(b) gas consumption, and (c) operative expenses, for a representative studio, apartment, and stand-
alone house.

Table 10. Gas reduction [m3] for the air cavity wall width for a representative studio, apartment, and
stand-alone house.

Thickness [cm] No Cavity 3 5 8 10

No cavity - 29.3/42.7/83.5 42.4/61.8/121.0 56.7/83.0/161.8 63.9/93.0/182.4
3 - - 13.1/19.1/37.5 27.4/40.3/78.3 34.7/50.3/98.9
5 - - - 14.3/21.2/40.8 21.5/31.2/61.4
8 - - - - 7.2/10.0/20.6
10 - - - - -
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Table 11. Gas reduction [m3] for the EPS-filled cavity wall width for a representative studio, apart-
ment, and stand-alone house.

Thickness [cm] No Cavity 3 5 8 10

No cavity - 23.1/33.5/65.2 34.0/61.8/97.2 47.1/82.6/134.4 54.1/93.0/154.2
3 - - 10.9/15.9/32.0 24.1/35.0/69.2 31.1/45.1/89.0
5 - - - 22.8/19.1/37.2 30.0/29.2/57.0
8 - - - - 7.0/10.1/19.8
10 - - - - -

(a) (b)

(c)

Figure 9. Results for presence and absence of external wall insulation, comparing (a) thermal
demand, (b) gas consumption, and (c) operative expenses, for a representative studio, apartment,
and stand-alone house.

4.4. Energy Label Analysis

The results in Figure 10 are consistent with the previous sections. As can be seen in
Figure 10a, the thermal demand decreases significantly from energy label G to E thanks
to the improvement in roof insulation and cavity walls. Also, there is a major increase in
thermal performance from label E to label D thanks to the improvement from single- to
double-glazing windows. Then, from label D to B, the thermal performance of the building
increases around 10%.

The other noticeable change is the gas consumption from energy label B to A thanks
to the heat pump (see Figure 10b). Such decrease is also reflected in the OPEX in Figure 10c.
The heat pump reduced to zero the gas consumption for space heating, and the PV system
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compensates for a significant proportion of the electrical consumption, reducing the energy
costs. A smaller improvement is noted in the thermal demand from energy labels B to A
thanks to the inclusion of triple-glazed windows and external wall covering (see Figure 10a),
but as shown earlier, since the overall insulation is already highly efficient, the accumulated
effect is less significant.

(a) (b)

(c)

Figure 10. Results for different typical energy label insulation, comparing (a) thermal demand,
(b) gas consumption, and (c) operative expenses, for a representative studio, apartment and stand-
alone house.

From a cost perspective, Table 12 shows the required investment to improve from one
energy label to another. In this case, the same equipment was considered as the previous
sections (i.e., roof insulation panels of 10 cm and 15 cm and wall insulation improvement
only possible by filling the already existing cavities or adding external insulation); thus,
for some cases it is not possible to change from one energy label to the other (e.g., from G to
F) or the costs are the same for several energy labels in a row (e.g., when the improvement
from one to the next is the width of the wall cavity that cannot be changed).

The resulting payback after improving the energy labels is shown in Table 13. The re-
sults suggest that the improvements starting from the worst-performing energy labels
results in more attractive scenarios thanks to the larger difference in the OPEX before and
after the improvement. However, in better-insulated houses, as the change in OPEX is not
as considerable, the payback is consistently higher.
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Table 12. CAPEX required [ke] to improve the energy labels for a representative studio, apartment
and stand-alone house.

Energy Label G F E D C B A

G - N/A 1.97/4.21/4.21 5.05/10.41/13.21 5.05/10.41/13.21 8.57/16.08/23.52 33.90/52.57/84.745
F - - 1.97/4.21/4.21 5.05/10.41/13.21 5.05/10.41/13.21 8.57/16.08/23.52 33.90/52.57/84.745
E - - - 5.05/10.41/13.21 5.05/10.41/13.21 8.57/16.08/23.52 33.90/52.57/84.745
D - - - - NA 8.57/16.08/23.52 33.90/52.57/84.745
C - - - - - 8.57/16.08/23.52 33.90/52.57/84.745
B - - - - - - 33.90/52.57/84.745
A - - - - - - -

Table 13. Payback [years] to improve the energy labels for a representative studio, apartment and
stand-alone house.

Energy Label G F E D C B A

G - N/A 4.14/4.49/4.13 5.09/5.29/5.31 4.99/5.22/5.18 8.30/7.84/9.11 23.90/19.27/24.31
F - - 9.48/10.08/9.50 6.98/7.20/6.91 6.78/7.05/6.70 11.19/10.51/11.72 29.45/23.82/29.13
E - - - 9.78/10.12/8.99 9.41/9.84/8.65 15.35/14.45/15.05 35.93/29.38/34.36
D - - - - N/A 136.7/124.5/161.4 79.28/69.08/84.99
C - - - - - 268.4/193.0/434.53 83.31/71.91/90.33
B - - - - - - 87.96/77.68/93.81
A - - - - - - -

Finally, a building label D for each type was considered and, instead of improving the
insulation, a PV system and a heat pump were added. This energy label was chosen based
on the previous results, where a relative stability in the performance was displayed, so a
comparison between improving the insulation and the energy system was done. The results
are summarized in Table 14. As can be seen, improving a building with an energy label D
with a PV system and a heat pump, excluding improvements in the insulation, results in
more attractive economic scenario than improving the insulation. In addition, thanks to
the heat pump, the heating system will no longer consume gas for space heating. Despite
no complex analyses being performed on the energy market, coupling a local generator,
such as a PV, with an electric heat source, in this case the heat pump, can result in a
robust strategy against volatile energy prices, eliminating the dependency on gas prices,
but relying on the electricity prices.

Table 14. Results of adding a PV system and a heat pump a studio, apartment and stand-alone house
with an energy label D.

Thermal Demand [MWh] CAPEX [e] Change in OPEX [e] Payback [Years]

Studio 4.15 12,470 393.63 31.7
Apartment 7.07 16,149 699.07 23.1
Stand alone 9.06 22,274 922.40 24.2

5. Discussion
Previously, Section 4 presented and briefly discussed the results obtained. First,

the individual analysis of insulation improvement for windows, roofs, and walls was
presented. Second, the results of typical insulation associated with the energy labels,
together with their performance improvement and associated costs, were shown. This
section elaborates on the meaning of the results and compare them with recent works
as validation.
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Starting with the windows improvements, Figure 5 shows how adding a second layer
of glass drastically reduces the thermal demand (up to 50%). This is because double- and
triple-glazed windows add a convective element in the heat transfer, drastically reducing
the overall thermal conductivity of the window. However, the improvement from double-
to triple-glazed in new windows is not that noticeable, as one convective layer already
decreases the thermal conductivity close to a saturation point. These results are consistent
with [35], which reported a thermal performance increase lower than 5% when upgrading
from double- to triple-glazed windows when the former is in good state, close to our results
for studios, apartments and stand-alone houses (3.9%, 5.6%, and 6.6%, respectively).

This way, the performance improvement does not justify the overall investment
expenses of changing from double- to triple-glazed windows, as shown in Table 6. Even
when the windows have already reached their end-of-life, the payback achieved by double-
glazed windows is still lower than triple-glazed due to the small difference in performance
but considerable difference in price, making double-glazed windows the more attractive
solution. Note that evaluating the additional benefits of increased glazing, such as acoustic
insulation and condensation prevention, is outside of the scope of this work but can provide
additional value.

Increasing the insulation thickness in the roofs did not drastically change the thermal
demand. Despite significant changes shown in Figure 6 when comparing insulations below
10 cm, most houses in the Netherlands already have 10 cm of insulation or more [1]. Then,
as shown in Table 8, it is not economically attractive to improve the roof insulation, results
aligned with [36], who highlighted the small effect of the roof insulation improvement
in the overall thermal demand. Similarly, ref. [12] also showed some saturation in the
economic indicators when increasing the thickness of insulation layers.

The saturation effect was also noticed in the walls. On the one hand, it was shown that
a wall with an air gap does reduce the thermal demand of the house (see Figure ??), but it
has to be added during the construction; hence, improvement is possible. Similarly, filling
the air gaps with EPS does not directly affect the thermal demand, as shown in Figure 8.
Nonetheless, it might add additional benefits not included in our analysis, for instance,
reduced infiltration losses. On the other hand, adding an external layer of insulation can
reduce the thermal demand between 10% and 20%, but the costs are still a major drawback.

Depending on the combination of insulation conditions, a particular dwelling is
assigned an energy label, as shown in Table 1. Based on our previous analysis, it can be
expected that improving the insulation to move from a lower to a higher energy label might
not always be an attractive business case. In fact, Table 13 shows how improving from
low-efficiency energy labels to C is attractive, as the payback time is below 10 years for all
types of buildings.

Improving a house with an energy label of C or above, however, requires very high
investment costs, with small performance improvements. For those cases, the results in
Table 14 show that, instead of investing in improving the insulation, it would be more
attractive to invest in the energy system itself, in our case, by including a PV system and a
heat pump. It must be noted that our results do not include any subsidy or similar aids,
as they would largely vary among countries and cases. Nevertheless, it is expected that
such benefits largely improve the business cases.

6. Conclusions
This paper performed two separate analysis. First, a parametric analysis was per-

formed for each insulation strategy (windows, roofs, and walls). Second, the performance
of a typical residential building (studio, apartment and stand-alone house) for each energy
label, from G to A. The main conclusions are:
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• The windows are the main source of thermal losses in residential buildings. In addition,
they present the best payback time among the insulation strategies. As such, they
should be prioritized when improving the insulation of a house, followed by the roof
and, at last, the walls.

• Replacing the windows from single- to double-glazed windows can reduce gas con-
sumption up to 50%. However, replacing double- to triple-glazed windows only
reduces the gas consumption by up to 7%.

• Improving roof insulation from 3 cm to 30 cm can reduce gas consumption up to 50%.
However, for houses with 10 cm of insulations or more, the gas consumption is
reduced only up to 20%.

• Adding an air or filled cavity to the walls slightly improves its thermal performance.
However, no major benefits were observed. Similar to adding external insulation to
the walls.

• Some upgrades are not attractive to homeowners if completed proactively, i.e., while
the insulation has not reached its end-of-life. This is the case for double- to triple-
glazed windows and roof insulations, starting from 10 cm. For those cases, the payback
time is too high, and it would be better to wait until the insulation shows signs of
aging or damage.

• Improving the overall energy label of a house by upgrading its insulation is more
attractive for lower energy labels (namely from G to D). For energy labels D and above,
it is more attractive to invest in improving the energy system itself, e.g., adding a PV
system or replacing the gas boiler with a heat pump. However, adding such systems
might have a negative effect on the grid.

Future work can focus on multi-domain optimization of the insulation levels for
specific case studies, which can benefit from the Python library developed, available
on GitHub on its version 2.1 (Python 3.12.11).Also, it could be interesting to study the
insulation improvements in non-residential buildings.
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