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Abstract

Renovation decisions are often based on Energy
Performance Certificates (EPCs), which rely on
standardised input parameters that may not fully
represent real operating conditions of existing
buildings. As a result, heat losses and energy-saving
potentials can be misestimated, leading to renovation
measures that are less effective than predicted. To
meet climate targets, there is a need for rapidly
deployable measures whose effectiveness is
demonstrated under real operating conditions. This
study demonstrates that the effective U-values of older
single-glazed windows with aluminium frames are
typically lower than normative assumptions and
investigates how closing external blinds overnight can
further reduce heat losses as a simple operational
In-situ  heat-flux

combined with analytical calculations and dynamic

measure. measurements — are
TRNSYS simulations for an existing school building
in Luxembourg. The results show a significant, cost-
effective and user-friendly measure for reducing
heating demand.

Introduction

Buildings account for around 40% of final energy
consumption and approximately 36% of total
greenhouse gas emissions in the European Union
[Directive (EU) 2024/1275]. According to the IEA,
approximately 11% of these 36% global energy- and
process-related CO. emissions originate from the
production and construction of buildings, while the
remaining share is associated with building operation,
including heating, domestic hot water, electricity,
cooling, and ventilation [IEA, 2019]. Space heating
constitutes by far the largest share of final energy
demand in residential buildings, reflecting the
substantial energy required to maintain thermal
comfort under varying climatic conditions [Eurostat,
2023]. The ability of a building to retain heat depends

significantly on the thermal performance of its
envelope. The envelope includes all components such
as exterior walls, roofs, doors, windows and
separating elements between heated and unheated
zones. It regulates energy and moisture flows and is
therefore decisive for maintaining indoor thermal
comfort. Inefficient envelopes lead to higher
transmission and ventilation losses, greater spatial and
temporal temperature fluctuations and increased risk
of overheating in summer or underheating in winter
[Roulet, A., 2008].

Among all components of the building envelope,
windows typically represent the weakest thermal
elements. Their thermal transmittance (U-value in
W/m?K) is several times higher than that of insulated
walls or roofs, and they therefore significantly account
for transmission heat losses. This sensitivity becomes
even more pronounced in older buildings, where
single glazing, metal frames and insufficient
airtightness further reduce thermal performance.
Consequently, the thermal behaviour of windows has
a direct and measurable impact on the heating demand.
Reducing these heat losses is not only relevant for
lowering energy consumption but for decreasing the
associated CO: emissions. In view of our binding
climate targets such as the European Green Deal,
improving the thermal performance of the existing
building stock is essential. Because windows
constitute the thermally weakest elements of the
building envelope, even small reductions in their heat
losses can have a noticeable impact on the heating
demand. One such cost-effective measure, that can be
implemented quickly, is the closing of external blinds
at night.

Previous studies have shown that standardized U-
values can deviate from in-situ thermal performance
and that operational measures, such as blind usage,
can influence heat transfer through windows.
However, these effects are rarely quantified under real
operating conditions and are typically neglected in
EPC-based assessments. This study addresses this gap



by combining in-situ measurements, simplified
calculations and dynamic simulations to assess the
effect of external blind operation on the effective U-
value of single-glazed windows.

Theoretical background

Windows typically include thermal bridges. The
following equation allows the calculation of the
overall window U-value, accounting for the glazing,
the frame, and the thermal bridge at their interface
[DIN EN ISO 10077-1].
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where U, and Ur denote the thermal transmittance of
the glazing and frame, respectively, Ag and Ar their
corresponding areas, and Y, L, the contribution of the

linear thermal bridge (glass and frame with { = 0.01-
0.1 W/m/K [Roulet, 2008]). For a single-glazed
window with a glass thickness of 4 mm, the total
thermal resistance can be expressed as the sum of the
internal surface resistance, the thermal conductivity of
the glass pane (A = 0.81 W/mK) and the external
surface resistance:

d
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Using standard values of Rsi (0.13 m?K/W) and Rse
(0.04 m?K/W), the total thermal resistance becomes:
Ri=0.17 m*K/W.

Accordingly, the thermal transmittance Uy of the glass
can be approximated as:

Uy =1/Ri= 5.7 Wm’K.

The conductive resistance of the glass pane is small
compared to the internal and external surface
resistances, which are mainly governed by convective
heat transfer in the adjacent air layer and partially by
radiative heat transfer. The given values for these
resistances Ry and Rse strongly depend on boundary
conditions such as airflow, wind exposure, window
geometry, and the presence of curtains or blinds, and
may therefore deviate from standard design
assumptions. Hence, effective U-values of single
glazing can vary substantially under real operating
conditions and Uz = 5.7 W/m’K is a conservative
estimation. Since windows generally exhibit higher U-
values than opaque insulated building components
[Lawrence Berkeley National Laboratory, n.d.],
external blinds represent a simple and widely available
measure to influence window heat transfer. In
summer, external blinds are highly effective in
reducing solar gains and preventing overheating by
intercepting solar radiation before it reaches the

glazing and the inside. However, as most older
buildings are not equipped with mechanical cooling
systems, summer blind operation does not directly
affect energy demand. Thus the present study focuses
on the winter case. In winter, the low thermal
resistance of single glazing leads to increased
transmission heat losses and low inner surface
temperatures, which may also cause local thermal
discomfort in their proximity. When external blinds
are closed during hours without daylight, an additional
air layer forms between the glazing and the blind. This
air gap introduces an extra thermal resistance,
modifies the external boundary conditions, and
reduces both convective and radiative heat losses.
Consequently, transmission heat losses through the
window can be reduced during periods when the
blinds are closed, which can lower the heating demand
depending on the operating schedule; while improving
thermal comfort.

Methodology

The methodology consists of two steps:

(1) determination of the effective U-value of the
single-glazed window with aluminium frame, based
on temperature and heat-flux ~measurements,
complemented by calculations to derive a
representative “whole-window” U-value, and (ii) the
implementation of a simplified building model in
TRNSYS. Both steps are described in the following
section.

(1) Measurement of the real U-value

The U-value determination was carried out for a
single-glazed window with an aluminium frame. The
thermal transmittance was evaluated separately for the
glazing and for the complete window. In accordance
with ISO 9869-1, in-situ measurements were
performed on the glass pane. Two adjacent windows
with identical construction were instrumented
simultaneously with heat-flow-plates, one with open

external blinds and one with closed blinds. In the case
of the open external blinds, the plate was protected
with a thin opaque paper layer from solar radiation.
Thus, it was possible to ensure identical boundary
conditions and to isolate the effect of the additional air
layer created by the blind. The heat-flux method
provides the U-value of the glazing, including the
internal and external surface resistances under real
operating conditions. The measurements were
conducted in two separate monitoring periods for each
configuration: one period in late February/early
March, and a second period in mid-March, covering



both the glass-only and the glass-with-blind setups.
Thus, the measurements satisfy the quasi-steady
criteria of ISO 9869-1. The thermal transmittance of
the aluminium frame cannot be easily measured in
situ. But the measured internal and external surface
temperatures of the frame allowed to estimate the
heat-flux density, and with that and a sufficient
averaging a Ur=3 W/m?/K could be identified. This
U-value matches well with tabulated standards of
1970ies, the years of construction [Delmonte, 2025].
In total, three window U-values were considered: (i) a
standard reference U-value based on normative
surface  resistances and material properties,
representing the conservative assumptions typically
used in EPC assessments, and (ii) two representative
overall window U-values for open and closed blinds.
The latter were derived by combining the measured
glazing U-values with the frame contribution using
area fractions of 70% glazing and 30% frame.

Figure 1: Representation of the measurement
situation with open and closed external blinds

(i1) TRNSYS simulation

A single-zone building model was implemented in
TRNSYS (Type 56) to assess the impact of the
different U-values on the heating demand. The zone
represents the actual room in which the measurements
were taken (Fig. 2).

Figure 2: 3D representation of the room geometry

The back wall and the two lateral walls are assumed to
be adiabatic, as they are adjacent to heated parts of the
building and therefore do not contribute to additional
heat losses. The floor is considered adiabatic as well,
since there is a heated space below. However, the
ceiling is modelled as a flat roof exposed to the
outdoor climate, using a representative roof
construction of the existing building. The last facade
is exposed to the outdoor climate and contains the
windows under study. Weather data for Uccle
(Belgium) were used in TRNSY'S to represent typical
winter conditions, as no weather dataset for
Luxembourg was yet available. An ideal heating
system maintains a constant indoor air temperature of
20 °C. A constant air exchange rate of 0.4 h™ was
assumed in all simulations. Figure 3 illustrates the
orientation of the simulated room within the building
complex and the orientation of its exterior fagade.
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Figure 3: Location of the simulated room
(red point) and its facade orientation

Three window variants are studied: the reference case
using the standard U-value for this window, the case
using the effective measured U-value of the window
with open external blinds, and the case with the
external blinds closed during night. The latter is
represented by a movable external insulation layer that
is activated according to a time schedule (from 7 PM
to 7 AM). The schedule reflects normal operation and
allows consideration of the fact that the largest
temperature  differences usually occur during
nighttime. For each configuration, the heating energy
required to maintain the indoor setpoint temperature
are calculated and compared. Besides the different U-
values, the boundary conditions remain identical for
each scenario.



Results
(1) In-situ measurements
Table 1: Reference and measured U-value

U-value glass U-value frame U-value window

Case wmik) | B | owmer) | % (W/nrK)
Calculated reference 57 70 3 30 4.89
Open blinds 3.0 70 3 30 3.0
Closed blinds 1.6 70 3 30 2.0

The calculated total U-value of the single-glazed
window of glass and frame with open blinds gives 4,9
W/m?K and is consistent with the typical reference
range commonly assumed for single glazing in
normative calculations and EPC data. This confirms
that our theoretical approach agrees well with typical
standardised assumptions used in building energy
assessments.

The comparison with the in-situ measurements shows
that these standard assumptions often do not reflect
real boundary conditions. The measured internal and
external surface resistances (Rsi, Rse) were up to 75 %
higher than the normative values, indicating reduced
heat losses in practice [Delmonte, 2025]. As a result,
the measured U-value with open blinds (3 W/m?K) is
approximately 38,7 % lower than the calculated
reference, demonstrating that standard methods
overestimate window heat losses in older buildings.
When the external blinds are closed, the U-value
further decreases to 2 W/m?K, or 33 % reduction
relative to the open-blind situation. This improvement
results from the added thermal resistance of the air
layer between glazing and blind. Linear thermal
bridges were neglected here, since their contribution
would only be in the lower percent-range.

(i1) TRNSYS simulation
Three annual TRNSYS simulations were carried out

initially at a constant indoor setpoint of 20 °C. In all
cases, the model setup and boundary conditions were
kept identical, and only the window Uy-value was
varied: 4,89 W/m?K (standard reference), 3 W/m?K
(open blinds), and a scheduled case with Uy = 3
W/m?K during the day and Uy = 2 W/m?K at night
(closed blinds). In TRNSY'S, the blinds were modelled
using a binary schedule signal (0 = open, 1 = closed),
i.e. closed from 7 PM to 7 AM and open during the
day.

This assumption is consistent with typical daily usage
patterns. The additional resistance was derived from
the measured effective U-values by converting them

to thermal resistances R = 1 / U and taking the
difference between the closed- and open-blind cases:
1 1

Rijing = U -
closed open

This corresponds to an additional thermal resistance of
ARpiina = 0,16 W/m?K, which is consistant with EN
ISO 6946.

4.89 W/ m2K
3W/mK
3W/mK
(+ schedule)
0 2 4 6 8 10
Annual heating demand (MWh/a)

Figure 4: Annual heating demand
(MWh/a) for the three scenarios

The annual heating demand is shown in Figure 4,
while Table 2 presents the specific annual heating
demand normalized by the room floor area of 66 m>.

Table 2: Specific heating demand (kWh/m?a)

Chae Annual heating Specific heating demand
demand (kWh/a) (kWh/m?a)
Calculated reference 9720 140
) -22,6%
Measured, open blinds 7528 116,5
) -64%
Measured + schedule 7044 99,8

It should be noted that the observed superiority of the
“always closed” blind configuration, an approach that
is mostly not feasible in real-life operation, depends
on fagade orientation and solar exposure. Keeping
blinds permanently closed may block beneficial solar
gains during the daytime, potentially increasing
heating demand.

An additional simulation without a time-dependent
blind schedule was performed, applying the closed-
blind U-value (2 W/m?K) over the entire day (Fig.5).
For the effect of the time-dependent blind control, it is
interesting, that the scheduled case does not
correspond to the arithmetic mean of the ‘always
open’ and ‘always closed’ cases. The scheduled case
is lower than the arithmetic mean because the
improved U-value is applied during nighttime periods
when outside temperatures are lower and hence AT is
larger.
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Figure 5: Effect of time-dependent blind control
on annual heating demand (MWh/a)

A further simulation focused on room temperatures
was carried out. Since indoor temperatures in real
operation may exceed 20°C, a sensitivity study was
simulated to assess how the annual heating demand
changes when the indoor temperature setpoint is
increased. Figure 6 clearly shows that increasing the
indoor setpoint temperature by only 1 °C leads to a
noticeable rise in the annual heating demand.

Annual heating demand (MWh/a)

1 L
20°C 21°C 22°C
. 4.89W/m2K  mm 3W/mK [ 3W/m?K ( + schedule)

Figure 6: Annual heating demand (MWh) for
different indoor temperature setpoints

To support the interpretation of the TRNSY'S results,
transmission heat losses were additionally estimated
using a heating-degree-day (HDD) approach, allowing
a component-wise breakdown. Annual transmission
(Qurans) losses for each building element were
approximated as:

Qtrans =A.-U.HDD

where U is the thermal transmittance, A the surface
area, and HDD the annual heating degree days (base
temperature 20 °C). For Luxembourg, an average
HDD value of 3195 K-d, calculated over the period
2019 - 2024, was used.

The following areas and U-values were used:
Avan =26 m? with Uwai = 0.55 W/m?K
Aroof = 66.00 m? with Uroof = 0.65 W/m2K
Awin = 15.75 m? with Uwina1 = 4.89 W/m’K

Uwindiz = 3 W/m2K

Uwinas = 2.4 W/m?K
(Uwinaz= approximate time-weighted open/closed
average)

Using the equation above, the annual transmission
losses for the wall and roof are constant across all
scenarios because they were identical in all cases.
Only the windows U-value varied.

Table 3: Annual transmission losses for the
different building components

Annual transmission Specific transmission losses

Case losses (kWh/a) (kWh/m?a)
Quatgrans 1091 12
Qotirans 3290 50
Qo sans 5905 374
me.’,mns 3623 230
Quinstrans 2898 184

The heating-degree-day value used follows a standard
heating threshold of 15 °C with temperature
differences referenced to an indoor temperature of 20
°C. As such, the HDD-based calculation is employed
as a simplified indicator of transmission losses and is
not expected to reproduce the dynamic TRNSYS
results. Nevertheless, it provides a useful breakdown
of transmission losses by building element and per
unit area, allowing the relative contribution of the
window, wall, and roof to be quantified. In this sense,
the HDD approach helps explain where heat losses
occur, while TRNSYS indicates how much heating
energy is required over the year.

Conclusion

This study demonstrates that commonly used standard
window U-values typically overestimate actual
thermal transmittance under real operating conditions.
As a consequence, renovation measures based solely
on normative simulations, such as those used in EPCs,
tend to overpredict achievable energy savings, since
the actual baseline performance of existing buildings
is already better than assumed. The results further
show that reductions in annual heating demand can be
achieved by closing external blinds during nighttime.
The key advantage of blind operation lies in its low
threshold for implementation. The measure requires
no structural modification, incurs no additional



material or investment costs, and can be easily
integrated into daily building operation, e.g. by the
cleaning service.

Overall, the results show that standard window U-
values used in EPCs can lead to an overly pessimistic
energy baseline for existing buildings and may
therefore distort the expected savings from expensive
renovation measures. They also highlight that, before
resorting to extensive retrofits, which require
additional embodied energy, simple operational
measures under real conditions, such as closing
external blinds at night, can effectively reduce heat
losses without any structural intervention.
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