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Abstract: Phase-change materials (PCM) in buildings are considered a promising option to prevent
overheating in warm seasons. Numerous studies have shown a noticeable improvement in thermal
comfort through PCM, but in real applications they have often underperformed. User behaviour is
often neglected as an important factor in determining PCM performance and might be a limiting
factor. Another factor could be time-dependent degradation, which has also been scarcely researched
so far. We used simulations within two case studies to investigate whether the PCM applications,
each of which had been in operation for more than ten years, were still functioning from a technical
perspective and what influence user behaviour had on their performance. We found that the PCM
applications still had a positive influence on the thermal performance of the rooms, although the
effect due to behavioural optimizations was significantly greater. The PCM was able to reduce
the time of discomfort by 9–45% in the baseline scenario with real documented user behaviour in
both rooms. Improved user practices increased the reduction in discomfort to 33–52%. For future
studies evaluating PCM and its use, we recommend considering realistic user habits, as implementing
optimal behaviour could lead to an overestimation of PCM performance and dissatisfaction with the
technology.

Keywords: latent heat storage; phase-change materials; building applications; thermal comfort; user
behaviour; cooling degree hours

1. Introduction

For several decades, the use of latent heat storage has been viewed as a promising way
to improve comfort in buildings in a climate-friendly way [1–4]. Phase-change materials
(PCMs)—mainly paraffins or salt hydrates—are placed in central tanks or decentrally in
walls and ceilings to prevent buildings from overheating during the day. To do this, the
PCMs absorb the heat by undergoing an almost isothermal phase change from solid to
liquid. At night, the regeneration of the material takes place as the heat is released into the
environment in the inverse process and the PCM solidifies again.

The building integration of PCM is well explored. Several studies have validated
their positive effects on thermal conditions: temperature highs have been diminished, and
daytime highs have been postponed to evening or nighttime hours with cooler surrounding
temperatures (e.g., [5–10]). However, most of the studies on PCMs are focused on one goal,
namely the optimization of the PCMs, which includes the questions of where to install
the PCMs and which melting range and thickness should be chosen. Moreover, almost
all these studies were laboratory, experimental or simulation studies. Analyses of real
applications make up only a small part of the studies [11]. Most of the available studies are
based on simulations, either completely omitting the user presence or assuming an ideal
behaviour of people. At the same time, it is known that the energy demand of a building,
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its thermal performance and user satisfaction depend significantly on the behaviour of the
occupants [12,13]. Occupant behaviour is also a key influencing factor in PCM building
applications, especially in passive systems that use night ventilation to regenerate the
PCM material; the fundamental functionality depends on user behaviour, which is why it
strongly influences thermal comfort conditions [14].

Only a few evaluations of realized PCM applications in buildings after several years of
operation can be found in the literature. However, there is evidence that performance gaps
between predicted and actual benefits frequently occur [11]. An important cause for the
underperformance of PCM applications relates to the actual or real behaviour of the users.
They are often insufficiently informed and are not aware of the importance of consistent
night ventilation. In addition, room utilization that deviates from the planning, for example
if more people use a room than planned or a mechanical ventilation system is not used
contrary to the planning, is considered problematic [15–17]. Several authors emphasize
the importance of studies that investigate the performance of PCM applications in real
applications with real user behaviour. In the future, these can contribute to narrowing
the performance gap between planning and reality and strengthen confidence in building
simulations with PCM [11,17,18].

Studies regarding PCM performance in real buildings have mostly been conducted
using simulations. There are hardly any experimental studies that report the performance
of PCM in a real house with occupants. To our knowledge, there are only two existing
publications at present that have investigated the performance of PCM applications in real
homes with real inhabitants. The effects of PCM in a newly built passive semi-detached
house were investigated in one study. The researchers performed measurements and
building simulations with the EnergyPlus software for this purpose [19]. They found
that the PCM enhanced thermal comfort conditions and lowered the overheating time by
50% [20]. Jamil et al., in another study [15], equipped a room in a domestic building in
Melbourne with macro-encapsulated PCM and recorded the rooms’ temperature curve for
two summer months. Based on the experimental data, the authors set up a building model
to provide a quantification of the impact of the PCM. They found that the presence of PCM
led to a temperature lowering of up to 1.1 ◦C and a 34 % drop in the number of hours of
thermal discomfort. The two studies came to the conclusion that occupant behaviour has a
major influence on thermal comfort. Sage-Lauck and Sailor even drew the conclusion that
“it is likely, that variations in user behaviour result in larger effects on building energy use
and thermal comfort than does the latent and sensible cooling benefits of the PCM” [20].

An additional aspect so far overlooked in research is long-term functionality. Manu-
facturers promise that building materials modified with Micronal PCM will maintain their
function for decades without having to be renewed [21]. So far, however, there have only
been individual publications on how PCM materials perform after several years of real-life
operation out of the lab. To the best of our knowledge, the durability of PCM systems in
practice has been studied in only three studies. Cellat et al. [22] analysed the efficiency of
PCM concrete in a test cabin two years after construction. They found that the PCM could
lower the room temperature by up to 2 ◦C and that after two years no loss of performance
could be noticed. The thermal and mechanical characteristics of a house-like cabin built in
2005 out of PCM concrete were analysed by Cabeza et al. [23]. They found no changes in
the thermal performance of the PCM in this test arrangement after ten years and therefore
suggested that no degradation had taken place. The third study in this thematic focus
was published by the authors of this paper [17]. The published results indicated a slight
decrease in PCM functionality.

Due to the limited number of studies in this context and the different outcomes, there
is the possibility that ageing and a related reduction in the heat storage capacity of PCM
applications occur more strongly in reality than has been observed in laboratory tests and
experimental setups so far. Therefore, in addition to the non-optimal behaviour of the users,
as a second reason for the discrepancy between real and simulated PCM performance,
time-dependent degradation comes into consideration.
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An evaluation of PCM building applications after ten or more years in buildings in real
use with a focus on the behaviour of the users does not yet exist. Since buildings are used
for several decades, this information seems to us to be very valuable for architects, builders,
and craftsmen, not least to improve the acceptance of PCM products. With our study, we
would like to close this research gap and provide answers to the following questions based
on our analyses:

• Do PCMs still function from a technical point of view after being in use for more than
a decade?

• How does user behaviour influence the performance of the PCM?
• Is there potential for improvement through behavioural changes on the part of the

users?

2. Approach and Methods

Using two case studies, we investigated the extent to which the behaviour of users
influenced the benefits of PCM for the thermal conduct of the rooms. For this purpose, var-
ious indoor climate-related data were recorded in two buildings, each in a room equipped
with PCM, over a period of several months during the summer of 2018. Models of the
rooms were then created using SketchUp software and the OpenStudio Extension. Subse-
quently, these models were imported into EnergyPlus and thermal simulations were carried
out with them. The collected measurement data were used to calibrate the simulation
models and to determine the actual PCM capacity. After successful model validation, these
were taken to investigate how user behaviour affected PCM performance based on three
different behavioural scenarios (Figure 1).

Figure 1. Process of model creation, PCM capacity determination and model implementation.

2.1. Two Case Studies
2.1.1. The Sonnenschiff Building

Located on the southeastern outskirts of Freiburg in southern Germany, the Sonnen-
schiff (Figure 2) is situated in the comparatively young district of Vauban. It was constructed
in 2004 and provides nine penthouse apartments as well as space for commercial offices,
shopping and medical practices. Designed as a plus-energy building, the Sun Ship consists
of solid concrete ceilings and floors, while the partition walls contain little thermal mass.
A lightweight post-and-beam construction forms the exterior façade. The light walls on
the upper floor are covered with Smartboards, i.e., PCM-containing gypsum boards, to
increase the thermal mass of the structure (Figure A2). This is to enhance the perceived
thermal comfort during the warm season. The gypsum boards, called Smartboard 23,
include microencapsulated paraffin wax produced by BASF [24], having a melting range of
23–26 ◦C [25]. To regenerate the passive PCM system, a night ventilation system composed
of ventilation panels and a cross-flow heat exchanger is incorporated into the planning
(Figure 3). A room on the east side of the building was analysed from 16th June through
15th September of 2018 and, during this period, it was regularly used by one person
(More details about the building and the modelling as well as details about the monitored
parameters can be found in our previous publication: Obergfell et al. [17]).
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Figure 3. (a) Outer cover of the ventilation panel. (b) Wall-integrated cross-flow heat exchanger next
to open ventilation panel [26].

2.1.2. Classroom of a Secondary School

The second building investigated was the secondary school Nordstadt Lycee in
Diekirch, Luxembourg. The building was built in 2007 and is also equipped with the
PCM-containing plasterboards Smartboard 23. These are installed in the ceilings and some
interior walls. The building was designed as a passive facility without an active cooling unit.
Regeneration of the PCM products was planned to be ensured by opened windows and
room doors during the night. The classroom investigated is located on the first floor and
has three openable window wings with external sun protection (Figure 4). The construction
of the walls, ceiling and floor was taken from internal planning documents from 2007 (a
layout of the floor can be found in Figure A3). The room was normally used by a class of
approximately 25 students and one teacher from Monday to Friday in the period from 7:00
to 17:00 according to the class schedule. The monitoring in this building took place from
1st June through 27th June of 2018.
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2.2. Model Setup, Integration of PCM and Validation in EnergyPlus
2.2.1. Model Setup

First, the respective room geometries and their surrounding environments were cre-
ated in the software SketchUp using the OpenStudio extension (Figures 5 and 6) and then
exported as an EnergyPlus file. In the next step, all the relevant materials, boundary condi-
tions and constructions were prepared. Finally, the corresponding properties were assigned
to all the surfaces within the model (cf. Tables A1 and A2). It is important to highlight the
fact that not all materials along with their physical and thermal properties, the order of
layers within the constructions and the thickness of the latter were known. Therefore, we
had to make different assumptions where corresponding information was missing. The
properties of standard materials used in the model were obtained from a U-value calculator
available online, which contained a reliable database and followed standards applied in
Germany [27].

The presence of people inside the office was detected by a motion sensor with a binary
outcome of 1 (people were present) and 0 (no one present). When people were present,
an internal gain of 120 W and 130 W per person for the office and classroom, respectively,
were considered [19]. Internal gains through pupils are usually slightly higher than those
of a working adult. Internal gains attributable to the use of devices such as computers
and printers, as well as the use of ceiling lamps in the office room were neglected. The
frequency of their use was unknown to us; therefore, they were not included in the model.
For the classroom, in contrast, we assumed that, in addition to the internal gains from
people, the light was also basically always switched on when people were present.

The office room in the Sonnenschiff is equipped with a large window that can be
opened or closed and a ventilation panel that can also be fully opened or tilted (Figure 7).
The operable windows in the classroom can only be fully opened or closed, analogous to
the window in the office. For each position of the windows and ventilation panel (open,
tilted and closed), we defined different infiltration values by first considering the airtight-
ness of the building for when all windows were closed, which was defined to be equal
to 0.3 air changes per hour (ACH). We selected this value based on the standard defined
by the Passive House Institute, which must be met for a construction to be considered
energy efficient [27]. The values used for the open and tilted positions were varied dur-
ing the calibration process, to be discussed later, to adjust the simulation results to the
measured data.



Buildings 2022, 12, 1797 6 of 23Buildings 2022, 12, x FOR PEER REVIEW 6 of 24 
 

 
Figure 5. Model geometry of PCMroom in the Sonnenschiff and its surroundings in SketchUp. The 
front and upper shading objects represent the protection panel at the façade and the upper floor 
balcony, respectively. Window façade oriented towards east (92°) [Fraunhofer ISE]. 

 
Figure 6. Model geometry of the analysed classroom (right room) generated in SketchUp. Window 
façade oriented towards east (78°) [Fraunhofer ISE]. 

 
Figure 7. View into the investigated office room with highlighted window and ventilation panel 
[Fraunhofer ISE]. 

Using the measured data, we set up schedules to define when the rooms were occu-
pied, when doors and windows were opened, closed or tilted, as well as the instances 
when the window shades were activated based on the measured illuminance. From these 
dates, ASCII files were generated for each building and schedule containing hourly data 
for the months of May through September. Simulation results were analysed for the pe-
riod of 16th June through 15th September for the office room in the Sonnenschiff and June 
through July for the secondary school. The monitoring setup as well as the sensors and 
their properties are described in Obergfell et al. [17], chapter 2.4. 

Figure 5. Model geometry of PCMroom in the Sonnenschiff and its surroundings in SketchUp. The
front and upper shading objects represent the protection panel at the façade and the upper floor
balcony, respectively. Window façade oriented towards east (92◦) [Fraunhofer ISE].

Buildings 2022, 12, x FOR PEER REVIEW 6 of 24 
 

 
Figure 5. Model geometry of PCMroom in the Sonnenschiff and its surroundings in SketchUp. The 
front and upper shading objects represent the protection panel at the façade and the upper floor 
balcony, respectively. Window façade oriented towards east (92°) [Fraunhofer ISE]. 

 
Figure 6. Model geometry of the analysed classroom (right room) generated in SketchUp. Window 
façade oriented towards east (78°) [Fraunhofer ISE]. 

 
Figure 7. View into the investigated office room with highlighted window and ventilation panel 
[Fraunhofer ISE]. 

Using the measured data, we set up schedules to define when the rooms were occu-
pied, when doors and windows were opened, closed or tilted, as well as the instances 
when the window shades were activated based on the measured illuminance. From these 
dates, ASCII files were generated for each building and schedule containing hourly data 
for the months of May through September. Simulation results were analysed for the pe-
riod of 16th June through 15th September for the office room in the Sonnenschiff and June 
through July for the secondary school. The monitoring setup as well as the sensors and 
their properties are described in Obergfell et al. [17], chapter 2.4. 

Figure 6. Model geometry of the analysed classroom (right room) generated in SketchUp. Window
façade oriented towards east (78◦) [Fraunhofer ISE].

Buildings 2022, 12, x FOR PEER REVIEW 6 of 24 
 

 
Figure 5. Model geometry of PCMroom in the Sonnenschiff and its surroundings in SketchUp. The 
front and upper shading objects represent the protection panel at the façade and the upper floor 
balcony, respectively. Window façade oriented towards east (92°) [Fraunhofer ISE]. 

 
Figure 6. Model geometry of the analysed classroom (right room) generated in SketchUp. Window 
façade oriented towards east (78°) [Fraunhofer ISE]. 

 
Figure 7. View into the investigated office room with highlighted window and ventilation panel 
[Fraunhofer ISE]. 

Using the measured data, we set up schedules to define when the rooms were occu-
pied, when doors and windows were opened, closed or tilted, as well as the instances 
when the window shades were activated based on the measured illuminance. From these 
dates, ASCII files were generated for each building and schedule containing hourly data 
for the months of May through September. Simulation results were analysed for the pe-
riod of 16th June through 15th September for the office room in the Sonnenschiff and June 
through July for the secondary school. The monitoring setup as well as the sensors and 
their properties are described in Obergfell et al. [17], chapter 2.4. 

Figure 7. View into the investigated office room with highlighted window and ventilation panel
[Fraunhofer ISE].

Using the measured data, we set up schedules to define when the rooms were occupied,
when doors and windows were opened, closed or tilted, as well as the instances when
the window shades were activated based on the measured illuminance. From these dates,
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ASCII files were generated for each building and schedule containing hourly data for the
months of May through September. Simulation results were analysed for the period of 16th
June through 15th September for the office room in the Sonnenschiff and June through July
for the secondary school. The monitoring setup as well as the sensors and their properties
are described in Obergfell et al. [17], chapter 2.4.

Likewise, we set up the shading schedules based on the measured illuminances at
the center of the windows. Therefore, we compared the measured illuminance with the
incident solar irradiance at the same window from the EnergyPlus simulation to determine
when the window shades were being used. In the simulation, just the binary information
unshaded and fully shaded was used, and partial shading was not considered.

The final step in creating the models was to calibrate them using the measured opera-
tive temperatures in periods were the PCM was inactive, meaning Top below 23 ◦C or above
26 ◦C were used. During this process, different calibration parameters were adjusted until
the simulation results satisfactorily correlated with the measurement data. The objective
functions to be optimized were defined as the coefficient of determination R2 and the RMSE.
The coefficient of determination R2 provides a measure of how well the model fits the
observed data [28]. An accepted R2 value varies greatly depending on the area of study
and the desired accuracy of the model in question. Nevertheless, in general, an R2 value of
larger than 0.60 is considered to be acceptable [29]. Furthermore, the difference between
the simulation results and the measured data during the calibration process was evaluated
by calculating the root mean square error (RMSE) where a value of less than or equal to
1 K was targeted [30]. The iterations of the calibration processes were performed manually.
As we had to make assumptions in some places for the model setup, we varied several
construction and operating parameters during the calibration process. These included
thermal properties of the façades, the windows and the thicknesses of the concrete layers in
the floors and ceilings. In addition, the models showed a great sensitivity to changes in the
amount of air flow coming from the outside environment (i.e., natural ventilation). As the
position of the windows (open, closed or tilted) could be determined from the data of the
measurement campaign, only the amount of ACH defined for each window position had
to be adjusted during the model calibration, given that these values were unknown. After
multiple iterations, we considered the models to be successfully calibrated after reaching
R2 values of 0.91 and 0.62 and RMSE of 0.44 K and 0.97 K for office model and classroom
model, respectively.

2.2.2. Integration of PCM

EnergyPlus enables the integration of PCMs in two different ways: the conventional
enthalpy temperature method and the hysteresis method. Both methods can reproduce
the influence of PCMs on the indoor climate well (A comprehensive comparative analysis
of the two functions can be found in Al-Janabi & Kavgic [31]). However, the possibility of
taking hysteresis into account, which is the frequently observed peculiarity that the curves
of melting and crystallization differ [32], seemed more precise in our case. In doing so, the
software employed a conduction finite difference algorithm when PCMs were included
in the model. This supplemented the already-operating algorithm without PCMs, but
allowed the inclusion of materials with more advanced thermal properties [33]. As previ-
ously stated, the temperature-dependent enthalpy data for the melting and solidification
processes obtained from measurements with differential scanning calorimetry (DSC) facil-
ity were performed by Fraunhofer ISE (Figure A1). Where own measurements were not
possible, values were taken from the literature. The initial latent heat storage capacity of the
Smartboard 23 was equal to 100.6 kJ/kg (between 5 and 27 ◦C). As presented in Obergfell
et al. [17], the DSC measurements of different PCM samples had shown that the storage
capacity of some microencapsulated PCMs had decreased after several years of operation,
which could be an indication of degradation or—more likely—diffusion of the paraffin.
Based on these findings, in the next step of calibration, we varied the PCM capacity from
100 to 0% of the original capacity to obtain information about the current condition of the
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PCM in our two specific cases (cf. step 3 in Figure 1). The simulation results of the PCM
capacity variations were compared with the measured data from a period in which the
PCM was active, and the associated coefficients of goodness were determined.

It turned out that none of the models were clearly the best fit for the Solar Ship. The
coefficient of determination was best for the 100% scenario with R2 = 0.66 but was only
slightly lower for 75 and 50% with R2 = 0.65 (In our earlier publication [17], slightly different
values were found at this point. The reason for this is that an error was discovered in the
model in the meantime, which has now been corrected. The corrected simulation model led
to slightly different results). The scenario with the best R2 value also had the worst RMSE
value of 0.60 K, while the 50% scenario achieved the best value with 0.52 K. Therefore, it
is likely that the actual PCM capacity was somewhere in the range between 50 and 100%
of the original capacity. Due to the lack of clarity, further simulations were each carried
out with the two PCM capacities. The corresponding results are therefore to be interpreted
as describing the probability space with reality lying in the range in between. For the
classroom model, the PCM scenarios showed a clearer result: the best fit was for a slightly
reduced PCM capacity of 75% (cf. Table 1) (However, the differences in fits were quite small
for the latter, therefore this result should not be overinterpreted and long-term functionality
should be further analysed).

Table 1. Goodness-of-fit measures of the PCM capacity variations for the two case studies. Bold font
marks the best-fitting variants.

PCM Capacity
[%]

Office Room Classroom
R2 RMSE [K] R2 RMSE [K]

100 0.66 0.60 0.63 0.88
75 0.65 0.54 0.64 0.78
50 0.65 0.52 0.62 0.81
25 0.64 0.53 0.63 0.90
0 0.63 0.56 0.64 1.08

2.2.3. Validation

Subsequently, the validation process followed, which was carried out to verify the
robustness of the model. This was conducted by comparing the results from the simulation
with a set of measured data not used during the calibration process. This led to an R2

coefficient of 0.74 and an RMSE of 0.79 K for the office room, and for the classroom case
the values reached R2 = 0.87 and RMSE = 0.93 K (Figure 8). Considering the predefined
objectives of an R2 of at least 0.60, and an RMSE of less than or equal to 1 K, the models
were considered to be successfully validated and to be reliable for further evaluations.
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2.3. Implementation of Different Behavioural Scenarios

After validating the model, we analysed the user behaviour in both the rooms and
identified potential for improvement through behaviour adjustment. More specifically,
we evaluated the opening and closing of windows and ventilation panels and operating
the blinds. Furthermore, we included the existing mechanical ventilation system in the
model of the office room, which had not been in use by the occupants in the past, to
examine whether an additional benefit for the indoor climate could be created and the PCM
performance improved. Based on our findings, we created two hypothetical scenarios for
each case with improved user behaviour to study the changes in the temperature curve.

Office Room

(a) Use of mechanical ventilation during the night

The Sonnenschiff building was equipped with a ventilation system including a cross-
flow heat exchanger with three switching stages for different air flow rates, which was
used to exchange the indoor air with fresh air from outside (Figure 3) [25]. However, no
precise information was available on the air exchange rate corresponding to the individual
levels. It could be used for a constant exchange of air with the outside air, but, at least for
the nightly exchange, it should be used to allow regeneration of the PCM and to activate
the building masses as cold storage. Nevertheless, from the information acquired during
the measurement campaign, it was known that the ventilation system was not being em-
ployed, not even at night. To represent this within the model, three different scenarios were
created in which a ventilation system was defined by using the object under the name of
“ZoneVentilation: DesignFlowRate” in EnergyPlus. The type of ventilation was defined to
be balanced, which means that the system contains an intake and an exhaust fan operating
with the same efficiency and flow rate [19]. In addition, the system was defined to operate
every day during the evening between 9 p.m. and 7 a.m. with an ACH from 1 to 3.

(b) Opening/closing/tilting of windows

From the measured data we observed that a person inside the office was mainly
employing the ventilation panel (cf. Figure 7) instead of the middle window to adjust the
indoor climate based on her perception of thermal comfort and air quality. For the natural
night ventilation to work as required, the person in the office was expected to leave the
ventilation panel either open or tilted the evening before leaving the office and then closed
early in the morning on arrival the next day before the outside environment warmed up.
The ventilation panel was protected from rain and burglary by a screen—which also had a
sound-absorbing effect—so that the ventilation panel could remain open overnight and at
weekends (Figure 3). In general, we observed that the person left the panel either tilted or
opened in the evening. However, it was rarely closed during the day. This transferred the
heat from the outside to the inside of the office, which probably had a negative effect on
perceived thermal comfort. We created an improved scenario with the following conditions:

• The ventilation panel was open from 5 p.m.–8 a.m.
• The window was open from 8–9 a.m.
• If Top > 26 ◦C, the window and panel could only be opened if Tamb > Top; else it was

closed (We are aware that ventilation for improving the air quality is also useful and
practised at higher outdoor temperatures. In the present study, however, the aspect
of air quality was completely neglected, as the focus was on thermal conditions and
the influence of the PCM. Therefore, this simplification was adopted to reduce the
complexity in the ventilation behaviour pattern)

(c) Shading control

When checking the measured illuminance, we found that the shading control was
operated almost daily, even on the days when the office was not occupied on weekends
(The blinds were equipped with an automated control system in which the users could
intervene manually at any time). However, a total of nine days within the observed three
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months were found on which the shading covered the window either only for one hour
per day or not at all. Therefore, the improved scenario was to also operate the blinds from
8 a.m.–2 p.m. during these indicated days. Due to the orientation of the window front
towards the east, there was no more direct radiation after 1 p.m.

2.4. Evaluation of the Simulation Results

There is no standardised approach to evaluating PCM applications in the literature.
Many studies have compared peak temperatures or the expression of daily temperature
amplitudes with and without PCM [15,22,23,34–36]. Many of these have not considered the
operative room temperatures, which are more relevant for thermal room comfort, but the
room air temperatures. In addition, numerous studies can be found that have quantified
energy or cost savings through PCM [37–40]. A few studies have evaluated the time periods
of discomfort with and without PCM. As a measure of discomfort, some have evaluated the
number of hours above a defined static comfort threshold [20,41,42], while Jamil et al. [15]
used an adaptive threshold. In addition, two studies analysed not only the time but also
the degree of discomfort as so-called cooling degree hours (CDH) [43,44]. Already, ten
years ago, Evola et al. [45] noticed this inconsistency in the analysis of PCM building
applications and made suggestions for harmonisation, but from more recent publications,
still no common consensus for the evaluation of PCM efficiency is apparent.

For the present paper, we decided to use CDH in addition to mean and maximum
temperature reductions as the evaluation measures of the different scenarios. To calculate
the CDH, Equation (1) was used, where N is the number of hours considered, Top,i is the
operative room temperature obtained from the simulation at each hour, Tlim,i is the limit of
comfort in times of overheating (+) and the time period δ = 1 h [43,44].

CDH =
N

∑
i=1

(
Top,i − Tlim, i

)+
δ (1)

As base temperatures above which persons in the room would no longer feel comfort-
able, we chose static comfort limits of 27 ◦C for the office room and 26 ◦C for the classroom
(Strictly taken, the mentioned standard only contained specifications for Germany. How-
ever, the location of the school building is only in short distance from the German border,
so it seemed legitimate to extrapolate the comfort limits, which are based on large-scale
climatic conditions, to the location of Diekirch) according to the German standard DIN
4108-2 [46]. This standard defines maximum room temperatures depending on climatic
conditions. Germany was divided into three different zones for this purpose and the limit
values were set at 25, 26 and 27 ◦C depending on the prevailing climate.

In respect of evaluating the overall comfort level of both rooms, comfort diagrams ac-
cording to DIN EN 16798-1 were prepared. Comfort diagrams using adaptive temperature
limits visualise the indoor temperature Top as a function of the running mean of the daily
ambient temperature Tamb and show whether and how often Top exceeds or falls below
defined comfort limits.

The running mean of ambient temperature Θrm was calculated according to Equa-
tion (2) [27]:

Θrm = (Θed−1+0.8 × Θed−2 + 0.6 × Θed−3 + 0.5 × Θed−4 + 0.4 × Θed−5+

0.3 × Θed−6+0.2 × Θed−7)× 1
3.8

(2)

Here, Θed−i represents the daily mean of the measured ambient temperature on the
i-th preceding day. For buildings without mechanical cooling, which the two case studies
were, the standard applied three different adaptive comfort limits corresponding to high,
medium and moderate thermal comfort demands.
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3. Results
3.1. Office Room

Effect of mechanical night ventilation: Based on the results shown in Table 2, we con-
sidered an ACH value of 2 with temperature reductions of maximum 4.0 K and of 2.3 K
on average to be the best mechanical night ventilation intensity, since the maximum tem-
perature reduction was not increased, and the average temperature reduction was only
slightly greater when the ACH was set to level 3. This is because a lower ACH value goes
hand in hand with a lower energy demand, which is why we considered this level to be the
optimum between the cooling effect and energy demand.

Table 2. Influence of different intensities of night ventilation on room temperature. Temperature
reductions compared to simulation without night ventilation are given.

Night Ventilation
[ACH]

Max. Temperature
Reduction [K]

Mean Temperature
Reduction [K]

1 3.8 1.8
2 4.0 2.3
3 4.0 2.6

Improvement of thermal conditions through PCM: In all scenarios, the PCM was able
to reduce the room temperature. Assuming a 100% capacity, the maximum and average
temperature reductions due to the PCM in S1 were 1.22 K and 0.38 K, respectively, (cf.,
Table 3) during office hours (Monday–Friday, 9 a.m.–6 p.m.).

Table 3. Simulation results of different behavioural scenarios and influence of PCM for the office
room. Temperature reductions indicated are due to PCM scenario (+) compared to scenario without
PCM (−).

Scenario PCM PCM
Capacity [%]

Natural
Ventilation &

Shading

Mechanical
Night

Ventilation

Max. Temperature
Reduction by PCM

[K]

Mean Temperature
Reduction by PCM

[K]

S1 +/− 50
Real Real

0.69 0.21
100 1.22 0.38

S2 +/− 50 Improved Real
0.66 0.26

100 0.94 0.31

S3 +/− 50 Improved Improved 1.00 0.35
100 1.01 0.35

At 50% capacity, the temperature reductions were significantly lower at 0.69 K and
0.21 K. With increasingly better behaviour (S2 and S3), slightly different trends emerged for
the different PCM capacities. While the PCM effect increased at 50% to 1.00 K and 0.35 K,
respectively, they reached their maximum at 100% capacity in S1 and were below that in S2
and S3. Interestingly, there was no significant difference between the two PCM capacities in
S3. One possible interpretation of these two opposing effects would be that by improving
the behaviour of the users, the existing PCM was able to work better and improve the
thermal conditions to some degree in the case of 50% capacity. Improved ventilation and
shading management thus made it possible to further increase the temperature reduction
achieved by PCMs and hence exert a positive influence on the thermal conditions in the
room. For the 100% capacity on the other hand, one could get the impression that the
better the user behaviour, the smaller the PCM’s effect. However, as mentioned above,
we did not consider temperature reductions alone to be an appropriate measure of the
effectiveness of a PCM application. A more precise assessment was made possible by the
additional analysis of CDH, as the prevailing temperature level was also taken into account.
This is because it made a difference to the users’ thermal comfort whether the temperature
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peaks above or below the comfort limit were reduced. Considering the CDH of different
behavioural scenarios (Figure 9), it became obvious that, firstly, the PCM could reduce
discomfort hours by 9–16% within the scenario of real behaviour. Moreover, improved user
behaviour was also able to make an important additional contribution: improved shading
and use of window reduced the CDH significantly by 71% and the PCM had an additional
effect of a 22 to 28% reduction. These results suggest for both PCM capacities that the
better the user behaviour, the greater the relative contribution of the PCM. However, when
looking at the absolute number of CDH reduced by the PCM, it is evident that this was
greatest in S1 and steadily decreased in S2 and S3. In addition, compared to S2, where
improved shading and natural ventilation significantly reduced the discomfort time, the
additional mechanical night ventilation caused a further reduction from 46 to 8 CDH.

The positive effect of improved user behaviour on thermal conditions is also apparent
in the comfort diagrams (Figure 10). They show that the temperature level could be lowered
through improved behaviour; while the mean Top during working hours in S1 was 25.7 ◦C,
it dropped to 24.5 and 23.3 ◦C in S2 and S3, respectively. However, there were also quite low
temperatures that were below the comfort boundaries. These were mainly morning hours
after cold nights. Especially in S3, temperatures frequently fell below the comfort limits due
to the implemented mechanical night ventilation. This strong cooling of the room could
easily be prevented if it was perceived as uncomfortable by the users. The scenarios set
19 ◦C as the lower limit for the opening of the ventilation panel, and there was no cut-off
temperature for the electric night ventilation. Consequently, in real use, severe cooling can
be easily prevented by switching off the electric ventilation when the room temperatures
are correspondingly low, and a cold night is coming. The comfort diagrams also confirm
the comparatively low influence of the PCM in the office room. Temperatures without
PCM were only slightly higher than those with PCM. Likewise, in S1, the somewhat more
pronounced temperature-reducing effect of the 100% capacity PCM could be seen. In S2,
however, this effect became very small and in S3 the difference in capacity no longer played
a role. In S2, another effect of the PCM became apparent: the PCM not only served to
prevent overheating, but also to reduce the excessive cooling of the room air through the
stored and subsequent time-delayed release of heat. This could be clearly seen in S2 on
days when the 50% variant achieved lower values than the than 100% variant.

Buildings 2022, 12, x FOR PEER REVIEW 12 of 24 
 

temperature peaks above or below the comfort limit were reduced. Considering the CDH 
of different behavioural scenarios (Figure 9), it became obvious that, firstly, the PCM 
could reduce discomfort hours by 9–16% within the scenario of real behaviour. Moreover, 
improved user behaviour was also able to make an important additional contribution: 
improved shading and use of window reduced the CDH significantly by 71% and the 
PCM had an additional effect of a 22 to 28% reduction. These results suggest for both PCM 
capacities that the better the user behaviour, the greater the relative contribution of the 
PCM. However, when looking at the absolute number of CDH reduced by the PCM, it is 
evident that this was greatest in S1 and steadily decreased in S2 and S3. In addition, com-
pared to S2, where improved shading and natural ventilation significantly reduced the 
discomfort time, the additional mechanical night ventilation caused a further reduction 
from 46 to 8 CDH. 

The positive effect of improved user behaviour on thermal conditions is also appar-
ent in the comfort diagrams (Figure 10). They show that the temperature level could be 
lowered through improved behaviour; while the mean Top during working hours in S1 
was 25.7 °C, it dropped to 24.5 and 23.3 °C in S2 and S3, respectively. However, there were 
also quite low temperatures that were below the comfort boundaries. These were mainly 
morning hours after cold nights. Especially in S3, temperatures frequently fell below the 
comfort limits due to the implemented mechanical night ventilation. This strong cooling 
of the room could easily be prevented if it was perceived as uncomfortable by the users. 
The scenarios set 19 °C as the lower limit for the opening of the ventilation panel, and 
there was no cut-off temperature for the electric night ventilation. Consequently, in real 
use, severe cooling can be easily prevented by switching off the electric ventilation when 
the room temperatures are correspondingly low, and a cold night is coming. The comfort 
diagrams also confirm the comparatively low influence of the PCM in the office room. 
Temperatures without PCM were only slightly higher than those with PCM. Likewise, in 
S1, the somewhat more pronounced temperature-reducing effect of the 100% capacity 
PCM could be seen. In S2, however, this effect became very small and in S3 the difference 
in capacity no longer played a role. In S2, another effect of the PCM became apparent: the 
PCM not only served to prevent overheating, but also to reduce the excessive cooling of 
the room air through the stored and subsequent time-delayed release of heat. This could 
be clearly seen in S2 on days when the 50% variant achieved lower values than the than 
100% variant. 

 
Figure 9. Effect of PCM on periods of discomfort within office room from July through September. 
Figure 9. Effect of PCM on periods of discomfort within office room from July through September.



Buildings 2022, 12, 1797 13 of 23Buildings 2022, 12, x FOR PEER REVIEW 13 of 24 
 

 
Figure 10. Comfort diagrams with simulated Top of the three different behavioural scenarios for of-
fice room. Black lines indicate different comfort categories: solid = Category I—high standard, dot-
dashed = category II—middle standard, dotted = category III—moderate standard. 

3.2. Classroom 
Improvement of thermal conditions through PCM: The maximum and average tem-

perature drops due to PCM under the assumption of real user behaviour were 2.35 K and 
0.94 K, respectively (Table 4), during the teaching period (Monday–Friday, 7 a.m.–5 p.m.). 
Looking at the other two scenarios, it became clear that by improving the behaviour of the 
users, the effect of the PCM on temperature reduction decreased until a 2.04 K maximum 
and 0.61 K mean temperature drop. However, the analysis of the CDH showed that, as in 
the other case study, improved behaviour could mitigate the conditions of thermal dis-
comfort significantly. In addition, the relative contribution of the PCM increased slightly 
from 45% in S4 up to 52% in S6 (Figure 11). It became clear that window ventilation was 
of great importance. Slight improvements in comfort could also be achieved through im-
proved shading, but ventilation had a considerably greater influence (cf. S5 and S6 in Fig-
ure 11). 

The comfort diagrams of the different behaviour scenarios confirmed this finding 
(Figure 12): The temperatures outside the comfort limits of category III could be signifi-
cantly reduced through better behaviour. The mean Top could also be reduced from 24.4 
°C in scenario S4 to 24.1 and 23.5 °C (scenarios S5 and S6, respectively). 

Even more frequently than in the other case study, the comfort limits were clearly 
and frequently undershot in the classroom, and ventilation intensified this effect. In con-
trast to the office, our measurement data also showed that the room occasionally cooled 
down considerably during real use, especially in the morning hours after cool nights. So, 
it is quite possible that the cooling in the morning in summer was deliberate and did not 
affect the subjective feeling of comfort of at least the teachers. This was because, as men-
tioned in the other case study, excessive night-time cooling can easily be prevented by 
leaving fewer windows open on cold nights. The comfort diagrams also visualize once 
again the stronger influence of the PCM in this room, recognizable by the smaller vertical 
spread of the PCM data points compared to those without PCM. 

Table 4. Simulation results of different behavioural scenarios and influence of PCM for the class-
room from June through September. Temperature reductions indicated are due to PCM scenario (+) 
compared to scenario without PCM (−), respectively. 

Scenario PCM Shading Ventilation 
Max. Temperature Re-

duction by PCM [K] 
Mean Temperature Re-

duction by PCM [K] 
4 +/− Real Real 2.35 0.94 
5 +/− Improved Real 2.24 0.87 
6 +/− Improved Improved 2.15 0.61 

T o
p 

/ 
°C

Figure 10. Comfort diagrams with simulated Top of the three different behavioural scenarios for
office room. Black lines indicate different comfort categories: solid = Category I—high standard,
dot-dashed = category II—middle standard, dotted = category III—moderate standard.

3.2. Classroom

Improvement of thermal conditions through PCM: The maximum and average tem-
perature drops due to PCM under the assumption of real user behaviour were 2.35 K and
0.94 K, respectively (Table 4), during the teaching period (Monday–Friday, 7 a.m.–5 p.m.).
Looking at the other two scenarios, it became clear that by improving the behaviour of the
users, the effect of the PCM on temperature reduction decreased until a 2.04 K maximum
and 0.61 K mean temperature drop. However, the analysis of the CDH showed that, as in
the other case study, improved behaviour could mitigate the conditions of thermal discom-
fort significantly. In addition, the relative contribution of the PCM increased slightly from
45% in S4 up to 52% in S6 (Figure 11). It became clear that window ventilation was of great
importance. Slight improvements in comfort could also be achieved through improved
shading, but ventilation had a considerably greater influence (cf. S5 and S6 in Figure 11).

Table 4. Simulation results of different behavioural scenarios and influence of PCM for the classroom
from June through September. Temperature reductions indicated are due to PCM scenario (+)
compared to scenario without PCM (−), respectively.

Scenario PCM Shading Ventilation Max. Temperature
Reduction by PCM [K]

Mean Temperature
Reduction by PCM [K]

4 +/− Real Real 2.35 0.94
5 +/− Improved Real 2.24 0.87
6 +/− Improved Improved 2.15 0.61
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The comfort diagrams of the different behaviour scenarios confirmed this finding
(Figure 12): The temperatures outside the comfort limits of category III could be significantly
reduced through better behaviour. The mean Top could also be reduced from 24.4 ◦C in
scenario S4 to 24.1 and 23.5 ◦C (scenarios S5 and S6, respectively).
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Even more frequently than in the other case study, the comfort limits were clearly and
frequently undershot in the classroom, and ventilation intensified this effect. In contrast
to the office, our measurement data also showed that the room occasionally cooled down
considerably during real use, especially in the morning hours after cool nights. So, it is
quite possible that the cooling in the morning in summer was deliberate and did not affect
the subjective feeling of comfort of at least the teachers. This was because, as mentioned in
the other case study, excessive night-time cooling can easily be prevented by leaving fewer
windows open on cold nights. The comfort diagrams also visualize once again the stronger
influence of the PCM in this room, recognizable by the smaller vertical spread of the PCM
data points compared to those without PCM.

4. Discussion
4.1. Impact of PCM

Our simulation results revealed that the PCM still worked after more than a decade
in operation and still had a positive impact on the thermal behaviour of the rooms. The
analyses indicated that in both cases there was a decrease in the PCM capacity in the
meantime in the range of up to 50%. Moreover, all the behavioural scenarios showed a
temperature-reducing effect through the PCM during working hours. In the office room it
was on average 0.2–0.4 K, and in the classroom, it reached 0.6–0.9 K, which was somewhat
higher. Temperature peaks could also be significantly mitigated by the PCM. In the office,
maximum temperature reductions of between 0.7–1.2 K and in the classroom of 2.0–2.4 K
could be achieved, depending on the scenario. When measuring the discomfort time, it
became clear that the PCM was able to reduce the uncomfortably warm time in the office
room by 9 to 34%, whereas its effect in the classroom was considerably higher at a 45 to 52%
reduction. However, in both buildings, the PCM was able to contribute to an improvement
in thermal comfort in all scenarios.

The greater influence of the PCM in the classroom can be attributed to two factors:
the construction of the buildings and the prevailing temperature level. While the office in
the Sonnenschiff has a massive construction with thermally heavy ceilings and floors, the
school building is a thermally lighter construction. The better buffering of temperature
fluctuations by the thermal mass was also evident in the lower temperature amplitudes in
the office compared to the classroom and in the fact that the temperatures rarely moved
outside the limits of the comfort categories. This result was in line with the fact that PCMs
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can especially show their potential in light buildings and their influence is greater there
than in thermally heavy buildings [9,47]. In addition, our results showed that this did not
change substantially after more than a decade in operation. Another aspect for the different
effects of the PCMs in the two buildings was probably the prevailing temperature level,
which obviously favored the PCM operation in the classroom. In the office, temperatures
were more often above the melting range of the PCM and therefore could not influence the
thermal performance of the room, whereas in the classroom the PCM could be activated
more often.

4.2. Influence of User Behaviour

The different behavioural scenarios showed that in addition to the PCM, the be-
havioural factor also had a major influence on comfort. It not only influenced thermal
performance—which is sufficiently well known—but also the extent to which the PCM
could unfold its temperature-balancing effect. Comparing the PCM effect of the different
behavioural scenarios in relation to the mean and maximum temperature reductions, one
could get the impression that better behaviour tended to mitigate the PCM effect (especially
for the classroom, Table 4). However, these values gave no information about the level at
which the temperature reduction took place. For instance, a temperature reduction from 28
to 26 ◦C is much more relevant and valuable to users than from 26 to 24 ◦C. Therefore, the
CDH, which are a measure of time and extent of discomfort, more accurately quantify the
PCM’s effect in our opinion. In addition, these showed that the relative proportion of the
PCM’s effect grew due to improved behaviour, but not the absolute number of CDH.

Interestingly, however, it also turned out that the influence of the user’s behaviour
on the average room temperature was different: In the office, better shading and window
ventilation achieved a reduction of 1.2 ◦C, and electric night ventilation doubled this value
to 2.4 ◦C. In the classroom, on the other hand, the reduction was only 0.9 ◦C overall. The
reason for this is probably, on the one hand, the design of the behavioural scenarios and
how "good" the behaviour already was in the basic scenarios. This would mean that the real
behaviour in the classroom was already much closer to what we defined as good behaviour.
On the other hand, in the office, the user’s behaviour was even further away compared to
what we defined as better behaviour. Another cause is the electric night ventilation, as it is
always more effective in terms of night-time regeneration than natural ventilation can be.

However, from our results, two aspects became visible, that (a) there was an interaction
between the two factors of behaviour and PCM and (b) behaviour variations had a larger
effect on thermal performance than the PCM had—which has already been mentioned in
literature before [15,17,20]. Improved behaviour always led to an increase in the PCM effect
measured in CDH in our simulations. Our results particularly confirmed the importance
of night ventilation, which was in accordance with common operating instructions and
scientific articles [18,48,49].

The effectiveness of the PCM under different behavioural scenarios, however, de-
pended strongly on the prevailing temperature regime. If the room temperatures were
often above the melting point of the PCM, which was then virtually switched it off, then
improved behaviour in the form of ventilation, shading, etc., could reduce the tempera-
tures to such an extent that the PCM could work again. If, on the other hand, the room
temperatures were already within the working range of the PCM, the PCM’s effect did not
increase as much with improved behaviour.

Due to the found interaction of behaviour and PCM effect, it is extremely important
for future projects to implement realistic user behaviour in ex ante simulations, as already
noted by Lamrani et al. [11]. Otherwise, the use of optimal behaviour can lead to an
overestimation of the benefits and the already identified performance gap [16,18], which in
practice leads to disappointment later. We also recommend for future simulation studies to
use not only the mean and maximum temperature reductions as the evaluation variables,
but also the time of discomfort (CDH), as this is a much more meaningful measure.
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5. Conclusions

The aim of this study was to gain insights into the importance of user behaviour to the
functioning of PCMs. We wanted to know to what extent there was room for optimization
of PCM performance in real documented user behaviour.

To investigate this, we chose two buildings, namely a school and an office building, in
which we monitored the indoor climate and behavioural parameters for several months
during summer 2018. We then created a model for each of the spaces and used the measured
data to calibrate and validate the models. The analysis of the behavioural data showed that
there was room for improvement in terms of thermal conditions in both rooms. Thus, for
both spaces, in addition to the baseline scenario, in which we had implemented the real
documented behaviour, we created two scenarios, in each of which the behaviour of the
users in terms of the application of the blinds, window ventilation and, for the office case,
the usage of the existing electrical ventilation was improved.

Our main findings were:

• The occupants did not behave optimally from a technical perspective. Windows were
opened when it was too warm outside, blinds were not always closed when there was
high irradiation and night ventilation by means of windows or electrical ventilation
systems was not used consistently.

• Simulations with different behavioural scenarios showed that the PCM still worked
after more than a decade in operation and could positively influence the indoor climate
in all the scenarios. However, our results suggested that there was a decrease in the
capacity of the PCM in the meantime. The amount of degradation could only be
roughly determined and was in the range of 0–50%. Despite the decrease in capacity,
it was able to reduce the time of discomfort in the baseline scenarios by 9–45% and
improved behaviour led to an increase in the PCM’s effect of 34–52%.

• The improved behaviour itself also provided an improvement in thermal conditions.
The effect of behaviour was also visibly greater than the effect attributable to the PCM;
the average room temperatures could be reduced by 2.4 K (office) and 0.9 K (classroom)
through better blind operation, more consistent window ventilation and, above all,
the use of night ventilation (in the office). The same pattern was seen in the CDH.

• The general temperature level also influenced the extent to which behaviour and PCM
could have an impact. If the room temperatures were frequently above the melting
range, the PCM could not work. If, on the other hand, the temperatures were more
frequently within the melting range of the PCM, it was able to unfold its effect.

• Our results confirmed that PCMs can show their strength better in light buildings than
in thermally heavy ones.

Recommendations: Based on the study results, we were able to verify our hypothesis
that user behaviour had a strong influence on the functionality of the PCM. We found that
the better the behaviour from a technical perspective, the greater the relative contribution
of the PCM. Therefore, we recommend that in future studies on the evaluation of PCMs
and the planning of their use, realistic user behaviour should be integrated. Studies
that only assume optimal user behaviour inevitably overestimate the realizable potential
and raise user expectations of the PCM that can hardly be fulfilled later in operation
and thus contribute to the aforementioned performance gap. Furthermore, it is of great
importance to point out to the users the great influence they have on the functionality of
the PCM system through their behaviour and to give them some advice on how to operate
it in the best possible way. The supply of systematic information could help improve
users’ awareness of behavioural choices and thus promote the proper functioning of PCM
applications. This includes consistent shading when the facade is exposed to direct sunlight,
window ventilation should only take place when the room temperatures are above the
outside temperatures, and—probably the most important aspect—the implementation of
consistent night ventilation. Especially with passive PCM applications, this is of elementary
importance to ensure the regeneration of the PCM by releasing the absorbed heat and
allowing the paraffin wax to return to its solid state.
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Another aspect that we would like to emphasize in conclusion is that it was also
possible to deduce from our investigations how important the choice of the respective
analysed period is. If only individual days or a few weeks are used for evaluation, the
results can easily be biased. We therefore recommend always including the entire warm
season in the analysis, if possible.

Author Contributions: T.O.: conceptualization, methodology, investigation, data curation, soft-
ware, formal analysis, writing—original draft, visualization, project administration; S.G. (Sebastian
Gölz): conceptualization, funding acquisition, supervision, writing—review & editing; T.H.: con-
ceptualization, data curation, funding acquisition, investigation, writing—review & editing, project
administration; S.G. (Stefan Gschwander): funding acquisition, supervision, writing—review &
editing; A.W.: supervision, writing—review & editing. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors are grateful to the Federal Ministry for Economic Affairs and Energy (funding
code 03ET1443A) for supporting this research financially. Apart from the financing, the donor had no
further influence on the present study, its implementation and design.

Data Availability Statement: Data available upon request from the corresponding author.

Acknowledgments: We would like to thank Juanita Solano Guzmán who actively supported us in
creating one of the simulation models.

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

Nomenclature

PCM Phase change material
DSC Differential scanning calorimeter
DIN Deutsches Institut für Normung (German Institute for Standardization)
EN European standard
CDH Cooling degree hours
RMSE Root mean square error
R2 Coefficient of determination
U-Value Thermal transmittance
ACH Air change per hours
Top Operative room temperature
Tamb Ambient air temperature
Tlim Limit of comfort
N Number of points
Θrm Running mean of ambient temperature
Θer_i Daily running mean of ambient temperature
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Figure A1. Data input for PCM material in EP following the hysteresis model [19]. Sources: density
values [50], specific heat values and thermal conductivities [51]. All other values were obtained from
own measurements.
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Table A1. Thermal properties of construction elements: office room [17]. Values obtained from
Ubakus online calculator [52].

Construction Material
Thickness Conductivity Specific Heat Density

[mm] [W/(m·K)] [J/(kg·K)] [kg/m3]

Ceiling & floor Beton external 25 2.000 950 2400

[U = 0.19 W/(m2·K)]
Cement screed 60 1.400 1000 2000

Styrofoam 200 0.040 1500 20
Beton internal 25 2.000 950 2400

Internal wall Smartboard 15 0.250 960 680

[U = 0.75 W/(m2·K)]

Blown-in
insulation 45 0.043 2200 105

Beton 10 2.000 950 2400
Smartboard 15 0.250 960 680

Windows Glass 6 0.760 840 2500

[U = 0.71 W/(m2·K)]

Air 16 0.000 1000 1.2
Glass 6 0.760 840 2500
Air 16 0.000 1000 1.2

Glass 6 0.760 840 2500

Post and beam construction Solid wood 340 0.110 1700 480
[U = 0.31 W/(m2·K)]

External wall Vacuum insulation 50 0.007 800 200
[U = 0.14 W/(m2·K)] Beton 100 2.000 950 2400

Door Wooden door 25 0.190 2390 700
[U = 2.70 W/(m2·K)]

Table A2. Thermal properties of construction elements: classroom. Values obtained from Ubakus
online calculator [52].

Construction Material
Thickness Conductivity Specific Heat Density

[mm] [W/(m·K)] [J/(kg·K)] [kg/m3]

Ceiling Elastomer sealing sheet 1.5 0.170 1000 1400

[U = 0.28 W/(m2·K)]

Insulation board 50 0.045 1300 110
OSB board 19 0.130 1700 650

Mineral wool 100 0.035 1700 650
Steel girder 100 50.000 1000 285
Sealing foil 0.25 0.170 1000 1100

Knauf fire protection GKF 18 0.230 1100 800
Knauf GKF 12.5 0.230 1100 800

Air layer 172 1.075 1000 1.2
Smartboard 15 0.250 960 680

Floor Linoleum 5 0.170 1400 1200

[U = 0.20 W/(m2·K)]

OSB board 19 0.130 1700 650
Gypsum plasterboard 15 0.350 1100 1150

OSB board 22 0.130 1700 650
Sealing foil 0.25 0.170 1000 1100

Mineral wool 140 0.035 1700 650
Steel girder 150 50.000 1000 285

Trapezoidal sheet 1 10.000 1000 100
OSB board 10 0.130 1700 650

Mineral wool 100 0.035 1700 650
Steel girder 100 50.000 1000 285

Vapour barrier 0.25 0.170 1000 1100
Knauf fire protection GKF 18 0.230 1100 800
Knauf fire protection GKF 15 0.230 1100 800

Air layer 172 1.075 1000 1.2
Smartboard 15 0.250 960 680
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Table A2. Cont.

Construction Material
Thickness Conductivity Specific Heat Density

[mm] [W/(m·K)] [J/(kg·K)] [kg/m3]

Facade wall Synthetic resin plaster 3 0.700 1000 1200

[U = 0.24 W/(m2·K)]

Styrofoam 60 0.04 1500 20
Gypsum plasterboard 15 0.350 1100 1150

Seal foil 0.25 0.170 1000 1100
Mineral wool 100 0.035 830 20
Steel girder 100 50.000 1000 285
Sealing foil 0.25 0.170 1000 1100

Air layer 135 0.750 1000 1.2
Steel girder 75 50.000 1000 285

Air layer 75 0.750 1000 1.2
Knauf GKF 12.5 0.230 1100 800
Smartboard 15 0.250 960 680
Knauf GKF 12.5 0.230 1100 800

Chalkboard and rear wall Knauf GKF 12.5 0.230 1100 800

[U = 0.34 W/(m2·K)]

Smartboard 15 0.250 960 680
Knauf GKF 12.5 0.230 1100 800

Seal foil 0.25 0.170 1000 1100
Air layer 7.5 0.010 1000 1.2

Steel girder 75 50.000 1000 285
Mineral wool 60 0.035 830 20

Air layer 7.5 0.010 1000 1.2
Air layer 7.5 0.010 1000 1.2

Steel girder 75 50.000 1000 285
Mineral wool 60 0.035 830 20

Air layer 75 0.750 1000 1.2
Seal foil 0.25 0.170 1000 1100

Knauf GKF 12.5 0.230 1100 800
Knauf GKF 12.5 0.230 1100 800

Corridor wall Knauf GKF 12.5 0.230 1100 800

[U = 0.53 W/(m2·K)]

Smartboard 15 0.250 960 680
Knauf GKF 12.5 0.230 1100 800

Air layer 7.5 0.010 1000 1.2
Mineral wool 60 0.035 830 20
Steel girder 75 50.000 1000 285

Air layer 7.5 0.010 1000 1.2
Knauf GKF 12.5 0.230 1100 800
Knauf GKF 12.5 0.230 1100 800

Sink wall Knauf GKF 12.5 0.230 1100 800

[U = 0.46 W/(m2·K)]

Smartboard 15 0.250 960 680
Knauf GKF 12.5 0.230 1100 800
Steel girder 75 50.000 1000 285

Air layer 275 1.528 1000 1.2
Seal foil 0.25 0.170 1000 1100
Air layer 75 0.750 1000 1.2

Mineral wool 60 0.035 830 20
Steel girder 75 50.000 1000 285

Air layer 7.5 0.010 1000 1.2
Seal foil 0.25 0.170 1000 1100

Knauf GKF 12.5 0.230 1100 800
Smartboard 15 0.250 960 680
Knauf GKF 12.5 0.230 1100 800

Windows Glass 6 0.760 840 2500

[U = 0.71 W/(m2·K)]

Air 16 0.000 1000 1.2
Glas 6 0.760 840 2500
Air 16 0.000 1000 1.2

Glass 6 0.760 840 2500

Door Wooden door 50 0.13 1700 750
[U = 1.55 W/(m2·K)]
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