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Abstract

In this study, a holistic investigation of integrating phase
change materials within the building envelope is
presented aiming to improve indoor thermal comfort and
reduce energy consumption. A dynamic energy modeling
and performance evaluation of building envelope
enhanced with phase change materials under Danish
conditions are carried out. Four case study pilot buildings
are considered, where the corresponding holistic dynamic
energy models are developed and calibrated using actual
collected data. Using the calibrated energy models, the
impact of a PCM-enhanced building envelope in the four
cases is simulated and evaluated on both thermal comfort
and energy consumption.

Key Innovations

e PCM-enhanced building envelope under Danish
conditions is investigated.

e Dynamic energy models are used for simulating
the impact of PCM integration.

e Four case study buildings in Denmark are
considered.

e Various scenarios of PCM location and
positioning within the envelope are simulated.

e Impact on the energy consumption, energy
capacity, and thermal comfort are presented.

Practical Implications

Integrating phase change materials within the building
envelope is an alternative way to reduce energy
consumption and enhance thermal comfort. The selection
of the optimal PCM is a key factor for a successful
application. Be aware of the impact of PCM melting
temperature, thickness, and position within the envelope.

Introduction

The building sector accounts for 40% of the Danish
energy consumption profile with an equivalent share in
the emission of greenhouse gasses (Lehmann et al., 2017).
With this large contribution, increasing the efficiency of
this sector is key for reaching future energy goals.
Considering the Danish building regulations, it can be
noted that the requirements for new buildings have
increased drastically, both on the level of the building
envelope and the quality and specifications of energy
systems. Alongside active energy improvements dealing
with energy supply systems and building operation,
control, and optimization (Jradi et al., 2018), passive
techniques targeting the building envelope are
demonstrated as viable options to improve the building
performance (Stazi et al., 2014). The impact of using
PCMs within building envelopes on the energy

consumption has been studied using different approaches
under various circumstances and considering different
climatic conditions. However, implementation of PCM-
enhanced building envelope has not been extensively
investigated under Danish conditions, with very limited
reporting on the evaluation of PCM-enhanced building
envelope on the energy consumption and thermal comfort
using dynamic energy modeling and simulations.

In a study by (Stritih et al., 2018) it was demonstrated how
phase change materials can serve as a useful passive
cooling technique to achieve net-zero energy buildings by
reducing energy usage on a daily basis. The study shows
how the PCM can absorb heat during day times and
release the stored heat during nighttime. In a recent
investigation by (Sharma et al., 2020), it is stated that the
PCM’s thickness, melting point, and latent heat are the
crucial factors to consider when selecting a PCM for a
specific application. The authors demonstrated the large
potential of installing PCM in the building envelope,
shifting heat gain from peak hours to off-peak hours. In
addition, it was reported that placing PCM in the roof
could reduce heat gain in the summer by 12.6 % to 36.2
%. The PCM was further applied to the walls, where a
reduction of the heat gain in the summer was found to be
10.4 % 26.6 %. In another study, (Ahangari et al., 2019)
claimed that the optimal melting temperature of PCM
placed on the interior side of the building component is
close to the average room temperature set-point. They
reported that embedding the PCM as part of the building
walls allows reducing the heating energy demand by 17.5
% in a dry climate and cooling energy demand by 12.3 %
in a cold climate. The investigations presented above
along with a large block of studies in the literature show
that the performance of phase change materials in
building envelope components has a very dynamic nature,
and is affected by various parameters and factors. Thus,
the selection of an optimal PCM for a certain application
is critical for a successful implementation. In addition,
factors as PCM melting temperature, PCM position, and
PCM layer thickness are of high importance and have
been demonstrated to have a huge impact on performance.
In addition, climatic conditions and heating and cooling
setpoints in the buildings are key for passive PCM-
enhanced applications decision-making.

In this work, an overall investigation of integrating phase
change materials within the building envelope under
Danish conditions is presented, evaluated, and discussed.
The evaluation of the impacts of implementing PCMs
within the building envelope is carried out by employing
dynamic energy models. As the PCM charging and
discharging is a dynamic process affected by multiple
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factors, the use of such models is key towards a more
accurate prediction of the PCM behavior. Four case study
buildings are considered, a university teaching building,
an office building, a daycare center, and a residential
single-family house. Using EnergyPlus, dynamic energy
models are developed and calibrated using actual data.
Then, the calibrated models were employed to simulate
and evaluate the impact of a PCM-enhanced envelope on
both thermal comfort and energy consumption.

Modeling and Simulation Methodology

In this work, the assessment and evaluation of the impacts
of implementing phase change materials within the
building envelope are carried out by employing dynamic
energy models. As the PCM charging and discharging
phenomena is a dynamic process affected by multiple
factors, the use of dynamic energy models is key towards
a more accurate prediction and better characterization of
the PCM behavior. In this regard, the holistic building
dynamic energy modeling and simulation methodology
presented by (Jradi et al., 2018) is used in this study. A
combination of three tools was used, Sketchup Pro,
OpenStudio, and EnergyPlus. First, Sketchup Pro was
used to develop a 3D architectural model of the buildings
considered. This building design was then implemented
in OpenStudio where a major part of the energy model
was developed and specified. This includes defining the
loads, schedules, constructions, systems, controls,
equipment, occupancy, and weather conditions.
Furthermore, the majority of the physical envelope,
except the PCM itself, was also defined in OpenStudio,
covering the various combination of materials used in
order to model the constructions of the buildings. At last,
the PCM properties and specifications were introduced
and defined in the well-established and validated
simulation engine EnergyPlus, which was then used to
simulate the overall energy performance of the designed
building and report the impact of the PCM
implementation.

For this study, EnergyPlus has been chosen due to it being
available free as open-source and due to it being well-
validated in the academic field. EnergyPlus uses the
Conduction Transfer Functions to approximate heat
transfer in building envelopes when used for PCM
simulation. This method has been successfully validated
by (Campbell et al. 2011) and (Chan et al. 2011). In a
study performed (Pedersen 2007) it is concluded that the
algorithm incorporated into EnergyPlus can simulate
PCM in any location while still maintaining all the other
aspects of a detailed energy simulation. It is stated that
the scheme carrying the enthalpy along with the
simulations is very robust and ensures accurate
accounting for the phase change enthalpy.

In terms of evaluating the impact of the phase change
materials implementation on the building performance,
three assessment indicators are considered: building
heating and cooling loads, overall energy consumption,
and thermal comfort. The implementation of PCM-
enhanced envelopes in the case study building will build
upon the findings of a recent study by the authors

(Hagenau and Jradi, 2020). In this study, the authors
carried out a holistic investigation dealing with dynamic
modeling and performance evaluation of building
envelope enhanced with phase change material under
Danish conditions. A case study of a standard Danish
office is considered and a systematic screening of 17
different PCMs with melting temperatures ranging from
18 to 26 °C was carried out to identify the optimal PCM
based on the impact on building heating and cooling
loads, using EnergyPlus dynamic energy simulations. In
addition, the study investigated the optimal position and
thickness of the PCM layer within building envelopes
under Danish conditions. Based on the findings, a PCM
with a melting temperature of 24 °C placed on the interior
side of the envelope with a thickness of 40 mm was
highlighted as the optimal scenario in a Danish climate.
This configuration of PCM in terms of type, thickness,
and position will be implemented in all the following case
study buildings. Thus, for the four case study buildings,
the dynamic building energy model will be developed
first for the base case scenario, and the energy model will
be calibrated using actual collected data onsite. Then, a
scenario of PCM-enhanced envelope will be modeled and
simulated, and the results will be compared to the base
case scenario, considering heating system capacity and
loads, heating energy needed to satisfy demands, and the
thermal comfort looking solely at indoor air temperature.

Case Study Buildings

In order to assess the impact of implementing phase
change materials in building envelope under Danish
conditions, four case study buildings in Denmark are
considered. The selected buildings in this study consist of
the Mersk office building, Bagevangen daycare center, a
residential home located in Esbjerg, Denmark, and the
OU44 teaching building at University of Southern
Denmark. In selecting case study buildings, the intention
was to consider buildings of different types but also of
different ages and years of construction to provide a good
overview on the impacts of sing PCM as part of improving
various sections of the Danish building stock.

Table 1: U-factors of the exterior constructions of the
cases with no PCM implementation.

U-factors Walls Roof Floor
Wim?K] | [WIm?K] | [WIm%K]

mﬁgsi';;ﬁ'ce 0.36 0.28 0.27

Daycare center 0.27 0.66 0.17

Residential house 0.38 0.19 0.23

OU44 building 0.18 0.18 0.11

Mersk Office Building

The Mersk office building located at University of
Southern Denmark is considered. The building was
constructed in 1995 with an interior area of 2560 m?,
spanning across two floors and a small basement with all
the HVAC installations. Most of the rooms in the
building are offices but there are also laboratories,
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demonstration workshops, teaching rooms, meeting and
seminar rooms. The walls of the building are composed
of a layer of heavyweight concrete with a thickness of 30
cm on the exterior side, and a layer of gypsum on the
interior side with an insulation layer with a thickness of 2
cm in between. The interior walls consist of two layers of
gypsum and an air gap between them. The floor of the
building consists of a 20 cm layer of concrete where the
floor separation is made from a layer of lightweight
concrete with acoustic tiles on top. The roof is composed
of a concrete layer of 30 cm thickness on the interior side
followed by an insulation layer with a thickness of 2 cm
and bitumen finishing on the top. The Marsk building has
a window-to-wall ratio of 26 %. In terms of the energy
systems, the building relies on district heating to provide
the space heating and domestic hot water needs with a
heating radiator in each room. In addition, some zones in
the building are equipped with small mechanical
ventilation units. Regarding cooling, no cooling system is
used in the building, being the standard in public
buildings in Denmark. The developed building SketchUp
3D architecture model is shown in Figure 1.

Begevangen Daycare Center

Bggevangen daycare center was constructed in 1975 and
has a building area of 540 m?2. The exterior walls consist
of an outer layer of light concrete followed by an
insulation layer with a thickness of 12.5 cm finished with
gypsum on the interior side. The interior walls are made
from two gypsum layers with an insulation layer of a
thickness of 7 cm in between. The floor is made from
lightweight expanded clay aggregate (leca) blocks with
polystyrene on top. The roof is constructed by an interior
layer of gypsum followed by 20 cm of insulation finished
with roof tiles on the exterior side. The daycare center has
a small basement and a window-to-wall ratio of 16.5 %.
The daycare center also relies on district heating for
covering heating demands, and no cooling units are
employed. Radiators are installed in all the rooms along
with thermostatic valves. The 3D architecture model
developed for the daycare center can be seen in Figure 2.

Figure 2: 3D model of Bagevangen daycare center.

Residential House

The residential home considered in this study was built in
1973, located in the city of Esbjerg, and has a building
area of 167 m2. The building does not have a basement,
though there is an attic used for storage and has no
insulation. The exterior walls are constructed of two
layers of brick with a thin layer of insulation in between.
The interior walls are constructed of a single layer of
bricks with wall covering on both sides. The floors are
made of a foundation layer consisting of concrete with 15
cm of insulation on top. In the kitchen and bathrooms, the
floor is finished with another layer of concrete with floor
tiles on top whereas in the rest of the house the floor is
finished by wood flooring and a carpet. The roof consists
of a wooden ceiling with 20 cm of insulation on top and
is finished by roof tiles on the slope. The house is supplied
by district heating, with a radiator in each room. There is
no ventilation system installed, though there are small
fans installed in the bathrooms for air extraction. The
developed 3D SketchUp model of the residential house
can be seen in Figure 3.

OU44 Building

The OU44 building is a teaching and office building
located at Odense Campus of the University of Southern
Denmark. This is a highly energy-efficient building, built
in 2015 with an area of around 8500 m? spanning across
3 floors and a basement for storage and technical
installations. The OU44 building is used mainly for
teaching, usually from 8.00 to 16.00, however, there are
also multiple study zones, personal offices, and meeting
rooms. The building constructions comply with the
BR2015 building regulations, with the walls and roofs
being made from heavyweight concrete and an insulation
layer to comply with the U-value requirements from
BR2015 of 0.18 W/m?K for exterior walls and the roofs
have a U-value of 0.18 W/m2K. The heating of the
building is supplied by district heating and is supplied
through radiators that have thermostatic heating valves
with a heating setpoint between 20 °C and 22 °C in the
different zones during working hours. Like all the other
case studies, the building does not have a cooling system,
though it does have a mechanical ventilation system. The
system is made up of 4 similar ventilation units, each
supplying air to one-quarter of the building. The
ventilation system operation is controlled based on the
CO2 level in the ventilated spaces. The developed 3D
model of the OU44 building is shown in Figure 4.

Figure 3: 3D model of the residential building.
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Figure 4: 3D model of the OU44 building.

Results and Evaluation

In this section, the results of the energy performance
simulations of the four case study buildings are presented.
First, the base case scenario is modeled and simulated,
followed by multiple scenarios of implementing PCM
within the building envelope. The PCM impact on the
heating loads, heating energy consumption, and thermal
comfort is then reported and evaluated. Although the
impact of integrating PCM within the building envelope
has shown a large potential in reducing cooling needs, the
cooling energy consumption is not of concern of this
investigation as all the four cases considered in this study
are not equipped with an active cooling system.

Meersk Office Building

From the results presented in Tables 1 & 2 the difference
in adding the PCM layer in the north-facing walls
compared to the south-facing walls is small. The PCM
enhancement of the north-facing walls resulted in a
heating saving of 35.54 GJ, equivalent to a reduction of
3.13 % whereas an implementation in the south-facing
walls would result in a heating saving of 32.61 GJ
equivalent to a reduction of 2.87 % on the heating
demand. As the walls have roughly the same area, an
implementation in the north-facing wall would be
marginally more efficient. A PCM enhancement of the
roof resulted in a heating savings of 39.72 GJ equivalent
to a reduction of 3.50 % and a PCM enhancement of the
entire exterior envelope resulted in a heating saving of
85.53 GJ equivalent to a reduction of 7.53 % on the
building heating energy consumption. The best
performing scenario is the implementation of PCM within
the interior walls, which resulted in a reduction of the
heating consumption by 13 %. Moreover, with the
implementation of the PCM in all the interior walls, it was
found that the heating system capacity needed on the
building could be reduced by 33 kW. For additional
insights on the optimal implementation of the PCM within
the building envelope, Table 3 presents the savings per
volume of PCM implemented. This helps to understand
whether a scenario is performing well considering the
amount of PCM integrated into the envelope.

Table 2: Impact on the consumption of PCM
implementation in the envelope of the Mersk building.

Base case (No PCM) 1135.97 0.00 0%

PCM all exterior 1050.44 85.53 7.53 %
PCM northern walls 1100.43 35.54 3.13%
PCM southern walls 1103.36 32.61 2.87%
PCM roof 1096.25 39.72 3.50 %
PCM interior walls 988.25 147.72 13.0%

Table 3: Impact on the required capacity of PCM
implementation in the envelope of the Meersk building.

. PCM . Heating Total .

implementation capacity saving Savings

(interior side of (%)
each construction) [kw] [kw]
Base case (No PCM) 483 0.00 0%
PCM all exterior 462 21.49 4.35%
PCM northern walls 466 17.0 3.53%
PCM southern walls 474 9.0 1.86 %
PCM roof 479 4.0 0.83%
PCM interior walls 450 33.0 6.83 %

PCM Heating
. . . Total .
implementation consumptio saving Savings
(interior side of each n [GJ] (%)
construction) [GJ]

Table 3 demonstrates that even though the integration of
the PCM in the interior walls provided the most overall
savings, it is not as effective as the other scenarios, having
the lowest savings per m3 of PCM. Furthermore, the
implementation in the building northern and southern
walls performs the best with a heating energy saving of
around 1.40 GJ/mS3.

Table 4: Overview of the savings achieved per volume of
PCM added in the Marsk building.

Energy savings per volume of PCM [GJ/m?3]
PCM PCM PCM PCM PCM
walls & northern | southern interior
roof
roof walls walls walls
0.71 1.40 1.40 0.71 0.67

Although the building doesn’t have a cooling system, the
impact of integrating a PCM layer within the Meersk
office building envelope on the thermal comfort in
summer was also assessed, considering the scenario of
PCM implementation in the exterior walls and in the roof.
In Figure 5, the temperature profiles of the base case
scenario with no PCM along with the case with a PCM
implementation in exterior walls and roof are shown for a
week in July. In addition, the corresponding temperature
profile of the ambient air is provided. It is clear in the
figure that the PCM implementation allows reducing the
peak temperatures in the daytime while increasing the
minimum temperatures at night-time. The daily peak
temperature before the PCM implementation was 31.8 °C,
and is reduced to 29.8 °C after the PCM implementation.
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Figure 5 Temperature profiles of a thermal room in the

daycare center for a week in July.

Bggevangen daycare center

The results of the PCM implementation in the daycare
center case study are presented in Tables 4 & 5. As
reported in the tables, the findings demonstrate the
opportunity for significant savings on the heating
consumption through PCM enhancement of the building
envelope. The implementation of PCM in the exterior
envelope resulted in a total saving of 52.15 GJ on the
heating demand equivalent to a reduction of 32.75 % on
the heating consumption. Looking at an implementation
in the roof and exterior walls individually, a heating
saving of 34.38 GJ was achieved in the roof case and a
saving of 13.43 GJ was achieved in the case of the wall,
equivalent to a reduction of the heating consumption by
21.59 % for the roof and 8.43 % for the walls scenarios.
Hence, an implementation in the roof would be the most
effective, though further savings could be achieved by an
implementation in the entire envelope. An
implementation of PCM in the interior walls resulted in
saving around 24.80 GJ on the heating consumption,
equivalent to a reduction of 15.57 % on the heating
demand in the building. Furthermore, the results shown in
Table 5, shows that implementing a PCM within the
building envelope allows a significant reduction in the
size of the heating system needed. In the case of PCM
integrated into exterior walls, it was shown that the
heating capacity needed drops significantly by 16.1 kW
compared to the base case scenario.

Table 5: Impact on the consumption of PCM
implementation in the envelope of Bagevangen daycare

center.

implel:ncizl;l/ltation c:n(esit::gti stml Savings

(interior side of each on J (%)
construction) [GJ] [GJ]

Base case (No PCM) 159.24 0.00 0%
PCM roof & walls 107.09 52.15 32.75%
PCM roof 124.86 34.38 21.59 %
PCM exterior walls 145.81 13.43 8.43 %
PCM interior walls 134.44 24.80 15.57 %

Table 6: Impact on the required capacity of PCM
implementation in the envelope of Bggevasngen daycare

center.

PCM implementation Heating Total .

. L ; - Savings
(interior side of each | Capacity | saving (%)

construction) [kW] [kW]

Base case (No PCM) 79.4 0.0 0%
PCM roof & walls 69.1 10.3 12.97 %
PCM roof 77.7 1.7 2.14%
PCM exterior walls 63.4 16.1 20.15%
PCM interior walls 65.6 13.8 17.38 %

In addition, the heating energy consumption savings per
volume of PCM added are presented in Table 6 for the
different cases. The table shows that the best performing
scenario in is PCM placement in the interior walls. Also,
the sloped roof of the building allows for large quantities
of PCM to be added in the roof and hence the significant
savings were achieved as previously presented.

Table 7: Overview of the savings achieved per volume of
PCM added in the daycare center.

Energy savings per volume of PCM [GJ/m3]
PCM PCM
PCM walls & PCM roof exterior interior
roof
walls walls
0.81 0.80 0.63 0.90

An implementation of PCM in the exterior walls and roof
had a significant impact on the thermal comfort within the
daycare center, illustrated for a week in July which can be
seen in Figure 6. The temperature peak in the chosen
thermal zone was 32.0 °C before the PCM enhancement
of the building envelope, whereas the peak after the PCM
implementation was found to be 26.5 °C. This results in a
peak reduction of 5.5 °C. Furthermore, the average
temperature reduction within the thermal zone throughout
the week was found to be 4°C.

/\[\A/\

Environment
——— Base Case
With PCM

. . . . . . . .
20 40 60 80 100 120 140 160 180
Hours

35

30

Temperature [C]

Figure 6: Temperature profiles of a thermal room in the
daycare center for a week in July.

Residential House

The impact of implementing the PCM within the envelope
of the residential house is presented in Tables 7 & 8. In
contrast to the daycare center case, the simulation of the
building equipped with a PCM-enhanced envelope
doesn’t show large savings on the energy consumption for
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heating. Implementing the PCM layer in the exterior walls
resulted in heating savings of 3.65 GJ, equivalent to a
reduction of 2.44 % only on the heating consumption. A
PCM implementation in the roof resulted in a heating
saving of 4.64 GJ, which is equivalent to a reduction of
6.14 % on the building demand. Adding the PCM in both
the exterior walls and in the roof resulted in saving around
7.64 GJ on the heating energy consumed, equivalent to a
reduction of 17.38 %. Furthermore, an implementation of
PCM in the interior walls did not present as large savings
as the previous case studies with a saving of around 3.77
GJ, which is a reduction of only 2.88 % on the heating
energy demand.

Table 8: Impact on the consumption of PCM
implementation in the envelope of the residential

building.

implel:r’nimation Heating Tof[al Savings

(interior side of consumption | saving %)
each construction) [GJ] [GJ]
Base case (No PCM) 26.69 0.00 0%
PCM roof & walls 22.05 7.64 17.38 %
PCM roof 25.05 4.64 6.14 %
PCM exterior walls 26.04 3.65 244 %
PCM interior walls 25.92 3.77 2.88%

Table 9: Impact on the required capacity of PCM
implementation in the envelope of the residential

building.

PCM implementation | Heating Total Savi

S : : avings
(interior side of each | Capacity | saving %)

construction) [kW] [kW]

Base case (No PCM) 2.99 0.00 0%
PCM roof and walls 2.30 0.69 23.08 %
PCM roof 2.55 0.44 14.72 %
PCM exterior walls 2.70 0.29 9.70 %
PCM interior walls 2.57 0.42 14.05 %

From the savings per volume of PCM presented in Table
9, it can be seen that the PCM implementation in the roof
is the most efficient. It can also be seen that an
implementation in the interior walls did not perform well
in this case study compared to the previous ones, with
only 0.36 GJ saving per one m? of PCM volume.

Table 10: Overview of the savings achieved per volume
of PCM added in the residential building.

Energy savings per volume of PCM [GJ/m3]

PCM PCM
PCM walls & PCM roof exterior interior
roof
walls walls
0.59 0.70 0.57 0.36

Though the savings were of less significance compared to
some of the other cases, the impact the PCM
implementation has on the thermal comfort in the
residential house is noticeable. The peak temperature for
the same week in July was 31.0 °C in the base case and
after implementing the PCM within the building

envelope, this peak was reduced to 26.8 °C, resulting in a
peak reduction of 4.2 °C. As presented in Figure 7, the
temperature was lower and less fluctuating after the PCM
implementation with the average reduction in the
temperature throughout the week being 3.6 °C.

Residential Building
32 T T T T

30

Environment
Base Case | |
With PCM

Temperature [C]
S e o e NN
- @ o« =3 N -

. . . . . .
0 20 40 60 80 100 120 140 160 180
Hours

Figure 7: Temperature profiles of a thermal room in the
residential building for a week in July

OuU44 Building

The last case study considered is the OU44 university
building in the city of Odense. The building is the
youngest among the considered cases, with less than 5
years of age, with the most advanced energy systems and
modern envelope constructions and materials.

Unfortunately, due to software limitations, the PCM was
only possible to be applied in the first layer of the external
construction of the OU44 model. In EnergyPlus, the first
layer is the one on the exterior side of the construction,
hence the PCM could only be applied on the exterior side
of the walls though previous results showed the
effectiveness of PCM on the exterior side of a building is
low. Nevertheless, the PCM was applied to the exterior
layer of the exterior walls and the roof to see the impact.
Overall, the implementation of the PCM to the exterior
layer had a minor impact. This has been noted by the
authors in a previous investigation (Hagenau and Jradi,
2020). Table 10 shows that implementing the PCM on the
exterior side of the exterior walls provides very little
added value. Applying the PCM to the exterior walls
resulted in a saving of 7.80 GJ on the heating, which
corresponds to a reduction in the heating consumption of
0.41 %. With the implementation of the PCM in the roof,
a heating saving of 10.17 GJ was achieved, equivalent to
a reduction of 0.54 %. Combining the two by adding the
PCM to both the exterior walls and roof resulted in a
heating saving of 17.74 which is equivalent to a 0.94 %
reduction on the heating demand. Furthermore, it should
be noted that these implementations increased the
required capacity of up to 26.86 kW.

Furthermore, an implementation of PCM on the exterior
side of the interior constructions was done in order to see
the possible impact of adding PCM to the interior
envelope as the difference of having the PCM on the other
side of the gypsum board should not impact the results
significantly. Looking at the interior PCM applications,
more significant savings were achieved. Implementing
PCM in the interior walls resulted in a reduction in the
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heating consumption of 107.8 GJ which is equivalent to a
reduction of 5.68 % on the heating demand. Due to the
building having several stories, the implementation of
PCM in the floor separation was also introduced. This
implementation resulted in a reduction in the heating
consumption of 74.5 GJ which corresponds to a reduction
of the heating consumption of 3.93 %. Combining the
two, adding PCM in the interior walls and in the floor
separation resulted in heating savings of 183.7 GJ,
equating to a reduction of 9.68 %. In terms of the impact
on the heating system capacity, an implementation of the
PCM in the interior walls presented the opportunity for a
reduction in the heating capacity of 5.1 kW.

Table 11: Impact on the consumption of PCM

PCM Heatin Total
implementation g - Savings
(exterior side of each consumption | saving (%)
construction) [GJ] [GJ]
Base case (No PCM) 1897.24 0.00 0%
PCM roof 1889.44 7.80 0.41%
PCM exterior walls 1887.07 10.2 0.54 %
PCM roof & exterior 18795 177 0.94 %
walls
PCM floor separation 1822.7 74.5 3.93%
PCM interior walls 1789.4 107 5.68 %
PCM floor separation 0
& interior walls 17135 183 9.68 %

As noted in Table 11, none of the PCM implementation
scenarios investigated in the OU44 building case provide
significant savings compared to the other studies
considering the savings per PCM volume. The best
performing implementation was adding PCM in the floor
separations of the building, resulting in a saving of 0.33
GJ/m?.

Table 12: Overview of the savings achieved per volume
of PCM added in the OU44 building.

Energy savings per volume of PCM [GJ/m3]

PCM PCM PCM PCM | PCM
ext. walls floor int. int
walls | & roof sepa. walls | walls

0.07 0.05 0.06 0.33 0.18 | 0.23

Due to the software limitation of implementing the PCM
at the interior side of the exterior walls, the impact on the
thermal comfort will be examined in this case considering
the scenario of PCM implementation in the interior walls
and the floor separations. In Figure 8, a reduction in the
indoor temperature for a week in July can be seen in one
of the zones. The peak temperature before the PCM
implementation was found to be 34.7 °C, and this peak
was reduced to 28.5 °C after the PCM implementation,
hence a reduction of 6.2 °C in the peak temperature was
achieved. A reduction in the average temperature
throughout the week was found to be around 5.3 °C.

In addition, Figures 9 and 10 depicts the daily heating
consumption of the best performing scenario with PCM
implementation in terms of energy savings for the four

PCM
roof

buildings in the month of January vs ambient air
temperature. It is also noted that the annual reported
natural heat loss through opaque envelope constructions
is 161.2 GJ, 48.2 GJ, 5.4 GJ and 1.1 GJ for the OU44
building, Maersk building, daycare center and Residential
building respectively.
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Figure 8: Temperature profiles of a thermal room in the
OU44 building for a week in July.
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Figure 9: Daily heating consumption vs ambient air
temperature for OU44 and Maersk Buildings in January.
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Figure 10: Daily heating consumption vs ambient air
temperature for the Daycare center and Residential
building in January.

Discussion & Conclusion

While active energy measures to improve building energy
systems efficiency have been the trend in improving
building energy efficiency, having an efficient building
physical envelope is a major factor towards reducing
energy consumption and establishing proper indoor
thermal comfort and air quality. In this context, large
attention has been devoted to integrating phase change

Proceedings of the 17th IBPSA Conference
Bruges, Belgium, Sept. 1-3, 2021

108
https://doi.org/10.26868/25222708.2021.30266



INTERNATIONAL
BUILDING

| PERFORMANCE

| SIMULATION
ASSOCIATION

materials as a latent thermal storage technique within the
building envelope components to attain energy reductions
and improved energy performance.

Four different case study buildings of different use and
different ages were considered in this study, a daycare
center, a residential building, an office building, and a
university teaching building. The results of the
simulations presented reductions of the overall energy
consumption from 2.3 % with the implementation of the
exterior walls and the roof of the residential building to a
reduction of 32.8 % with the same PCM placement in the
daycare center. The same trend was seen when looking at
the heating capacity required for each of the case study
buildings. A notable reduction on the required heating
system capacity is noted in the residential building case
study with around a 17 % reduction on the capacity
required when installing PCM in the roof. The energy
savings per unit volume of PCM implemented also was
demonstrated to be an important indicator when
evaluating various scenarios of integrating PCM within
the envelope. A good example is the implementation of
PCM in the interior walls of the Marsk office building.
This implementation presented significant savings
compared to the other implementations. However,
looking at energy savings per volume of PCM, it ranks the
lowest compared to all the other implementations.

In addition, the impact of PCM integration in the envelope
on the thermal comfort within the building was assessed.
Overall, a reduction in the peak temperature was achieved
in all the case studies. The lowest reduction was seen in
the Mersk office building where a reduction of the peak
temperature of 2 °C was found. On the other side, the
OU44 teaching building case exhibited the highest
reduction in the peak temperature of around 6.2 °C.

Although there is a large potential in heating energy
savings by integrating PCM in the building envelope,
improving the thermal comfort, and reducing the peak
indoor temperature in the four case study buildings
demonstrate the additional potential of cooling energy
savings. While the Danish summer is becoming warmer
year after year, cooling use in Danish buildings has
become more and more common in recent years. Thus,
having a properly designed building envelope with a PCM
integration will result in reducing the peak summer
temperatures and thus reducing the cooling capacity
required in Danish buildings. Therefore, energy savings
on both heating and cooling seasons are to be observed.

On the other hand, while this study provides a technical
investigation on the positive impacts of using PCM to
enhance Danish building envelopes and reducing energy
consumption, an economic analysis on the investment
costs and operational savings associated with such
applications is needed to have a clear and satisfactory
decision on using PCMs in such passive applications.
Considering the relatively high cost of PCMs and the
limited savings reported, it is evident that the application
will have a long payback period. However, with the
positive impacts on the thermal comfort, the economic

disadvantages are to some extent compromised. While
regulations are being tightened considering new and
existing Danish buildings, the results of the analysis and
dynamic simulations in this work will serve as a basis for
passive PCM applications in Danish buildings and will
aid the use of PCM-enhanced envelope in the design of
future energy-efficient and net-zero energy buildings.
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