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There is an increasing demand for innovative, efﬁcient, and environmentally friendly cooling technologies as alternatives to the conventional vapor compression-based technologies. In this study, a theoretical and experimental investigation of a Phase Change Material (PCM)-based module for a ventilation
system is presented. An in-situ application employing the considered PCM module is investigated. A onedimensional numerical model is developed to predict the dynamic performance of the PCM-driven
ventilation system. In addition, the model is validated with data collected from the experimental
application and the PCM hysteresis behavior is calibrated. The developed model predicts the system well,
with an average deviation of less than 6% and less than 4% for the PCM and air temperatures, respectively.
Parametric analysis is conducted to assess the impact of design and operational parameters on the
performance. This includes, volume ﬂow rate, PCM mass and PCM phase change temperature interval.
Larger PCM mass is found to decrease efﬁciency of the PCM module but increase the peak heat transfer.
An optimal PCM melting temperature of 20  C is found to increase the cooling provided per kg of PCM
and peak cooling capacity as compared to the reference melting temperature of 22.32  C by 38.4% and
71.1%, respectively.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Residential and commercial buildings have been experiencing
an increasing trend in the energy consumption over the past decades. In 2015, the building sector was responsible for 30% of the
global energy consumption [1]. This consumption is dominated by
the Heating, Ventilation and Air Conditioning (HVAC) segment
which has seen an increased demand across both residential and
commercial sectors [2]. The main end user in commercial segments
are ofﬁce spaces, where the increased demand for thermal comfort
and air conditioning means that about 40e50% of the commercial
energy consumption is devoted to HVAC system operation [2,3].
This trend calls for energy-efﬁcient, inexpensive and environmentally friendy cooling technologies to meet the demand. Nevertheless, commercial cooling in the HVAC sector is still dominated by
conventional vapor compression cycle-based air conditioning
systems.

* Corresponding author.
E-mail address: vikl@mmmi.sdu.dk (V. Ljungdahl).

In recent years, there has been an increasing focus on Phase
Change Material (PCM)-based technologies for latent thermal energy storage. The PCM implementation can be divided into two
major application areas, passive and active. In passive applications,
the added thermal mass from the PCM is utilized for maintaining
thermal comfort without any external inputs or control of the
charging and discharging of the latent thermal energy. The active
applications utilize controlled charging and discharging of the PCM
to better manage thermal comfort.
Passive applications where PCM is directly integrated within the
building envelope to maintain more balanced thermal indoor
environment have seen large interest, with a large body of research
investigating various aspects [4,5]. Part of the latent thermal energy
storage applications have been focused on seasonal energy storages
where the heat or coolth would be stored in the PCM over long
periods and discharged during cold or hot periods, respectively [6].
Donkers et al. [7] performed a review on the use of salt hydrate
PCMs for seasonal storage purposes and concluded that large scale
implementation is not currently realistic without the use of peak
shaving strategies or multiple cycles within a season. Most of the
recent applications for seasonal storage have been focused on

https://doi.org/10.1016/j.energy.2021.121209
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2. PCM-based ventilation system

stable supercooled inorganic PCMs, enabling storage of high quality
heat at low temperature for long periods [8e10].
More recently, PCM has been under investigation in fast regulating active applications. One area of research is focused on
Photovoltaic (PV)/thermal systems integrated with PCM (PV/TPCM), where the PCM is utilized to increase the efﬁciency of the PV
operation while providing thermal comfort for an indoor environment [11,12]. Thermal energy systems for cooling, where the PCM is
used for night ventilation is another considered option. Night
ventilation takes place during charging of the PCM and indoor air is
circulated over the PCM during daytime to maintain thermal
comfort [13e15]. Chen et al. [13] found that energy efﬁciency was
increased compared to conventional night ventilation. Turnpenny
et al. [15] compared these types of systems to conventional air
conditioning and found that substantial cost and energy savings
were achieved. Active applications of PCM utilized to improve
cooling performance of traditional vapor compression cycle-based
air conditioning systems are presented by Chaiyat [16] and Fang
et al. [17], allowing for higher efﬁciencies during operation.
Further active applications include systems where the PCM is
used in combination with an air conditioning or a ventilation unit.
Kozak et al. [18] numerically and experimentally investigated a heat
sink with PCM, for air-PCM heat exchange. The authors highlighted
that the utilization of the full latent thermal capacity of the PCM is
one of the main challenges for such systems requiring optimization
of the design. In recent studies, Roccamena et al. [19,20] investigated an active cooling application utilizing PCM in a PCM-water
heat exchanger. The system was numerically modeled and validated with an in situ application. Investigations of an air-PCM heat
exchanger cooling device placed directly in the supply air stream of
a ventilation unit was presented by Mankibi et al. [21] and Stathopoulos et al. [22], where different control strategies for peak
power reductions were tested. An experimental parametric analysis of an air-PCM heat exchanger was conducted by Osterman et al.
[23] indicating that one of the main issues for the system was
obtaining sufﬁciently high heat transfer within the PCM to utilize
its latent energy.
Most of these studies have focused on subtropical and tropical
climate zones. However, due to the increased focus on reducing
heating demands in temperate and cold climates, these climates are
experiencing an increased demand for cooling solutions. In these
climates, ventilation systems are used as the main active component in the overall HVAC scheme to provide cooling and ventilation.
Passive PCM systems have been commercially viable and available for several years. However, information regarding the commercial feasability and operational performance of active PCMdriven cooling technologies is still limited. Therefore, additional
investigations in this area are needed to prove the feasibility and
the positive impacts of using such systems for active cooling applications. This includes investigations of the important design
parameters that are needed in order to achieve high energy and
cost effectiveness for these types of technologies.
This study will present an active cooling application utilizing a
PCM module for the purposes of air conditioning. The hysteresis
behavior of an inorganic salt-hydrate PCM is determined for accurate thermal modeling of incomplete phase change. A numerical
model is developed to simulate the behavior of the PCM module. An
experimental investigation utilizing data from an in situ application
in a temperate climate zone is carried out to validate the model and
assess the performance of the PCM module during operation. The
validated model is utilized to optimize operational parameters for
the PCM module serving as a basis for efﬁcient system design and
operation.

The investigated system is an in situ active PCM cooling application that consists of a PCM module with 4 stacks of PCM plates, as
shown in Fig. 1. The module serves as a heat exchanger between the
ventilation air stream and the PCM. There are two modules which
contain PCM with different masses and thermal properties. Data
from the top module is utilized. The unit dimensions are
460  520  1500 mm. The air stream is supplied by the ofﬁce
building's ventilation system. The PCM is placed in horizontal
stacks each of 25 plates with 5 mm air space between them. A
schematic drawing of the cross section of the PCM module is shown
in Fig. 2. The PCM is encapsulated in aluminum containers, each
containing 2 kg of PCM with dimensions of 450  300  15 mm, as
shown in Fig. 3. 9 PT100 sensors are utilized for monitoring the
PCM temperature and the air temperature. One sensor is used per
stack to measure the PCM temperature of each PCM stack and
sensors are used to measure the air temperature before all the
stacks, after all the stacks and between the stacks.
2.1. PCM properties
The choice of PCM is of great importance for the utilization and
is highly inﬂuenced by the climatic conditions. This means that the
melting temperature of the PCM is required to be close to the room
thermal comfort setpoints. In order for the PCM to discharge its
stored capacity, the melting temperature must be lower than the
average expected ambient air temperatures, during periods where
cooling is required. In order for the PCM to solidify during the night,
the solidiﬁcation temperature of the PCM must be above the expected night time temperatures. The PCM used in this application is
the inorganic salt-hydrate SP21, with phase change at approximately 21  C.
2.2. System operation
The system is operated in two different phases. A charging phase
where the PCM is solidiﬁed and a discharging phase where the PCM
is melted. Charging of the PCM occurs during the night when the
outdoor temperatures are low. In this period the outdoor air is
extracted and passed through the storage unit to cool down the
PCM, while solidifying it. Discharging occurs during the daytime
where the solid PCM is used to cool the outdoor air down before it
is supplied to the room. This heats up the PCM while liquefying it.
The PCM and air temperature proﬁles for each of the 9 PT100
sensors within the setup are presented in Fig. 4. The data series is
collected at 1 min intervals running for ﬁve full days from the 29th
of July until the 4th of August in 2017. This time period was a hot
summer period where the system was used for cooling every day.

Fig. 1. PCM-driven ventilation system experimental setup.
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Fig. 2. Top: Schematic of the experimental setup with placement of sensors. Bottom: The construction of a single stack with parallel PCM plates above each other with a small air
gap in between.

night temperatures in the range of 12.0e22.9  C. Daytime is deﬁned
as occurring between 8 a.m. until 8 p.m. Comparing the PCM
temperature measurements in each stack with the resulting air
temperature measurements after the stacks, the mean absolute
temperature difference is 0.32  C. This small of a temperature difference means that there is a good heat transfer rate between the
PCM and the air and most of the potential energy that could be
transferred is being utilized. This indicates that the majority of the
thermal capacity of the air stream is being utilized. During the
operation, no control of the air ﬂow or management strategies was
implemented. In the time period shown, the ventilation unit was
running constantly with a ﬁxed volume ﬂow rate of 500 m3/h.

3. Modeling
A model is developed to aid in the overall system design, evaluation and assessment as well as to serve as a basis for system
operation, control and optimization. The model will be used to
assess the performance of the overall system, including predicting
the dynamic temperature proﬁle of the PCM and air. Heat losses
from the PCM module are neglected, but as the unit is placed indoors within a well-controlled environment, the heat loss from the
ventilation unit air duct is limited. In modeling the behavior of the
PCM, the apparent heat capacity method is used [24], characterizing the effect of enthalpy and its evolution in time by considering

Fig. 3. Aluminum container for the PCM.

This data series is used for validation of the developed system
model. The ambient air temperature, sensor Air1, is seen to ﬂuctuate between 12.0 and 25.8  C for this particular period. Daytime
temperatures in the range of 16.3e25.8  C were recorded, with

Fig. 4. Recorded temperature proﬁle for (a) PCM and (b) air from 29 to 06e2017 to 04-07-2017.
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logistic function, equation (3). The results are post-processed
where the energy transfer for the entire temperature interval is
accumulated. The sensible energy content is subtracted in order to
exclusively get the latent energy. Assuming complete phase transition of the PCM this allows for assessing the liquid fraction of the
PCM, as a function of temperature. The generalized logistic function
used for ﬁtting the data is of the form [29].

an apparent heat capacity during thermal phase changes. The PCM
liquid fraction is introduced to make the distinction between the
solid and liquid phases

lf ¼

ml
ml þ ms

(1)

where lf is the liquid fraction, ml is the mass of the liquid phase and
ms is the mass of the solid phase.
In order to take the phase transition into consideration in the
modeling of the PCM, the latent energy needs to be included in the
equations. This is implemented by relating the rate of change of the
 
dl
liquid fraction with respect to PCM temperature dTf , the latent

lf ðTPCM Þ ¼ A þ

dlf
dTPCM

(2)

where c(TPCM) is the apparent heat capacity of the PCM, TPCM is the
PCM temperature and cp,PCM is the speciﬁc heat capacity of the PCM.
The thermal properties for SP21 are assumed temperature independent and equal in both phases. The properties are provided
by the producer [26]:
C
C
C
C

1þ

(3)

where A, K, B, M and n are ﬁtting parameters. This particular
function is utilized since it allows ﬁtting of parameters related to
physical properties of the PCM, such as width of phase change interval (B) and the sharp onset of phase change, present with
supercooling (n). However, other similar functions can be utilized,
as reported by Fraser et al. [30]. The data collected from the
experiment is used to acquire the 5 ﬁtting parameters in equation
(3). The results for both cooling and heating phases are shown in
Table 1, with a satisfactory goodness of ﬁt.

heat of fusion (hf) and the speciﬁc heat capacity to the liquid fraction [25].

cðTPCM Þ ¼ cp;PCM þ hf

K A

1=n
eBðTPCM MÞ

3.2. PCM modeling
The PCM modeling is based on the one dimensional heat
equation

Speciﬁc heat capacity - 2000 [J/kg C]
Density - 1450 [kg/m3]
Latent heat of fusion - 140 [kJ/kg]
Thermal conductivity - 0.6 [W/m C]

rPCM cðTPCM Þ




vTPCM
v
vTPCM
kPCM
¼
vy
vt
vy

(4)

where rPCM is the density of the PCM and kPCM is the thermal
conductivity of the PCM. Convection within the PCM is neglected.
The density used in the model is the average density of the liquid
and solid phases. The heat equation is solved in one space dimension, with symmetry boundary condition at the middle of the PCM

3.1. Hysteresis of SP21
Hysteresis in PCMs is the difference in the melting and solidiﬁcation temperatures, furthermore the initial state of the PCM inﬂuences the temperature range over which the phase change
occurs. This property of PCMs is also dependent on the heat transfer
rate meaning that the behavior will not be identical in different
geometries, ﬂow rates etc. All PCMs experience hysteresis but
especially inorganic salt-hydrate PCMs are associated with hysteresis. Hysteresis inﬂuences the operation of the PCM module in a
negative way by requiring lower night time temperatures for solidiﬁcation of the PCM and higher day time temperatures for
melting of the PCM. This results in increased difﬁculty with
charging or discharging of the full thermal capacity of the PCM,
compared to an ideal material without hysteresis. Different
methods have been presented in the literature to model hysteresis
in PCMs. In this study a method similar to what Barz and Sommer
[27] referred to as a static hysteresis model is utilized to model the
hysteresis. In order to model the PCM behavior and establish the
level of hysteresis, an experiment is made that investigates the
transition between the liquid and solid phases as a function of the
PCM temperature. The experimental method is a three layered
caliormetry experiment as described by Vidi et al. [28]. The
experiment is conducted on a 150 g PCM sample, where the PCM
temperature is measured using thermocouple sensors. The sample
is initially solid and then placed in a calibrated insulated container
which is subsequently placed in a programmable climate chamber.
The climate chamber is kept constant at 36  C until full phase
change has occurred. The climate chamber is switched to a temperature of 6  C until the phase change has been reversed. From this
procedure the absorbed and dissipated energy to and from the PCM
within each temperature interval is extrapolated. In Fig. 5 the results from the experiment are shown, ﬁtted with a generalized

kPCM

vTPCM
¼0
j
vy y ¼ 0

(5)

and forced convective heat transfer at the air contact boundary

kPCM

vTPCM
¼ hðTa  TPCM ðy ¼ LÞÞ
j
vy y ¼ L

(6)

where Ta is the air temperature in the channel, L is half the thickness of the PCM and h is the convective heat transfer coefﬁcient.
The heat resistance through the container is assumed negligible.

Fig. 5. Liquid fraction as a function of temperature for melting(red) and solidﬁcation(blue). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the Web version of this article.)
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Table 1
Fitting parameter values and goodness of ﬁt of the cooling and heating curve.
Curve

A []

K []

B [( C)1]

M [ C]

n []

RMSE

R2

SSE

Cooling
Heating

0
0

1
1

18.37
2.118

21.56
22.32

31.11
2.804

0.01089
0.01163

0.9994
0.9994

0.009851
0.01122

The convective heat transfer coefﬁcient is constant for all of the
plates, due to assumption of uniform distribution of air among the
plates. h is estimated using a correlation for the dimensionless
Nusselt number (Nu) for the entrance region between two
isothermal plates [31].

h¼

Nuka
Lc

Nu

(7)

¼ 7:54 þ

0:03ðLc =Lchannel ÞRePra

(8)

1 þ 0:016ððLc =Lchannel ÞRePra Þ2=3

Fig. 6. Modeling of a single PCM plate, where L is half the thickness of the plate.

where Lc is the characteristic length, ka is the thermal conductivity
of the air, Lchannel is the length of the air channel, Re is the Reynolds
number and Pra is the Prandtl number of the air.
To calculate the air temperature after each stack an energy
balance on the PCM is utilized. The PCM temperature change and
liquid fraction change during the time step determines the transferred energy to the air and is used to calculate the air input temperature for the succeeding PCM stack


T tþ1
a;ðiþ1Þ ¼

where

T ta;i þ

T tþ1
PCM



T tPCM

j ¼ f2; 3…N  2; N  1g :
  dT t

rPCM c T tj

dt

¼ kPCM

T tj1 þ T tjþ1  2T tj

Dy

(11)

2

j ¼ f1g :


cp;PCM mPCM

_ a Dt
cp;a m


ltþ1
 ltf hf mPCM
f
þ
_ a Dt
cp;a m

j

  dT t

rPCM c T tj

j

dt

¼ kPCM

(12)

T tjþ1  T tj

(9)

Dy

2

j ¼ fNg :
  dT t
j
rPCM c T tj

T tþ1
a;ðiþ1Þ is the air temperature input in the next time step for
þ 1, T ta;i is the air temperature input in stack i in the current

dt

stack i
time step, mPCM is the mass of the PCM, cp,a is the speciﬁc heat
_ a is the mass ﬂow rate of the air, Dt is the time
capacity of the air, m

¼h

T ta  T tj

Dy

(13)
þ kPCM

T tj1  T tj

Dy2

where j is the node number, N is the number of nodes, t is the time
step counter, T is the PCM temperature in the node and Dy is the
node length. The numerical model is implemented in MATLAB and
the equations are solved using the ordinary differential equation
solver ODE15s for stiff problems with default relative and absolute
error tolerances.

t
step length, and T tþ1
PCM and T PCM are the PCM temperatures in the
considered stack in the current time step and the previous time

step respectively. If i ¼ 4 then T tþ1
a;ðiþ1Þ is the supply air temperature
for the room.

4. Results and validation
3.3. Numerical solution
The modeling approach presented in section 3 is implemented
to model the experimental PCM module application. The numerical
model is used to predict the air and PCM temperature proﬁles
throughout the PCM cooling application. The measured temperature by air sensor 1 (as shown in Fig. 2) is used as input to the model
calculation. The simulated PCM temperature for all the stacks and
the predicted liquid fraction for the PCM are plotted in Fig. 8a and b,
respectively.
The liquid fraction provides an estimation of the efﬁciency of the
unit during the time period. Complete phase change both during
night and day is expected for an efﬁcient system that is fully utilizing the latent energy in the PCM. The model results show a liquid
fraction that stays below complete melting for all but the last day.
This indicates that there are substantial amounts of unutilized
energy in reserve, for this period. To achieve higher cooling transfer

The PCM domain is discretized in the vertical direction
perpendicular to the air ﬂow direction, as shown in Fig. 6. The
discretization is made based on the assumption of uniform air
distribution in the air channel. The PCM is discretized into 10 nodes
in each stack, thereby assuring a Biot number (Bi) of less than 0.1 for
each node, meaning that lumped analysis is applicable [32].

Bi ¼

hLc
:
kPCM

(10)

where the Biot number is the ratio of convective heat transfer to
conductive heat transfer. The discretization can be seen in Fig. 7.
The discretization of the PCM is done utilizing the ﬁnite difference
formulation
5
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Fig. 7. Discretization of half of a PCM panel and air channel with identiﬁed boundary conditions and nodes.

Fig. 8. Modeled PCM temperature proﬁle (a) and modeled PCM liquid fraction proﬁle (b).

application. This can be explained by higher heat transfer in the
ﬁrst stack for the experiment, than in the modeling. The higher heat
transfer in the experiment results in lower supply air temperatures
for stacks 2e4 and thereby less heat transfer from these stacks.
Thereby, causing a smaller difference in the measured PCM temperatures in the stacks, compared to the simulations. The model
results are plotted with the measurements in Fig. 10 for the PCM
and Fig. 11 for the air. The accuracy of the PT100 sensors have been
taken into consideration in order to create a conﬁdence interval for
the measurements, represented by the two blue lines.
The evaluation of the accuracy of the measurements is made
based on Root Mean Square(RMS) error values and percentage
deviation. The RMS method evaluates the accuracy of the predictions with special weighing of any potential outliers. The
average absolute percentage deviation for the entire period for each
stack, as well as the calculated RMS for each stack for the period are
shown in Table 2. The serial nature of the system means that the
errors occurring in the ﬁrst stack cascade down through the system
introducing increasing errors for the downstream stacks. This is
especially clear for the PCM deviations. Air deviations show higher
RMS after stack 1 than after stack 2 and the highest percentage
difference for all of the stacks. This is caused by larger ﬂuctuations
in the deviation, as presented in Fig. 12, that arise as a result of the
ﬂuctuations in the supply temperature, as shown in Fig. 4b. The
percentage deviation between the predicted and measured PCM
temperatures show standard deviation of 1.95% for the ﬁrst stack
meaning that with the uniform distribution of the percentage deviation, 95% of the predicted PCM temperatures are within ±3.90%
from the actual measurements. Considering the simulated proﬁles
of PCM temperatures, it is noted that the model is capable of predicting the performance of the actual system with an acceptable
uncertainty.

rates a PCM with a lower melting temperature can be utilized,
causing larger temperature gradients between the air and the PCM
during the day. However, as the mean temperature difference between the air and the PCM is small, most of the energy that is
available for transfer have been extracted. It is therefore a better
option to increase the volume ﬂow rate, both increasing the heat
transfer rate and the total amount of energy that can be transferred.
The heat transfer as a function of time for each stack can be seen
from Fig. 9. The amount of heat that is transferred between the
stacks and the air stream is decreasing when going from stack 1 to
stack 4. Therefore, there is a smaller amount of cooling being done
by each stack when compared to the previous stack. The average
heat transfer rate/kg of PCM is 76%, 58% and 49% lower for stacks 2,
3 and 4, respectively, compared to stack 1.

4.1. Validation
The results from Fig. 8a show similar behavior proﬁle in the
different stacks compared to the application results in Fig. 4a.
However, the model is predicting a larger difference in the temperatures between the stacks, than what is observed in the

4.2. Parametric analysis
The model results and data collected show that the current
system setup design parameters are not optimized for the given
environment. A liquid fraction of less than 0.5 is predicted by the

Fig. 9. Heat transfer rate as a function of time for each stack.
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Fig. 10. PCM temperature comparison between measurement and model data for stacks 1(a), stacks 2(b), stacks 3(c) and stacks 4(d).

Fig. 11. Air temperature comparison between measurement and model data for stacks 1(a), 2(b), 3(c) and 4(d).

model for more than 3 consecutive days. This means that most of
the latent capacity is not being utilized. The efﬁcient utilization of
the latent capacity of the PCM is one of the key indicators in evaluating the system. Furthermore, substantially less heat transfer is
obtained in stacks 2e4 compared to stack 1. This suggests that there
is either too much mass in each stack, too slow heat transfer or that
having more than one stack is inefﬁcient.
Parametric analysis is conducted to optimize design parameters
for the current design. The PCM melting temperature, the number

Table 2
RMS, maximum and average absolute percentage deviation for model data in each
stack compared to measured data.

RMS PCM [ C]
Percentage deviation PCM [%]
Maximum percentage deviation PCM [%]
RMS air [ C]
Percentage deviation air [%]
Maximum percentage deviation air [%]

stack 1

stack 2

stack 3

stack 4

0.397
1.50
4.50
0.616
2.49
12.0

0.700
2.74
8.55
0.525
2.20
8.39

1.03
4.07
11.5
0.736
3.01
9.46

1.30
5.26
14.1
0.972
3.97
11.6
7
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days, is used to assess the efﬁciency of the parametric conﬁguration. Furthermore, the peak cooling capacity of the scenario is used
as a performance indicator. The maximum cooling/kg of PCM and
the maximum peak cooling capacity for each design parameter is
seen in Table 4. A bold value indicate the constant parameter, while
the other parameters optimize the cooling/kg of PCM and peak
cooling capacity. Brackets indicate that the cooling/kg of PCM is
optimized by the ﬁrst value and the peak cooling capacity is optimized by the second value. For instance, of the 15 scenarios with a
melting temperature of 18  C the highest cooling/kg of PCM and
peak cooling capacity is 313 kJ/kg and 1.72 kW, respectively. Both
are optimized with a volume ﬂow rate of 800 m3/h and to optimize
the cooling/kg of PCM one stack is used while to optimize the peak
cooling capacity ﬁve stacks are used.
The cooling/kg of PCM and the peak cooling capacity show an
optimal value at a melting temperature of 20  C and volume ﬂow
rate of 800 m3/h. The cooling/kg of PCM as a function of the number
of stacks shows that the efﬁciency of the PCM module decreases
with more stacks. However, the removal of stacks does reduce the
total thermal mass and the amount of cooling that can be provided
to the air stream. The peak cooling capacity for each parametric
conﬁguration as a function of the number of stacks, shows the
opposite tendency, increasing the peak cooling capacity with
number of stacks. This means that multiple stacks decrease the
efﬁciency of the operation but allow for higher peak cooling
capacity.
The primary output of the PCM module is cooling to the supply
air for the room. The room supply air temperature for nine of the
scenarios for the ﬁve day period is presented in Fig. 13, all with
melting temperatures of 20  C. Here it is seen that the supply
temperature is more stable and lower with a conﬁguration
including more stacks. Increased number of stacks also makes it
possible to have a higher volume ﬂow rate, while maintaining a
more constant supply temperature.
The highest cooling/kg of PCM is observed for the conﬁguration
scenario with PCM melting temperature of 20  C, one stack and a
volume ﬂow rate of 800 m3/h, achieving 500 kJ cooling/kg of PCM.
The liquid fraction for this conﬁguration for this period is presented
in Fig. 14. In this conﬁguration full cycles are still not completed on
a daily basis and 71% of the theoretical latent thermal capacity is
utilized in the ﬁve day period. The liquid fraction for the period
shows that the PCM can not solidify or melt fast enough. The
highest peak cooling capacity is observed for a conﬁguration with
the same melting temperature and volume ﬂow rate but with ﬁve
stacks.
The in situ application conﬁguration obtains a peak cooling
capacity of 0.935 kW and a cooling delivered/kg PCM of 268 kJ/kg.
Comparing the cooling/kg of PCM and the peak cooling capacity of
the module for all of the scenarios from the parametric study that

Fig. 12. Percentage deviation for air and PCM in stack 1.

Table 3
Parameter values investigated, resulting in a total of 60 different operational
scenarios.
Vh [m3/h]

Number of stacks []

Tm [ C]

400
600
800

1
2
3
4
5

18
20
22
24

of stacks in the serial conﬁguration and the volume ﬂow rate are
included in the analysis. The parametric values that are investigated can be seen in Table 3. When altering the melting temperature of the PCM, the relative hysteresis behavior between the
heating and cooling curves is still considered. All the ﬁtting parameters from Table 1 are kept constant, except for M which is
altered to achieve a different melting temperature. Furthermore,
the temperature difference between M for heating and cooling are
kept constant at 0.76  C. There are limitations associated with
altering the melting temperature, since thermal properties and
hysteresis are material dependent. However, considering a relatively short range of phase change temperatures means that the
properties are less likely to change. The listed thermal conductivities, speciﬁc heat capacities, latent heat of fusions and densities are
almost constant for the salt hydrate based-PCMs with melting
range of 15e24  C from the same producer [26]. Hysteresis properties are harder to compare objectively but the mentioned salt
hydrate based-PCMs all exhibit a phase change interval of 3e4  C.
Meaning that the width of the phase change process is very similar
for the PCMs within this melting temperature range.
The total amount of cooling energy delivered/kg PCM in the ﬁve

Table 4
Scenarios with largest cooling per PCM mass and largest peak cooling capacity for each design parameter.
Mmelting [ C]

Vh [m3/h]

Number of stacks []

Cooling/PCM mass [kJ/kg]

Peak cooling capacity [kW]

18
20
22
24
20
20
20
20
20
20
20
20

800
800
800
800
400
600
800
800
800
800
800
800

[1,5]
[1,5]
[1,5]
[1,5]
[1,5]
[1,5]
[1,5]
1
2
3
4
5

313
500
397
310
488
494
500
500
449
405
371
342

1.72
1.75
1.29
1.00
1.29
1.47
1.75
0.923
1.10
1.40
1.60
1.75
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Fig. 13. Supply temperature for ﬁve day simulation. Melting temperature of 20  C. Row 1, 2 and 3 are scenarios with volume ﬂow rate of 400 m3/h, 600 m3/h and 800 m3/h,
respectively. Column 1, 2 and 3 are scenarios with 1, 3 and 5 PCM stacks, respectively.

typical ventilation unit fans. With a 2 mm distance between the
plates the convective heat transfer coefﬁcient can be increased to
48.88e51.74 W/(m2, C), for the same range of ﬂow rates. In this
case the pressure drop is increased to 224e452 Pa and the additional 56 Pa introduced by increasing the ﬂow rate by 100 m3/h can
be substantial for the efﬁcient operation of the PCM module.
5. Conclusion
The substantial contribution from the HVAC sector in buildings
to the total energy consumption worldwide means that there exists
a need for new technologies, consuming substantially less energy.
In this study, an in situ application of a PCM module for cooling was
investigated and data was collected and analyzed. Furthermore,
calibration of PCM hysteresis behavior was conducted through a
three layered caliormetry experiment. A one dimensional numerical model of the system was implemented in MATLAB. Data from
the in-situ application was used for comparison of the model results, in order to validate the predictions made by the model. The
results of the comparison were found to be within reasonable
bounds in order to predict the PCM behavior. Optimization of the
PCM module design parameters was considered through a parametric analysis. This showed that the use of additional stacks
lowers efﬁciency of the module. The efﬁciency loss can be counteracted by higher ﬂow rates that are able to extract more energy
from the later stacks. The peak cooling capacity was found to increase with number of stacks. The efﬁciency and the peak cooling
capacity of the module was optimized at a melting temperature of
20  C, for the climatic conditions measured in Berlin. By optimizing
the volume ﬂow rate and melting temperature of the PCM, the
cooling/kg of PCM and the peak cooling capacity of the module is
increased as compared with the reference values by 38.4% and
71.1%, respectively. However, the optimal scenario was not able to
solidify during night or melt during the day, suggesting that the
heat transfer rate or volume ﬂow rate needs to be increased further
to fully utilize the latent energy in the PCM. The evaluation of the
air percentage deviation shows a substantial source of uncertainty
for the model. Analysis of air ﬂow distribution within the PCM

Fig. 14. Liquid fraction for scenario with PCM melting temperature of 20  C, one stack
and a volume ﬂow rate of 800 m3/h.

includes four stacks results in increases of 38.4% and 71.1%,
respectively. This is done by increasing the volume ﬂow rate from
500 m3/h to 800 m3/h and lowering the melting temperature from
22.32  C to 20.00  C.
The results show that in general having several stacks in series
with the same phase change temperature, decreases the efﬁciency
of the module, but increases the total cooling capacity. It is
furthermore observed that some of the loss in efﬁciency can be
counteracted by increased volume ﬂow rates. This has to be
balanced with the increased pressure drops incurred by the higher
air velocity, which will cause increased electricity consumption for
the ventilation unit. The pressure drop in between the panels is
calculated using the Reynolds number for volume ﬂow rates
ranging 400e800 m3/h, resulting in 14.4e28.8 Pa. The convective
heat transfer coefﬁcient is increased from 21.09 W/(m2, C) at
400 m3/h to 22.90 W/(m2, C) at 800 m3/h. Since the pressure drop
and therefore the additional electricity consumption are so low for
the stacks, the heat transfer can be increased by decreasing the
distance between the plates. This can be achieved while maintaining a pressure drop that is within design speciﬁcations of
9
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module using CFD simulation, could evaluate the importance of the
assumed uniform ﬂow distribution, in future work.
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List of symbols
A
Bi
cp
hf
k
Lc
lf
m
N
Pr
T
B
c
h
K
L
Lchannel
M
_
m
Nu
Re
y

Fitting parameter []
Biot number []
Isobaric speciﬁc heat capacity [J/(kg, C)]
Latent heat of fusion [J/kg]
Thermal conductivity [W/(m, C)]
Characteristic length [m]
Liquid fraction []
Mass [kg]
Number of nodes []
Prandtl number []
Temperature [ C]
Fitting parameter [1/ C]
Heat capapcity [J/(kg, C)]
Convective heat transfer coefﬁcient [W/(m2, C)]
Fitting parameter []
Half the thickness of a PCM plate [m]
Length of the air channel [m]
Fitting parameter [ C]
Mass ﬂow rate [kg/s]
Nusselt number []
Reynolds number []
y-axis [m]

Greek symbols
Dy
Spatial step [m]
n
Fitting parameter []
Dt
Time step [s]
r
Density [kg/m3]
Subscripts and superscripts
a
Air
j
Node counter
PCM
Phase change material
t
Time step counter
i
Stack counter
l
Liquid phase
s
Solid phase
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