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This paper proposes a ventilated window with a phase change material (PCM) heat exchanger as a new
window application. In summer, night ventilation mode is operated to discharge energy stored in PCM
by the ambient cold air, which can be reloaded again, when ventilation pre-cooled air is provided.
Numerical model is built and verified by full-scale experiment to evaluate the PCM ventilation sys-
tem. The nonlinear properties and hysteresis of PCM are set in the model. The conclusion is that the
configuration optimization should be based on different climates. In the case study in Copenhagen, the
heat exchanger with 10 mm plate thickness is optimized. It can cool down the ventilated air 6.5 °C on
average in 3.9h pre-cooling effective time with 3.19 MJ/day energy saving. The material cost saving is
16.87% compared to 20 mm plate thickness which has similar discharged heat amount. Nevertheless, the
heat exchanger with 5mm plate thickness has a faster thermal response and a higher cost saving ability,
which is good for the climate when the period of outdoor air temperature suitable for night ventilation

in a day is short.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Renewable energy has been used in low energy buildings and
other building applications to cut down the building energy con-
sumption for a sustainable building environment. This kind of en-
ergy is mostly intermittent and highly depends on the outdoor cli-
mate, such as solar energy. A thermal energy storage (TES) sys-
tem is a promising way to improve the efficiency of solar energy
applications. Phase change material (PCM) is a good candidate for
TES because of its thermal properties, such as high latent heat and
isothermal heat transfer process. Moreover, the physical properties
of PCM make it easy to integrate into building elements. Therefore,
it has gained a large interest in research and building market re-
cently [1].

PCM is different from other materials in the way that it can ab-
sorb or release a large amount of latent heat when changing phase
[2]. The energy density of the material is relatively high so that the
volume of the system could be smaller in comparison with other
TES. In addition, the temperature of PCM will stay almost constant
in the phase change period, which means the surface temperature
of building envelope will not be too high, thus avoiding a high
heat transfer [3]. Organic PCMs are drawing much attention be-
cause they have high latent heat capacity and stable physical and
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chemical properties [4]. Moreover, for some of them, the transition
temperature is in the thermal comfort range of human body, which
makes them good candidates to combine with air conditioning sys-
tems, ventilation systems as well as building envelopes [5].

PCM has been used in many building applications for ther-
mal storage and thermal control. One of the applications is mix-
ing PCM with building material for building constructions, such as
gypsum board, plaster, concrete or other wall boards. It can also be
a component like blind and layer for ceiling and wall. Michal et al.
[6] mixed PCM with concrete and built a hollow concrete deck. The
thermal properties of the new concrete construction were numer-
ically and experimentally studied and compared with other ma-
terials. The results showed that there is an energy-saving poten-
tial for mixing PCM in concrete constructions. Active PCM appli-
cations include applying PCM in air conditioning system, ventila-
tion facade, etc. Diarce et al. [7] studied the thermal properties of
an actively ventilated facade with PCM board in the outer layer.
The study compared the thermal behavior of the system with tra-
ditional constructions by modeling in Design Builder. The results
showed that the thermal storage increases greatly in the phase
change process of PCM, which decreased the chance of overheat-
ing for the envelope. Alvaro et al. [8] studied the thermal perfor-
mance of a ventilated facade with macro encapsulated PCM in its
air cavity. The results showed that with night ventilation, the sys-
tem could greatly reduce the cooling load. Hicham et al. [9,10] built
and tested a double-layer window with PCM shading device in the
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middle of glazing layers. The results showed that the PCM shading
device decreases the U value of the window.

The main drawback of PCM is its low thermal conductivity [11].
The heat is absorbed by the surface layer of PCM but is blocked
due to the low thermal conductivity, which results in a long time
for the melting procedure. Consequently, the thickness of PCM im-
plementations should be within a certain limited range. Another
drawback of PCM is its thermal expansion. The volume expansion
of paraffin wax is in the order of 10% volume change [12,13], which
is similar to the inorganic PCM, but smaller forces as paraffin wax
is softer [13]. In this paper the PCM used is paraffin wax 22, which
has a phase change temperature at 22 °C. The PCM is absorbed
by fiber board (50% PCM and 50% fiber). The soft texture and air
voids in the fiber board make the expansion possible. Moreover,
the temperature change range of PCM in night ventilation applica-
tion is smaller than the ones tested in the above literature, so the
expansion of PCM is less considered in this work.

An accurate numerical model for PCM applications is necessary
in order to give guidance for the engineering optimization and ar-
chitectural design. However, the nonlinear properties of PCM make
it difficult for the modeling [14]. For example, the heat capacity,
enthalpy, viscosity and thermal conductivity could be dependent
on temperature, and the heat capacity as a function of tempera-
ture is different in the freezing and melting processes because of
the hysteresis effect. For organic PCM, there is also the problem
of purification of the material, which makes the properties more
complicated. For nonorganic PCM, there are problems such as su-
percooling effect, phase segregation, unstable thermal and chemi-
cal composition [15]. Those phenomena were considered in some
experimental works [16-18], but the ideal or average heat capacity
was used and the hysteresis was ignored in most of the modeling
and numerical works [19-23].

Some other software such as COMSOL Multiphysics or FEMLAB
(the predecessor of COMSOL) have been used to solve the numer-
ical problems in relation to PCM. COMSOL Multiphysics is good at
solving multi-physics problems and modeling complicated and ir-
regular components with non-linear properties. A conduction heat
transfer model in COMSOL using the DSC measured non-linear heat
capacity was verified by data from experiment [18]. The tempera-
ture in the center of the PCM plate from the experiment was com-
pared to the numerical model. The result showed a good consis-
tency. Another study was about modeling of an innovative honey-
comb wallboard in COMSOL using fictive heat capacity from DSC
measurement [24]. The model showed good agreement with the
experimental results. A similar model for a PCM storage facility
was built in COMSOL Multiphysics using two different approxima-
tion methods for heat capacity. The results showed that both the
effective heat capacity method and the enthalpy method are good
at estimating the heat transfer process [25].

This paper proposes a new ventilated window with a PCM heat
exchanger and analyzes the system performance in summer. A fi-
nite model considering nonlinear properties and hysteresis of PCM
is built in COMSOL Multiphysics to simulate the heat transfer in
the heat exchanger, and is verified by full-scale laboratory exper-
iment. The model is used to study the thermal behavior of the
system in night ventilation mode and ventilation air pre-cooling
mode, as well as to estimate the energy saving potential when pre-
cooling the ventilated air in cases in Copenhagen.

2. System performance analysis

Fig. 1 illustrates a normal room with a ventilated window. A
heat exchanger made of PCM plates is integrated with the ven-
tilated window to precool the ventilated air, the overview of the
PCM heat exchanger and plates can be seen in Fig. 7. The venti-
lated window is mounted into the building envelope as a conven-
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Fig. 1. Ventilation widow with PCM heat exchanger.
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Fig. 2. The operation strategies of the PCM ventilation system in summer: (a) night
ventilation mode; (b) night free cooling mode; (c) daytime ventilation pre-cooling
mode.

tional window, in which way the building structures do not need
special designs for new buildings or reconstructions for existing
buildings. The inlet is at the bottom of the window, which is pow-
ered by fans to guarantee air circulation. Air from ambient goes
through the heat exchanger and ventilated cavity to the indoor or
outdoor zone, depending on whether room ventilation is needed
or not.

Fig. 2 describes the operation strategies of the system. In sum-
mer, night ventilation is part of the control strategies. Heat is re-
leased from the PCM heat exchanger by cold ambient air dur-
ing the night. The PCM is reloaded again during daytime by pre-
cooling of the outdoor air when ventilation is needed. In the day-
time, a shading device is used to prevent the overheating of the
system.

Fig. 3 shows the structure of ventilated window. It consists of a
ventilated cavity in the upper part and heat exchanger in the lower
part. The ventilated cavity is similar to a double glazing window
with ventilation in the air gap. The heat exchanger is made of PCM
plates located at the same distance from each other to form small
air gaps for ventilation. The thickness of the air gap is chosen as
5mm according to former work [26] in order to guarantee large
total PCM volume in the heat exchanger, which is related to large
heat storage/release possibility. However, the low thermal conduc-
tivity of PCM limits the thickness of PCM plates. As a result, the
total amount of PCM is limited and should be optimized.
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Fig. 3. Description of the ventilated window with PCM heat exchanger (a) front view; (b) side view.

Fan coil Fan coil Heater
#120 #100 #
325
l; O¥tlet of heat exchanger
15
Cold box 70 Hot box
PCM heat exchanger
Heat — Glazing
NS Inlet of PCM heat exchanger
220 Insulation
5
[ (0] ]
Orifice plate Fan

Fig. 4. Setup of hot box and cold box for testing the heat exchanger.

3. Experimental setup

The heat transfer process of the PCM heat exchanger is stud-
ied by full-scale experiments in a hot box and cold box, as seen in
Figs. 4 and 5. Both of them are equipped with a water cooling sys-
tem and an electric heating coil. A proportional-integral-derivative
(PID) controller is used to getting the accurate temperature in the
two boxes. Moreover, a fancoil provides recirculating airflow at a
speed of approximately 0.2m/s to keep the homogeneous of air

temperature in each of the hot box and the cold box. A fan pro-
vides an airflow inside the heat exchanger, which creates circula-
tion between the hot box and cold box. The flow rate is measured
by an orifice plate with an uncertainty of +7.5%.

The heat exchanger is mounted in between the two boxes, as
shown in Fig. 4. It is supported by insulation boards. It is made
of a wooden frame, a glazing cover, and many parallel vertical
PCM boards. The distance between any two boards is 5mm. The
details of the PCM plate inside the heat exchanger are shown in
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Fig. 5. Ventilation system between hot box and cold box.

Table 1
Thermal properties of paraffin wax 22.

Property Manufacture data DSC measurement
(Pure paraffin wax)  (Fiber absorbed PCM)

Phase change temperature (°C) 22 15-23

Density (kg/m3) 820 -

Specific heat (kJ/kg/K) 2.85 23

Thermal conductivity (W/m/K) 0.18 -

Latent heat (kJ/kg) 216 117

Max operation temperature (°C) 400 -

Fig. 6. 56K-type thermocouples are used for monitoring the air
and PCM temperature, as shown in Fig. 7. The calibration accuracy
is £ 0.15K. The logging time step is 300s.

The thickness of PCM boards tested in this study is 12.5 mm.
The air temperature inside the hot box is kept at 2941 °C and the
cold box is kept at 9+ 1 °C by PID controller. The flow rate of the
fan (same as the flow rate inside the heat exchanger) is 106 m3/h.
Firstly, the fan provides airflow from the hot box to the cold box,
thus the cold air goes into the inlet of the heat exchanger (in the
bottom of the heat exchanger) to cool down the material. After the
freezing process is done, the fan direction is changed, resulting in
the hot air going into the outlet of the heat exchanger (in the top
of the heat exchanger) to melt the material.

The PCM used in the system is paraffin wax with a melting
temperature of 22 °C. The PCM is absorbed in a natural fiberboard
to form a shape steady plate. The properties of the plate are mea-
sured by differential scanning calorimetry (DSC) technology with a
heat rate of 0.5 °C/min for freezing and melting processes. Table 1
lists the properties of PCM based on the manufacturer and the DSC
measurement.

Fig. 8 shows the heat capacity of the PCM plate in melting and
freezing processes from DSC measurement. The total latent heat
capacity for the freezing process is 118.8 kJ/kg and for the melting
process is 115.2 kJ/kg in the temperature range of [10 °C-30 °C]. The
measurement difference is 3.13% between melting and freezing.

Two additional samples are tested in heat rate 0.5 °C/min. The
difference for enthalpy in the freezing process is 1.03% and in melt-

ing process is 0.16%. The difference of hysteresis between melt-
ing and freezing is 0.5 °C-1 °C. This is because the results depend
highly on the measurement method.

In this paper, the thermal charge and discharge time is defined
as the time period starting from initial condition to the time where
the thermal charge or discharge rate is not lower than the fan
power. In this work, the fan power is 30 W when the airflow rate
is 106 m3/h.

4. Methodology
4.1. Numerical model

The finite element model is built in COMSOL Multiphysics.
The interface of Conjugate Heat Transfer and Laminar Flow multi-
physics is used to simulate the coupling between heat transfer and
fluid flow. The Laminar Flow interface solves for the conservation
of energy, mass, and momentum in fluids, as shown in Egs. (1)-(3).
The flow is assumed incompressible.

ou

L +pUu-Vyu=-Vp+uViu+ pgBAT (1)
V.u=0 )
aT A oo

p Hu VT =5 VT (3)

Where p is the density (kg/m3), u is the velocity of air (m/s),
t is the time(s), p is the pressure (Pa), u is the dynamic viscosity
(kg/m/s), g is the acceleration of gravity (m/s?), B is coefficient of
thermal expansion, T is the temperature(°C), A is the heat conduc-
tivity (W/m/ °C), and Cp is the specific heat (k]/kg).

The Heat Transfer in Solids interface provides features for mod-
eling heat transfer by conduction. The convection is O in the
fiberboard-based shape steady PCM. The fictive heat capacity based
on DSC measurement is used to solve the equation. The energy
equation is given in Eq. (4).

T A o,
3t = pepm) ”

In this work, a 2D model is built for summer case. Half of the
PCM plate and half of the air cavity are chosen as the calculation
domain, as shown in Fig. 9.

Some hypotheses are necessary to simplify the calculation pro-
cess. The flow in between the two plates is considered as a 2-
dimensional flow to simplify the calculation. The boundary condi-
tions could be simplified as symmetry because of the periodic ar-
range of PCM plates and air gaps between the plates. Moreover, the
thickness of thermal and velocity boundary layers are both consid-
ered less than half of the distance between two plates.

Symmetry boundary conditions are considered at x=0 and
x=(d+e)/2, as seen in Eqs. (5) and (6).

—n-q=0,x=0andx = (d +e)/2 (5)

(4)

u-n=0,x=(d+e)/2 (6)

Thermal insulation boundary conditions are chosen at the top
and bottom of the plates, as shown in Eq. (7).

-n-q=0,0<x<d/2,y=0andy =770 (7)
The initial boundary conditions are as in Egs. (8)-(10).
T(x,y,0)=Tp (8)

T(x,0.t) = Tiner. d/2 <x < (d +€)/2 (9)
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Fig. 6. PCM plates inside the wood frame (a) overview; (b) details in installation.
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Fig. 7. Temperature measurement of the PCM heat exchanger. Red ones represent the PCM temperature measurement points and the black ones are the air temperature
measurement points. (a) front view; (b) side view; (c) top view.

ing process in order to cool down the ventilated air is simulated
Q(x,y,t) = 106m3/h (10) and the energy saving potential of the heat exchanger is analyzed.

The solidification capability of PCM is a key energy performance 4.2. Model validation
factor for PCM components in buildings [27]. In this work, a severe
summer day in Copenhagen is chosen as the input of the model. Fig. 10 shows the average temperature curves of the PCM plate
Night ventilation mode is analyzed firstly to optimize the PCM with different heights in the freezing process. The results from
plate thickness in the discharging process. Afterwards, the charg- simulation show good consistency with the experimental data. The
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average error (&) is 2.38%, which is defined in Eq. (11). The tem-
perature curves at heights 260 mm and 510 mm show better accu-
racy than in 10 mm and 760 mm. One possible explanation is that
the air distribution near the inlet and outlet is complicated in a
real situation. For the experiment, the inlet air temperature fluctu-
ates at 8-10 °C because of the limitation of PID controller, which
also influences the accuracy of the experiment. As a result, the fi-
nal value around 7.5h from the experiment is not convergent at
10 °C. The variations in density between melt and solid can also
affect the results.

e Experimental va.llue — Simulation value  100% (1)
Experimental value

The phase change start temperature in both simulation re-
sults and experimental data is clear. But the end temperature is
not. The heat capacity of the material determines the tempera-
ture change process. As seen in Fig. 8, the heat capacity used in
the model changed sharply around 21.5 °C in the freezing process,
but smoothly at the lower temperature. However, the phase change
start temperature in the experimental data is higher than the sim-
ulation results (except in 10 mm). It is due to the limitation of ac-
curacy in DSC measurement for heat capacity. The uncertainty in
the experiment also affects the error between experimental data
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Fig. 10. Temperature in the middle of the PCM plate with different heights in the
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Fig. 12. Temperature in the middle of the PCM plate with different heights in the
melting process.

and simulation results. Nevertheless, the total error is within a rea-
sonable range.

Fig. 11 shows the outlet air temperature curves in the freez-
ing process. The error between experimental data and simulation
result is 4.41%. The error is higher than the error of PCM temper-
ature, because the air temperature measurement is influenced by
more elements such as variability of inlet temperature (8-10 °C)
and variability of air flow rate.
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Fig. 14. The temperature homogeneity along the length of the PCM plate from ex-
periment.

Fig. 12 shows the average temperature curves of the PCM plate
with different heights in the melting process. The results from sim-
ulation show good consistency with experimental data. The aver-
age error is 4.79%. Similar to Fig. 9, the end temperature of phase
change in both simulation results and experimental data is clear.
But the start temperature is not. As seen in Fig. 7, the heat capac-
ity used in the model changed sharply around 23 °C in the melt-
ing process, but smoothly at the lower temperature. However, the
phase change end temperature in experimental data is lower than
the simulation results, which means that the hysteresis of melting
and freezing processes should be smaller than the DSC measure-
ment results. Nevertheless, the total error is within a reasonable
range.

Similarly, Fig. 13 shows the outlet air temperature curves in the
melting process. The error between experimental data and simula-
tion results is 3.96%, which is within a reasonable range.

The model output results show good agreement with the ex-
perimental data in freezing and melting processes, for both PCM
temperature and outlet air temperature. The numerical model is
reliable to simulate the heat transfer inside the heat exchanger.

The temperature change along the length of the PCM plate is
shown in Fig. 14. The average temperature deviation to the middle
point is 2.6% when the depth is 12.5 mm, and 4.2% when the depth
is 62.5 mm, which are all in the reasonable range. It is feasible that
the numerical model of PCM plates is simplified as 2D.

4.3. Climate analysis

Fig. 15 shows the summer outdoor air temperature in Copen-
hagen. The weather data is obtained from the Design Reference

Year based on measurements conducted by DMI to get a typical
summer condition [28]. There are 27 days where the maximum
outdoor air temperature is above 23 °C. There are 194 h in which
the outdoor air temperature is above 23 °C in those 27 days, which
are necessary for applying ventilation pre-cooling. Among the days
when ventilation pre-cooling is necessary, the minimum tempera-
ture is all below 18.1 °C, and 11 days of them the minimum tem-
perature during the night are below 14 °C, which are suitable for
the application of night ventilation.

A severe summer day in Copenhagen is chosen as the model
input. As shown in Fig. 16, the average air temperature from 0:00
to 4:00 is around 14 °C, which is suitable for night ventilation. The
air temperature from 11:00 to 15:00 is higher than 26 °C and air
conditioning is needed to remove the cooling load from the ven-
tilated fresh air. The control strategy is designed accordingly. The
fan is turned on from 0:00 to 4:00, and the system is in night ven-
tilation mode. It is turned on again from 11:00 to 15:00 in the day-
time ventilation pre-cooling mode.

5. Results
5.1. Summer night ventilation mode

Night ventilation for PCM solidification is analyzed based on
some assumptions. The ventilation starts from a point where the
PCM system is fully charged with heat. The system needs to be dis-
charged by the low-temperature ambient air. The cold air is venti-
lated from the bottom of the heat exchanger and into the air gaps
between the PCM plates. The ventilation is stopped when the PCM
is fully cooled down or the ambient air temperature is too high
to remove heat from the PCM. The inlet air temperature is set as
14 °C as the average temperature during the midnight observed in
Copenhagen is around 14 °C.

The thickness of PCM plates inside the heat exchanger should
be chosen in a way that both the heat transfer amount and re-
sponse time are optimized. The PCM utilization rate is also an im-
portant element to decide the right design of PCM heat exchanger
and save material cost.

4 models with different plate thicknesses are calculated and
compared. Table 2 shows the differences between the models.

Fig. 17 shows the outlet air temperature of the heat exchanger
in the night ventilation mode. For the first two hours, the differ-
ence of outlet air temperature for different plate thicknesses is not
so big. It is the sensible heat being released from the PCM to the
ventilated air, and it is quite small in comparison with latent heat.
A slower temperature change for all the cases is observed from
around 21 °C until 14 °C, during which period the PCM in the
heat exchanger is going through a phase change process and the
released energy density is relatively high. Moreover, the system re-
sponse time for the 5 mm plate thickness is relatively short and for
20 mm is relatively long.

Fig. 18 illustrates the heat release from the heat exchanger with
different plate thicknesses. For 0-5h discharge time, the cold stor-
age amounts are similar for 10, 15, and 20mm plate thickness.
A big difference is shown for 5mm plate thickness after around
3.6 h. For a specific summer case, the discharge time is limited by
the outdoor climate as well as fan energy consumption. A PCM
heat exchanger with 10 mm plate thickness is recommended, and
the discharge time is recommended as 4-5h to maximize the cold
storage to the system volume. For 10 mm plate thickness, the cold
storage ability is similar to 20 mm plate thickness within the rec-
ommended discharge time. However, the cost of material in the
heat exchanger decreased by 16.87%. For the cases in which the
efficient discharge time is shorter (0-3.6 h) because of the climate
limitation, the recommended plate thickness is 5mm. The cost of
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Fig. 16. Outdoor air temperature (07.15) for a severe summer day in Copenhagen.
Table 2

Models of heat exchanger with different PCM plate thicknesses.

d (mm) e (mm) Air velocity (m/s) Number of plates in total Plate depth (mm) Air flow rate (m3/h) Total PCM surface area (m?) Total PCM volume (m?)
5 5 0.74 106 75 106 22.30 0.052
10 1.09 70 15.69 0.069
15 1.48 53 12.62 0.078
20 178 42 10.58 0.083

material in the heat exchanger decreased by 37.35% compared to
20 mm plate thickness.

5.2. Pre-cooling potential

The whole heat transfer process for discharge and charge to-
gether is complicated because of the hysteresis between the melt-
ing and freezing processes. The temperature change may not be
consecutive if the PCM does not go through the full phase change
process. For the modeling of the charging process, the difficulty lies
in the definition of the initial values from the former process.

Fig. 19 describes the enthalpy transfer when the PCM cools
down first and then goes through the melting process. The en-
thalpy curves for melting and freezing are based on the DSC mea-
surement. Process 2 is the enthalpy transition between freezing
and melting. It is not horizontal because of the change of the sen-

sible heat. It is parallel to the beginning of the freezing process.
The recharged heat and the initial temperature of melting process
could be confirmed in this way. Once the initial temperature of
melting process is confirmed, the corresponding Cp in melting pro-
cess could be determined, as shown in Fig. 20.

The enthalpy and heat capacity transitions are set in the nu-
merical model. Two models are calculated, with a plate thickness
of 5mm and 10 mm respectively. The outdoor air temperature in
the severe summer day in Copenhagen is used as model input. The
time for night ventilation mode is 00:00-04:00. The time for ven-
tilation pre-cooling mode is 11:00-15:00.

Fig. 21 shows the cooling ability of the heat exchanger in ven-
tilation pre-cooling mode. The average temperature difference be-
tween the ambient air and outlet air is 6.5 °C from 11:00 to 15:00
when the plate thickness is 10 mm. The average temperature differ-
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Fig. 17. Outlet air temperature of the heat exchanger with different plate thick-
nesses.
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Fig. 18. Discharged heat from the heat exchanger with different plate thicknesses.
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Fig. 19. Enthalpy in relation to temperature transition.
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Fig. 21. Cooling ability of the heat exchanger in ventilation pre-cooling mode.

ence between the ambient air and outlet air is 7.11 °C from 11:00
to 13:48 when the plate thickness is 5 mm.

The discharge efficiency (¢) is calculated by the ratio between
the heat storage in pre-cooling mode and the heat release in the
night ventilation mode, which is in Eq. (12).

_ pairqcpair ftf: |Tambient - Tinletldt
paiqupair ftltj |Tout1et - Tinlet|dt

Where tm =0h, tn=4h, t;=11h, t;=15h.

When the plate thickness is 10mm, the discharged heat in
night ventilation mode is 3.55M] in this work. The charged heat
for air pre-cooling mode is 3.19 MJ. The discharge efficiency of the
heat exchanger is 89.85%. The effect time (the outlet air temper-
ature lower than 23 °C) is 3.9 h. When the plate thickness is
5mm, the discharged heat in night ventilation mode is 2.79 MJ.
The charged heat for air pre-cooling mode is 2.52 MJ. The discharge
efficiency of the heat exchanger is 90.32%. The effect time is 2.7 h.

In comparison, a heat exchanger with 5mm plate thickness has
a shorter discharge time and shorter charge time. It can be cooled
down faster and recharged faster, which is good for the climate
when the outdoor air temperature suitable for night ventilation is
short, such as hot summer climate (but such climate always has
long hours in which cooling is needed during daytime). A heat ex-
changer with 10 mm plate thickness has longer discharge time and

(12)
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charge time. There is more stability of outlet air temperature in the
ventilation pre-cooling mode as well.

6. Conclusions

This paper presents a new window application for pre-cooling
of ventilation air using a PCM heat exchanger. In summer, the PCM
heat exchanger is discharged by night ventilation, and recharged
by high-temperature ambient air in pre-cooling mode.

The design and optimization processes of the heat exchanger
are conducted by means of numerical modeling, which is verified
by full-scale experiments. The nonlinear properties and hysteresis
of PCM are set in the model. The hysteresis of PCM used in the
model is slightly overvalued by DSC measurement, but the devia-
tion from the experiment lies within a reasonable range.

The numerical works are conducted based on a severe summer
day in Copenhagen. Results show that in night ventilation mode,
the increase in PCM plate thickness does not have a big influence
on the outlet air temperature and discharged heat in the first hours
of the discharge process. 10mm plate thickness for the heat ex-
changer is recommended when 4-5h discharge time available dur-
ing the night, which saves 16.87% material cost with similar dis-
charged heat (compared with the heat exchanger with 20 mm plate
thickness). 5mm plate thickness for the heat exchanger is recom-
mended when there is only 0-3.6 h discharge time available during
the night, which saves 37.35% material cost with similar discharged
heat.

In ventilation pre-cooling mode, the saved energy from the heat
exchanger with 10 mm plate thickness is 3.19 MJ/day. The discharge
efficiency of the heat exchanger is 89.85%.The effect pre-cooling
time is 3.9 h. The saved energy from the heat exchanger with
5mm plate thickness is 2.52 M]/day. The discharge efficiency of the
heat exchanger is 90.32%. The effect pre-cooling time is 2.7 h.

In the case study in Copenhagen, the heat exchanger with
10 mm plate thickness has more stable pre-cooled air temperature
in longer effective pre-cooling time with a higher energy saving
amount than 5mm, and the discharge can be fulfilled during the
night in this climate. Nevertheless, the heat exchanger with 5 mm
plate thickness has a fast thermal response, which is good for the
climate where the duration of outdoor air temperature suitable for
night ventilation is short.

New methods to get more accurate PCM heat capacity is essen-
tial for future works. It is also necessary to conduct more climate
analyses to verify the optimized results. In the next stage, the stud-
ies will include the feasibility of applying the PCM heat exchanger
for solar energy storage in winter and its air pre-heating effect.
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