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ENGLISH SUMMARY

Low energy and sustainable buildings use renewable energy for building energy
conservation and building energy flexibility. The conventional ventilated window
(VW) is efficient in decreasing the building heating energy demand, but has the
disadvantage of low heating/cooling efficiency. PCM as a high energy storage
material, can be used for ventilation heating/cooling purposes. However, it has been
a challenge to efficiently apply PCM for both heating and cooling purposes and to
integrate it with building components for existing and new buildings.

This thesis proposes a PCM enhanced ventilated window (PCMVW) to improve the
thermal and energy performance of the original VW. In summer, the PCM works as a
heat sink during the nighttime and is cooled down by the relatively cold ambient air.
It cools down the ventilated air during the daytime when ventilation pre-cooling is
needed. In winter, the PCM stores solar energy during the sunny daytime. It pre-heats
the ventilated air when the air needs to be preheated.

The research work firstly revolves around the PCM properties for PCM selections. It
suggests that the melting/freezing temperature of the selected PCM is limited by the
purpose of the application. The geometry of the PCM heat exchanger is also limited
considering the low thermal conductivity of the PCM in general. The research
continues with the study of the temperature hysteresis of the PCM and the necessity
in thermal and energy modeling.

The thesis then focuses on the development of the PCM heat exchanger by
experimentally and numerically studying the heat transfer mechanism of the PCM
heat exchanger. The development and tests of PCM heat exchanger with/without
artificial sun are done in the climate chamber. The numerical models are built and
verified by the experimental data.

The configuration optimization of the PCM heat exchanger is conducted so as to
optimize the heat storage density and the charge/discharge speed for both solar energy
storage and night cooling applications. The optimized configuration for the night
cooling application is 10 mm plate thickness. The optimized configuration for the
solar energy storage application is 6 mm air gap thickness and 90 mm plate depth.

The PCM heat exchanger with the optimized configuration is then used to enhance
the thermal effect of the VW. The PCMVW is built and tested in the fagade lab, and
compared with a conventional VW. The conclusion is that the PCMVW can
significantly improve the energy performance compared to the VW for both heating
and cooling purposes. However, the cooling ability of night cooling application is
limited without advanced ventilation design and shading control.



A numerical model is built in EnergyPlus for further thermal and energy investigation
of the system. The PCMVW is compared with 2 other ventilation systems to examine
its thermal and energy performances. The study then compares different control
strategies including adding absorption/reflection shades, ventilating directly from the
PCM heat exchanger to the room, separately adjusting the ventilation schedule for the
ventilated window and the PCM heat exchanger. The thesis provides the developed
operation control strategy for the system in buildings under Danish climate conditions.



DANSK RESUME

Lavenergibygninger og baredygtige bygninger bruger vedvarende energi for at opna
energibesparelse samt at opnd fleksibilitet i bygningsenergi. Det konventionelle
ventilerede vindue (VW) er effektivt til at reducere energibehovet til bygningens
opvarmning, men har en lav opvarmnings / keleeffektivitet.

PCM som et oplagringsmateriale med hgj energitethed kan bruges til
ventilationsopvarmning / keling. Det har dog varet udfordrende at anvende PCM
effektivt til bade opvarmnings- og keleformdl samt at integrere det med
bygningskomponenter til eksisterende og nye bygninger.

Denne afhandling foreslar et PCM-forbedret ventileret vindue (PCMVW) til at
forbedre den termiske og energimassige ydeevne for det originale VW. Om
sommeren fungerer PCM som et kolelegeme i lebet af natten og afkeles af den
omgivende luft med lav temperatur. PCM afkeler den ventilerede luft i lebet af dagen,
nér ventilations for-keling er nedvendig. Om vinteren lagrer PCM solenergi i lobet af
de solrige dagtimer. Det forvarmer luften, nér ventilations forvarmning er nedvendig.

Forskningsarbejdet underseger forst PCM-egenskaber for at udvalge PCM-
kandidater. Det antyder, at smelte / frysetemperaturen for det valgte PCM er
begrenset pa grund af formélet med applikationen. Geometrien for PCM-
varmeveksleren er ogsa begrenset i betragtning af den lave termiske ledningsevne i
PCM generelt. Forskningen fortsatter med studiet af temperatur hysterese af PCM og
dets ngdvendighed i termisk og energimodellering.

Specialet fokuserer derefter pa udviklingen af PCM-varmeveksleren ved
eksperimentelt og numerisk at studere varmeoverferselsmekanismen i PCM-
varmeveksleren. Udvikling og test af PCM varmeveksler med / uden kunstig sol
udferes i klimakammeret. De numeriske modeller er bygget og verificeret af de
eksperimentelle data.

Konfigurationsoptimering af PCM-varmeveksleren udferes for at optimere
varmelagringsdensiteten og opladnings- / afladningshastigheden for béde
applikationer med solenergilagring og natkeling. Den optimerede konfiguration til
natkeling har en pladetykkelse pd 10 mm. Den optimerede konfiguration til
anvendelse i solenergilagring har en luftspaltetykkelse pd 6 mm og en pladedybde pa
90 mm.

Herefter bruges PCM-varmeveksleren med den optimerede konfiguration til at
forbedre den termiske effekt af VW. PCMVW er bygget og testet i facadelaboratoriet
ved at sammenligne det med et konventionel VW. Der konkluderes, at PCMVW kan
forbedre energiydelsen markant over VW til bade opvarmnings- og keleformél. Men



samtidig er keleevnen til anvendelse i natkeling begrenset uden avanceret
ventilationsdesign og skyggekontrol.

En numerisk model er opbygget i EnergyPlus til yderligere termisk og energi-
undersggelse af systemet. Undersggelsen sammenligner derefter forskellige
kontrolstrategier inklusiv tilfojelse af absorptions- / reflektionsvinduer, ventilering
direkte fra PCM-varmeveksleren til rummet samt separat justering af
ventilationsplanen for det ventilerede vindue og PCM-varmeveksleren. Specialet
giver strategien for den optimerede driftskontrol for systemet i bygninger i dansk
klima.
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CHAPTER 1. INTRODUCTION

1.1. BACKGROUND: STATUS OF BUILDING ENERGY
CONSUMPTION

Global warming has become a major challenge for the 21% century. With the
development of technologies and industry, the massive use of fossil fuels has caused
and accelerated many environmental problems such as global warming and climate
changes. A warmer climate can reduce the lifespan of building material, aggravate the
indoor climate, potentially increase the cooling energy demand and cause some health
problems. The extreme weather conditions will require buildings with more energy
and equipment resilience. As a consequence, more carbon dioxide will be produced.

The global energy consumption by fuel has doubled in the last 40 years[1] and is still
a growing trend. The energy demand is set to grow by more than 25% to 2040[2].
However, the total amount of fossil fuels on earth is limited. Statistics show that with
the current, increasing trend of the energy demand, our fossil fuels will drain within a
couple of centuries[1].

The building is a large sector for energy consumption. It consists of approximately
40% of the world's total energy consumption and one-third of the greenhouse gas
emissions[3]. The space heating and cooling account for 50% of the total building
energy demand[4]. Nevertheless, the building energy is an increasing trend with the
continued increase in population, in floor area as well as in quality requirements of
the indoor environment. Therefore, building energy conservation plays an important
role in the aim of decreasing greenhouse gas emissions.

One way for building energy conservation is to improve the building energy efficiency
by better management of building energy, such as storing the energy when the
electricity price is low, and releasing the stored energy when the electricity price is
high. By shifting the building’s energy demand to the off-peak hours (normally night
time), it lightens the burden of the electricity grid and avoids the waste of the surplus
electric power. Other approaches include adopting effective ventilation/HVAC
control strategies. Some researchers suggested adjusting the setpoint temperature of
air conditioning systems with weather forecasts and electricity prices [5].

Increasing the thermal interior of the building and building envelope can improve the
stability of the building indoor environment under different outdoor conditions,
especially for some extreme weather conditions. This can be fulfilled either by
increasing the thermal mass level or by improving the airtightness of the building.
Buildings with high thermal interior levels have the ability of self-adjustment and self-
adoptation to the outdoor weather with minimum HVAC energy consumption. Once
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the indoor temperature is adjusted to a certain outdoor condition, the energy
consumption to maintain it is relatively low. However, achieving a high energy
performance building is facing some new challenges due to the increase in thermal
insulation and airtightness[6]. One of the big challenges is the increased cooling
demand due to solar and internal heat gains, especially in the cooling season. Night
ventilation, as well as other ventilative cooling technologies, can potentially decrease
the HVAC energy consumption and achieve good indoor environmental quality. The
optimized night ventilation control strategy in combination with the right amount of
thermal mass level can further improve the night ventilation energy-saving
potential[7].

Another promising way of building energy conservation is to replace the building
energy source with renewable energy, such as wind energy and solar energy. Solar
energy can be stored in thermal energy storage (TES). The conventional storage
medium of TES is usually water. The TES with water has the disadvantage of large
storage volume due to the low heat capacity of water, which subsequently increases
the insolation surface area. Some new materials such as phase change material (PCM)
has gained much attention recently[8][9][10]. PCM has the advantage of high heat
capacity and high latent heat storage density. As a result, the total storage volume
could be decreased using PCM instead of the traditional thermal energy storage
material such as water.

1.2. THERMAL ENERGY STORAGE AND PHASE CHANGE
MATERIAL

Thermal energy storage (TES) is commonly used for building energy
storage[11][12][13][14][15][16]. TES can shift the building energy consumption to
off-peak hours. The energy could be converted from electrical power and stored as
heat/cold sources during the off-peak hours of the power grid. During peak hours, the
stored energy is used for building consumption. TES can also store solar energy during
the sunny daytime and use the stored energy during peak hours.

Renewable energy such as wind and solar energy are intermittent energy sources. A
large scale usage of such energy sources can have a severe impact on the power
network and potentially affect the security of the current power grid[10]. On the other
hand, a battery is normally used for small-scale use of renewable energy. However,
such battery always has a short lifespan and a bad influence on the environment.
Nevertheless, TES for building energy storage has a longer life span and is more
flexible in the storage form. It can be a small scale for hourly or daily energy usage,
or a large scale for seasonal thermal energy storage, e.g. storing the heat in hot water
during the summer for winter usage. It can store thermal energy as sensible energy or
latent energy. PCM is popular as the TES for building applications due to its high
latent energy storage ability. With the same storage volume, the PCM usually has
higher energy storage density than conventional thermal mass such as concrete.
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PCMs integrated with building elements can be categorized into passive and active
applications. Passive technologies are basically PCMs integrated with construction
materials such as gypsum, concrete, bricks, composites and so on. Michal et al.[17]
implemented PCM in a hollow-core concrete deck. The results highlighted the
potential of using PCM in concrete elements. Guiyin et al. [18] investigated the effect
of inserting a PCMs board into building envelopes. Two layers’ wallboard with
different PCMs is tested. The melting point of the two PCMs is 30.35°C and 26.65°C
respectively. They found out that with those PCMs, the time delay of the wall
temperature is 2-3 h.

Active applications mainly involve the use of PCMs in glazing, shadings, blinds as
well as heat exchangers for room temperature control. Hicham et al. [19] tested a
ventilated window with a PCM shading device for preheating the ventilated air. The
result is promising in comparison with non-ventilated ones. Diarce et al.[20] tested a
ventilated facade with PCM in comparison with other conventional facades, and
figured out the working mechanism of the PCM during heat absorption and releasing
processes. Alvaro et al.[21] put macro-encapsulated phase change material (PCM)
into a ventilated facade in the lab. They found that applying free cooling during the
night is the most effective operation strategy to reduce the cooling and heating load
of a room. They also found that the thermal resistance of the external envelope has a
great influence on the operation of the system.

1.3. VENTILATED WINDOW

The ventilated window was designed as a smart ventilation system for buildings with
limited manual fenestration. It is made by two layers of glass surface which form a
ventilation cavity. In winter the heat is accumulated in the cavity by solar radiation
and the heat transfer from the indoor. The cavity is ventilated to heat up the cold
outdoor air before entering into the room. The ventilated window provides the pre-
heated air to the indoor room and decreases the heat loss of the window to the outdoor
environment. During summer or hot days in winter, the window is cooled down by
natural ventilation, to prevent overheating of the indoor room from the overheated
window. Meanwhile, the room is ventilated by bypass ventilation. The working
principle of the ventilated window is shown in Figure 1-1.
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Figure 1-1 The working principle of the ventilated window.

Several researchers have studied the ventilated window numerically and
experimentally. One experimental study shows that the ventilated window can heat
up the inlet air temperature by 6-12°C [22]. Another study shows that the energy
performance of the ventilated window is quite high. It can decrease by 10% of the
heating demand [23]. A similar study shows that the ventilated window can achieve
good ventilation effect for both the cooling and heating purposes [24]. Other
researchers have done the typologies optimization of the ventilated window, and they
found that the optimized configuration is with solar control or low emissivity coatings
and double penal glazing on the outside of the ventilated cavity in terms of both higher
energy conservation and better thermal comfort [25].

The passive heat recovery window was developed in the Energy and Indoor
Environment of Building Laboratory in AAU, and now it is available on the market
as the Climawin window [26]. The system can automatically control the ventilation
airflow distribution by the deviation between the current and desired indoor thermal
conditions.

However, based on some studies [22], the inlet air temperature of the VW cannot meet

the indoor thermal requirements all the time due to the lack of heat/cold source. The
PCM heat exchanger combined with the VW and some other shading technologies
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can improve the ventilation performance of the VW and provide a better indoor
environmental quality.

1.4. PCM ENHANCED VENTILATED WINDOW

The aforementioned ventilated window may be confronted with low heating
efficiency during cold winter. The cooling effect of the summer application is limited
by the instant local outdoor air temperature and solar heat gain. To achieve better
energy efficiency, it is necessary to combine the ventilated window with some thermal
energy storage such as phase change material (PCM).

The PCM applied in the building components improves the building energy flexibility
by adding renewable energy to the building energy systems. It reduces building energy
consumption from traditional fossil fuels and improves building energy flexibility.

The PCM enhanced ventilated window (PCMVW) is designed to diminish or
substitute the energy consumption of the HVAC system for the whole year, even for
transition seasons when heating and cooling demands exist during the same day. It
can cover both the heating demand and cooling demand of the indoor room. The
decentralized ventilation system can provide a good indoor climate for separate rooms,
and is competitive to a traditional central ventilation system with extensive and
energy-consuming ducts and pipes in the building. The duct-free installation can
benefit the new buildings with less floor-to-ceiling height. It can also benefit the
energy efficiency renovation projects about existing buildings with normal room
heights[27].

The PCMVW is applicable for both summer and winter applications. The two

applications have the same configurations, but the working principles and control
strategies are different.
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Figure 1-3 Winter solar energy storage application working principle [28).

In the summer night cooling application (Figure 1-2), the PCM works as a heat sink.
The cold ambient air is ventilated through the PCM during the night to remove the
heat in the PCM in night cooling mode (Figure 1-2 (a)). During the day, the cold PCM
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cools down the ventilation when pre-cooled air is needed in ventilation pre-cooling
mode (Figure 1-2 (b)). When the indoor air temperature is too low, the PCM is not
used to produce heat for the ventilation. Instead, the heating mode is operated (Figure
1-2 (c)), the relatively higher temperature air in the ventilated window (compared to
the outdoor air temperature) is ventilated into the room. In winter solar energy storage
application (Figure 1-3), the PCM stores solar energy from solar radiation during
sunny days in solar energy storage mode (Figure 1-3 (a)). During the ventilation pre-
heating mode (Figure 1-3 (b)), it releases the heat into the ventilation when pre-heated
air isneeded. When the indoor air temperature is too high, the bypass mode is operated
(Figure 1-3 (c)), and the outdoor ambient air is ventilated directly into the room.

1.5. OBJECTIVES OF THE THESIS

The concept and working principle of the PCMVW (in chapter 1.4) are proposed at
the beginning of the PhD project. The objectives of the thesis are to develop the
PCMVW in the best configuration for high energy efficiency and good indoor
environmental quality and to improve the energy-saving potential of the PCMVW
with good control strategies for both summer and winter applications.

The challenges of this work are as follows:

1. To optimize the design of the PCM heat exchanger to achieve a high energy
storage density within the limitation of material properties and facility
volume,

2. To combine the PCM heat exchanger with the ventilated window with
effective ventilation solutions and test its performance compared to a
conventional ventilated window,

3. To develop the accurate numerical models of the system for system behavior
and energy consumption prediction, and

4. To develop the control strategies of the system to gain a good indoor
environmental quality and improve the building energy efficiency (including
advanced shading control strategy).

1.6. OUTLINE OF THE THESIS

Chapter 1 presents the background, working principles of the PCMVW, and the
objects and challenges of this PhD study.

Chapter 2 shows the PCM thermal properties, measurement methods and their
influence on modeling. It also shows the method of PCM selection for building

applications.

Based on the selected PCM, chapter 3 conducts an experimental study of the PCM
heat exchanger in the heating/cooling processes with/without an artificial sun. Later
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on, based on the heat transfer mechanism found by the experiment, two numerical
models are built. The 2D model is used for night cooling application, while the 3D
model is used for solar energy storage application. The two models are verified by the
experimental results and used to optimize the configuration of the PCM heat
exchanger.

In chapter 4, the optimized configuration of the PCM heat exchanger is combined with
a ventilated window. The PCMVW is tested in the lab under real weather conditions.
Moreover, the numerical models of a 3-room apartment with four PCMVWs are built
in Energyplus and verified by experimental results. The models are used for control
strategy optimization to achieve better energy performance.

Chapter 5 summarizes the work done in this study and provides some conclusions and
guidelines for the configuration of the PCM heat exchanger and control strategies of
the building with PCMVW.

Chapter 6 discusses and recommends future research directions.

Appendices A-E present the collection of journal articles related to this PhD study.
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CHAPTER 2. BASICS OF PCM
PROPERTIES AND PCM IN BUILDING

SIMULATION

It is necessary to have an overall knowledge about the material used for thermal
energy storage, before the design process of the PCM heat exchanger. This chapter
firstly introduces the thermal properties of the PCM and its advantages and
disadvantages for thermal energy storage, including the phase transition of the PCM,
temperature hysteresis, subcooling, and their influence on the accuracy of building
simulation. Later on, the study looks into the potential and requirements for PCM in
building applications. Based on that, the PCM used in this project is selected.

2.1. PCM PROPERTIES

PCM is a kind of material that changes its phase in a certain temperature (or
temperature range) and release or absorb latent heat simultaneously, as in Figure 2-1.
The latent heat during the phase transition process is much higher than the sensible
heat, which significantly increases the energy storage ability of the material. Due to
its high latent heat storage ability, PCM is largely used as thermal energy storage.

H Sensible heat H Sensible heat

ofh% of liquid

Latent heat
of fusion

+sensible
heat

Latent heat
of fusion

Enthalpy
Enthalpy

Sensible heat Sensible heat
of liquid of liquid
|
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Temperature Temperature

(a) (b)

Figure 2-1 The enthalpy gained from latent heat compared with sensible heat. (a) PCM
with single phase transition temperature. (b) PCM change phase in a temperature range.
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Base on the change of phase, PCMs can be sorted into 4 categories: solid-solid, solid-
liquid, solid-gas, liquid-gas[15]. Only solid-liquid PCMs are normally used for
Thermal Energy Storage (TES) and building applications. There are some technical
limitations to other PCMs. For solid-solid PCMs the heat transfer in the material is
slow due to the low thermal conductivity. For solid-gas and liquid-gas PCMs, the
facilities need large storage volume and the pressure would be high.

Based on chemical components PCMs could be sorted into 3 categories: Organic,
inorganic and eutectic[29]. Organic PCMs have the advantage of stable chemical
properties. It is high in latent heat capacity as well[30]. However, there are several
drawbacks of organic PCMs, for example low thermal conductivity and leakage
problems. Inorganic PCMs have higher latent heat and thermal conductivity than
organic PCMs in general, and most of them are non-flammable. Nevertheless, the
application is restrained because of their disadvantages include unsteady thermal ad
physical properties and subcooling effects. Eutectics are the mixtures of multiple
PCMs. It could be divided into organic-organic eutectics, organic-inorganic eutectics,
and inorganic-inorganic eutectics. Eutectics usually have sharp melting points, for
some mixtures, multiple peaks could be observed. The storage density may be higher
than organic PCMs[31].

PCM usually has a quite low thermal conductivity, which makes the heat transfer
process slow and potentially limits its application. Many researchers are working on
the improvement of the thermal conductivity of the PCMs. One method is to combine
PCMs with graphite matrices[32][33] and porous metal foam[34][35]. Another
method is to add fins[36], metal spheres[37] or other macro materials to improve the
thermal conductivity. Last but not least, nanomaterials, including carbon-based
nanostructures, carbon nanotubes, metallic and metal oxide nanomaterials and silver
nanowires[38][39]. Another disadvantage of PCM is its leakage problem due to the
changed phase. To solve this problem one can incorporate PCM in construction
materials or encapsulate PCM in either macro or micro encapsulation[13].

There are already several works considering the disadvantages of PCMs. Belén et
al.[40] have tested a heat exchanger with PCMs for building free-cooling propose.
The thickness of the encapsulated PCM was set as 15 mm and 25 mm. They found
out that the thickness of the PCM encapsulation has the highest influence on the
freezing process of the PCM. For the melting process, the most influential parameter
is the inlet air temperature. They then gave further consideration of embedding PCM
in a porous matrix of graphite[41]. With this method, the PCM plate can be 70%
thicker and half of the fan energy can be saved. Based on the researches mentioned
above, Xiaoming et al.[42] built a ventilation system with a latent heat thermal energy
storage. The thickness of both the PCM layer and the air gap is 10 mm. The results
show that the seasonal average cooling energy supply ratio is 85%, and the seasonal
average electricity saving ratio is 68%.
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Similarly, Yutong et al.[43] evaluated an office building with a cooling unit made by
PCM for a window application. It is found out that the optimized thickness of the
PCM plates is 5 mm for 8 h activation time.

2.2. PCM TEMPERATURE HYSTERESIS

Many PCMs are showing observable hysteresis and subcooling, especially inorganic
PCMs[44]. The hysteresis is observed as the thermal properties of the PCM during
the freezing process have some discrepancies compared to that during the melting
process, such as heat capacity, enthalpy, viscosity, and thermal conductivity. Take
paraffin wax 22 for example. Figure 2-2 shows its heat capacity and enthalpy during
the melting and freezing process. The freezing peak of heat capacity is delayed
compared to the melting peak. Similarly, the temperature when the phase transition
starts during the freezing process has to be lower than the melting temperature, as seen
in both the heat capacity curves and enthalpy curves.
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Figure 2-2 The temperature hysteresis of paraffin wax 22. (a) Heat capacity curves. (b)
Enthalpy curves.[45]

There are mainly two reasons for the hysteresis phenomenon of PCM. One is the
improper measurement methods employed to assess PCM properties, and the other
one is the intrinsic properties of the materials and subcooling effect. The first one does
not represent the material correctly, and the second one is a material property, which
should be modeled in a proper way.

2.3. DSC MEASUREMENT

The PCM thermal properties shown in Figure 2-2 are measured by Differential
scanning calorimetry (DSC). DSC is the standard method for the thermal analysis of
small material samples. The principle of DSC is based on detecting the difference of
enthalpy change between the tested sample and a reference sample subject to the same
rate of temperature change. The specific heat capacity of the reference sample is
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known so that the specific heat capacity of the tested sample can be deduced. The
results of the conventional DSC method (also known as DCS dynamic mode) depend
on the sample size and the heating/cooling rate. Too large heating/cooling rates or
oversized samples[46] result in temperature inhomogeneity inside the sample,
especially if the tested sample has a low thermal conductivity, which is typically the
case for PCM. As a consequence, the measured thermal properties will present
significant errors [47]. The reduction of sample size will reduce the measurement
uncertainty. However, the small sample size is not applicable for non-homogenous
materials. Moreover, the subcooling effect in a small sample is more severe than in a
large sample. This may result in the over-estimation of subcooling.
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Figure 2-3 The influence of heat rate on the hysteresis of enthalpy.

Figure 2-3 shows that a higher heating and cooling rate increases subcooling,
hysteresis, and the phase transition temperature range [46,48,49]. However, a lower
heating or cooling rate decreases the magnitude of the DSC signal, which makes it
more sensitive to measurement noise. Arkar et al. [50-52] suggested that the
properties of the PCM should be determined using the similar heating and cooling
rates as the actual temperature change rates of the real application.

The DSC method is applicable for PCMs, which are homogeneous and with no
subcooling effect. Methods that are more accurate are required for the thermal analysis
of bulk PCM and PCM with subcooling effect. The T-history method can measure the
thermal properties of larger size PCM samples with constant heating and cooling
temperature instead of temperature ramps. It was first proposed by Zhang et al [53].
The method is based on the comparison of the temperature-history (T-history) of the
measured sample and the reference sample. The heat convection rate to the container
is considered the same from the tested sample and the reference sample since they are
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in the same container. The thermal properties of the reference sample are known so
that the thermal properties of the tested sample can be deduced by comparison.

Lazaro et al. [47] have performed a comparison of PCM enthalpy measured by DSC
and T-history. The study included Hexadecane, paraffin RT27, and sodium acetate
trihydrate graphite compound material. It was found that for materials with hysteresis,
the T-history method is more accurate than the DSC. The T-history method is also
more accurate for compound materials, because this setup and calculation method are
specially designed for those materials. A drawback of the T-history method is that
there is no commercial instrument available on the market so the measurement
accuracy of each individual setup is hard to evaluate, and it is difficult to compare
among the results from different works. Consequently, the reliability of the measured
results is uncertain.

The aforementioned problems indicate that it is easy to wrongfully estimate the
hysteresis of PCM from the measurements. In addition, each method might not be
suitable for the whole range of PCM products. The measurement method should be
chosen with great care depending on the material homogeneity, the level of
subcooling, the PCM type, the heating/cooling rate, and the temperature range of the
LHTES application.

2.4. PCM MODELING AND HYSTERESIS EFFECT ON MODELING
ACCURACY

As employing LHTES into building systems is becoming more popular, some of the
building simulation tools started to develop modules for phase change material. Some
others enable the input of nonlinear thermal properties and hysteresis of the material.
Table 2-1 presents the commonly used building simulation tools including PCM
models.

Table 2-1 The commonly used models in building simulation software.
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However, there is less research about the influence of hysteresis on building energy
consumption. In this PhD study, 6 PCMs with different hysteresis (the heat capacity
and the phase transition temperature are the same) are simulated to test their energy-
saving potential for the HVAC system. The PCM is integrated into a PCMVW system
for ventilation pre-heating and pre-cooling. In comparison, 6 PCMs with different
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phase transition temperatures (the same latent heat and hysteresis degree) are
simulated later. The sensitivity analysis is done to see which parameter has a higher
influence on the building energy demand. [45]

Figure 2-4 shows the local sensitivity index of phase transition temperature and
hysteresis on the building energy demand. It shows that the hysteresis degree has a
much higher sensitivity index than the phase transition temperature for both summer
energy demand and winter energy demand. However, both phase transition
temperature and hysteresis degree have small sensitivity indexes for total energy
demand. It is because for summer application, the summer energy demand increases
with the increase of PCM phase transition temperature and the hysteresis degree.
However, for winter application, the winter energy demand increases with the increase
of the phase transition temperature but decreases with the increase of the hysteresis
degree. [45]
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Figure 2-4 The local sensitivity index of phase transition temperature and hysteresis on the
building energy demand.[45]

For more information on the model and sensitivity analysis please refer to Appendix
E [45]: “Temperature hysteresis of phase change materials and its impact on building
modeling”.

2.5. PCM SELECTION FOR BUILDING APPLICATIONS

There are several requirements for PCM in building applications, as shown in Figure
2-5. Firstly, it should guarantee a thermally comfortable indoor environment.
According to ASHRAE Handbook, the comfortable zone for human beings in summer
is 23°C-27°C[68]. A temperature difference of 3°C -5°C is necessary for heat
transfer[14]. For cooling purposes, the melting temperature range should be 18 °C-
24°C accordingly. For comfortable applications in buildings, the melting/freezing
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point should be in the range of 20 °C-30°C[69]. Another important factor is the latent
heat. The material releases a large amount of heat while changing its phase at an
almost constant temperature[70]. With high latent heat, the material could store large
amounts of energy with small volume and density, which makes the building lighter.
High specific heat is also acclaimed. Other important factors include high thermal
conductivity, chemical and physical stability, low volume expansion and no super-
cooling effect during solidification[15].

Chemical Guarantee 3-5 °C temperature
stability thermal difference is necessary
comfort for heat transfer

High specific heat is High latent Low volume
also needed heat expansion

No super- High Heat transfer
thermal enhancement is

cooling o
conductivity necessary

Figure 2-5 The requirement of PCM for building opponents.

As for both cooling and heating purposes, the phase change temperature of PCMs has
other limitations. It should be higher than the summer morning temperature and lower
than the winter daytime temperature. If the chosen phase change temperature is too
low, the PCM may never solidify in summer; if too high, it may never melt in winter,
and the heat loss to the ambient is considerable. Some research work also checked this
problem. Sayanthan et al.[59]considered 3 different melting temperature PCMs in
naturally ventilation buildings in summer, the results indicated that the phase
transition temperature of the PCM used in the building should at least be 3-5 °C higher
than the indoor air temperature, to guarantee a good thermal comfort indoor
environment and improve the PCM efficiency. P.Hoes et al.[71]indicated that the
PCM melting temperature should be higher than the minimum outdoor air temperature
during summer days. A LTES filled by PCM with embedded heat pipes was developed
and tested by Turnpenny et al.[72][73] One of their main conclusions is that the heat
transfer rate can be as high as 40 W for 19 h when there is 5 °C difference between
the PCM phase transition temperature and the air temperature. Peippo et al.[74] have
built and researched a passive solar house in the USA and the results indicated that
the optimal phase transition temperature should be 1-3°C higher than the room
temperature. Tyagi, Agyenim, et al.[75][76]argued that PCMs used in buildings
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should have a phase transition temperature at 20 °C to 32 °C, which is the temperature
of the building environment. Some researchers consider the double panel of PCMs as
a method for thermal control[77][78]. However, none of them tried to compare the
double panel to a single panel to show the necessity of using different layers of PCMs.

For this Ph.D. project, the selected PCM is paraffin wax. The PCM has a melting
range of 16 °C -23 °C and a freezing range of 14 °C- 21.5 °C. The melting point is
20.7 °C and the freezing point is 21.5 °C. The total heat capacity of the PCM plates is
117 kJ/kg (for a 10 °C to 30 °C temperature change) [66]. The thermal conductivity
of the PCM in the solid-state is 0.18 W/m/k. The PCM is absorbed in a thin fiberboard,
to compensate for its low thermal conductivity and to provide encapsulation. The heat
capacity of the PCM board measured by DSC is shown in Figure 2-7.
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Figure 2-6 The heat capacity of the PCM used in the night cooling application. Data
obtained from DSC measurement.[66]

2.6. CONCLUSIONS

The analysis of the PCM thermal properties has the conclusion that the choice of PCM
should be based on the temperature requirement of the application. Moreover, the
PCM form and thickness should be designed in a way that is good for the heat transfer
process. In addition, the hysteresis of PCM should be noticed when doing numerical
modeling of PCM.

The sensitivity analysis of the hysteresis degree and phase transition temperature on
the building energy demand shows that the hysteresis degree has a higher influence
on the summer energy demand and winter energy demand than the phase transition
temperature. The summer energy demand increases with the increase of the hysteresis
degree, while the winter energy demand decreases with the increase of the hysteresis
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degree. Both phase transition temperature and hysteresis degree have less influence
on the yearly building energy demand.

For both ventilation heating and cooling purposes, the PCM chosen in this study is
paraffin wax 22, which has a melting/freezing point around 22 °C. It is encapsulated
in fiberboards, to avoid leakage and make it shape-steady. The measured total heat
capacity of the PCM is 117 kl/kg.
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CHAPTER 3. PCM HEAT TRANSFER
STUDY BASED ON THE
CONFIGURATION OPTIMIZATION OF A
PCM HEAT EXCHANGER

This chapter studies the PCM heat transfer mechanism by a case study of the design
process of a PCM heat exchanger. The configuration of the PCM heat exchanger is
optimized for both summer night cooling application and winter solar energy storage
application. The experimental study is firstly presented, to find out the heat transfer
mechanism of the PCM heat exchanger, and to provide useful data for the validation
of the numerical model. The numerical model is then presented and validated by the
experimental results. The model then examined several configurations to decide
which one is the best.

3.1. EXPERIMENTAL STUDY OF THE PCM HEAT EXCHANGER

3.1.1. EXPERIMENT SETUP

The aim of the experiment is to study the heat transfer mechanism of the PCM heat
exchanger for the summer night cooling application and winter solar energy storage
application, and to provide valuable data to validate the numerical model.

For those purposes, a PCM heat exchanger is developed and tested in the climate
chamber in the AAU Indoor Environmental Engineering Laboratory. The test
equipment includes the hotbox and coldbox to create indoor and outdoor climates, and
an artificial sun to create solar radiation[66], as shown in Figure 3-1 and Figure 3-2.
Each box is well insulated and includes a cooler and a heater[66]. Fan coils with 0.2
m/s airspeed are used, to provide relatively homogeneous air distribution in the two
boxes[66]. They are controlled by proportional-integral—derivative (PID) controller
to achieve the desired building climates[66]. The PCM storage is set between the
coldbox and hotbox. The two boxes are connected by ducts and a fan, to provide a
pressure difference in the two boxes to drive the air goes through the PCM
storage[66], see Figure 3-3. The flow rate is measured by an orifice plate. The
measurement uncertainty is + 7.5%. [66]
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Figure 3-1 The setup of hot box and cold box experiment.[66]
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Figure 3-2 The setup of the artificial sun.
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Figure 3-3 The details of the climate chamber control.[79]

The temperature measurement includes the air temperature in the gaps between PCM
plates, the air temperature in the inlet and outlet of the PCM heat exchanger, the PCM
temperature in different positions of the PCM plates[66]. 56 type K thermocouples
are used for the temperature measurement, as seen in Figure 3-4. The uncertainty of
the calibration is + 0.15 °C[66]. A Fluke Helios Plus 2287A data logger is used for
the data collection. The logging rate is every 300 s. [66]
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Figure 3-4 The thermocouples for temperature measurement inside the PCM heat
exchanger.[66]
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3.1.2. EXPERIMENTAL RESULTS

The study consists of two experiment tests, one without the artificial sun and one with
the artificial sun. For the test without artificial sun, the PCM is charged by the hot air
in the hotbox and then discharged by the cold air in the coldbox. For the test with the
artificial sun, the PCM is charged by the solar radiation from the artificial sun, and
then discharged by the cold air in the cold box.

3.1.2.1. Without artificial sun

Figure 3-5 shows the air temperature at the top and bottom ofthe PCM heat exchanger.
The air in the hotbox goes into the PCM unit from the top opening to heat up the PCM
during 0-7.5 h. The fan switched the direction at 7.5 h. During 7.5 h- 15 h, the air in
the cold box goes into the PCM unit from the bottom opening, to cool down the PCM.
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Figure 3-5 The inlet and outlet air temperature of the PCM heat exchanger.

Figure 3-6 shows the PCM temperature at different positions of the PCM plates. For
the melting process (0 - 7.5 h), the PCM in the top of the PCM plates melt first, then
the lower part of the PCM plates starts melting. For the freezing process (7.5 h - 15
h), the airflow changes the direction. The lower part of the PCM pates melts first.
Clear phase transition can be seen in both melting and freezing processes around 20-
22 °C.
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Figure 3-6 The PCM temperature at different positions of the plates (average of all the
measured plates).

Figure 3-7 shows the PCM temperature distribution along with the depth of the PCM
plates. It is seen that the temperature difference at different depths is not so big. The
depth of the PCM plate does not influence the temperature distribution inside the PCM
plates, due to the evenly distributed airflow in the gaps between the PCM plates. As a
consequence, it is reasonable to simplify the numerical model of the PCM heat
exchanger for the night cooling application in 2 dimensional.
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Figure 3-7 The PCM temperature in the heat exchanger with the same height. [66]
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3.1.2.2. With artificial sun
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Figure 3-8 Solar radiation distribution on the surface of the PCM unit.

In Figure 3-8 one can see the solar radiation distribution on the out layer of glass
surface of the PCM unit. The solar radiation has been measured in 30 different points,
mapping the entire surface to assess precisely the total solar gain to the collector. The
average solar radiation is 618.2W/m?. The distribution of the solar radiation is uneven.
The left side has more radiation than the left side, and the middle part has less solar
radiation. The deviation of the solar radiation (Imax - Imin) is 9.35%.
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Figure 3-9 The temperature inside the cold box.

Figure 3-9 shows the vertical distribution of the air temperature in the Cold Box during
the experiment. The artificial sun is activated during the first 6.3 hours and then turned
off. The temperature fluctuations in the beginning and in the middle of the test are
caused by the sudden change of solar load in the Cold Box when the artificial sun is
turned on or off. For 0.5 h-6.3 h, measurement point 1 has the highest temperature
value. This is probably because the solar radiation at the measurement point 1 is the
highest, as seen in Figure 8 (width = 530 mm). In the heat storage mode, the vertical
inhomogeneity of the air temperature in the cold box is lower than 3 °C. In the
ventilation preheating mode, it is lower than 2 °C.
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Figure 3-10 PCM temperature measurements at different heights of the heat exchanger
plates during the experimental test.
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In Figure 3-10 one can see the PCM temperature at different positions within the
collector plates at four different heights. At each height, the temperature profiles are
established from 4 measurement points along the width of the heat exchanger. The
average temperature at different heights are shown as solid curves. The color shades
around the solid curves represent the temperature range (minimum and maximum) for
all the measurement points. Temperature stratification is visibly clear along with the
height of the heat exchanger.

Figure 3-10(a) shows that during the solar energy storage mode, the PCM temperature
in the outer part of the plates rises quickly. The phase transition occurs at the same
time in the entire height of the collector during 0.7 h - 1.3 h. The temperature gradient
between measurement points at 50 mm and the other ones is significant. The reason
is that the PCM temperature close to the radiation surface is more influenced by the
radiation rather than the convection of hot air inside the air gaps. During the
ventilation preheating mode, the phase transition occurs during a longer period (6.5 h
- 10.5h). The PCM at the same height has a similar heating rate and reaches the phase
transition temperature at a similar time. The PCM at the lower height solidifies first,
because it is closer to the inlet. Similarly, the higher the PCM in the heat exchanger,
the later it solidifies.

Figure 3-10(b) shows the PCM temperature in the middle of the collector plates.
During the solar energy storage mode, the PCM at the height 710 mm melts first (at
around 3 h), then at 490 mm and 270 mm. The PCM at the height of 50 mm does not
reach the melting peak of the material during the two modes. The temperature
stratification is partly due to solar radiation and partly due to the convection inside the
air gaps. During the ventilation preheating mode, the temperature profiles show the
same pattern as the PCM temperature in the outer part of the plates and are lower than
in the middle of the plates. The phase transition occurs at 6.5 h - 10.5 h. Also, the
PCM at the same height has a similar heating rate and reaches the phase transition
temperature at a similar time. The PCM at the lower height solidifies first, followed
by the PCM at higher heights.

Figure 3-10(c) shows the PCM temperature in the inner part of the plates. During the
solar energy storage mode, only the temperature of PCM at the height of 710 mm
reaches the melting peak. The phase transition occurs during 4 h - 5.6 h. The
stratification of temperature only occurs at the top of the plates. It is more influenced
by the convection inside the air gaps than solar radiation. During the ventilation
preheating mode, the temperature profiles show the same pattern as the PCM
temperature in the outer and middle parts of the plates.

46



180 Lo
Height =710 mm
o 150 . Height = 490 mm
2 — - =Height = 270 mm
20l 7 Rt i 7 Hegnt=somm
Q
g 904
L
B B0 o NN
©
(]
I 30
0
0 1 2 3 4 5 6 7 8 9 10 1 12
Time (hours)
(a) Heat storage in the outer part of the PCM plates
180 : : ‘
' : Height =710 mm ;
— 150_””“”””1 . Height=490 mm @ @
2 : j — - —Height = 270 mm !
2] “Height=50mm
[0} | |
§ 90t
L ‘ ‘ : i i
- R et
© i i i i i
(0] i H H | .
T 304 R
0 T T T T ' T T T T T T T T T T T T T T T N I |
0 1 2 3 4 5 6 7 8 9 10 11 12
Time (hours)
(b) Heat storage in the middle of the PCM plates
180 -
Height=710 mm
~ 1504 . Height =490 mm @
2 — - =Height =270 mm
2 1204 -Helght:50mm
Q
(o))
o
[]
®
®
Q
T

Time (hours)
(c) Heat storage in the inner part of the PCM plates

Figure 3-11 Heat storage capacity of PCM in the two experimental modes.
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Figure 3-11(a) shows the heat storage capacity of PCM in the outer part of the plates.
The heat storage increases rapidly from 0.7 h - 1.3 h, which is due to the latent heat
storage of the PCM during the phase transition period. At 6.5 h, the PCM at the height
50 mm starts releasing latent heat. At 10.5 h, the PCM at the height 710 mm finishes
latent heat releasing. The heat storage profiles of all the measurement points present
a sharp peak. Thus one can deduce that the PCM in the whole outer part of the plates
has effective sensible and latent heat storage. Figure 3-11(b) shows the heat storage
capacity of PCM in the middle of the plates. In the energy storage mode, the
measurement points at all heights have the full latent and sensible heat storage except
the height 50 mm. The heat storage ability of the PCM in the inner part of the plates
is seen in Figure 3-11(c). Only the PCM at the height 710 mm has the full latent heat
storage, which means most of the inner part of the plates is not activated. It emphasizes
the necessity of an optimization of the depth of the plates. The total stored energy by

all the plates £, is5.84 MJ.

The energy storage efficiency is 41.7%, which is calculated based on Equation (3-1).

n, = recieved __ At-1-4 3-1
| = =
Estored E stored
Where
E . ... 1s the energy received by the PCM during the solar energy storage mode;

Estm,ed is the energy stored during the solar energy storage mode; Af is the entire

time of the solar energy storage mode; / is the average solar radiation density received
by the surface of the heat exchanger; A is the surface area of the heat exchanger
exposed to the solar radiation.
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Figure 3-12 The temperature distribution in the air gap

Figure 3-12 shows the temperature distribution at different heights of the air gap and
at the inlet and outlet. The air temperatures at 270 mm and 490 mm are similar. For
the solar storage mode, the outlet air temperature is influenced by the ambient PCM
temperature as well as the frame of the heat exchanger. For the ventilation preheating
mode, the inlet air temperature is more influenced by the air temperature inside the
Cold Box. The energy released from the PCM to the ventilation system during the

ventilation preheating mode Ere,ease 4 1s calculated by Equation (3-2).

— 3-2
Ereleased - L qairpair Cpair (ZZJutlet - anet)

Where q is the airflow rate inside the heat exchanger during the ventilation pre-heating

mode; © is the density of the air; Cp is the specific heat capacity of the air; 7, , . is

the outlet air temperature of the heat exchanger; 7

inler 18 the inlet air temperature of

the heat exchanger.
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Figure 3-13 The energy release rate and release energy of the heat exchanger during
ventilation preheating mode.

Figure 3-13 presents the energy release rate and the released energy of the heat
exchanger along with the time during ventilation preheating mode. The energy release
rate of the heat exchanger shows a similar trend as the outlet air temperature. The total
released energy within the 6.3 h - 12.5 h time period is 5.13 MJ.

The pre-heating efficiency of the heat exchanger is 87.8%, which is calculated by
Equation (3-3).

n, = Estored 3-3
2

released

The overall energy efficiency of the heat exchanger is calculated by Equation (3-4).

ny =17, 4
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The overall energy efficiency of the heat exchanger is 36.6%. The limited overall
energy efficiency is mainly caused by the low energy storage efficiency of the heat
exchanger, which is prevailingly due to the low heat storage capacity in the inner side
of the PCM plates. This part of the PCM can be removed or activated by a better
configuration design of the heat exchanger.

3.2. NUMERICAL STUDY OF THE PCM HEAT EXCHANGER
3.2.1. THE NIGHT COOLING APPLICATION

Considering a PCM heat exchanger made of parallel PCM plates. The plate thickness
and the air gap between plates are Smm, and the height of the PCM plates is 770 mm,
as seen in Figure 3-14.

The model is simplified into 2D with symmetry boundary conditions for heat transfer
and laminar flow[66]. The calculation domain is half of the PCM plate and half of the
air gap. The descriptions and details of the model is in Appendix A: “A new ventilated
window with PCM heat exchanger — performance analysis and design
optimization. ’[66]
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Figure 3-14 The calculation domain of the numerical model.

Due to the big aspect ratio, different meshing methods are applied to the long side and
the short side. It is denser on the short side. It is also denser in the boundary layer than
in the domain part. The meshing contains 275162 elements. The average meshing
quality is 0.86. The mesh quality is calculated by the ratios of the inscribed and
circumscribed circles’ or spheres’ radii for the simplex corresponding to each corner
of the element[80]. The mesh element quality measures the regularity of the mesh
elements’ shapes[81]. The meshing details are in Figure 3-15.
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Figure 3-15 The meshing details of the finite element model.

3.2.2. THE SOLAR ENERGY STORAGE APPLICATION

The 3D finite element model is built in COMSOL Multiphysics. The model solves
heat transfer and laminar flow multiphysics[79]. The model simulates the parallel
PCM plates and the laminar flow between the plates. The buoyancy force is added to
the flow. The model is simplified by applying symmetry boundary conditions to save
computation time. The simplification is possible because the boundary conditions for
each plate and air gap are the same (except the ones close to the frame of the heat
exchanger). The symmetry boundaries and the meshing of the model are shown in
Figure 3-16. The meshing contains 179192 elements. The average meshing quality is
0.58.
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Figure 3-16 The meshing details of the 3D solar energy storage model.

The convection heat transfer in the PCM is neglected because the PCM is
encapsulated in shape stable fiberboards. It is verified later in the model validation
part. The details of the model are shown in Appendix B: “Experimental and numerical
study of a PCM solar air heat exchanger and its ventilation preheating
effectiveness. [ 79]

3.2.3. MODEL VALIDATION

The night cooling model is verified by the data from the experiment described in
chapter 3.1.2.1. The average error for the freezing process is 2.38%, for the melting
process is 4.79%. Please refer to Appendix A[66] for more information about model
details and model validation.

The solar energy storage model is verified by the experimental data from the
experiment described in chapter 3.1.2.2. The average error is 4.02. For more
information about model details and model validation, please refer to Appendix B
[79].

3.3. CONFIGURATION OPTIMIZATION OF THE PCM HEAT
EXCHANGER

3.3.1. NIGHT COOLING APPLICATION

The climate data of one extreme day in Copenhagen is used as the boundary condition
for configuration optimization, as shown in Figure 3-17. The data is from the Design
Reference Year measured by DMI[82].
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Figure 3-17 The outdoor dry-bulb air temperature of a sever summer day in
Copenhagen.[66]

PCM heat exchanger with 4 different plate thicknesses is chosen. The air gap thickness
and plate depth are all the same, which is 5 mm. The airflow rate in each PCM heat
exchanger is 106 m3/h. The details of the simulated cases are in Table 3-1.

Table 3-1 The cases for PCM plate thickness optimization.[66]

. Total
Air Number | Plate Air pcm | Lotal
. flow PCM

d (mm) | e (mm) | velocity of plates depth surface
. rate volume
(m/s) in total (mm) 3 area 3

(m*/h) 2 (m°)

(m”)
5 0.74 106 22.30 0.052
10 1.09 70 15.69 0.069

5 75 106

15 1.48 53 12.62 0.078
20 1.78 42 10.58 0.083

The discharged heat for PCM heat exchangers with different plate thicknesses are
shown in Figure 3-18. All the cases have similar discharged heat rate for the first 3 h.
PCM heat exchanger with 5 mm plate thickness discharges fastest, while with 20 mm
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plate thickness discharges slowest but the discharged heat of which is the highest. For
5.5 h discharging time, the 10 mm plate thickness performs better considering both
discharging speed and total discharged heat[66].
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Figure 3-18 The total discharged heat of the PCM for the heat exchanger with different
plate thicknesses in the night cooling period.[66]

Figure 3-19 compares the ventilation pre-cooling ability of the PCM heat exchangers
using 5 mm plates and 10 mm plates. In the period 11:00-15:00, the PCM heat
exchanger with 10 mm plates cools down the ventilation by average 6.5°C for 3.9 h
effect hours (with supply air temperature lower than 23°C), while for PCM heat
exchanger with 5 mm thickness, the effect hour is 2.8 h[66].
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Figure 3-19 The outlet air temperature of the PCM heat exchanger in the daytime
ventilation pre-cooling period.[66]

The optimized plate thickness for the PCM heat exchanger is 10 mm for both high
charging/discharging speed and high charging/discharging heat amount[66].

3.3.2. SOLAR ENERGY STORAGE APPLICATION

The solar radiation from the sun is a key parameter that influences the effect of the
solar energy storage application. When the PCM plates are exposed to sunlight, the
PCM in different depths of the PCM plate melts at different times because the heat
transfer direction is along with the depth of the PCM plate. Figure 3-20 shows the
PCM temperature distribution in the middle panel of PCM plates with different depths
after 6 h charging by 550 W artificial sunlight[79]. The heat flux is from the right side.
It shows that the PCM plate with a smaller depth has a higher PCM temperature and
a higher amount of melted PCM for the whole plate. Figure 3-21 shows that the PCM
plate with a smaller depth has a higher melt fraction, and reaches a stable state
faster[79]. However, the stored latent heat by the PCM plate with smaller depth is also
smaller, seen in Figure 3-22. For the PCM plate with bigger depth (100 mm or 110
mm), the PCM cannot fully melt during the 6 h charge. PCM plate with 90 mm depth
is optimized for the charging speed and the stored latent heat[79].

A similar optimization process is done for the air gap thickness between the PCM
plates. It is found out that the optimized air gap thickness is 6 mm[79].
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Figure 3-21 The melt fraction of the PCM along with charging time.[79]
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Figure 3-22 The stored latent heat of the PCM along with charging time.[79]

3.4. CONCLUSIONS

The experiment of the night cooling application has the main conclusion that the PCM
temperature is equally distributed along with the depth of the PCM plates, which
indicates that the numerical model for night cooling application could be simplified
into 2 dimensional.

The experiment of the solar energy storage application has the main conclusion that
the PCM temperature is not equally distributed along with both the depth and the
height of the PCM plates. In addition, considering the buoyancy drive in the PCM
cavity, a 3-dimensional numerical model would be more accurate for the application.

The numerical models built for night cooling application and solar energy storage
application are both verified by experimental data. The optimized configuration of the
PCM heat exchanger for the night cooling application is 10 mm plate thickness. The
optimized configuration of the PCM heat exchanger for the solar energy storage
application is 6 mm air gap thickness and 90 mm plate depth.
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CHAPTER 4. THE EFFECT OF PCM
ENHANCED VENTILATED WINDOW ON
THE ENERGY PERFORMANCE OF THE
SYSTEM

The optimized configuration of the PCM heat exchanger in Chapter 3 is used to
enhance a ventilated window for both night cooling purpose and solar energy storage
purpose. This chapter firstly presents an experimental study of the PCMVW to study
the thermal performance of the PCMVW and the potential ways to improve the
system. The Energyplus models of an apartment with 4 PCMVWs are then built and
validated by the experimental data. The models are used for control strategy
development, including summer night cooling control strategy, winter solar energy
storage control strategy and advanced shading control strategy.

4.1. EXPERIMENTAL STUDY OF THE PCM ENHANCED
VENTILATED WINDOW

4.1.1. EXPERIMENTAL SETUP

The PCM enhanced ventilated window and normal ventilated window are tested in
the fagade lab on the top floor of the Department of Civil Engineering. The windows
are mounted in the fagade facing south. The building is located in an open area with
no obstructions from the surroundings on the south[27].

Figure 4-1 shows the tested windows. The PCMVW includes a PCM heat exchanger
and a VW, and the Ref is a normal ventilated window. The configuration of the PCM
heat exchanger selected here is based on the configuration optimization for both
summer and winter applications in chapter 3. The two windows have the same type
of vents, to guide the airflow from outdoor to indoor through the windows.
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Figure 4-1 The experimental setup of PCMVW and reference VW.[27]

Two fans are used for each window separately, to provide controllable flow in each
window. 180 K-type thermocouples are used for the temperature measurement in all
the windows. More details about the experimental setup can be found in Appendix C
[27].

4.1.2. EXPERIMENTAL RESULTS

4.1.2.1 Night cooling application

The night cooling application of PCMVW for summer and transition seasons is firstly
tested. The test includes an external shading for the PCM heat exchanger, to avoid the
heat from the sun during the daytime. During the night, the hot PCM is cooled down
by ventilating the cold outdoor air to the PCM heat exchanger. During the day, the
cold PCM is used to pre-cool the ventilated air before ventilating into the room[27].
In this test, the PCMVW is ventilated through the PCM heat exchanger and ventilated
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window all the time. The Ref VW is ventilated through the ventilated window the
whole time[27].
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Figure 4-2 The working principle of the night cooling application. [27]

The data of 13 days with different outdoor climate conditions are gathered and
analyzed. The PCMVW has 4 thermal and energy performance indicators for summer
night cooling application: heat removal amount, ventilation energy-saving, inlet
temperature decrease and cooling effect hours[27]. Those indicators are calculated by
comparing the room inlet air temperature of a PCMVW and a reference VW.

The linear correlations between outdoor climate parameters and the indicators are
shown in Figure 4-3. Strong linear correlations can be found for heat removal amount,
ventilation energy-saving and inlet temperature decrease[27]. The cooling effect
hours have no strong correlation with the outdoor average temperature difference. The
inlet air temperature of the PCMVW is by average 1.4°C lower for 7 hours compared
to the conventional VW[27]. The average energy saving is 0.7 MJ/day for the tested
days[27].
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The solar energy storage application operates normally in winter or in transition
seasons when ventilation pre-heating is needed. The heat storage mode is on during
the daytime when the PCM stores the heat from solar radiation. While during the
ventilation preheating mode, the ambient air temperature is quite low[27]. The hot
PCM is then releasing the heat to the ventilation, to provide heat to the room as well
as avoid the cold draft. The PCMVW is ventilated through VW in 8:30-18:30, through
PCM and VW in 18:30-next day 8:30, while Ref VW ventilates through VW all day
and night[27]. The control strategy of the PCMVW is shown in Figure 4-4.
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Figure 4-4 The working principle of the solar energy storage application. [27]

Figure 4-5 shows the outdoor weather parameters in relation to the PCMVW
performance indicators. The heat storage amount, ventilation energy-saving, inlet air
temperature increase have a linear correlation with solar radiation level, while the
heating effect hours has a linear correlation with night time average outdoor air
temperature[27]. The latter is not so well fitted. One reason may be the low airflow
rate through the PCMVW, which makes the heat release process slow. Compared to
the conventional VW, the PCMVW can provide by average 2°C higher inlet air
temperature to the room for an average of 12 hours[27]. The average energy saving is
1.6 MJ/day[27].

64



b) 25

5 °
= . L il s o
E 5 L) o L ] -
£ . : 2 i
8y ~ y =0.2972% +0.9713 @s L]
£ R?=0.8008 &
@ L @ ;
& g ¥ = 0.0971x + 0.2785
g3 i d R?=0.8764
g : 2
=2 ™ = '
] =
T S 05

1 =

0 0

4 6 & 10 12 14 16 18 20 2 8l 6 8 10 12 14 16 18 20
Solar radiation level (MJ/m?) Solar radiation level (MJ/m?2)

c
(e} 5 (d 16
T2 L 15 =
o e s
8 e Eu .
o [ g2
5 & ® ER L] ¥
s g ° u Lt
51 ®— y=0.0997x+ 0.6229 212
2 £
< R2=0.7737 @ o
g & o 11
£ 1 = !
2 ¢ 10 . ~
2 os

o

2 4 6 8 10 12 14 16 18 20 10 n 12 13 14 15 16 17 18

Solar radiation level {MJ/m?) Night time average outdoor air temperature {°C)

Figure 4-5 The ventilation performance indicators as functions of the climate parameters.
[27]

4.1.2.3 Blinds for mechanical ventilation and self-cooling natural
ventilation

The between-glass venetian blinds are introduced in the VW. The blinds have two
sides: one absorption side and one reflection side. The absorption side is used for
winter solar energy storage application, to increase the heat gain from the VW. The
reflection side is used in summer night cooling application, to decrease the heat gain
from the VW. Moreover, the reflection blinds in the combination of VW self-cooling
can decrease the chance of the room from overheating, in transition or winter seasons.
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Figure 4-6 The working principle of the VW self-cooling[28].

The self-cooling mode of the VW operates when the indoor air temperature is too
high. The VW is ventilated by natural ventilation, to decrease the air temperature in
the VW, thus decreasing the room heat gain through the VW. Figure 4-7 shows the
window glass surface temperature for VW with and without self-cooling. It indicates
that with self-cooling, it can decrease the window inner surface temperature by an
average of 0.8 °C. It has to be mentioned that the self-cooling effect highly depends
on multiple outdoor weather conditions such as wind pressure, wind speed, and
outdoor air temperature. And in this experiment, the blinds are not turned on, which
can also influence the self-cooling effect.
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Figure 4-7 The VW inner surface temperature with and without self-cooling. (a) external
surface temperature, (b) top of the internal surface temperature, (c) middle of the internal
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surface temperature and (d) bottom of the internal surface temperature of the two double
windows with and without shading.

Two days are tested for natural ventilation with blinds. The blinds with the reflection
side in one of the VWs are used in 14-10-2019, and the blinds with the absorption side
on one of the VWs are used in 31-10-2019. The outdoor wind conditions are depicted
in Figure 4-8 and Figure 4-10. The wind directions in those two days are mostly from
the southwest. The south-facing VWs in the facade lab are under good natural
ventilation conditions.
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Figure 4-8 The outdoor wind speed and wind direction. [27]

Figure 4-9 and Figure 4-11 show the internal surface temperature of the 2 VWs and
the accordingly hourly outdoor air temperature and solar radiation. In Figure 4-9,
window 1 is with closed reflection blinds, while window 2 is with open blinds. The
internal glass surface temperature of window 1 is higher than window 2, which may
due to the high sunlight angle, so that blinds in window 1 actually got more sunlight
hit on the absorption side. In Figure 4-11, window 1 is with open blinds, while window
2 is with absorption blinds towards outdoor. The results of the glass surface
temperature show that window 2 with absorption blinds can increase its temperature
greatly, especially when the solar radiation is high.
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Figure 4-9 The inner glass surface temperature and outdoor climate. The two windows are
under natural ventilation. Window 1 blinds close, reflection side towards outdoor; w2
blinds open.
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Figure 4-10 The measured outdoor wind speed and wind direction. [27]
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Figure 4-11 The inner glass surface temperature and outdoor climate. The two windows
are under natural ventilation. Window 1 blinds open; w2 blinds close, absorption side
towards outdoor.

4.2. NUMERICAL STUDY OF THE PCMVW IN AN APARTMENT
4.2.1. MODEL DESCRIPTION

The model is built on a 3-room apartment on the second floor of a 3 floors apartment
building[28] as seen in Figure 4-12. The northeast and southwest walls of the
apartment are external walls. All the other constructions are set as adiabatic surfaces,
because that they are adjacent to the internal air-conditioned rooms. 2 PCMVWs are
installed in room 1, 1 PCMVW in room 2 and 1 PCMVW in room 3. The properties
of the constructions in the model are in Table 4-1.

13m omi

Room 1

%m?

Zam
13,

The floor plan of
simulated apartment

Figure 4-12 The building floor plan for simulation.[28]
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Table 4-1 The properties of the constructions. [28]

Material Thickness [m] Thermal Conductivity ~ Resistance

[W/m-K] [m2K/W]

Wood 0.015 0.12 0.125
Insulation 0.245 0.037 6.621622
Brick 0.31 0.77 0.402597

The internal heat gains are from the occupants and equipment. The occupant schedule
(Figure 4-13) differs from the days of the week, and the electricity consumption
schedule differs from the months of the year (Figure 4-14), according to the report
[83]. The number of people and electricity loads of each room refers to a survey form
the national building research institute[84].
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Figure 4-13 The occupant schedule of the apartment. [28]
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Figure 4-14 The electricity consumption schedule based on a survey in Denmark. [28]
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Table 4-2 The people and electricity load of the rooms. [28]

Room 1 Room 2 Room 3
Number of people 0.941 0.463 0.332
Maximum electricity 324.05 158.54 109.59

load(W)

The ventilation flow rate of each room is calculated by the minimum fresh air of the
occupants, which is 30 m3/h/person[85].

The venetian blinds in the VW have two functional sides with different solar
transmittance/reflectance coefficients. For summer night cooling application, the
reflection side with a high solar reflection coefficient is turned to the outside. For the
winter solar energy storage application, the absorption side with a low solar reflection
coefficient is turned to the outside[28].

During the summer, the PCM heat exchanger is covered by external shading to avoid
heat from the sunlight. During the winter, the external shading is turned off so that the
PCM can store solar energy[28].

4.2.2. MODEL VALIDATION

The modeling results of PCM temperature, air temperature in the PCM heat exchanger
and air temperature in the VW are compared with experimental results, as shown in
Figure 4-15 and Figure 4-16. The modeling average error for summer night cooling
application is 5.4%, and for winter solar energy storage is 8.8%[28].
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4.2.3. THE PCMVW PERFORMANCE

The thermal and energy performances of the PCMVW are compared to 2 other
ventilation systems: the ventilated window without PCM (VW, no PCM) system and
normal window without VW and PCM (no VW, no PCM) system for both night
cooling application during summer (May - October) shown in Figure 4-17 and solar
energy storage application during winter (November - April) shown in Figure 4-19.
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Figure 4-17 The comparison of PCMVW to 2 other ventilation systems for summer night
cooling application.[28]

Figure 4-18 shows the energy demand of the 3 ventilation systems during the summer
period. It is seen that for both rooms, the PCMVW system has the least energy
demand, while the VW, no PCM system has the highest energy demand. Room 3 has
a similar external wall and floor area, thus the energy demand per square meter floor
area is similar to room 2[28]. In this study, the energy performance of room 3 with
PCMVW is not further discussed. For room 1, the cooling energy saving percentage
of PCMVW compared to VW, no PCM system and no VW, no PCM system is 46%
and 27% respectively[28]. For room 2, the percentage is 51% and 38%
respectively[28].
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Figure 4-18 The energy demand of the rooms with 3 different ventilation systems during
summer.[28)
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Figure 4-19 The comparison of PCMVW to 2 other ventilation systems for winter energy
storage application.[28]
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Figure 4-20 The energy demand of the rooms with 3 different ventilation systems during
winter.[28]
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Figure 4-20 shows the energy demand of the 3 ventilation systems during the winter
period. It is seen that for both rooms, the PCMVW has the least energy demand, and
the no VW, no PCM system has the highest energy demand. For room 1, the heating
energy saving percentage of PCMVW compared to VW, no PCM system and no VW,
no PCM system is 29% and 48% respectively[28]. For room 2, the percentage is 10%
and 28% respectively[28].

For more details about the thermal and energy performance of the PCMVW in
comparison with the 2 other ventilation systems, please refer to Appendix D [28]:
“Performance and control strategy development of a PCM enhanced ventilated
window system by a combined experimental and numerical study.”

4.3. CONTROL STRATEGY DEVELOPMENT

4.3.1. SUMMER NIGHT COOLING APPLICATION CONTROL STRATEGY
DEVELOPMENT

The primitive control strategy shown in Figure 4-2 has the disadvantage that the VW
is not well shaded, which limits the cooling ability of the PCMVW. In addition, the
situation when the room is over cooled is not taken into consideration. Some new
control strategies are evaluated in this chapter. Control strategy 1 adds the between-
glass reflection shading in the VW and adds heat mode when the indoor air
temperature is low, as seen in Figure 4-21. In control strategy 2, the high-temperature
ambient air is ventilated directly from the PCM heat exchanger to the indoor room in
ventilation pre-cooling mode (Figure 4-22). In control strategy 3, the air conditioning
temperature setpoint is changed. The pre-cooling mode is operated when the indoor
air temperature is above 26°C. Moreover, the bypass ventilation is turned on when the
indoor air temperature is between 22 °C and 26 °C[28], as seen in Figure 4-23.
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Figure 4-21 The summer night cooling control strategy 1. [28]
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Figure 4-24 The HVAC cooling energy demands of the rooms using PCMVW with
different summer control strategies. [28]

The HVAC cooling energy demands of the rooms in different orientations are
calculated based on different control strategies. Figure 4-24 shows the results.
Compared to the primitive control strategy, all the 3 improving control strategies have
much less energy demand. Control strategy 2 saves 62.3% energy for the southwest
oriented room, and 58.2% for the northeast oriented room[28].

78



4.3.2. WINTER SOLAR ENERGY STORAGE APPLICATION CONTROL
STRATEGY DEVELOPMENT

The primitive winter solar energy storage application primitive control strategy shown
in Figure 4-4 has some disadvantages. It fails to assess the potential of the overheating
of the room as well as providing corresponding solutions. Besides that, the ventilated
air through the VW may have the potential of high heat loss. For the purpose of
improving the energy performance of the PCMVW, 3 more control strategies are
simulated by the validated model. The between glass absorption shading is added to
the VW, to absorb the solar energy for ventilation preheating. Compared to the
primitive control strategy, control strategy 1 added overheating preventing mode
(Figure 4-25 (3)), to prevent the indoor air temperature from getting too high. In this
mode, the VW self-cooling ventilation is operated, where the outdoor air is ventilated
to the VW to cool it down by natural ventilation, and the outdoor air is directly
ventilated into the indoor room. Control strategy 2 ventilates directly from the PCM
heat exchanger to the indoor room during the heat release mode, in the hope that the
heat loss can be decreased, as seen in Figure 4-26. Compared to control strategy 1,
control strategy 3 introduces different indoor air temperature setpoint, as shown in
Figure 4-27. The heat release mode is operated when the indoor air temperature is
below 22 °C. The overheating mode is operated when the indoor air temperature is
above 26°C. The ventilation bypass mode is turned on when the indoor air temperature
is within the thermal comfort range [22°C-26°C][28].
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Figure 4-25 Winter solar energy storage control strategy 1. [28]
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Figure 4-28 The HVAC heating energy demands of the rooms using PCMVW with
different winter control strategies. [28]

The HVAC energy consumption of the models using different winter control
strategies is shown in Figure 4-28. There are no significant differences among the
simulated cases, which means the energy saving of the winter solar energy storage
application is robust in terms of control strategies[28]. Overall, control strategy 1 has
a simple control strategy but the lowest HVAC energy consumption. Control strategy
2 has the highest energy consumption, which may due to the missing of extra heat
supply from the air been heated up by the solar radiation in the VW. In comparison
with the primitive control strategy, control strategy 1 has 9.4% energy saving for the
room with southwest orientated external windows; this number for the room with
northeast orientated external windows is 4.4%[28].

For more information about the model validation and control strategy development,
please refer to Appendix D [28]: “Performance and control strategy development of
a PCM enhanced ventilated window system by a combined experimental and
numerical study.”

4.4. CONCLUSIONS

The experimental tests of the PCMVW in comparison with the conventional VW has
the conclusions that for summer night cooling application, the PCMVW performance
indicators such as heat removal amount, ventilation energy-saving and inlet air
temperature decrease is more related to the outdoor day/night air temperature
difference; for winter solar energy storage application, the PCMVW performance
indicators are more related to the solar radiation level.

For summer application, the PCMVW decreases the room inlet air temperature by
average 1.4 °C for 7 hours; for winter application, the PCMVW increases the room
inlet air temperature by average 2°C for 12 hours compared with a conventional VW.

The VW self-cooling experiment has the conclusion that the self-cooling function can

decrease the inner glass surface temperature of the VW, and potentially decreases the
heat gain of the room form the window. However, the cooling effect is limited, and
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the VW self-cooling function should be operated in combination with some advanced
shading control strategies.

The VW advanced shading control experiment is then been carried out, and it has the
conclusion that the absorption side of the shading blinds can greatly increase the inner
glass temperature and potentially add the heat gain of the VW for winter application.
However, the cooling effect of the reflection side of the shading blinds is limited, due
to the improper placement of the blinds or some other measurement uncertainties
during the experiment.

The experiment is complicated and limited by a lot of features such as time and
energy-consuming, high cost of material resources and human resources, weather and
location limitation, complicated setup, etc. On the contrary, the simulation is more
flexible and less energy consumption. Therefore, the Energyplus model is built and
verified by the experimental data. The model is then used to calculate the annual
energy consumption of the building with PCMVW, and analyze the influence of
different control strategies on energy consumption.

The comparison of the PCMVW to 2 ventilation systems shows that the PCMVW has
a big energy-saving potential for both summer night cooling application and winter
solar energy storage application. For the room facing southeast, the PCMVW saves
46% and 27% during summer, and 29% and 48% during winter compared to the VW
no PCM system and the no VW no PCM system; while for the room facing northwest,
the PCMVW saves 51% and 38% during summer, and 10% and 28% during winter
compared to the VW no PCM system and the no VW no PCM system.

The conclusions from the Energyplus model for control strategy development are that
for summer night cooling application, it is better to ventilate directly from the PCM
heat exchanger to the room (instead of ventilating from the PCM heat exchanger to
the VW before ventilating to the room)[28]. On the contrary, for winter solar energy
storage application, it is better to ventilate from the PCM heat exchanger to the VW
before ventilating to the room. The winter application is robust in terms of different
control strategies. More attention should be paid for summer application, for example,
the shading control and the right air distribution[28].
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CHAPTER 5. CONCLUSIONS

The conventional ventilated window (VW) has the disadvantage of low
heating/cooling efficiency for ventilation heating/cooling purposes. Due to the high
latent heat storage ability, PCM has been selected for the thermal storage to assist the
VW for ventilation pretreatment. However, it has been a challenge to apply PCM for
both heating and cooling purposes for existing and new buildings.

To solve those problems, the concept of a highly integrated PCM enhanced ventilated
window (PCMVW) system is proposed for this PhD study. The objective is to make
the PCMVW as a split system designed to be convenient for installation and requiring
little building space. The PCMVW includes a VW on top and a PCM heat exchanger
on the bottom. The two parts are connected by vents and electronic valves. It works
for both ventilation cooling and heating purposes. For cooling purpose, the night
ventilation cools down the PCM. The low-temperature PCM is used to pre-cool the
ventilation. For heating purpose, the PCM stores the solar energy during the day and
releases the heat into the ventilation to heat up the ventilated air.

The literature review of the PCM as thermal energy storage in ventilation systems has
resulted in the conclusion that the application of the PCM is limited to its low thermal
conductivity and multiphase. Consequently, more attention should be paid to the PCM
configuration design. Moreover, the sensitivity analysis of the hysteresis degree and
phase transition temperature on the building energy demand shows that the hysteresis
degree has a higher influence on the summer and winter energy demand. The
modeling of a PCM system should take into account the temperature hysteresis of
PCM.

The development of the PCMVW and ventilation control strategy has resulted in the
conclusions below:

1. The design and optimization of the PCM heat exchanger are done in three steps:
1) the development and test of a PCM heat exchanger in the climate chamber, 2)
the construction of the numerical model and model validation, and 3) the
development of the configuration of the PCM heat exchanger.

The development and test of the PCM heat exchanger show that, for night cooling
application, the PCM temperature is evenly distributed along with the depth of the
PCM plates during both melting and freezing processes, thus the numerical model
for it could be simplified into a 2-dimensional model. However, for solar energy
storage application, the PCM temperature is not evenly distributed along with the
depth of the PCM plates during the melting process by solar radiation, thus a 3-
dimensional model would be more accurate. The numerical models built for night
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cooling application and solar energy storage application are both validated by
experimental data.

To achieve good thermal storage within the limited total physical volume inside
the PCM heat exchanger, the configuration optimization of the PCM heat
exchanger for the night cooling application is 10 mm plate thickness. The optimum
configurations of the PCM heat exchanger for the solar energy storage application
is 6 mm air gap thickness and 90 mm plate depth.

2. The PCM heat exchanger with the optimized configuration is integrated with the
VW in the fagade lab. The test of a PCMVW in comparison with a conventional
VW shows that the PCMVW can significantly improve the energy performance
for both heating and cooling purposes compared to the VW. However, the cooling
ability of the night cooling application is limited without advanced ventilation
design and shading control. Subsequently, with the completion of the self-cooling
experiment and shading control experiment, the results show some improvements
in the system performance.

3. The numerical model of the PCMVW and its energy consumption prediction is
built in EnergyPlus for a 3-room apartment installing four PCMVWs in different
orientations. The model is verified by the experimental data for all the
applications. The PCMVW has a big energy-saving potential compared to 2 other
ventilation systems for both summer and winter applications.

4. The developed control strategies of the PCMVW are that for summer night
cooling application, it is better to ventilate directly from the PCM heat exchanger
into the room instead of ventilating from the PCM heat exchanger to the VW
before ventilating into the room. On the contrary, for winter solar energy storage
application, it is better to ventilate from the PCM heat exchanger to the VW
before ventilating into the room. The winter application is robust in terms of
different control strategies. More attention should be paid for summer
application, e.g. the shading control and the right air distribution.

As an engineering approach, the design of the PCMVW for ventilation pretreatment
is fulfilled, and the results are solid and practicable to the building ventilation design
for both new buildings and existing buildings. The design process is applicable to
other similar building components.
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CHAPTER 6. FUTURE WORKS

This research study presents the development of the PCM enhanced ventilated
window experimentally and numerically and its thermal and energy performance. The
optimized control strategies for summer and winter seasons are given respectively.
However, some future works are required.

The advantage of the PCMVW system over other building ventilation technology is
not clear. The thermal performance and energy-saving potential of the PCMVW
system in comparison with other ventilation systems or the same PCMVW system
with different PCMs should be conducted.

The control strategy could be further optimized based on the function of the building.
Moreover, the development and the test of the PCMVW are only in the lab. It would
be necessary to install the PCMVW in the building site and test its thermal and energy
performance for the yearly operation.

Future works also include to effectively apply the PCM in some other ventilation
application or building components.
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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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E-mail address: hy@civil.aau.dk (Y. Hu).
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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-

By side mode J
W —~
\ When ventilation is needed
Ventilated cavity
\ Thermal control point
14 for occupants

PCM heat exchanger ~

Inlet air —‘

Fig. 1. Ventilation widow with PCM heat exchanger.

Heat source —l
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t t t
t t ?

(@ ®) ©

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.
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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
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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-Vu=-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)=To (8)

T(x,0,t) = Tper-d/2 <x < (d +e)/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.

Q(x,y,t) = 106m3/h (10)

The solidification capability of PCM is a key energy performance
factor for PCM components in buildings [27]. In this work, a severe
summer day in Copenhagen is chosen as the input of the model.
Night ventilation mode is analyzed firstly to optimize the PCM
plate thickness in the discharging process. Afterwards, the charg-
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ing process in order to cool down the ventilated air is simulated
and the energy saving potential of the heat exchanger is analyzed.

4.2. Model validation
Fig. 10 shows the average temperature curves of the PCM plate

with different heights in the freezing process. The results from
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
freezing process.
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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
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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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Temperature (°C)
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Fig. 17. Outlet air temperature of the heat exchanger with different plate thick-
nesses.

Discharged heat (MJ)

Fig. 18. Discharged heat from the heat exchanger with different plate thicknesses.

120
110 4
100
90

80

70 - - - - Melting

60 4 —— Freezing

50

Enthalpy (KJ/Kg)

40
30
204
10 A

T T T T T T T T T T T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Temperature (°C)

Fig. 19. Enthalpy in relation to temperature transition.

107

193

30
28
26
24
22
20
18 -

- - = Melting
—— Freezing

Heat capacity (KJ/Kg/°C)
>

T T T T T T T T T T T T T T T T T T T
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Temperature (°C)

Fig. 20. Heat capacity in relation to temperature transition.

Temperature (°C)

— - Ambient air
—— Outlet air (plate thickness=10 mm)
— = Outlet air (plate thickness=5 mm)

14 —
1 12 13 14 15

Time of the day (h)

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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ABSTRACT

This article presents a PCM solar air heat exchanger integrated into ventilated window developed to
maximize the use of the solar energy to pre-heat the ventilated air. The system is designed to improve
the indoor air quality and thermal comfort by continuous pre-heated air supply at a reduced energy use
through the capturing and storing of solar energy. This study examines the thermodynamic behavior of
the system both experimentally and numerically. This entails a full-scale experiment in climate boxes to
study the thermal storage and heat release ability of the facility. Accordingly, a numerical model
combining heat transfer and buoyancy derived laminar flow and nonlinear thermal properties of the
PCM is built and validated with the experimental data. The model is then used for configuration opti-
mization of the PCM solar air heat exchanger to maximize the solar energy storage and the ventilation
pre-heating effectiveness. The results show that for a 6-h solar charging period, the optimum PCM plate
depth is 90 mm and the optimum air gap thickness is 6 mm. The same configuration can be used for both
summer night cooling and winter solar energy storage applications. The total stored/released latent heat

after one charging period is 93.31 MJ/m°.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Building energy use for ventilation and HVAC systems amount
to more than one-third of the total energy use in industrial coun-
tries [1] and about 40% of the total energy use in Europe [2], and it
shows growing trends as a result of increased thermal comfort
requirements and climate changes. It has become a burden to the
environment and the fossil fuel resources. To diminish the fuel
consumption and carbon dioxide emission caused by building en-
ergy use, it is necessary to implement innovative technical solu-
tions and renewable energy resources in the built environment.
Many researchers have studied renewable energy such as solar
energy applied in building energy systems to reduce the traditional
building energy use. Excess renewable energy is often stored in
thermal energy storage (TES) facilities with the advantages of grid
peak shifting, building energy conservation, and the building
thermal mass level improvement.

Phase change material (PCM) applied in TES is one of the most
promising solutions for renewable energy storage and has recently

* Corresponding author.
E-mail address: hy@civil.aau.dk (Y. Hu).

https://doi.org/10.1016/j.renene.2019.05.115

drawn much attention within the scientific community [3]. Unlike
the materials with only sensible energy storage, PCM releases/ab-
sorbs large amounts of latent heat during its phase transition in a
small temperature range. The heat capacity of PCM during the
phase transition period is much higher than the conventional
building materials. The high energy density of the PCM offers a
large heat storage ability with a relatively small storage volume,
which makes it a good candidate for TES [4]. With adequate design
and choices, the phase transition of the material occurs within the
range of indoor thermal comfort, which allows direct applications
of PCM in the building environment [5—7].

Ventilative heating or cooling systems integrating PCM for
thermal storage is a common building application, which several
research groups have tested and studied. For example, ventilation
night cooling during a warm summer discharges PCM units at
nighttime (cold storage) and then utilize these units during day-
time to cool down the hot outdoor air used as ventilation inlet air
[8—11]. Some other strategies focus more on power load peak
shaving and demand shifting. For instance, Labat et al. [12]
designed a PCM-to-air heat exchanger storage for heating, venti-
lation, air conditioning (HVAC) systems to shift the cooling demand
from high to low electricity price periods. The PCM is discharged
(cooled down) by the HVAC systems during low electricity price

0960-1481/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

Symbols

P density of material [kg/m?]

Cp specific heat capacity [J/(kg K)]
T temperature [°C]

t time [s]

k thermal conductivity [W/(m K)]
Q heat source [W/m?]

heat flux [W/m?]
solar radiation [W/m?]
natural convection heat flux [W/m

average heat transfer coefficient [W/(m?-K)]

jury

%]

=la a0
(Y]

Text temperature in cold box [°C]
Nu; average Nussle number [dimensionless]
L vertical length of PCM plates [m]
Rap local Rayleigh number [dimensionless]
Prandtl number [dimensionless]
L local Grashof number [dimensionless]
gravity acceleration [m/s?]
thermal expansion coefficient [1/K]
dynamic viscosity [Pa s]
velocity [m/s]
absolute pressure [Pa]
buoyancy force [N/m?]
molar mass [kg/mol]
universal gas constant [J/(mol K)]

AZMUT =F QM EP;?

periods. The discharged PCM is then used during high price periods
to decrease the energy demand for cooling. In winter time, PCM can
be used directly [13—15] or indirectly [16—18] with solar energy
systems or as TES integrated with other heating systems such as
heat pump [19], floor heating [20], and ceiling heating [21]. Studies
have shown that the integration of PCM in the building environ-
ment can significantly increase the building heat storage capacity
and, thereby, improve the indoor space heating energy flexibility
and ease the building demand-side management [22,23]. De Gracia
et al. tested a ventilated double skin facade with PCM in the air
cavity for both cooling [24] and heating [25] purposes. They found
out that such PCM ventilation system can effectively prevent
overheating in summer and reduce the electrical consumption of
the HVAC system in winter.

Solar collectors can be used for providing pre-heated air to
ventilation systems. The traditional solar air collector consists of an
absorber and a transparent glass, and it facilities airflow inside the
collector. Applications for solar collectors can be found in drying
systems for agriculture [26] and marine [27] products, packed bed
thermal storage unit [28], as well as space heating systems [29—31].
Nevertheless, a large heat transfer area and high flow rates are
required for good performances because of the low thermal ca-
pacity and thermal conductivity of the air and the low convection
coefficient on the surface of the absorber [32]. Applying PCM to the
solar-air collector system has the advantage of more thermal en-
ergy storage, longer thermal release time [33], and more stable pre-
heated air temperature [34]. However, the conventional method to
apply PCM into a solar collector system is to use the material as the
heat storage medium in the storage tank. The heat transfer fluid
between the solar collector and the PCM heat storage tank is usu-
ally water. The PCM in this system always has a relatively high
phase change temperature (around 40—60 °C) [35].

This paper proposes a different solution to apply PCM into the
building energy system. It includes a double glazing ventilated
window and a PCM heat exchanger. The system is designed to
improve the indoor air quality and thermal comfort by continuous
pre-heated air supply at a reduced energy use through the
capturing and storing of solar energy. The double glazing window
works as a trombe wall during the daytime when solar radiation is
available. The PCM solar air heat exchanger directly stores the heat
from the solar radiation and releases the heat later when solar
radiation is less available to pre-heat the ventilated air. It has a
smaller volume compare to the conventional PCM tank. The PCM in
the solar-air heat exchanger has a phase change temperature
around room temperature, which is good for the indoor thermal
comfort. The relatively thin PCM plates compensate for the low
thermal conductivity of the PCM and make the heat store and
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release processes faster.

This paper will experimentally and numerically study the
thermal behavior of the PCM solar air heat exchanger and optimize
its configuration to achieve the highest energy efficiency of the
system. For that purpose, a full-scale laboratory experiment for
testing the PCM solar air heat exchanger is conducted. Later on, the
paper presents a numerical model accounting for the heat transfer
and buoyancy effects in the solar air heat exchanger. The model is
validated by the experimental data. Finally, the verified model is
used to optimize the configuration of the PCM heat exchanger,
including the depth of the PCM plates and the air gap thickness
between PCM plates.

2. System description

Fig. 1 presents the configuration of the ventilated window with
the PCM solar air heat exchanger. The ventilated window is a
double glazing window with an air cavity between the two glazing
layers, which allows ventilated air to go through. The solar air heat
exchanger is made of parallel PCM plates separated by thin air gaps.
The PCM plates are mounted in a wood frame with a glass on the
front surface. There are openings on the top and bottom of the PCM
heat exchanger frame and on the top of the ventilated window, to
enable the ventilation of air through the system.

The system is designed to improve the indoor air quality and
thermal comfort by continuous pre-heated air supply at a reduced
energy use through the capturing and storing of solar energy. Fig. 2
illustrates the operation strategy of the ventilated window system
in winter or transition seasons. In the daytime, the system is in solar
energy storage mode (see Fig. 2(a)). The solar radiation charges the
PCM in the solar air heat exchanger when solar energy is available.
The ventilation air only passes the ventilated window and is heated
up by the solar radiation, before it enters the indoor room. The
ventilation pre-heating mode is on when the solar radiation is less
than 200 W/m?, as seen in Fig. 2(b). The cold ambient air passes the
solar air heat exchanger from the bottom, and the stored heat heats
it up. Then the pre-heated air passes through the double glazing
window into the indoor space. The ventilation bypass mode is on
when there is a cooling need in the space, and the inlet air tem-
perature from the window system should be close to the outdoor
air temperature, and at a maximum the airflow rate, as seen in
Fig. 2(c).

With the new solar air heat exchanger ventilation system, solar
energy and the PCM solar storage preheat the ventilation air to
make the most use of the solar energy and to increase the inlet air
temperature and thermal comfort in winter. It can benefit both the
buildings under renovation and the new buildings. In building



108 Y. Hu et al. / Renewable Energy 145 (2020) 106—115

Ventilated
window

e

PCM solar air
heat exchanger

1970 mm
— Glazing
,—PCM plates
770 mm /
— Insulation

1060 mm
(@)

Fig. 1. Description of the ventilated window with PCM heat exchanger [36]. (a) Front view; (b) Side view.
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Fig. 2. System operation strategy (a) solar energy storage mode; (b) ventilation pre-
heating mode; (c) ventilation bypass mode.

renovation, the install an efficient ventilation system with heat
recovery is a challenging work. The application of the presented
system can be an alternative method to ensure an energy efficient
ventilation solution in these buildings. Moreover, the installation of
the application only requires some facade envelope reconstruct.
The easy installation of the system makes it good for the building
renovation projects. For new buildings with decentralized venti-
lation solutions, the system can contribute to improve the energy
efficiency of the buildings by better capture and utilization of the
solar energy. The solar energy added into the building energy sys-
tem is used to cover the heat demand of the buildings. As a result,
the building energy consumption is reduced.

3. Experimental setup

The heat storage and heat release processes of the solar air heat
exchanger are tested with a full-scale experiment in a Hot Box and
Cold Box setup in the laboratory, as shown in Fig. 3. Both of the
boxes are equipped with cooling coil and electric heater. The air
temperature in the cold box is controlled by proportional integral
derivative (PID) controllers at 8 + 1 °C. A ventilation system con-
nects the two boxes and creates an under-pressure in the hot box
compared to the cold box by operation of a fan in the ventilation
duct. It induces an air flow from the cold box to the hot box through
the solar heat exchanger. The air flow rate during the ventilation
pre-heating mode is kept constant at 106 m>/h, which is measured
by the orifice plate.

An artificial sun is used to provide solar radiation. It is an as-
sembly of 56 OSRAM Ultra-Vitalux lamps mounted on a metal
frame (see Fig. 4). The lamps are in an 8 x 7 matrix to create an even
radiant distribution to the surface of the heat exchanger. Each lamp
has a power of 300 W. The radiation spectrum of the lamps is
similar to the natural alpine sunlight [37]. The distance from the
artificial sun to the cold box is 0.95 m.

A pyranometer, Kipp & Zonen CMP 22, is used to measure the
solar radiation on the surface of the solar air heat exchanger. The
measurement uncertainty is + 2%. The temperature and radiation
measurement data is collected by a Fluke Helios Plus 2287A data
logger every 10s. The average solar radiation measured on the
surface of the PCM solar radiator is 550 W based on 30 evenly
distributed measurement points. A slight distribution in-
homogeneity can be observed between the right, left, and center
parts of the solar collector. The radiation on the left side is higher
than the rest of the area. The deviation between the lowest and
highest radiation is 9.35%.

The air flow rate is measured by an orifice plate EHBA @ 125 mm
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Fig. 4. The artificial sun.

with an uncertainty of + 7.5%. 72 calibrated type K thermocouples
are used for monitoring the air and PCM temperature, as shown in
Fig. 5. The temperature uncertainty is + 0.15K. 6 PCM plates are
chosen to measure the material temperature at different heights
and depths in the heat exchanger. Four of them are with 12 mea-
surement points each, and two are with 4 measurement points
each. For the air temperature measurements, the thermocouples
are protected from solar radiation by mechanically ventilated

113

(c)

Fig. 5. Temperature measurement points in the solar air heat exchanger.

silver-coated tubes (see Fig. 6).

The PCM used in the solar air heat exchanger is 50% paraffin wax
impregnated fiberboard. It is a shape-stable PCM compound. The
properties of the PCM compound are measured by Differential
Scanning Calorimetry (DSC). The heating/cooling rate during the
measurement is 0.5 °C/min for freezing and melting processes. The
results show that the PCM has a melting range of 16 °C—23 °C and a
freezing range of 14 °C—21.5 °C. The melting peak is at 20.7 °C, and
the freezing peak is at 21.5 °C. Based on the results 0.8 °C temper-
ature hysteresis is observed. The total heat capacity of the PCM
plates is 117 kJ/kg (for a 10°C—30°C temperature range). More
details about the measured PCM properties are available in
Ref. [36]. The thickness of the PCM plates is 12.5 mm, the depth of
the PCM plates is 110 mm, and the thickness of the air gaps is 6 mm
in the experimental setup.

4. Numerical methods

This chapter describes the numerical methods for the heat
transfer in the PCM solar air heat exchanger. Chapter 4.1 introduces
the numerical model. Chapter 4.2 is the validation of the model
with experimental data.
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Fig. 6. Measurement of air temperature in the cold box.

4.1. Model description

A 3D model is built in COMSOL Multiphysics. Symmetry
boundary conditions are used to save computational time, with half
of the PCM plate and half of the air cavity. The PCM plate is modeled
with a heat transfer module. The fluid in the air cavity inside the
heat exchanger is modeled by heat transfer conjunct laminar flow
module.

Heat transfer in the PCM is considered as conduction heat
transfer. The PCM is encapsulated in the cellular structure of the
fiber board. It is therefore assumed that no convection takes place
within the shape steady micro-encapsulated PCM plates. The gov-
erning heat equation for the thermal energy transferred by con-
duction is as follows:

PO =9+ (kVT) 1 Q (1)

The heat flux between the outdoor environment and the solar
air heat exchanger (q) consists of the solar radiation (q;) and the
natural convection (q;) components.

q=q1 +q2 (2)

The solar radiation q; is depending on the height of the mea-
surement points on the surface of the window. It is evaluated based
on the average horizontal solar radiation measured along the width
of the glass surface. The solar radiation transmittance rate of the
glass is 90%. The reflection and absorption of the glass are not
simulated.

The convection heat flux g, is calculated based on Equations
(3)—(7) [38].

G2 = h(Text —T) (3)

The average heat transfer coefficient & is solved base on Equa-
tion (4).

0.67Ra!/*
0.68+ 4 Ra; < 10°
9/16\ %/
_ (1 +(0.492/Pr) )
— hL
Ny =——=
k 0.387Ra/®
0.825+ : L Ra; >10°
9/16\8/27
(1 +(0.492/Pr) )
(4)
Where the local Rayleigh number Ra; is defined by Equation (5).
Ra; = GriPr (5)
Where
2
_p°galp, .3
Gr, = —k ATL (6)
pr— Pt )

For the fluid flow, the Navier-Stokes equations govern the mo-
tion of the fluid in the air cavities between the PCM plates [39]. For
weakly compressible Newtonian fluids such as air, the momentum
equation is as follows:

ou N T 2
p(&ntu Vu) =-Vp+V (,u(Vu + (Vu) ) —§u(v u)) +F
(8)
F is the buoyancy force, which is defined as:

F= —gp(T) ©)

The continuity equation is written as:

ap _

&'FV (pu) =0 (10)
9 _op M_ 0T pM (an
ot ot RT ot RT?

For the weakly compressible flow, the pressure change is
neglected. The continuity equation can be written as:

oT pM
ot RT?

The numerical model used for the ventilation pre-heating mode
is a 2D heat transfer conjunct laminar flow model which was
proposed and verified in previous work [36]. The simple 2D model
has a good agreement with the heat transfer process in the heat
exchanger with fewer meshes and smaller computational time but
a higher mesh density than a 3D model.

£V (pu) =0 (12)

4.2. Model validation

Fig. 7 shows the temperature curves of PCM at different posi-
tions on the PCM plates. Each curve is an average of the measured
temperatures in the same position on different PCM plates. The
simulation results show good agreement with the experimental
data. The average error for the PCM temperature at the outer part,
middle part, and inner part of the plates is 5.95%, 1.82%, and 4.28%
respectively. The error is defined in Eq. (13).
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|Experiment value — Simulation value

Experiment value x100%  (13)

error =

5. Results and discussion

In this section, the optimized results of the depth of the PCM
plates and the thickness of the air gap are presented. All the cases
have an air flow rate set at 106 m3/h. 5 cases with different plate
depths are studied first. The air gap thickness is kept at 6 mm, the
same as in the experimental setup. The aim of using the PCM solar
air heat exchanger for ventilation preheating is to save heating
energy use mainly in winter and transition seasons. The optimi-
zation is based on the energy saving potential of the PCM heat
exchanger exposed to 550 W solar charging for 6 h, which is equal
to the average daily radiation received in April in Denmark.

Fig. 8 shows the temperature at the vertical section in the
middle of the PCM plates at time 6 h. A 550 W evenly distributed
heat flow is applied to each of the PCM plates from the right side.
From the temperature contours shown in Fig. 8, it can be observed
that the PCM melt in the top right side of the PCM plate. The right

side of the PCM starts melting first. The heat is transferred into the
left side of the plate by the conduction in the PCM plates and the
convection in the air gaps between the PCM plates. The area of the
PCM plate with a temperature lower than 23 °C decreases with the
decrease of plate depth, which indicates a higher melting fraction
for a smaller PCM plate depth. However, the total volume of the
PCM is decreasing with the decreasing of the PCM plate depth.
Therefore, there exits an optimum PCM plate depth to maximum
both the PCM melt fraction and the PCM volume in the system. The
PCM at the bottom of the plate has a lower temperature because of
the shelter of the inlet of the PCM heat exchanger, which prevented
sunlight to reach this part. The PCM temperature is highest in the
upper right corner, because of the heat flow direction and con-
vection in the air gap between the PCM plates.

The PCM is considered fully melted (maximum latent heat
storage) when its temperature rises above 23 °C base on the feature
of the PCM heat capacity curve. Figs. 9 and 10 show the fraction of
melted PCM and the stored latent heat for the cases with different
PCM plate depths.

The PCM melt fraction is nearly maximized when the plate
depth is 90 mm, and the stored latent heat is the highest for 6 h
charging with 90 mm plate depth, as shown in Figs. 9 and 10. For
the time period 0.5 h—5.7 h, the slopes of the curves for both melt
fraction and stored latent heat are lower than for the periods
0h—0.5h and 5.7 h—6 h, due to the occurrence of the phase tran-
sition. The same phenomenon is observed for all the other cases.
For the 70 mm and 80 mm plate depths, the PCM melt fraction
reaches a constant value, meaning that the PCM in the plates is
melted completely. The maximum melt fraction cannot reach 1,
because the opaque insulation in the inlet of the heat exchanger in
the solar energy storage mode shades the PCM plates from solar
radiation at the bottom. The total PCM volume in the heat
exchanger is growing with the increase of the plate depth, which
increases the total thermal storage capacity. However, the charging
time of the PCM increases, and the plates may not be fully melted at
the end of the charging period due to the relatively low thermal
conductivity of the PCM. Therefore, the melted fraction at 6 h for
100 mm and 110 mm plate depths is only 59.5% and 69.8% respec-
tively. As a result, the stored latent heat for both depths are not the
highest among all the five cases. The optimized plate depth is
90 mm with a 90.2% melt fraction for 6 h heat charging period.
However, the optimized result may be different with a different
heat radiation rate or charging time, which is not studied in this
work.
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Fig. 9. The PCM melt fraction as function of time for cases with different PCM plate depths.
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Fig. 11. The released latent heat from the PCM heat exchanger in ventilation pre-
heating mode.

Fig. 11 shows the released latent heat from the PCM heat
exchanger to the ventilated air when the system is in ventilation
pre-heating mode. The discharge time for the energy stored are
similar for all the studied cases, in the range of 2 h—3 h. It indicates
that the depth of PCM plates has less influence on the discharge
time. For 90 mm plate thickness, the released latent heat from the

1.0

PCM to the ventilation is the highest, which is 4.85 M], equaling to
93.31 MJ per cube meter PCM.

The optimization of the air gap thickness in the PCM solar air
heat exchanger is then investigated. 6 cases with different air gap
thicknesses are compared. Fig. 12 and Fig. 13 show the results about
the melt fraction and the stored latent heat of the PCM heat
exchanger respectively. The total PCM volume in the solar air heat
exchanger decreases with the increase of the air gap thickness,
because of the fixed configuration of the PCM solar air heat
exchanger available, but the PCM melting speed and charging time
are improved with the increase of the air gap thickness.

As shown in Fig. 13, the stored latent heat after 6 h charging for
models with 3, 4, 5, and 6 mm air gap thicknesses are similar.
However, the PCM melt fraction is lower for 3, 4, and 5 mm air gap
thicknesses. The optimized air gap thickness is 6 mm, which is
similar to the optimum configuration for summer night ventilation
(5mm air gap thickness) with similar stored and released latent
heat [36]. It indicates that the same configuration can be used for
both summer night cooling and winter solar energy storage
applications.

Fig. 14 shows the released latent heat from the PCM heat
exchanger in ventilation pre-heating mode. The discharge rate
decreases with the increase of the air gap thickness. However, the
discharged time for all the cases are all in the level of 3.5 h—4 h and
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Fig. 12. The PCM melt fraction as function of time for models with different air gap thicknesses.
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Fig. 13. The stored latent heat along with time for models with different air gap
thicknesses.

numerical model with conjunct heat transfer and buoyancy driven
laminar flow is built. The simulation results are in good agreement
with the experimental data. Configuration optimization is con-
ducted with different plate depths and different air gap thicknesses
for a PCM heat exchanger in both the solar energy storage and the
ventilation pre-heating modes. For a 6-h solar charging period, the
optimum PCM plate depth is 90 mm and the optimum air gap
thickness is 6 mm. The same configuration can be used for both
summer night cooling and winter solar energy storage applications.
The total stored and released latent heat during one charge is
93.31 MJ/m°>.

The airflow rate in the experiment and the model is higher than
the required fresh air for a typical residential room. Further
research should include the analysis of the air flow rate effect on
the PCM discharge time. It should also include analysis in different
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Fig. 14. The released latent heat from the PCM heat exchanger in ventilation pre-heating mode.

have no big differentials. The released energy is more related to the
latent heat storage in the solar energy storage mode than to the air
gap thickness.

6. Conclusions

This article presents the application of PCM into a solar air heat
exchanger in a ventilated window system. Firstly, the paper intro-
duced the configuration and working principle of the system. When
solar energy is available, solar radiation charges the PCM solar air
collector. The ventilation air only passes through the ventilated
window to be pre-heated by solar radiation. When the solar radi-
ation is lower than 200 W/m?, the ventilation air passes through
the PCM solar collector, where the PCM heat storage preheats it,
and then the air is supplied to the room to make the most use of the
captured solar energy to increase the air inlet temperature and
thermal comfort in winter. In building renovation, it can be chal-
lenging to install an efficient ventilation system with heat recovery
and the application of the presented system can be an alternative
method to ensure an energy efficient ventilation solution in these
buildings. Also, for new buildings with decentralized ventilation
solutions, the system can contribute to improve the energy effi-
ciency of the buildings by better capture and utilization of the solar
energy.

This study presents a full-scale experimental test to evaluate the
thermal behavior of the solar air heat exchanger. Accordingly, a

climate zones to verify the optimization, and estimate the annually
building energy saving potential of the system.
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This paper presents a phase change material enhanced ventilated window (PCMVW) for both ventilation
pre-cooling and pre-heating purposes. The PCM heat exchanger is used as a heat sink in the ventilation
pre-cooling application and thermal energy storage in the ventilation pre-heating application. The paper
presents a night cooling experiment and a solar energy storage experiment in order to investigate the
thermal and energy performance of the PCMVW, and a ventilated window (VW) self-cooling experiment
for overheating protection. Two VWs were tested in the facade lab in Aalborg (Denmark), and one of
them is with PCM heat exchanger. The two windows were equipped with the same outdoor conditions
and ventilation airflow. The experimental results show that for ventilation pre-cooling application with
the PCM heat exchanger, the room inlet air temperature is by average 1.4 °C lower for 7 h during the
daytime compared to the normal VW. The average energy saving is 0.7 MJ/day compared to a normal VW.
The PCMVW cooling capacity is limited without advanced blinds control and system operation control.
In ventilation pre-heating application, the PCM increases the inlet air temperature of the VW by 2.0 °C
for 12 h. The average energy saving is 1.6 MJ/day compared to a normal VW. Buildings in a climate
with high outdoor air temperature differences can benefit more from the PCMVW in ventilation pre-
cooling application, but the pre-cooling ability is limited. While in ventilation pre-heating application the
buildings in the climate with higher solar radiation levels has a higher energy performance. Moreover, the
VW self-cooling application is more effective to decrease the overheating of the room than VW without
self-cooling.

© 2020 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

melting/freezing temperature near the thermal comfort tempera-
ture, which is good for building applications.

Building energy for heating, cooling, and ventilation accounts
for one-third of the total primary energy consumption in indus-
trial countries and is becoming a major pollutant to the environ-
ment [1]. To sufficiently reduce the CO, emission, it is necessary
to apply some innovative technologies and solutions, such as re-
newable energy applications. Among them, thermal energy storage
(TES) is a promising way to store intermittent renewable energy
for building energy supply. The TES can be sorted by sensible heat
storage and latent heat storage. Phase change material (PCM) as
TES has the advantage of high latent heat capacity and high energy
storage density, due to a large amount of heat released/absorbed
during the phase transition period. Some of the PCMs have the

* Corresponding author.
E-mail address: hy@civil.aau.dk (Y. Hu).

https://doi.org/10.1016/j.enbuild.2020.109903

Researchers and engineers have done a lot of work for applying
PCM in building systems, including passive applications and active
applications. In passive applications, the PCM increases the ther-
mal mass level and thermal inertia of the building or the building
components. It is heated up or cooled down without any mechan-
ical heating or cooling additions [2].

Passive applications include mixing PCM in constructions such
as concrete [3,4], wall board [5], roof [6], floor [7], and so on.
It has been proved to be effective with regards to achieving a
better indoor climate and saving building energy. However, the
PCM facilities for building applications are mostly limited to vol-
ume due to its low thermal conductivity. Caixia et al. [8] experi-
mentally studied the application of moveable PCM thermal energy
storage to disaster-relief prefabricated temporary houses during
summer time. The results show that mobile PCM storage can de-
crease indoor air temperature by 3.2-3.6 °C. Later on, they built a

0378-7788/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Nomenclature

Symbols

CPair Specific heat capacity of the air [J/(kgeK)]

T Temperature [ °C]

t Ventilation time [s]

q Flowrate[m3/h]

Pair Air density [kg/m3]

Tintet Inlet air temperature of the PCM heat exchanger
[ °C]

Toutlet Outlet air temperature of the PCM heat ex-
changer [ °C]

Q; Ventilation energy saving in night cooling appli-
cation [M]]

Q Ventilation energy saving in solar energy storage

application [M]]

Inlet air temperature to the room from the ref-
erence window [ °C]

Tpcmvw inlet Inlet air temperature to the room from the

Tref inlet

PCMVW [ °C]
r Correlation coefficient
nght Night time average outdoor air temperature [ °C]
Tday Day time average outdoor air temperature [ °C]
DT Daytime and nighttime outdoor air temperature
difference [ °C]
u Thermal transmittance
g Total solar energy transmittance
HVAC  Heating, ventilation and air condition system

PCM Phase change material

TES Thermal energy storage

VW Ventilated window

PCMVW PCM enhanced ventilated window

Ref Reference window(ventilated window)

numerical model to optimize the position and thickness of the
PCM [9]. They discovered that the best design is to move the PCM
to the outdoor during the night time for night cooling and bring
it to the indoor room during the daytime, in order to decrease
the indoor air temperature. The optimized PCM thickness of the
PCM thermal storage is 20 mm. Memon et al. [10] tested a small-
scaled concrete wall container with macro encapsulated PCM. The
tests show that the PCM can reduce the indoor air temperature by
2.9 °C. Amir et al. [11] examined the performance of PCM in a res-
idential building to improve its resiliency to extreme outdoor con-
ditions in case of power outages. They determined that, for some
climates, PCM can be beneficial for both energy saving and re-
siliency (24 h maximum temperature drop with respect to base-
line building). The thickness of the PCM for the wall envelope in
this application is 10 mm.

In active applications, the PCM is usually totally or partly
heated up or cooled down by mechanically forced fluids such as
air and water. An active application could be PCM in HVAC sys-
tem [12], ventilated ceiling [13,14,15], double-skin facade [16], and
other ventilation systems. The performance of active PCM appli-
cations is mostly higher than that of passive PCM applications.
Mossafa et al. [17] studied a PCM-TES free cooling system for the
ventilation pre-cooling purpose in summer. They conclude that the
coefficient of performance (COP) of this facility can be as high as
7.63. Gonzalo et al. [18] evaluated a ventilation facade with PCM in
the outer layer experimentally and numerically. The comparisons
to the other conventional envelope show that the PCM increases
the thermal inertia of the envelope and provides better thermal
response. The authors suggested the necessity of optimization of

the airflow rate design. Furthermore, they studied the thermal per-
formance of the ventilated facade during severe winter conditions
[19] and found that it increased the indoor temperature from 9 °C
to 18 °C.

The ventilated window (VW) is originally designed for better
thermal and energy performances of the ventilation system. The
VW utilizes the hot air accumulated in the window cavity from
transmission heat loss and solar radiation for heating purpose,
and self-cooling by outdoor air for cooling purpose [20]. Several
studies have investigated this matter numerically and experimen-
tally. Jorge et al. [21] experimentally studied the pre-heating per-
formance of the VW and found that it can increase the inlet air
temperature by 6-12 °C. David et al. [22] studied the energy per-
formance of the VW in a controlled climate and found the VW can
decrease 10% of the heating demand. Tin-tai et al. [23] numerically
studied the cooling and heating abilities of the VW in summer and
winter respectively. They found that it is quite effective for both
decreasing the cooling load and increasing the space heat gain in
Hong Kong and Beijing.

In this study, the PCM adds additional thermal storage to the
VW for cooling/heating purposes respectively. In ventilation pre-
heating application, the PCM is cooled down from the ambient air
by nighttime ventilation, and the cold PCM pre-cools the ventilated
air during the daytime. In ventilation pre-heating application, the
PCM stores solar energy during the daytime. It supplies pre-heated
air to the VW when heating is demanded.

The PCM has the disadvantage of low thermal conductivity. In
this study, the PCM heat exchanger is made by thin PCM plates
(thickness = 0.0125 m), to compensate for this disadvantage. The
distance between two PCM plates is set as 0.006 m; it is an opti-
mized value for both the heat discharge/charge rate and the total
thermal storage capacity of the PCM heat exchanger in both venti-
lation pre-cooling [24] and ventilation pre-heating [25] cases.

This paper experimentally studied the thermal and energy per-
formances of the PCMVW for ventilation pre-heating and pre-
cooling respectively. The study chose some main parameters that
influence the thermal and energy performances of the PCMVW.
Moreover, the annual energy-saving potential of this system with
different control strategies in a building in different climate zones
should be examined in modeling simulations, and this paper pro-
vided useful experimental data for model validation.

2. Experimental setup

Two windows are set up in the south wall of the facade lab.
The lab is located on the top floor of the building and is in
an open area with no obstructions from the surroundings. The
PCM enhanced ventilated window (PCMVW) system is made by
two parts: the PCM heat exchanger part and the VW part, see
Fig. 1. The PCM heat exchanger is made by 62 parallel PCM plates
(12.5 mm x 110 mm x 670 mm) in a wooden frame. The distance
between the two plates is 6 mm. The PCM used in this experiment
is paraffin wax (50%) absorbed in fiberboards. The total heat ca-
pacity of the PCM is 117 kJ/kg (10 °C - 30 °C), including the latent
heat and sensible heat. The melting and freezing peaks are 21.5 °C
and 20.7 °C respectively, as shown in Fig. 2. The specific heat of
the PCM is 2.3 KJ/kg/ °C, the density of the PCM is 820 kg/m3, and
the thermal conductivity of the material is 0.18 W/m/ °C.

The outside of the heat exchanger is covered by a glass sur-
face facing outdoor. The inner side of the heat exchanger is in-
sulated by 30 mm wood fiber from the indoor room. The VW is
made by a double panel glass (U = 1.1 W/m2, g = 0.63) in the ex-
terior and a single panel glass (U = 5.7 W/m2, g = 0.79) in the
interior. A 120 mm air cavity between the two glass panels is the
path for the ventilated air. The reference window (Ref window) is
with the same configuration as the VW in PCMVW system. The
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<

Ventilated window

Vents from outdoor

PCM heat exchanger

Fig. 1. Experimental setup. The PCMVW in the left and the Reference window in the right.

PCM cooling performance is measured by comparing the tempera-
ture difference between the PCMVW system and the conventional
VW (Ref window). In ventilation pre-cooling application, the PCM
works as a heat sink during the night time. The relatively hot PCM
is cooled down by the low-temperature outdoor air in the heat re-
moval mode, as shown in Fig. 3(a). In the ventilation pre-cooling
mode, which is mostly during the daytime, the hot outdoor air is
ventilated through the cold PCM before ventilating into the room.
In this way, the PCM provides pre-cooled air to the indoor HVAC
systems, as shown in Fig. 3(b). During the test, the glass surface
of the PCM heat exchanger is shaded by a 5 mm wooden board.
For the PCMVW system, the ventilated air goes through both the
PCM heat exchanger and the VW for the whole day and night, with
50 m3/h ventilation flow rate. For the Ref window, the VW is ven-
tilated for the whole day and night with the same airflow rate. The
ventilation goes from the bottom of the VW, through the ventilated
cavity to the indoor room. The flow rate chosen here is based on
the ventilation rates for the residences category I recommended by
EN 15251 [26] for a 1-2 persons’ room.

123

In ventilation pre-heating application, the PCM works as ther-
mal energy storage. In heat storage mode (Fig. 4(a)), the PCM
stores solar energy during the daytime when solar radiation is
available. The ventilation only goes through the VW. The air in the
VW is heated up mainly by solar radiation. The ventilation of the
window brings the hot air to the room so as to decrease the heat
supply from the HVAC system and to decrease the heat loss from
the window as well. In the ventilation pre-heating mode (Fig. 4(b)),
the ventilation goes through both the PCM heat exchanger and the
VW. The cold ambient air is heated up by the relatively hot PCM
before supply to the indoor room. In this way, the PCM is provid-
ing pre-heated air to the indoor HVAC system. In this experiment,
the PCM starts to provide heat to the ventilation at 18:30. Before
18:30, only the VW part of PCMVW system is used. The Ref win-
dow is ventilated through the VW part the whole day and night.

The VW self-cooling mode is operated when the indoor air
temperature is too high for both ventilation pre-cooling and pre-
heating cases. In this mode, the vents at the top and bottom of
the VW are opened towards the outdoor in order to let the air
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Fig. 2. Heat capacity of the PCM by DSC measurement under heating/cooling rate:
0.5 °C/min [24].

driven by natural ventilation and convection pass through the dou-
ble window, see Fig. 5. It prevents overheating of the window by
decreasing the temperature in the VW, thus it decreases the heat
gain of the indoor environment from the window.

The ventilation of the two windows is provided by two fans for
separate flow rate control, see Fig. 6. The total power of the fans
is 93 W. The flow rate of the fans is measured and controlled by
Lindab UltraLink FTCU.

The PCMVW system has three sets of valves in three different
positions: at the bottom and the top of the PCM heat exchanger,
and at the top of the VW, see Fig. 7. Each valve is controlled by
a small motor with a specific ID that can be controlled by a com-
puter, see Fig. 8. The power of each motor is 1.2 W. The valves
control where the source air comes from. The Ref window has two

External
shading

_Hot PCM

Cold outdoor air '=:>|_.r—__“

a. Heat removal mode.

= \J ) ‘ | “
[—>—1 T;'I=>
Ventilated air
_~ temperature
ﬁ {} increased
= =
Solar hot PCM
radiation
- =

=

(b) Ventilation pre-heating mode.

(a) Heat storage mode.

Fig. 4. Working principle of the PCMVW system in ventilation pre-heating applica-
tion.

sets of valves at the bottom and the top of the VW. The valves and
motors are the same as in the PCMVW system.

180 type K thermocouples are used for temperature measure-
ment. Fig. 7 shows a part of them. The measured temperature un-
certainty is & 0.15 °C. Three PCM plates and three air cavities be-
tween PCM plates are chosen for the temperature measurement
in the PCM heat exchanger. A Kipp & Zonen CMP 22 pyranometer
with 4+ 2% measurement uncertainty is used for outdoor solar ra-
diation measurement. The temperature and radiation measurement
data are collected by two Fluke Helios Plus 2287A data loggers. The
log frequency is 10 s.

{} Ventilated air
1 temperature
decreased

~_Cold PCM

Hot outdoor air =L

b. Ventilation pre-cooling mode.

Fig. 3. Working principle of the PCMVW system in ventilation pre-cooling application.
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Fig. 5. Working principle of the VW self-cooling.

3. Results
3.1. Ventilation pre-cooling application

The experiment for ventilation pre-cooling application was op-
erated from June 26-30 and July 12- 22, 2019, with 50 m3/h
airflow rate for both windows. The PCMVW system is ventilated
through both the PCM heat exchanger and VW, while the Ref win-
dow is ventilated only through the VW. The purpose of this test is
to determine the main parameters that influence the PCM thermal
and energy performance, by analyzing the system as well as com-
paring it with the results from the Ref window. Figs. 9-11 show
some of the measured results.

The PCM temperature has a periodic variation along with the
fluctuation of the outdoor air temperature, as seen in Fig. 9. The

PCM has a temperature drop during the night period and a tem-
perature rise during the daytime. The ngm is defined as the aver-
age outdoor air temperature during the PCM heat removal mode.
Theray is defined as the average outdoor air temperature during
the PCM ventilation pre-cooling mode. The DT is defined as Tday

- nght. The outdoor air temperature difference varies from [1-
12 °C].

Four indexes are defined to represent the PCM thermal and en-
ergy performances in ventilation pre-cooling application. These in-
dexes are Heat removal amount, Ventilation energy saving amount,
Inlet temperate decrease, and Cooling effect hours. The four in-
dexes are chosen to compare the performance of the PCMVW to
the reference VW in 3 aspects: the PCM thermal behavior, ther-
mal and energy effect of the air system, and the system effective
time. There are more indexes in literature, but they are all in the
category of the aforementioned 3 aspects.

In the ventilation pre-cooling mode of the PCMVW system, the
PCM cools down the ventilated air in the PCM unit. The air in the
PCM unit has a temperature stratification, see Fig. 10. In this pe-
riod, the inlet air temperature is the highest, and is close to the
outdoor air temperature. The heat removal amount is calculated by
the amount of heat removed from the ventilated air by the PCM,
which can be calculated by the temperature drop of the ventilated
air.

Heatremoval amount = / 4 Pair CPair (Tinter — Toutlet)dt (1)
t

Where t is the time period when PCM cools down the ventilated
air in Fig. 10.

The ventilation inlet air temperature to the room is illustrated
in Fig. 11. During the PCM ventilation pre-cooling mode, the in-
let of the PCMVW system is lower than the Ref window. The PCM
effective time is defined as the hours when the inlet air tempera-
ture of the PCMVW window is 0.5 °C lower than the Ref window,
namely Tiefintet- Tpemvw inlet > 0.5 °C. The inlet temperature de-
crease is the average value of Tief injec- Tpemvw inler during the effec-
tive hours. The ventilation energy saving in ventilation pre-heating
application is calculated by Eq. (2).

Ql = /qpair Cpair(Treﬁnlet - TPCMVWinlet)dt (2)

t/

Fig. 6. The exhaust fans for the ventilation system.
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1480

670 mm

Fig. 7. Temperature measurement in the PCMVW system.

Fig. 8. Valves and motors for airflow direction control.

Where t’ is the PCM effective time.

The correlation coefficient r between two variables x and y
measure their linear association. Given a pair of variables {(x;,y7),
eoe(xpyi), eoo(Xn,yn)},

S -0 -9
r= - =1 - (3)
3 -x) >0 -y

Where n is the sample size, and

< x|
Il Il
Si= 3=
=0+
s X
S

Il
—_

-1 <r < 1. r = 0 indicates there is no linear correlation between x
and y. r = 1 is total positive linear correlation and r = —1 is total
negative correlation.

Table 1 shows the correlation coefficient between the outdoor
environment and the PCM thermal and energy performance when
g = 50 m3/h. The DT has the strongest correlation with all four
indexes. It indicates that the day and night temperature differ-
ence has the highest influence on PCM thermal and energy per-
formance.nght has a negative correlation with the four indexes.
Whileray has a positive correlation with the four indexes.

The Heat removal amount, Ventilation energy saving amount,
and Inlet temperate decrease are in positive linear relation with
DT, see Fig. 12. Compare Fig. 12(a) and (b), the heat removal
amount, and ventilation energy saving are both increasing along
with the increase of the DT. The ventilation energy saving is much
smaller than the PCM heat removal amount, due to the heat gain
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Fig. 10. Air temperature in the PCM unit.

Table 1

Correlation coefficient between the outdoor climate and the PCM thermal and energy performance in ventilation pre-cooling application.

Correlation coefficient (r)  Heat removal amount

Ventilation energy saving

Inlet temperate decrease  Cooling effect hours

Thight ~Taay (DT) 0.91 0.92
Thight —-0.58 —-0.48
Taay 0.51 0.61

0.95 0.55
—-0.47 -0.33
0.65 0.32

from the VW part. The average heat removal amount is 2.0 M] per
day and the average ventilation energy saving compared to normal
VW is 0.7 MJ] per day. Fig. 12(c) shows the linear fit of room av-
erage inlet temperature decrease in relation to DT. It has the best
linear fit. The PCM is effective to provide an inlet temperature de-
crease for all the tested days. The average inlet temperature de-

crease is 1.4 °C. Fig. 12(d) shows the correlation between the cool-
ing effect hours and DT. The linear correlation is not strong in this
case. For all the measured days, the deviation of the cooling effect
hours is not big. The average cooling effect hours is 7.0 h. The PCM
is effective in providing pre-cooled air for a long time during the
daytime.
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The cooling performance of the PCMVW system is based on a
comparison with a normal VW, For both systems, the performance
is limited by the solar heat gain in the VW. Consequently, the inlet
air temperature presented in Fig. 11 is similar or even higher than
the outdoor air temperature.

3.2. Solar energy storage application

The solar energy storage experiment was done on July 2-July
12, 2019. The time of the heat storage mode is set as 8:30-18:30,
when both windows are ventilated only through the VW. The time
of ventilation pre-heating mode is set as 18:30-8:30 the next day,
when the PCMVW system ventilates through both PCM heat ex-

changer and VW, while the Ref window ventilates through VW.
Fig. 13 shows the measured outdoor weather condition and the
PCM temperature. The solar radiation level is the total solar ra-
diation (both direct and diffuse) received by the south wall. It is
calculated by the daily integration of the solar radiation per square
meter surface. The solar radiation level is within the range [3-
18 W/m?] and the nighttime outdoor air temperature within the
range [11-17 °C]. The daily outdoor air temperature varies from
[12.5-20.5 °C].

Similar to the ventilation pre-cooling application, four indexes
are defined to represent the PCM thermal and energy perfor-
mance for ventilation pre-heating application. These indexes are
Heat storage amount, Ventilation energy saving amount, Inlet
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temperature increase, and Heating effect hours. The PCM heat stor- The inlet temperature increase is the  average
age amount is defined by the PCM temperature rise until 18:30. of (Tocmvwintet — Trefinler)in ventilation pre-heating mode. The

This section will later on investigate the correlations with the so-
lar radiation and outdoor air temperature.

Fig. 14 shows the room ventilation inlet air temperature. The in-
let air temperature of the PCMVW window is higher than the Ref
window for most of the time during the ventilation pre-heating
mode. The ventilation energy saving amount in ventilation pre-
heating application is defined as:

-

tr

qPair Cpair (TPCMVWinlet - Treﬁnlet)dt (5)

t ”- Ventilation pre-heating time.
q = 50 m3/h.

129

heating effect hours are the hours when Tpcpyw intet = Tref inlet >
0.5 °C.

Table 2 shows the correlation coefficient between the outdoor
climate and the PCM thermal and energy performance in ventila-
tion pre-heating application. Solar radiation has the strongest cor-
relation with ventilation energy saving, PCM heat storage amount,
and room inlet temperature increase, while nighttime outdoor air
average temperature has the strongest correlation with Heating ef-
fect hours.

Fig. 15 shows the daily PCM thermal and energy performance as
functions of solar radiation and nighttime average outdoor air tem-
perature. Fig. 15(a) shows the linear correlation between the PCM
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Table 2

Correlation coefficient between the outdoor climate and the PCM thermal and energy performance in ventilation pre-cooling application.

Correlation coefficient (r)  Ventilation energy saving

PCM heat storage amount

Inlet temperature increase  Heating effect hours

Solar radiation 0.94 0.94 0.88 0.43
Taay 0.81 0.69 0.54 0.74
T night 0.25 0.35 -0.07 0.81
DT 0.88 0.68 0.70 0.54
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Fig. 15. The daily PCM thermal and energy performance as functions of solar radiation and nighttime average outdoor air temperature: (a) heat removal amount as function
of solar radiation level, (b) ventilation energy saving as function of solar radiation level, (c) inlet temperature increase as function of solar radiation level and (d) heating

effect hours as function of nighttime average outdoor air temperature.

heat storage amount and the solar radiation level. The higher the
received solar radiation, the larger the heat storage amount. The
average heat storage amount is 5.1 MJ per day. Fig. 15(b) shows
the linear correlation between ventilation energy saving and the
solar radiation level. It has a similar trend as the PCM heat storage
amount, except for the fact that ventilation energy saving is much
smaller than the heat storage amount. The average ventilation en-
ergy saving is 1.6 M] per day. Fig. 15(c) indicates the daily aver-
age inlet temperature increase in relation to solar radiation level.
It shows the same positive linear correlation. The PCM is effective
in providing an inlet temperature increase for all the tested cases.
The lowest inlet temperature increase is 1.1 °C for the worst tested
scenario. The average inlet temperature increase is 2.0 °C. The best
linear fit for heating effect hours is with the night time average
outdoor air temperature, see Fig. 15(d). The cooling effect hours
for all the tested days are high. The average cooling effect hours is
11.9 h per day. The PCM is effective in providing pre-heated air in
long enough period during the night, even in the days when the
solar radiation level is relatively low.

3.3. Ventilated window self-cooling application

The VW self-cooling mode and its thermal performance to re-
duce heat gain through the widow are tested, in conditions with-
out shading. Two double windows, one with self-cooling, one with-
out self-cooling are tested. For the one with self-cooling, the vents
in the bottom and top of the VW are open towards the outdoor

environment. All vents are turned off for the double window with-
out self-cooling. It works as a double-skin facade. The convec-
tion air force pushes out the hot air inside the double window.
Natural ventilation also occurs when there is wind pressure on
the exterior surface. The self-cooling performance is evaluated by
measuring the surface temperature of the double window in the
period 7th August- 13th August. This section provides the main
results.

Fig. 16 shows the surface temperature of the two double
windows without shading. The external surface temperature in
Fig. 16(a) shows a small difference for both double windows with
and without self-cooling. The internal surface temperature for the
two double windows are showing different levels of discrepancies,
see Fig. 16(b)-(d). The bottom of the internal surface temperature
of the window with self-cooling is on average 1.1 °C lower without
self-cooling. The top of the internal surface has an average 0.8 °C
temperature difference between the two windows. The middle of
the internal surface shows the lowest discrepancy, which is 0.4 °C.
It indicates that natural ventilation, which is driven by wind pres-
sure, dominates the air ventilation in the double window. In av-
erage, the window with self-cooling control can reduce the glass
surface temperature by 0.8 °C.

The effect of VW self-cooling application is very limited in
the presented experiment. In fact, it is more related to outdoor
weather conditions, such as wind direction and wind speed. It is
not stable due to the unstable outdoor weather conditions. The VW
self-cooling application has to be operated in combination with
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Fig. 16. (a) external surface temperature, (b) internal surface temperature of the two double windows with and without shading.

other PCMVW control strategies to potentially decrease the indoor
heat load.

4. Conclusions

This paper experimentally studied a phase change material en-
hanced ventilated window (PCMVW) and its thermal and energy
performance in both ventilation pre-cooling application and ven-
tilation pre-heating application. In ventilation pre-cooling applica-
tion, the PCM works as a heat sink. The material is cooled down
by night ventilation. The cold PCM cools down the ventilation dur-
ing the daytime. In ventilation pre-heating application, the PCM
works as thermal energy storage for solar energy during the day-
time and releases the heat for ventilation pre-heating during night
time or when ventilation pre-heating is needed. The PCM adds
additional thermal energy to the VW. The VW has a self-cooling
mode so as to reduce the heat gain through the window when the
indoor air temperature is too high. The PCM thermal and energy
performance is valued by heat removal/heat storage amount, ven-
tilation energy saving amount, inlet temperature decrease/increase
and cooling/heating effect hours.

The experimental setup includes the PCMVW and a Ref win-
dow. The Ref window is a VW that has the same configuration as
the PCMVW system. The PCM thermal and energy performances
are calculated by analyzing the PCM condition as well as compar-
ing the ventilated air conditions with the Ref window. This work

presents three different experiments for night cooling, solar energy
storage, and double window self-cooling effect.

The night cooling experiment results show that with the PCM
heat exchanger, the room inlet air temperature is by average 1.4 °C
lower in 7.0 h than the normal VW. The average ventilation en-
ergy saving compared to a normal VW is 0.7 M]/day for the tested
period. It is also found that the daily outdoor air temperature dif-
ference has the highest influence on the thermal and energy per-
formance. Buildings in a climate with high daily outdoor air tem-
perature differences can benefit more from the PCMVW system in
ventilation pre-cooling application. However, the pre-cooling effect
of the PCMVW is limited.

The conclusion of the solar energy storage experiment results
is that the PCM heat exchanger can increase the inlet air temper-
ature of the VW by 2.0 °C for 12.0 h. The average ventilation en-
ergy saving is 1.6 M]/day compared with a normal VW. The so-
lar radiation level affects the heat storage amount, ventilation en-
ergy saving amount, and the inlet air temperature the most. The
heating effect hours are more influenced by nighttime outdoor air
temperatures, but the overall heating effect hours are quite high
even with the lowest night time average outdoor air temperature.
Buildings in a climate with higher solar radiation levels can benefit
more from the PCMVW system in ventilation pre-heating applica-
tion. The VW self-cooling experiment demonstrated that the self-
cooling mode of the VW can reduce the glass surface temperature
by an average of 0.8 °C.
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For both ventilation pre-cooling and ventilation pre-heating ap-
plications, the PCM heat removal/storage amounts are much higher
than the ventilation energy saving. This is because the ventila-
tion goes through the double window part before it is supplied
to the indoor room, and the heat loss/gain from the double win-
dow is quite high. Even in such cases, the PCM still provides pre-
cooled/pre-heated air with long effect time to the room. The ther-
mal and energy performance of PCMVW system can be further im-
proved by two methods: 1. Develop some new control strategies
that the ventilation goes from the PCM unit directly to the indoor
room. 2. Add solar reflect/absorb curtain in the VW. Those can be
done by numerical modeling in future works.

Different ventilation airflow rates can affect thermal and energy
performances. However, it is less applicable in experiments than in
models to achieve exactly the same boundary conditions. The ex-
amination of different control strategies to combine PCM unit ven-
tilation, double window self-cooling, and reflect/absorb curtain is
more complicated to fulfill in experiments. The control strategies
in building level can be more complicated by involving the indoor
environment. Different control strategies should be developed con-
sidering both PCM condition and indoor air temperature setpoint.
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Abstract

This study proposes a PCM enhanced ventilated window (PCMVW) system for ventilation
preheating/precooling purposes for building energy conservation. It is designed into a summer night
cooling application and a winter solar energy storage application using different control strategies.
An EnergyPlus model of the PCMVW is built to investigate the control strategies. Next, A full-
scale experiment is conducted to study the working principle of the PCMVW and to validate the
model. With the validated model, the thermal and energy performance of the PCMVW is compared
to 2 other ventilation systems and shows that the PCMVW can greatly decrease the cooling/heating
energy demand for both summer and winter applications. Finally, the paper proposes control
strategies for residential applications under Danish climate conditions. The developed control
strategy for summer night cooling application is to use between-glass reflection shading, ventilate
directly from PCM heat exchanger to the room while applying VW self-cooling for ventilation pre-
cooling mode, and heat the room with air from VW to prevent overcooling of the room. The
developed control strategy for winter solar energy storage application is to use between-glass
absorption blind, make use of the hot air in VW, and to cool the VW by self-cooling and bypass
ventilation to prevent overheating of the room. With the developed control strategies, the building
energy saving is up to 62.3% and 9.4% compared to the primitive summer and winter control

strategies respectively.

Keywords: Phase change material, ventilated window, ventilation preheating/precooling, control

strategy, building energy efficiency
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1. Introduction

Many researchers and engineers have successfully applied phase change material (PCM) in
building components as latent heat thermal energy storage (LHTES) systems [1]. Compared to
sensible heat storage systems that change the storage material temperature, LHTES systems need
a much smaller volume of material to store the same amount of energy. The latent heat storage
systems, especially PCMs, have recently drawn much attention in the research area and the market,

due to their high heat storage ability [2].

The application of PCM in buildings can be divided into passive and active systems. The passive
systems with PCMs for building applications include PCMs in the wallboard [3—7], roof]8],
concrete system [9—11], glazing [12][13], shading [14], and furniture [15][16]. Those passive
systems have a slow response to the heating and cooling needs and are usually used as auxiliaries
for the building environment. The active systems with PCMs involve water, air, or other media to
accelerate the heat charge and discharge processes of PCMs. These systems have a shorter response
time and contribute to a better heat transfer coefficient by replacing the free convection by forced
convection. Active PCM systems include PCMs in the ceiling [17], floor [18][19], double-skin
facade [20], ventilated window [21], domestic hot water systems[22], and HVAC system[23]. The
systems are used for building heating or cooling proposes, usually operating in combination with

ventilation or water system.

Building energy systems can benefit from the PCM application when adopting renewable energy
as heat or cold sources. The stored energy can be used to create a good indoor environmental quality
and save the building energy. One of the most common renewable energies for TES is solar energy.
Solar energy has to be stored as it is highly dependent on the outdoor climate conditions during the
daytime. PCM has been used as the storage medium in most of the cases, due to its high energy

storage ability. The conventional PCM solar energy system includes a PCM tank, a solar collector,
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and some heat transfer fluid between the solar collector and the PCM tank [24][25]. PCM can be

used as the heat transfer fluid as well[26].

Windows account for a large part of the total building heating and cooling load, regardless of
adopting coatings, sealed glazing, and tight gaskets [27]. The basic concept of the ventilated
window (VW) is to control the outdoor airflow passing through the cavity of the double window.
The aim of the VW is to decrease solar heat gain through the window in summer and minimize the
room heating load and improve thermal comfort by utilizing the solar radiation to preheat the
ventilation air in winter [28]. Several experimental and numerical research have investigated the
VW performance [29-35]. It is found out that the VW can decrease cooling and/or heating demand
and improve indoor thermal comfort. However, the pretreated supply air temperature could not
reach the room air temperature [35]. Therefore, the supply air temperature needs to be further
heated or cooled by additional means. PCM can be a good candidate to provide additional thermal
storage in the VW to form an active system for better performance of the VW. In the summer night
the PCM is cooled down by night ventilation. It cools the ventilation air in the daytime to decrease
the room’s cooling load. While in winter, it stores the solar energy in the daytime and heats up the

air when heating demand is present.

Few studies have investigated the combination of the VW and PCM. In previous works, the authors
demonstrated that a PCM heat exchanger can cool down the ventilated air 6.5 °C average and save
3.19 MJ energy per day based on a night ventilation experiment in summer. The depth of PCM
plates was also optimized based on the numerical model, which can reduce the material cost by
16.9% in Copenhagen, Denmark [21]. The authors also investigated the ability of PCMVW pre-
cooling in summer and pre-heating in winter through full-scale experiments in Aalborg,
Denmark[36]. However, whether the ventilation control strategy of PCMVW adopted in previous
work is the best remains to be answered. Moreover, the cooling potential of the PCMVW in

previous works was not high enough, which may need extra elements to be added for improvement.
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In this paper, the performance of the PCMVW is examined by comparing it with two other
ventilation systems. In addition, the control strategies for summer and winter applications are
developed respectively with the adding of blinds control to further enhance the energy-saving

potential of the PCMVW.

Therefore, this paper investigates the ventilation control strategy of the PCMVW through an
EnergyPlus model for a 3-rooms apartment with PCMV Ws under Danish climate conditions. Later
on, the paper introduces a full-scale experiment in the facade lab of Aalborg University to
investigate the thermal properties of the PCMVW. The experiment is done in 3 parts: night cooling
application, solar energy storage application and blinds for advanced VW control. The simulation
results are compared with the experimental data. In addition, the PCMVW is compared to 2 other
ventilation systems in regards to the thermal and energy performance. Lastly, the model is used for
control strategy development for summer night cooling application and winter solar energy storage

application respectively.

2. Model description

The apartment investigated is a part of a nearly zero-energy residential building with high air
tightness and low U value for the constructions. It is a 3-rooms apartment on the second floor of a
3-floor residential building. Figure 1 shows the plan view of the Danish demonstration site and the
floor plan of the apartment; rooms are simulated as separate thermal zones, including four windows
in total. Only the southwest and northeast walls are set as external walls. Other walls are internal
walls adjacent to internal thermal zones. Table 1 shows the properties of the external walls. The
infiltration rate is set as 0.1 h”'. The heating set point of the room is 22 °C, and the cooling set point
is 26 °C, by the ideal load HVAC system. An exhaust fan with 300 Pa pressure rise and total
efficiency of 0.7 drives and controls the outdoor air into the indoor room through the heat exchanger
and double glazing window. The specific fan power of the fan fulfills the recommended “good-

practice” from the technical note AIVC 65[37]. The daytime ventilation airflow rate should be
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larger than the minimum requirement of the fresh air per person or per floor area but should be
within the thermal comfort range so it does not cause draft to the indoor environment. The

ventilation flow rate is 30 m*/h/person for all the three models.

121m 2tm

Room 2 Room 3
13 m2 9mz2

Room 1

26 m2

I 241m

133m

The floor plan of
simulated apartment

Figure 1 Plan view of the Danish demonstration site and the apartment used for the investigation.

Table 1 The properties of the external wall.

Thermal Conductivity ~ Resistance

Material Thickness [m]
[W/mK] [m*K/W]
Wood 0.02 0.12 0.13
Insulation 0.25 0.04 6.62
Brick 0.31 0.77 0.40

The PCMVW model is separated into three thermal zones: the room, the ventilated window (VW),
and the PCM heat exchanger, as seen in Figure 2. The VW is made by a double-glazing panel on
the outer surface, a single glazing panel on the inner side, and a ventilated cavity in between them.
The glass for both the double-glazing and single glazing is 6 mm. A 13 mm air gap is in the double

glazing panel. Paralle] PCM plates compose the PCM heat exchanger. The thickness of the plates
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is 12.5 mm and the air gap between two plates is 5 mm, which is based on the configuration
optimization in[21][38]. The thin PCM plates and relatively large surface area make it faster to
activate the PCM heat exchanger. The inlet of the PCM heat exchanger is at the bottom of it. The
outlet of the PCM heat exchanger is connected to the ventilated window. The outlet of the ventilated
window is either to the indoor room or to the outside environment. The between-glass internal
shading is made by venetian blinds with absorption coating (solar reflectance coefficient=0.15) on
one surface and reflection coating (solar reflectance coefficient= 0.6) on the other side. The
absorption side is turned on towards outdoor for winter solar storage application, while the

reflection side is turned on towards outdoor for summer cooling application.

Qutdoor Indoor

. - Uvalue: 5.7
Single glazing g value: 0.79

Uvalue: 1.1 Double
gvalue: 0.63 glazing ~

Ventilative cavity

Internal shading
absorption/reflection side
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Uvalue: 57 g; .
gvalue: 0.79 Single glazing

Insolation
Wood fiber

PCM heat -]
exchanger [==
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Figure 2 The overview of the VW+PCM model.

The Conduction Finite Difference (CondFD) heat balance algorithm is used in EnergyPlus. It
complements the conduction transfer function (CTF) algorithm when simulating the phase change
material or materials with changeable thermal conductivities. The zone time step using the CondFD
algorithm can be much shorter than CTF. The algorithm uses a fully implicit scheme to solve the
heat transfer equations. The enthalpy as a function of the temperature of the PCM is set as the input

of the model. The heat capacity of the PCM is calculated based on Equation (1).

H -H
Cp(h) == M

For PCM with hysteresis, the heat capacity depends not only on the current state but also on the

previous state. [t presents the hysteresis effect between the freezing process and the melting process.
Cp(T)= f(T,T"" ,PhaseState,, PhaseState,,,,) 2)

The PCM in the heat exchanger part is a mixture of fiber (50%) and paraffin wax (50%). The heat
capacity of the compound was measured by differential scanning calorimetry (DSC) technology in

previous work[21]. Figure 3 shows the inputs of the PCM heat capacity in EnergyPlus.
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Figure 3 The heat capacity of the PCM measured by DSC[21].
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Figure 5 The electricity fraction in functions of time.

Table 2 The distribution of internal heat gains.

Room 1 Room 2 Room 3
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Number of people 0.941 0.463 0.332

Maximum electricity load(W) 324.05 158.54 109.59

The internal loads include the people load and the electricity load. The number of the person for
the whole apartment is 1.72 and the people load is 90 W/person, which is based on the surveys for
apartments in Denmark in [39]. The occupant schedule and the electricity schedule are shown in
Figure 4 and Figure 5 based on the survey in the report [40]. The people load is more in the evenings
and differs between weekdays and weekends. The electricity load is also diverse between weekdays
and weekends and differs among the months. The electricity load at a full percentage (100%) is
592.18 W. The people load and the electricity load are evenly distributed in each room based on
the room area, see Table 2. The people and electricity load at each hour are calculated as the

number of people x occupant fraction, maximum electricity load x electricity fraction respectively.

The zone ventilation function is used for single-zone ventilation. The zone mixing function
calculates the air change and thermal change between zones. The natural ventilation airflow rate is
calculated by the wind speed and thermal stack effect. The airflow by wind speed effect is

calculated by Equation (3).

Qw = CwAf;chedulev (3)

Where Q, is the airflow rate driven by wind (m?/s), C,, is the opening effectiveness, 4 is the opening

area (m?), ficheaule is the schedule of opening fraction, v is the local wind speed (m/s).

The opening effectiveness is calculated by the angle between the effective angle and real-time wind

direction for each simulated time step, as shown in Equation (4).

|EﬂectiveAngle - WindDirecti0n| 02
x 0.

C,6=055-
180

5 4)

The airflow rate driven by thermal stack effect Qs is shown in Equation (5).
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/T) 5)

Qs = Cs Af;chedule \/2gAh (|T; - T;

Where A# is the height from midpoint of lower opening to the neutral pressure level (m); Ti is the

zone air temperature (°C); To is the outdoor air temperature (°C); C; is the discharge coefficient for

opening, which is defined by Equation (6).
C,=0.4+0.0045|T, - T,| (6)

The total airflow rate is calculated by Equation (7).

0=,0+0’ (7)

3. Full-scale experimental test and model validation

The PCMWYV is tested in the south surface of the fagade lab at Aalborg University. The window is
equipped with a ventilation system (including the ducts and valves) to create stable airflow in the
window. The experiments include 3 parts: testing the pre-cooling ability of the PCMVW for night
cooling application, measuring the pre-heating ability of the PCMVW for solar energy storage
application, and testing the reflection/absorption blinds and self-cooling mode of the VW. The
PCM temperature, air temperature in the PCM heat exchanger and VW cavity are measured. The
measurement points are shown in Figure 6. Temperature sensors and pyranometers are set on the
external surface to measure the outdoor air temperature and the solar radiation the facade receives.
A weather station on the roof of the building is measuring the weather conditions, include the wind

speed and wind direction.
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Figure 6 The temperature sensors in the PCMVW.

The aim of the experiment is to validate the numerical model. The experiment thus simplified some
of the control strategies. For the summer night cooling application, in the experiment the PCMVW
is constantly ventilated. The same ventilation is set in the numerical model, as well as the same
outdoor weather conditions and external shading for PCM. For the winter solar energy storage
application, the ventilation and outdoor weather conditions are set for the experiment and numerical
model of the PCMVW are set as the same as well. For the blinds control, only the VW part with

the absorption/reflection blinds is ventilated and tested in the experiment. The corresponding blinds

VW cavity air
temperature sensors

Glass surface /"\' q

temperature:
External

Glass surface
temperature:
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PCM cavity

temperature sensorsN%—'
o 6 a

PCM
temperature sensors

Glass surface
temperature:
Internal
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are added and the ventilation is only set in the VW in the numerical model.
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3.1 Part 1: Night cooling application

The night cooling application experiment is done to measure the pre-cooling ability of the PCMVW
during hot weather conditions. The PCM heat exchanger is shaded with external shading to avoid
temperature rise by the sunlight. The ventilated window is not shaded during this experiment, see
Figure 7. The PCM is ventilated during the nighttime, to be cooled down by the cold outdoor air.
It is then ventilated during the daytime, to pre-cool the ventilated high-temperature outdoor air. The
test is done from 12 July-16™ July 2017. Figure 8 shows the measured outdoor weather conditions.
The minimum outdoor air temperature for all the measured days are below the PCM freezing

temperature (20.7°C), which is required for effective night cooling application.

== jﬁ\a; p 3

__ External =
" shading \

(a) (b)

Figure 7 The tested case for summer night cooling application. (a) Experimental setup; (b) sketch of the PCMVW with

external shading.
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Figure 9 shows the PCM temperature, air temperature in the PCM cavity, air temperature in the

VW cavity from both experiment and simulation results for night cooling application. It shows

good agreements between the experiment and simulation results. The modeling average error for

PCM temperature, PCM cavity, VW cavity is 5.0%, 5.7% and 5.4% respectively, which is

calculated based on Equation (8). The modeling root mean square error (RMSE) for PCM

temperature, PCM cavity, VW cavity is 1.0, 1.3 and 1.5 respectively, which is calculated based on

Equation (9). The weather input for the simulation is hourly data, which may cause a part of the

discrepancy.
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Figure 9 Model validation of summer night cooling application. (a)PCM temperature; (b) air temperature in the PCM

cavity, (c) air temperature in the VW cavity.

3.2 Part 2: Solar energy storage application

The solar energy storage application aims at using the stored solar energy to pre-heat the low-
temperature ventilation, typically during winter. The test is done from 02-07-2019 to 12-07-2019.
In this test, the PCM stores the solar energy during the daytime (8:30-18:30), and releases the
energy to pre-heat the ventilation during the night time (18:30-8:30), as illustrated in Figure 10.
The measured outdoor weather condition in Figure 11 shows that the solar radiation levels of the
measured days are all different. For some days there is high solar radiation, for some other days the

solar radiation is low.
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Figure 10 The tested cases for winter solar energy storage application.
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Figure 11 Measured outdoor weather data for winter solar energy usage application.

Figure 12 shows the PCM temperature, air temperature in the PCM cavity, air temperature in the
VW cavity from both experiment and simulation results for solar energy storage application. Good

agreements can be found between the experiment and simulation results. The modeling average
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error for PCM temperature, PCM cavity, VW cavity is 12.5%, 7.1% and 6.8% respectively. The

RMSE for PCM temperature, PCM cavity, VW cavity is 2.4, 1.7 and 1.7 respectively.
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Figure 12 Model validation of winter solar energy usage application. (a) PCM temperature; (b) air temperature in the

PCM cavity; (c) air temperature in the VW cavity.
3.3 Part 3: Adding blinds for advanced VW control

A blind with two different functional sides is developed to improve the energy performance of the
PCMVW. One side of the blind is painted with a high reflection coating, while the other side is
painted with a high absorption coating. Figure 13 shows the occasions when the
reflection/absorption side is applicable. For summer cooling application, using reflection shading
can decrease the solar heat gain from the VW to the room, as well as decrease the inlet air
temperature for room ventilation. For the winter solar energy storage application, using absorption
blind can add heat to the VW, thus increases the ventilation preheating effect. For the cases when

the indoor air temperature is too high, using shading in cooperation with self-cooling natural
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ventilation can effectively decrease the temperature of the VW, thus decreases the heat gain through
the window. The blinds not only regulates the air temperature in the VW, but also act as an effective
way of the daylight control of the room, to avoid the direct sunlight exposure of the occupants from

a low hanging winter sun.

In this experiment, only the VW with reflection/absorption blinds are tested and compared with the

numerical model. The PCM is not ventilated or tested.
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Figure 13 The advanced strategy control with blinds.

The experiment tests the VW with reflection/absorption blind under natural/mechanical ventilation
respectively. The VW with reflection blind under natural ventilation is tested in 14-10-2019. The
experiment is not done in continuous days because there are no continuous sunny days during the
tested period. Figure 14 shows the outdoor wind speed and wind direction. Figure 15 shows the
outdoor air temperature, solar radiation on the vertical surface and temperature of the different glass
surfaces. The positions of the temperature sensors are in Figure 2. There are good agreements

between the measured glass surface temperature and simulated results. The modeling error for
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internal, middle 1, middle 2, external sensors is 9.8%, 9.4%, 13.1% and 8.2% respectively. The

RMSE for internal, middle 1, middle 2, external sensors is 2.1, 2.0, 2.7 and 1.4 respectively.
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Figure 14 The outdoor wind condition of the tested day for natural ventilation with reflection blind.
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Figure 15 The model validation of double window natural ventilation: with reflection blind for the between-glass blind.
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The VW with absorption blind under natural ventilation is tested on 31-10-2019. Figure 16 shows
the outdoor wind condition. Figure 17 shows the outdoor air temperature, solar radiation on the
vertical surface and temperature of the different glass surfaces. The same trends can be found with
the experimental data and simulation results. The modeling error for internal, middle 1, middle 2,
external sensors is 8.1%, 9.9%, 8.8% and 11.2% respectively. The RMSE for internal, middle 1,

middle 2, external sensors is 2.1, 2.9, 2.8 and 1.6 respectively.
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Figure 16 The outdoor wind condition of the tested day for natural ventilation with absorption blind.
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Figure 17 The model validation of double window natural ventilation: with absorption blind for the between-glass blind.

Comparing the 3 experiments, it is seen that the model for night cooling application has the best fit
with the experimental results. One possible reason is that the model is less influenced by solar
radiation, while the other 2 models are more influenced by solar radiation, especially for blinds
testing. The errors come from the measurement uncertainty, uncertainties of material properties
provided by the manufacturer, and the unavoidable personal error (for example, the blind is not
possible to close at 100% close position to avoid sunlight go through the gaps). Moreover, the
hourly average values of outdoor weather conditions are used in the model, which can be a big

contribution to the model uncertainty.
4. PCM ventilation performance

The PCMVW and its numerical model are developed and tested. However, the cooling/heating
ability of the PCMVW comparing to other ventilation systems remains to be examined. In this
chapter, the building with PCMVW is compared with the same building with other 2 ventilation
systems: ventilated window without PCM (VW, no PCM) and normal window without both

ventilated window and PCM (no VW, no PCM). The heating and cooling energy demands of the
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building are compared for summer night cooling and winter solar energy storage applications

respectively.

4.1 Summer night cooling effectiveness

The night cooling application is active during May-October. 3 ventilation systems and their
ventilation cooling abilities are compared. The windows in the 3 systems have the same
configuration and material constitutes. Figure 18 shows the system compositions and operation
strategies of the 3 systems. The PCMVW (Figure 18(a)) has 3 operation modes: the heat removel
mode during the night time, where the cold outdoor air ventilate through the PCM to cool it down;
the ventilation pre-cooling mode, where the PCM cools down the ventilation where the indoor air
temperature is too high; the heat mode, where the ventilation only goes through the double window
(which is heated up by solar radiation) when the indoor air is overcooled and heating is needed. As
references, the VW, no PCM (Figure 18(b)) and no VW, no PCM (Figure 18(c)) systems are

ventilated with the same time schedule and airflow rate.
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Figure 18 Compare of PCMVW with 2 other ventilation systems for summer night cooling application.

Figure 19 shows the room ventilation inlet air temperature from 1% August- 7™ August. For room

1 (southwest room), the no VW, no PCM system has the lowest inlet air temperature (which is
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close to the outdoor air temperature), and the VW, no PCM system has the highest inlet air
temperature. For room 2 (northeast room), the inlet air temperatures of the 3 systems show the same
trends, and are much lower than room 1 with the same ventilation system (except for no VW, no
PCM system, which has the same inlet air temperature for the 2 rooms). It is because the windows

facing southwest have more heat gains than the windows facing northeast.

41
39
37
35
33
31
29
27
25
23
21
19
17
15

Temperature (°C)

——TT—T—T—TT—T—T—T—TT—T—TT T —T—T—T—TTT—T—T T 71T T
2009 2029029020209 002209000 R 922 RRY QYRR RQRQRRRR QY
R A R R A R B R T A R I e R T i R L R B L R
O s 0 N W o O 0 N WO O < 0N WO oS 0 NWw o oS 00NN W o oS €8N0 o o s 0N WO
C O O «H AN O QO QA dNOQOQOQ - cd™NOO0OOQ  d™NC OO0 d-AM~NOOQOCHHNOOGOCH = N
Time
PCMVW room1 VW, no PCM reom1 no VW, no PCM room1 Outdoor air temperature
= = = PCMVW room2 VW, no PCM room2  ceceea no VW, no PCM room2

Figure 19 The room ventilation inlet air temperature of the 3 ventilation systems from I°* August- 7" August for summer

night cooling application.

Figure 20 shows the inner glass surface temperature of the 3 systems from 1* August- 7" August.
The higher the inner glass surface temperature, the higher the amount of heat gain the room gets
from the window. For both rooms, the no VW, no PCM system has the highest glass surface
temperature, and the PCMVW system has the lowest inner glass surface temperature. The no VW,
no PCM system has no ventilation in the window cavity, thus the heat is gathered in the air inside
the cavity, which increases the glass surface temperature. While for the PCMVW, the PCM cools
down the ventilation, and the relatively low-temperature air potentially cools down the glass surface

temperature.
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Figure 20 The inner glass surface temperature of the 3 ventilation systems from 1* August- 7" August for summer night
cooling application.

The ventilation inlet air temperature and the inner glass surface temperature are not showing the
same trend. This indicates that none of them can be used as an indicator to compare the ventilation
performance. The energy demands of the building with the 3 systems for the whole summer period
are calculated and shown in Figure 21. For both rooms, the VW, no PCM system provides the
highest cooling energy demand for all the simulated months, which indicates a poor cooling ability
of the VW. The PCMVW provides the lowest cooling energy demand. The heating energy demand
is quite low and is present in October. For room 1, the PCMVW reduction in cooling energy
demand is 46% compared to VW, no PCM system, and the reduction is 27% compared to the no
VW, no PCM system. For room 2, the PCMVW reduction in cooling energy demand is 51% and
38% compared to the other two systems respectively. Room 3 has the same orientation of the
external wall as room 2, and the sizes of the two rooms are similar. As a result, the energy demand

per square meter floor area is similar, therefore it is not discussed here.
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Figure 21 The building energy demand with the 3 different ventilation systems for summer night cooling application.

4.2 Winter solar energy storage effectiveness

The solar energy storage application is active from November- April. The similar 3 systems and
their ventilation heating abilities are compared. Figure 22 shows the system compositions and
operation strategies of the 3 systems. The PCMVW (Figure 22(a)) has 2 operation modes: the heat
release mode, where the ventilation pre-heating is operated when the room is in low temperature;
the overheating preventing mode, where the bypass and self-cooling ventilation is operated when
the indoor air temperature is too high; meanwhile, the PCM stores the solar energy when the
sunlight is available. The VW, no PCM system (Figure 22(b)) has the same ventilation schedule as
the PCMVW except there is no PCM heat exchanger. The no VW, no PCM system (Figure 22(c))

is only ventilated with bypass ventilation.
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Figure 22 Compare of PCMVW with 2 other ventilation systems for winter solar energy storage application.

Figure 23 shows the room ventilation inlet air temperature during the period 5" February- 23™
February. For both rooms, the PCMVW has the highest inlet air temperature. The no VW, no PCM
system has the lowest inlet air temperature. With the same ventilation system, the inlet air
temperature of room 1 is much higher than room 2 (except for no VW, no PCM system, which has
the same inlet air temperature for the 2 rooms). The windows in southwest fagade have more solar

heat gains than in northeast fagade.
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Figure 23 The room ventilation inlet air temperature of the 3 ventilation systems from 5" February- 23" February for

winter solar energy storage application.
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Figure 24 shows the inner glass surface temperature of the 3 ventilation systems during the period
5™ February- 13" February. For room 1 (southwest room), the no VW, no PCM system has the
highest inner glass surface temperature, and the VW, no PCM system has the lowest inner glass
surface temperature. However, for room 2 (northeast room), the no VW, no PCM system has the
highest inner glass surface temperature, while the PCMVW and the no VW, no PCM systems have

a similar inner glass surface temperature for most of the time.

For room 2 (northeast room), when comparing the PCMVW system with the VW, no PCM system,
both the ventilation inlet air temperature and the inner glass surface temperature are similar. The
PCM does not have a high ventilation heating potential for windows in northeast facade for some
winter days, due to the low solar radiation received. However, the situation will be changed during
March and May, when the received solar radiation level on the northeast fagade increases. This is

shown in the energy demand comparison, which can be seen in Figure 25.
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Figure 24 The inner glass surface temperature of the 3 ventilation systems from 5" February- 23" February for winter
solar energy storage application.
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Figure 25 The building energy demand with the 3 different ventilation systems for winter energy storage application.

The energy demands of the building with 3 different systems are calculated separately, as shown
in Figure 25. For both rooms, the PCMVW provides the lowest energy demand, and the no VW,
no PCM system the highest energy demand. For room 2, the energy demand of the PCMVW and
the VW, no PCM systems are similar in December and January. Compared to the no VW, no PCM
system and the VW, no PCM system, for room 1, the PCMVW system reduces the heating energy
demand by 29% and 48% respectively; for room 2, the PCMVW system reduces the heating energy

demand by 10% and 28% respectively.
5. Control strategy development

The primitive control strategies of the PCMVW shown in Figure 7 and Figure 10 can risk the room
with overheating, due to the direct solar heat gain through the window, or the excessive heat gain
from the ventilation. The control strategy shown in Figure 18(a) has too high room ventilation inlet
air temperature during summer, which can be improved by adding shading control. This section
develops control strategies to improve the pre-cooling efficiency of the PCMVW. The thermal and
energy performance of the PCMVW with different control strategies are analyzed by the numerical

model proposed in Section 2.
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5.1 Summer night cooling control strategies

Three control strategies are developed for summer night cooling application. Strategy 1 increases
between glass reflection shading for the VW, to avoid high solar heat gain from the VW to the
room, as seen in Figure . The heat mode is added as a part of the control strategy, in case the room
is overcooled and room heating is needed. Based on strategy 1, strategy 2 improves the cold release
mode by ventilating directly from the PCM heat exchanger to the room. The VW is self-cooled
with natural ventilation, to further avoid its temperature rise by solar radiation, as shown in Figure .
Based on strategy 2, strategy 3 differentiates the heating/cooling setpoint, and adds a bypass mode

when the indoor air temperature is in the comfortable range, see Figure .
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Figure 26 The summer night cooling application control strategy 1.
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Figure 28 The summer night cooling application control strategy 3.

2. Heat mode.
when Tindoor< 22°C
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Figure 29 shows temperature of the primitive strategy > strategy 2 > strategy 1 > strategy 3. The
PCM temperature of strategy 3 is the lowest, for the reason that during the daytime, the ventilation
time through PCM is the shortest compared to other control strategies. For 5™ August — 7™ August,
the PCM temperature of the 4 strategies are similar. The probable reason is that the night time
outdoor air temperature is too high to cool the PCM the PCM temperature of the PCMVW under

different control strategies. For both rooms, the PCM down below 21 °C.

22

21

20

19

Temperature (°C)

138

17

16

————TT—T—T——F—FT—FT—T—T—T—T—T—T—7r— 7777777777 T 77T T 7T T T
000000 00C00000 000000000000 0000000000000 00
I B G B s B B T B B B B B T B B A B B s B B e B B TS B B = L L L B B S = B
O d 0N W O o 900NN 0 OO0 90Nt OoO 0o Y O NY OO SN OO0 g0 oo 9 N0 o
SO0 AT ABOO0 AT ANOEOO0d IS A NOEOO0 T AANSIO I AOOD AN
Time

Primitive strategy room1 Strategyl rooml Strategy2 room1 Strategy3 rooml

—————— Primitive strategy room2 — — — Strategyl room2 Strategy2? room2 ------Strategy3 room2

Figure 29. The PCM temperature in the PCMVW using different control strategies from I°' August- 7" August.

The ventilation inlet air temperature of the 4 control strategies are quite different, even though for
some days the PCM temperature are similar. For both rooms, the inlet air temperature of primitive
strategy > strategy 1 > strategy 3 > strategy 2. For both the primitive strategy and strategy 1, the
inlet air temperature of room 1 is much higher than room 2, due to the higher heat gain in the cavity
of the ventilated window in room 1. For strategy 2, the ventilation inlet air temperature of the 2
rooms are similar, except 2" August. Similarly, for strategy 3, the ventilation inlet air temperature
of the 2 rooms are similar, except 3 August, when the PCM temperature of the 2 rooms show a

bigger difference.
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In comparison, strategy 3 has the lowest PCM temperature for both rooms. However, strategy 2 has

the lowest ventilation inlet air temperature. The possible reason is that strategy 2 utilized the

cooling ability of the PCM more than strategy 3. Consequently, strategy 2 has the least room energy

demand, as seen in Figure 31.
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Figure 18 The energy demand using different control strategies for summer night cooling application.

Figure 18 shows the monthly energy demand using the 3 different control strategies for summer

night cooling application. In general, room 1 has a higher energy demand than room 2, due to its

orientation (southwest). Control strategies 1, 2 and 3 have less energy demand than the primitive
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strategy for all the simulated months. Control strategy 3 has slightly higher energy demand than
strategy 2, due to the extra energy needed to handle the outdoor air temperature to the thermal
comfort temperature during bypass mode. However, the difference between the two control
strategies is quite small. The application is robust for temperature setpoint. From the overall energy
demand of the system, the conclusion can be drawn that the optimized control strategy is strategy
2. Compared to the primitive strategy, the developed control strategy (strategy 2) saves 62.3% of
the energy for the room with windows facing southwest, and 58.2% of the energy for the room with

windows facing northeast.

5.2 Winter solar energy usage strategies

For further improvement, 3 more control strategies are developed for the winter control strategy.
Strategy 1 (in Figure 19) adds between glass absorption shading to increase the heat gain from the
VW. The VW ventilation is operating in heat storage mode, to make use of the hot air in the VW
for room ventilation. Moreover, to avoid room overheating, the overheating preventing mode is
added by introducing double window self-cooling and bypass ventilation. Based on strategy 1,
strategy 2 (in Figure 20) changes the heat release mode by ventilating directly from the PCM heat
exchanger to the indoor room. Similarly, strategy 3 has a different heating/cooling setpoint, and

adds a bypass mode when the indoor air temperature is in the comfortable range, see Figure 21.
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Figure 21 The winter solar energy storage application control strategy 3.
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Figure 35. The PCM temperature in the PCMVW using different control strategies from 5 February- 13" February.

The PCM temperature in the PCMVW under different control strategies from 5" February- 13%
February are similar for each of the 2 rooms, except for some days the primitive strategy has the

highest PCM temperature, which is shown in Figure 35. In addition, room 1 has a much higher
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PCM temperature than room 2. It indicates that the PCM temperature is more related to solar

radiation and is robust against the control strategies.

The ventilation inlet air temperature, on the contrary, has some differences among the 4 control
strategies. For room 1, the primitive strategy has the highest inlet air temperature, strategy 1 and 3
have similar inlet air temperature, except during the afternoon, strategy 3 has a lower inlet air
temperature, due to the bypass mode. Strategy 2 has the lowest inlet air temperature in most of the
days, especially for the days when the PCM temperature is low. It is due to the heat in the double
window is not added to the ventilation during the heat release mode. For room 2, the ventilation

inlet air temperature of primitive strategy > strategy 1 = strategy 3 > strategy 2 for most of the time.
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Figure 36. The ventilation inlet air temperature of the PCMVW using different control strategies during 5" February-
13" February.
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Figure 37 The energy demand using different control strategies for winter solar energy storage application.

Figure 37 shows the monthly energy demand of models using different control strategies for winter
solar energy storage application. It shows that compared to the primitive strategy, strategy 1 has
the least energy demand for all the simulated months. The primitive control strategy has the highest
inlet air temperature. However, it is lacking in the overheating preventing mode, which potentially
increased the cooling energy demand. Strategy 2 has the highest energy demand for all the
simulated months. The reason is that for both rooms, strategy 2 has the lowest ventilation inlet air
temperature, due to the heat in the window cavity is not added into the ventilation. Compared to
the primitive strategy, the developed control strategy (strategy 1) saves 9.4% of the energy for the
room with windows facing southwest, and 4.4% of the energy for the room with windows facing

northeast.

The control strategy development of summer night cooling application has more improvement in
energy efficiency than winter solar energy storage application. The potential reason may be that
the amount of heat from the solar radiation is limited during winter, so that the PCM is not heated
up at very high temperatures in most of the days. However, the air from the PCM heat exchanger
is still much higher than the outdoor air temperature. Overall, the winter application is more robust

regardless of what control strategy is used.
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5. Conclusions

This paper proposed a PCM enhanced ventilated window (PCMVW) system for ventilation pre-
treatment purposes. The system works in both summer and winter with different control strategies.
In the summer night cooling application, the PCM decreases its temperature by night ventilation,
and later it is used for ventilation pre-cooling purpose, by cooling down the high temperature
ventilated air during the daytime. In winter solar energy storage application, the PCM stores solar
energy during a sunny day, and it is later used for ventilation preheating, by heating up the low
temperature ventilated air (mostly during the night time). This paper aims to study the working
principle of the PCMVW and to provide sufficient control strategies for Danish buildings using the

PCMVW ventilation system.

The numerical model built in EnergyPlus is validated by a full-scale experiment conducted in 3
parts: Summer night cooling application, winter solar energy storage application and blinds with
advanced VW control including natural ventilation for self-cooling and mechanical ventilation. The
comparisons of the experiment results and simulation data show that the models fit with the
experimental data in all aspects. The summer night cooling model has higher accuracy than the

winter energy storage model and models with absorption/reflection blinds.

Some conclusions are drawn when comparing the PCMVW with 2 other ventilation systems to test
its thermal and energy performance. Compared to the no VW, no PCM system and the VW, no
PCM system, the PCMVW for summer night cooling application reduces the cooling energy
demand by 46% and 27% respectively for room 1, and 51% and 38% respectively for room 2; for
winter solar energy storage application, the PCMVW reduces the heating energy demand by 29%

and 48% respectively for room 1, and 10% and 28% respectively for room 2.

The conclusions for control strategy development under Danish weather conditions are:
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The developed control strategy for summer night cooling application is to use between-glass
reflection shading, ventilate directly from PCM heat exchanger to the room while applying VW
self-cooling for ventilation pre-cooling mode, and heat the room with air from VW to prevent
overcooling of the room. The model chose different modes based on the indoor temperature sensor.
Compared to the primitive strategy, the developed control strategy saves 62.3% of the energy for
the room with windows facing southwest, and 58.2% of the energy for the room with windows

facing northeast.

The developed control strategy for winter solar energy storage application is to use between-glass
absorption blind, make use of the hot air in VW, and to cool the VW by self-cooling and bypass
ventilation to prevent the overheating of the room. Compared to the primitive strategy, the
developed control strategy saves 9.4% of the energy for the room with windows facing southwest,

and 4.4% of the energy for the room with windows facing northeast.

The orientations of the windows have no influence on the results of the developed control strategy.
However, it has a big influence on the room’s energy demand. The room with southwest facing
windows has higher energy savings compared to the room with northeast facing windows.
Moreover, the control strategy development of summer night cooling application has more
improvement in energy efficiency than winter solar energy storage application. However, the
energy demands among different control strategies have no significant differences except for the
primitive control strategy for summer night cooling application. In general, the energy saving
potential of PCMVW is robust regardless of the control strategies, especially for winter solar energy

storage application.
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Abstract

Applying phase change material (PCM) into thermal energy storage (TES) for latent heat storage in
sustainable building systems has recently gained increasing attention. However, the temperature
hysteresis of the melting/solidification cycle of certain PCM has not been fully understood. As a result,
the impact of this phenomenon has been mostly neglected regarding the modeling of building energy
systems. This paper firstly looks into the phenomenon of hysteresis, its causes and modeling challenges
associated with it. The article then analyzes the thermal and energy performance of models using PCMs
with different phase transition temperatures and degrees of hysteresis for distinct summer and winter
applications. A sensitivity analysis is conducted to compare which parameter has more influence on the
building HVAC energy demand and indoor thermal comfort. The results show that the hysteresis degree

has more influence on both the HVAC energy demand and the thermal comfort than the phase transition
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temperature, for all seasons of the year. The paper ends with specific suggestions for the selection of

PCM based on the purpose of the application.

Keywords: Phase Change Material, temperature hysteresis, PCM modeling, building simulation
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1. Introduction

Buildings have a predominant role in our modern society. Indeed, people living in industrial countries
typically spend more than 90% of their time indoors (Hoppe 2002). Buildings are intended to protect
the occupants from the outdoor weather conditions and provide a comfortable environment. Humans
are especially sensitive to ambient temperature. They will easily experience thermal discomfort if the
indoor temperature is not maintained within a narrow temperature range (U.S. Green Building Council
2005) without rapid transient change of the operative temperature (ASHRAE Standard 2004). In
addition, the building sector is the largest energy end-user in the world (International Energy Agency
2013). Therefore, diminishing indoor space heating and cooling needs have been clearly identified as a
key target for the reduction of global energy use and CO, emissions (European Parliament 2010).
Moreover, buildings can modulate their energy profile to a certain extent by shifting their power load
in time. The energy storage capacity of buildings or clusters of buildings can thus be employed to
perform demand-side management and building energy flexibility strategies which can greatly improve
the efficiency, stability and reliability of Smart Energy Grids with a large share of intermittent

renewable energy sources (Jensen et al. 2017).

With regard to the aforementioned matters, phase change materials (PCM) at near-room temperatures
(10 °C - 30 °C) have drawn considerable attention over the last decade (Pomianowski et al. 2013b).
Unlike materials experiencing only sensible heat storage (under normal environmental conditions), a
PCM operates a phase transition (change in the microstructure of the material) at near ambient
temperature. This phase transition requires a considerable amount of thermal energy (latent heat) but
occurs with a very limited temperature variation. The latent heat thermal energy storage (LHTES)
ability of the PCM is a great asset for high-density thermal storage at a constant temperature in building
systems. Indeed, PCM for building applications has volumetric heat storage capacities which are
typically 5 to 14 times greater than sensible heat storage materials such as water or concrete (Sharma et

al. 2009).

The primary application for PCM in buildings is to increase the effective thermal inertia of the built

environment. It can greatly help to improve the indoor temperature stability, thus reducing risks of
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overheating, and attenuating peaks of heating and cooling power demand. Many experimental tests have
been carried out for PCM wallboards which can be easily installed on the inner surfaces of walls and
ceilings (Kuznik et al. 2008) (Medina et al. 2008) (Diaconu and Cruceru 2010), or in-floor elements
(Xu et al. 2005) (EI Mays et al. 2017). Building components can be manufactured from stable-form
PCM products incorporated in a polymer matrix (DuPontTM 2007 Data Sheet), or by mixing the PCM
directly with construction materials such as concrete (Pomianowski et al. 2013a) (Pomianowski et al.
2012), plaster (Carbonaro et al. 2015) (Kusama and Ishidoya 2017), or bricks (Zhang et al. 2011)
(Hichem et al. 2013). PCM can also be contained in translucent window systems (Weinlédder et al. 2005),
double-skin fagades (de Gracia et al. 2018), or internal shutters and solar shadings (Weinlaeder et al.
2011) (Alawadhi 2012). Passive building solar collector systems such as Trombe walls can also benefit
from the additional thermal energy storage capacity of the PCM (Soares et al. 2013). Some researchers
suggested that PCM can be integrated into furniture elements and provide significant supplementary
heat storage to the indoor space of light-weight structure buildings (Johra and Heiselberg 2017).
Alternatively, LHTES can be directly incorporated in HVAC systems such as hot water storage tanks
of heat pump (Pardifias et al. 2017) and solar heating systems (Kee et al. 2018), or ventilation air
conditioning units (Kabeel and Abdelgaied 2018) (Mosaffa and Garousi Farshi 2016) (Fleming et al.
2013). Additionally, it was found that the integration of PCM elements in the indoor environment of
light-weight structure buildings could greatly increase their effective thermal inertia, which contributes
to improving the time-shifting of the space heating needs for demand-side management and building

energy flexibility strategies (Johra et al. 2018).

The large enthusiasm of the scientific community for PCM applications during the last decades has led
to the development of various numerical models for simulating the thermodynamics and heat storage in
LHTES systems. However, the accuracy and reliability of PCM numerical models used for building
applications are usually too low for proper design and simulation purposes (Kosny 2015). The thermal
properties of the materials are rarely known with precision. The latent heat of phase transition is usually
derived from Differential Scanning Calorimetry (DSC) measurements of pure PCM products. However,

most of the organic PCMs are difficult to purify. They are normally a mixture of the congeneric alkanes.
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The main product of interest with a definite phase transition temperature is therefore associated with
other alkanes that present different thermal properties and phase transition temperatures.
Characterization of the pure PCM solely may thus be insufficient to model realistic materials. In
addition, most of the PCM models use average thermal properties (such as specific heat capacity and
thermal conductivity) of both melted and solidified phases in the case of the solid-liquid phase transition
material. Unfortunately, researchers hardly ever consider, understand, or study the temperature

hysteresis phenomenon occurring between the melting and the freezing processes.

The aim of this article is to take a deeper look at the hysteresis phenomenon in PCM and the influence
of PCM transition temperature and hysteresis on the building energy efficiency and indoor thermal
comfort performances. Firstly, a literature study of the PCM hysteresis is presented, including the
causes and the modeling of PCM hysteresis. The article continues with the influence of the PCM phase
transition temperature and hysteresis degree on the building energy and thermal comfort performance
for both severe winter and summer conditions, and transition seasons. Based on these results, the authors

suggest a selection of PCMs for ventilative heating and cooling applications respectively.

2. PCM temperature hysteresis

The thermal properties of the PCM (thermal conductivity and apparent specific heat capacity) have
some discrepancies between the melting process and the freezing process (Kuznik and Virgone 2009).
The temperature hysteresis is a phenomenon of PCM that characterizes those discrepancies. The
properties of the PCM depend on its temperature history (temperature path) and on its occurring phase
transition process: melting or freezing process. Figure 1 illustrates this temperature hysteresis
phenomenon. One can clearly see that the specific heat capacity curve of the PCM is different for the
cases of continuous melting and continuous freezing processes (see Figure 1(a)). The melting and
freezing peaks are offset from one another, and the general shape of the two curves is different. Figure
1(b) shows the enthalpy curves of this material in relation to the temperature during similar melting and

freezing processes. Here again, the enthalpy paths for melting and freezing are different.
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Figure 1 Example of hysteresis for melting and freezing processes. The data is from the DSC test of a paraffin wax at the
heating and freezing rate of 0.5 K/min.

Subcooling is observed in the freezing process of certain PCMs. It is one cause of the hysteresis
phenomenon. When cooled down, the temperature of the liquid material drops significantly below the
melting temperature before any solidification process starts (Heat and cold storage with PCM 2008;
Huang et al. 2010 2018). Figure 2(a) shows the temperature change as a function of time when PCM
undergoes subcooling during the freezing process. The PCM temperature drops below the phase
transition temperature before the freezing process actually starts. Afterward, it rises to the phase change
temperature and the phase transition occurs. Figure 2(b) shows the enthalpy curve as a function of
temperature during the freezing process. The enthalpy (internal energy) of the PCM is continuously
decreasing as cooling is applied, but the temperature of the material drops significantly below the
freezing temperature before the solidification actually starts. Figure 2(c) shows the change of heat
capacity in the subcooling period. Identically, a lower temperature is reached before the phase change
starts. It is therefore quite difficult to identify precisely the evolution of the PCM thermal properties
when the latter is cooled down or heated up close to the temperature of phase transition. However, the

enthalpy/temperature profile seems to be the best choice for good visualization of the subcooling

phenomenon.

Many PCMs show negligible subcooling for macro-containment. However, in the case of micro-

containment, the subcooling effect often appears to be more severe, which is due to the slow crystal
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growth (Huang et al. 2010). In addition, organic PCMs are usually less susceptible to subcooling and

temperature hysteresis effects than inorganic PCMs (Koschenz and Lehmann 2004).
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Figure 2 Example of subcooling effect in temperature curve, enthalpy curve, and heat capacity curve based on T-history
measurement of mannitol.

The hysteresis, subcooling, and other complex thermal properties of PCM greatly complicate the
development of reliable LHTES models for building simulations. It is important to have a better
understanding of the hysteresis and subcooling phenomenon and the refinement of the numerical model

dealing with these issues.

For PCM in the active building application systems, the thermal response of the PCM is usually 1-8
hours for 20 K according to (Hu and Heiselberg 2018) (Hu et al. 2019), which corresponding to a
heating/cooling rate of 0.04 K/min to 0.33 K/min. For passive building applications, the thermal

response time could be as long as 12 hours, which corresponding to a heating/cooling rate of 0.03 K/min.

The same PCM measured with different heating/cooling rates can get different hysteresis degrees in the
measured result. Decreasing the heating/cooling rate can result in a low hysteresis degree. However,
the single enthalpy curve without hysteresis cannot be achieved even with infinitely slow measurement,
because of subcooling, incomplete crystallization, or polymorphic crystal structures result in different
shapes of heating and cooling curves (Rathgeber et al. 2014). In certain cases, even with the smallest
heating/cooling rates, the hysteresis phenomenon can still be observed due to the intrinsic hysteresis of

the material.
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There is abundant literature showing the hysteresis of PCM with standard measurement methods. Table

1 lists many PCMs and their properties from literature with accurate measurements from PCM

manufacturers or independent laboratories. All of them show a certain degree of hysteresis regardless

of the different measurement methods and measurement heat rates. For some of them, the hysteresis

degree (the temperature difference between melting peak and freezing peak) is 0, but there are still

differences between melting and freezing processes. This part of hysteresis should be modeled in

building simulations for PCM.

Table 1 The thermal properties and measurement methods of PCMs found in the literature (the hysteresis degree is calculated

by the difference between melting peak and freezing peak).

Melting | Freezing | Melting | Freezing | Temperature | Latent
Measurement
Type range range peak peak hysteresis heat Reference
method
0 0 0 0 0 (kJ/kg)
7.2- (Wi et al
Coconut oil 3-12 22.9 7.5 15.4 110 DSC 2 K/min
22.9 2015)
MePCMs  from | 23.9- 18.4- (Yin et al
25.54 20.21 5.33 - DSC 1K/min
PGsHo-E 26.9 23.1 2018)
23.8- 18.3- (Yin et al
Dodecanol 25.22 20.11 5.11 - DSC 1K/min
27.1 23.2 2018)
MePCMs  from | 23.7- 18.1- (Yin et al
25.14 20.07 5.07 - DSC 1K/min
PG;zH, 27.2 22.9 2018)
(Lamberg et
Paraffin 23-29 20-25 23 27.7 4.7 179 DSC 2 K/min
al. 2004)
Paraffin ~ within | 15.1- DSC (Kuznik et al.
9.6-24.5 | 22.2 17.8 44 107.5
copolymer 28.2 0.05K/min 2011)
(Kuznik and
Paraffin ~ within DSC
12-30 11-28 22.1 17.9 4.2 72.4/71.0 Virgone
copolymer 0.05K/min
2009)
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16.8- 16.9- DSC (Feldman and
PCM-wallboard 21.05 16.98 4.07 35
19.35 22.1 0.2K/min Banu 1996)
Q20 16-24 13-18 20 16 4 210-250 | DSC BioPCM
(Sharifi and
paraffin PCM 6 0-7 -5 3 -0.5 35 178 DSC 1K/min | Sakulich
2015)
C24 24-27 21-23 24 27 3 140 DSC Climator
Q27 24-30 23-27 27 24 3 210-250 | DSC BioPCM
Q29 27-32 24-27 29 26 3 210-250 | DSC BioPCM
paraffin Microtek DSC  0.15 | (Stathopoulos
32-37 29-35 36 33 3 220
37D K/min etal. 2016)
Paraffin (Takeda et al.
23-28.5 | 21-249 | 255 22.9 2.6 75 DSC 1K/min
hydrocarbon 2004)
(Sharifi and
paraffin PCM 28 | 15-28 15-22 23 20.5 2.5 161 DSC 1K/min | Sakulich
2015)
29.5- (Lazaro et al.
gallium 26.9-29 | 30 27.5 2.5 80 T-history
30.5 2006)
Fatty acid wall | 18.5- 15.0- DSC (Shilei et al.
20.3 17.9 2.4 39.1
board 24.2 18.6 0.2K/min 2006)
Q23 20-26 18-24 23 21 2 210-250 | DSC BioPCM
Q25 23-28 22-25 25 23 2 210-250 | DSC BioPCM
Paraffin in (Voelker et
25-28.5 | 24-27.5 | 28 26.5 1.5 75 DSC 2K/min
gypsum board al.)
gypsum—PCM DSC (Jaworski et
21-24 20-22.5 | 24 22.5 1.5
compound 0.05K/min al. 2014)
-6.7-(- | -6.3-(- (Gunasekara
Ci3Hys -5.6 7.1 1.5 210 T—hiStOI‘y
4.5) 7.9) etal. 2017)
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PCM-plaster 24.1- 23.2- DSC (Weimar
28.12 26.8 1.32 16.5
compound 28.5 27.1 1~2K/min 2000)
16.5- 16.2- (Lazaro et al.
Hexadecane 18 16.7 1.3 236 T-history
19.5 17.2 2006)
24.5- 25.0- (Lazaro et al.
RT27 27 25.9 1.1 180 T-history
28.2 26.9 20006)
HS22P(inorganic) | 21-25 - 23 22 1 185 T-history SavENRG
RT27  (organic | 26.86- | 27.94- (Jin et al
28.37 27.38 0.99 130.8 DSC 1K/min
paraffin) 28.69 26.44 2014)
(Ahmad et al.
Butyl stearate 16-20.9 | 16-20.8 | 20.9 20.4 0.5 30.7 DSC
2006)
16.69- 16.51- DSC (Feldman and
Emerest 2326 19.57 19.45 0.12 140
19.75 19.6 0.2K/min Banu 1996)
C21(salt hydrate) | 21-26 18-22 21 21 0 134 DSC Climator
DSC 0.2 | (Iten et al.
Paraffin RT 25 22-26 23-26 25 25 0 -
K/min 2017)

There are mainly two approaches currently used by some researchers to model the transition between

freezing and melting processes within the phase change range. Bony et al. (Bony and Citherlet 2007)

proposed that the enthalpy transition line between the melting process and freezing process is a straight

line that parallels to the sensible enthalpy curve. Kaushik et al. (Biswas et al. 2018) suggest that there

is no hysteresis shown until the PCM completely solidifies or melts. Then the enthalpy curve changes

to another one. When comparing the two models in a building energy simulation (Energy Plus), it is

found that the hysteresis does not have a large influence on the annual building energy, but the impact

on the surface temperature and zone temperature is considerable (Chandrasekharan 2013). However,

this conclusion is only based on one study case. In the following section of this current paper, the

influences of the PCM transition temperature and hysteresis degree on building modeling for summer

and winter applications are investigated numerically.
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3. The effect of phase transition temperature and hysteresis on building thermal and

energy performance

To test the influence of the PCM hysteresis on building energy performance, 2 models of ventilated
windows with an integrated PCM thermal energy storage (PCMVW) are used for summer applications
and winter applications separately. The PCMVW is installed in the southwest fagade of a 3-room
apartment. For the summer night cooling applications, the PCM thermal energy storage is discharged
by the cold outdoor air during the night time. It then pre-cools the supplied fresh air during day time.
The PCM thermal energy storage is fully shaded from solar radiation, while the ventilated window is
shaded by external shading when the solar radiation is higher than 200 W/m?. The airflow rate through
the PCMVW is based on the people load in the room (30 m*/h/person). For winter solar energy storage
applications, the PCM stores solar energy during the sunny day, and later releases the energy to preheat
the inlet fresh air. There is no shading for the PCM thermal energy storage and the ventilated window.
The airflow rate is the same as for the summer night cooling applications. The configuration of the

PCMVW is shown in Figure 3 (Hu et al. 2020b).

Ventilated window

External shading for
summer application

PCM thermal
energy storage\\ &

(a) Front view- (b) Side view.

Figure 3 The PCMVW system(Hu et al. 2020).
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The models have been validated by full-scale experimental results. For more details please refer to (Hu
et al. 2020). In this paper, the summer application operates from 1% May to 31* October under the
Danish climate, while the winter application operates from 1* November to 30™ April. The air
conditioning system only operates during severe summer and severe winter periods, in cases when the
PCM thermal energy storage cannot provide enough pre-heated or pre-cooled air. The indoor air
temperature setpoint for summer is 26 °C from 1* June to 31* August. For winter it is 22 °C from 1%

November to 29™ February. It is considered a transition season when there is no operating HVAC.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
PCMVW

HVAC

Winter PCMVW operating time Summer PCMVW operating time

Winter HVAC operating time Summer HVAC operating time

Figure 4 The PCMVW and HVAC operation schedule.

A local sensitivity analysis is conducted to determine which parameters have a higher influence on the
system energy demand during the severe summer and winter periods. The sensitivity analysis is

performed by the methodology (Heiselberg et al. 2009) (Silva and Ghisi 2020):

1. Define input variables with their variation ranges.

2. Set variation level m for each input variable in a discrete distribution.

3. Using a one-parameter-at-a-time (OAT) method to generate p = mxn observations, where 7 is
the number of input variables.

4. Obtain output variables by conducting »n simulations.

5. Visualize the output distribution.

6. Assess the importance of each input parameter to the output by calculating the sensitivity index,

which is calculated by the equation below:
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Where SI; is the local sensitivity index; Emg; and Epm; is the maximum and minimum outputs
corresponding to the ith input; E... is the maximum global outputs among all the inputs of all the

variables.

In this case, the input parameters are the phase transition temperature and hysteresis degree, and the
outputs are the summer cooling energy demand, winter heating energy demand and total

heating+cooling energy demand of the room.

For the transition seasons, the HVAC is not operating. The PCMVW is supposed to cover the heating
and cooling energy demand of the model. The system’s performance is then evaluated with the predicted
percentage of dissatisfied (PPD) proposed by Fanger (Fanger 1972). The lower the PPD, the better is

the indoor environment quality.

3.1.Severe summer and winter conditions
The study continues with the PCM phase transition temperature and hysteresis degrees and their

influences on the PCM temperature and room energy demand for severe summer and winter conditions.

For summer night cooling applications during the severe summer condition, 6 PCMs with different
phase transition temperatures (no hysteresis) are firstly studied. The latent heat, heat conductivity and
other properties are all the same. Figure 5 shows some of the PCM temperatures from those cases. There
are large differences in the PCM temperature profiles for PCMs with different phase transition
temperatures. For the days with low average daily outdoor air temperature, the PCM with low phase
transition temperature has a more stable temperature profile and a relatively low temperature during the
daytime. For the days with high average daily outdoor air temperature, the PCM with high phase
transition temperature has a more stable temperature profile and a relatively low temperature during the
daytime. For PCM with a 21 °C phase transition temperature, the PCM temperature is more stable than

PCM with 25 °C for most of the days. It is because the average outdoor air temperature is much closer
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to 21 °C, so that the PCM with a 21 °C phase transition temperature is more activated than with a 25 °C

phase transition temperature.
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Figure 5 The PCM temperature for cases with different phase transition temperatures for summer night cooling application.

Figure 6 shows the daily energy demand from cases using PCM with different phase transition
temperatures during the summer period. For some days the model with a 21 °C phase transition has the
lowest energy demand, especially at the beginning of August, when the outdoor air temperature is
relatively high. While for some other days the model with a 15 °C phase transition has the lowest energy
demand, for example, 8™ August - 10™ August when the outdoor air temperature is relatively low. For
the whole severe summer period (1% June - 31%" August), the total energy demand presents an increasing
trend with the increase of phase transition temperature. However, the increasing rate is not so high. It
increases by 1% (from 365.63MJ to 369.38MJ) when the phase transition temperature increases from

15 °Cto 25 °C.
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Figure 6 The daily energy demand of cases using PCMs with different phase transition temperatures for summer night cooling
application.

Figure 7 shows the PCM temperature profiles for cases using PCM with different hysteresis degrees. It
shows that PCM with no hysteresis has the most stable temperature profile and lowest temperature
during the daytime for most of the days. PCM with a 5 °C hysteresis has the least stable temperature
profile and the highest temperature during the daytime for most of the days. Figure 8 shows the daily
energy demand of cases using PCMs with different hysteresis degrees. For most of the days, the case
with no hysteresis has a lower energy demand than with a 5 °C hysteresis. For the total run period (1*
June - 31*" August), the total energy demand increased by 14.5% (from 369.09 MJ to 431.75 MJ) when

the hysteresis degree increases from 0 °C to 5 °C.
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Figure 7 The PCM temperature profiles for cases using PCMs with different hysteresis degrees for summer night cooling
applications.
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Figure 8 The daily energy demand of cases using PCMs with different hysteresis degrees for summer night cooling applications.

For winter solar energy storage applications, the influence on building energy demand of the 6 PCMs
with the same latent heat but different phase transition temperatures is studied first. Next, the studies

carry on with the PCMs with different hysteresis.

Figure 9 shows the PCM temperature of cases with different phase transition temperatures for winter
solar energy storage applications. For the days with high solar radiation, the PCM with a higher phase
transition temperature has a higher temperature during the night time. There is no significant difference
regarding the PCM temperature when solar radiation is low. Figure 10 shows the daily energy demand
of cases using PCMs with different phase transition temperatures for winter energy storage applications.
PCM with a 15 °C phase transition temperature has the lowest energy demand for most of the days.
There is no significant difference for the other days. The total energy demand increased by 1.5% (from
804.48 MJ to 817.05 MJ) when the transition temperature increases from 15 °C to 25 °C during the

period 1 November — 29" February.
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Figure 9 The PCM temperature of models with different phase transition temperatures for winter solar energy storage
application.
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Figure 10 The daily energy demand of models using PCMs with different phase transition temperatures for winter energy
storage application.

Figure 11 shows the PCM temperature profiles for cases using PCMs with different hysteresis degrees
for winter solar energy storage applications. One can see that PCM with higher hysteresis has a higher
temperature. Consequently, PCM with a 5 °C hysteresis has the lowest daily energy demand, as shown
in Figure 12. The total energy demand decreases by 10.2% (from 812.62 MJ to 729.47 MJ) when the

hysteresis degree increases from 0 °C to 5 °C during the period 1** November — 29" February.
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Figure 11 The PCM temperature profiles for models using PCMs with different hysteresis degrees for winter solar energy
storage application.
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Figure 12 The daily energy demand of cases using PCMs with different hysteresis degrees for winter solar energy storage
applications.
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Figure 13 The sensitivity index of phase transition temperature and hysteresis degree on the HVAC energy demand.

The sensitivity analysis is done to determine which variable has a higher impact on the model energy
demand. Figure 13 shows the sensitivity indexes of the 2 variables. The figure shows that the hysteresis
degree has a high sensitivity index for both summer energy demand and winter energy demand, which
are 0.15 and 0.10, respectively. However, for the yearly total energy demand, both phase transition

temperature and hysteresis degree have small sensitivity indexes.

3.2. Transition seasons

For transition seasons, the HVAC system is not operating. The PCMVW plays an important role in the
indoor thermal comfort. Figure 14 and Figure 15 show the room inlet air temperature from PCMVW
using PCMs with different phase transition temperatures for summer and winter transition seasons
respectively. The case using PCM with lower transition temperature has a more stable inlet air
temperature for summer transition season, but a lower inlet air temperature in winter transition season.
However, there is no large difference regarding the PPD for all the simulated cases, as seen in Figure

16. The reason is that the inlet air flow rate is quite low (0.0039 m*/h).
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Figure 15 The room inlet air temperature from the PCMVW in relation to phase transition temperature during winter

transition season.



12

10.88
10 gy
8
S
D 6
[+%
o
4
2
0
15

10.84

8.96]

17

10.82

8.96|

19

@ Summer transition season

Figure 16 The Predicted Percentage of Dissatisfied (PPD) of the cases using PCMs with different phase transition

temperatures in transition seasons.

For cases using PCMs with different hysteresis degrees, there are noticeable differences in the inlet air
temperatures (see Figure 17 and Figure 18). Cases using PCM with higher hysteresis have higher inlet

air temperatures, for both summer transition season and winter transition season. As a result, the PPD
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Figure 17 The room inlet air temperature from the PCMVW in relation to hysteresis degree during summer transition season.
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Figure 18 The room inlet air temperature from the PCMVW in relation to hysteresis degree during winter transition season.
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Figure 20 The sensitivity index of phase transition temperature and hysteresis degree on the PPD.

Similarly, another sensitivity analysis is done to show which parameter has a higher impact on indoor
thermal comfort. The results are presented in Figure 20. It is shown that the hysteresis degree has a
higher sensitivity index than phase transition temperature, especially during the winter transition season.
However, the overall sensitivity indexes are not so high. One of the reasons may be the low air flow

rate in the room.

4. Conclusions

Modeling of hysteresis of PCM in building simulation models is a recent trend even if the hysteresis
phenomenon of PCM has long been tested and studied. This paper aims to take a deeper look into the
phenomenon of PCM hysteresis, how the PCM hysteresis degree influences the building modeling

works and its sensitivity compares to phase transition temperature.

PCM temperature hysteresis has been extensively observed in the literature. It is a feature of PCM,
especially for the non-organic ones. However, few studies are found about the modeling of PCM

hysteresis, and in those studies, the models are tested for only limited applications.

The study of PCMs with different phase transition temperature and hysteresis degree in a PCM
enhanced ventilated window system for summer and winter applications during both severe seasons

and transition seasons draws the conclusions below:
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For severe summer season, the HVAC energy demand increases along with both increasing phase
transition temperature and increasing hysteresis degree. For severe winter season, the HVAC energy
demand increases with the increase of phase transition temperature, while decreases along with the
increase of hysteresis degree. In total, the yearly HVAC energy demand increases with the increase of
phase transition temperature, while decreases with the increase of hysteresis degree. The sensitivity
analysis shows that the hysteresis degree has a high influence on the summer HVAC and winter HVAC
energy demands, compared to the phase transition temperature. However, both parameters have a low

influence on the yearly HVAC energy demand.

For transition seasons, the indoor thermal comfort is slightly influenced by the phase transition
temperature for both summer and winter applications. The hysteresis degree, on the other hand, presents
amuch higher sensitivity than phase transition temperature. The indoor thermal comfort decreases along

with the increasing hysteresis degree for both summer and winter applications.

Hysteresis degree should be paid more attention than phase transition temperature when selecting PCMs
for a certain building application. For cooling purposes, the PCM with low hysteresis benefits more for
reducing HVAC energy demand. For heating purposes, the PCM with high hysteresis is more applicable
to reduce the HVAC energy demand. For transition seasons or the climate regions where the HVAC
system is not necessary, the cases using PCMs with high hysteresis can have better indoor thermal

comfort.
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