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ABSTRACT

The performance of photovoltaic (PV) module outdoors suffers from attained high module temperatures due to irradiation
as a result of the negative temperature coefficient of their efficiency. Phase change materials (PCMs) are investigated as an
option to regulate photovoltaic module temperature and thereby reduce its electrical efficiency decrease. In this study, a
simplified heat balance model is used to calculate the extra energy gain; such a PV/PCM system can bring on an annual
basis. With present day commercially available PCM materials, a moderate increase of up to 3% of the total energy output
can be expected. When taking into account the additional PCM material cost, a PV/PCM module presently is not economically
viable. For an acceptable payback period of 10-20 years to be reached, the heat storage capacity of a PCM would require an
increase of about one order of magnitude, which is presently not realistic. Nevertheless, a combination with building climate
control in which the PCM plays a double role controlling both the PV temperature as well as the inside climate temperature
may be feasible. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION
1.1. Photovoltaics and temperature

Typical commercial silicon-based photovoltaic (PV)
modules convert only 10-20% of the incident light into
electricity; the rest is either reflected or transformed into
heat, which causes a rise in temperature of the PV module
[1-3]. Elevated operating temperatures are known to
reduce the solar to electrical conversion efficiency by
0.4-0.5% K~ [4,5]. These temperature-related efficiency
losses are reported to account for 7.6% of the total conver-
sion loss on a yearly basis, making temperature a signifi-
cant factor to account for [6]. Consequently, one of the
options to enhance efficiency is to keep the temperature
of the PV module as low as possible, preferably at the
operating level of the so-called standard test conditions
(STC) of 25°C. Especially in building integrated PV
(BIPV), where modules are integrated in the building
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envelope and no natural ventilation on the rear side of the
panel is generally possible, the temperature of the modules
may rise to temperatures of 60—80°C, leading to a 25% loss
in power with respect to STC. For PV modules that are
attached to a building after construction, the so-called
building-added PV [7], temperature effects are less severe.
Because of the extra increase in temperature, BIPV is the
first candidate to find solutions for temperature reduction.
At the moment, BIPV makes up less than 5% in the current
European PV market, but it has great potential because of
high year-on-year growth and the increasing number of
countries with supportive legislation [8].

There are several techniques known that can limit the
temperature rise of BIPV. Heat can be dissipated in a
passive way using the natural convection of air in a duct
behind the PV module, but this is limited by a low rate
of heat removal and accumulation of dust. Other active
techniques that can be applied are forced air-cooling,
hydraulic cooling, or heat pipes. These might require

Copyright © 2011 John Wiley & Sons, Ltd.
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additional energy use as well as construction costs. Re-
cently, Huang and coworkers [9-12] have reported on the
use of phase change materials (PCMs) as a possible option
to regulate the temperature rise of BIPV. With the use of
environmentally friendly PCMs such as Rubitherm RT-
20 and fins to enhance conductivity, it is possible to reach
a 10°C temperature reduction for 5 h at 1000 W/m? insola-
tion. These materials are characterized by a large latent
heat and thermal conductivity and can absorb large
amounts of energy at their phase transition temperature.
PCMs can be combined in a PV/PCM system in which
the excess heat of the PV panel is absorbed by the PCM,
that is, the PCM acts as a latent heat storage reducing the
PV module temperature increase during its phase change,
and thus increasing its electrical efficiency.

The objective of this paper is to estimate the total gain
in energy output. A PV/PCM system set-up could give a
yearly basis, with attention for the significance of this
energy gain and consequently the cost-effectiveness of
such a system. For this estimation to be made, a simple
simulation model has been developed to calculate the
energy gain using yearly insolation and ambient temper-
ature data and properties of different commercially
available PCMs.

1.2. Phase change materials

Phase change materials have been investigated over the
last 20 years as an efficient latent heat storage material
[13-15]. Using phase change materials as latent heat
storage makes it possible to store 5-14 times more heat
per unit volume than sensible heat storage because of the
phase change that occurs [14]. Many applications of PCMs
as latent heat storage have been investigated and are
summarized in [13-15]. A wide selection of PCMs is
known with a heat of fusion in any required range, but a
PCM requires several thermodynamic, kinetic, and chemi-
cal properties to be applicable in the desired way [14]. In
particular, for the application studied here, an appropriate
phase-change temperature in combination with a high
latent heat of fusion and a good heat transfer/conductivity
is required. In addition, the PCM volume should not
change during the phase change. Of course, it should
preferably be stable (>20-30years), non-toxic and non-
corrosive, cheap, and highly abundant. All PCMs share a
common problem of generally low heat conductivity
because of the crystallizing and thickening agents that are
used to prevent supercooling and phase separation [16].
An overview of positive and negative features for each
group is given in [13,14]. Sharma [14] reviews an exten-
sive number of PCM applications, where it is clarified that
in most cases, either paraffin waxes or salt hydrates are
chosen as the best candidates, for example, commonly
used PCMs in building applications are salt hydrates and
hydrocarbons.

Kenesarin and Mahkamov [17] describe several com-
panies that are currently producing PCMs for the market.
One of these companies is Rubitherm GmbH, which
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produces PCMs on the basis of paraffins and waxes;
these are non-toxic, ecologically harmless, and 100%
recyclable [18] and, therefore chosen as the standard in
model runs in this paper (more specific RT-27). Other
commercial PCMs that are used in our model runs are
Thermusol HD35 fabricated by Capzo International
and Micronal DS5001 by BASF. Both these PCMs are
encapsulated so they keep their solid structure, which
makes them easier to handle.

2. PHASE CHANGE MATERIAL/
PHOTOVOLTAIC SYSTEM MODEL

The model compares the temperature evolution of a refer-
ence PV system and a PV/PCM system. The difference
in temperature is then used to calculate the extra energy
output of the PV module by using an empirical relation.
A schematic representation of this idea is shown in
Figure 1, on the basis of the data reported by Hasan et al.
[9], where the temperature evolution of the PV/PCM
systems gradually increases the PV reference temperature
due to heat absorption by the PCM. The shaded area
represents the thermal regulation enhancement.

2.1. Energy balance

Figure 2 shows the energy transfers that occur in the
modeled PV/PCM system. This is a combination of the
energy transfers for a common PV module system and an
extra conduction of heat from the PV into the PCM. The
common PV energy transfers are largely based upon the
temperature model developed by Jones and Underwood
[19] and a BIPV-Thermal model by Anderson et al. [20].
The module temperature is dependent on a range of
variables such as module material and weather conditions
and the surrounding environment.
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Figure 1. Schematic temperature evolutions for photovoltaic
(PV) reference and PV/phase change material (PCM) system,
serving as an illustration of a slowed temperature increase, after [9].
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Figure 2. Representation of a photovoltaic/phase change mate-
rial (PV/PCM) system set-up showing all energy flows used in
the model, after [10].

The energy transfers in Figure 2 can be represented in
the following heat balance, where the rate of temperature
change is expressed as the sum of these:

dTPV _ ds — 4rad — Yconv — Pout 7 qcond
dt Cpy

)

CpcMm

where Cpy and Cpcy are the specific heat capacities of the
PV module and PCM, respectively, g is the insolation, g,.q
is the radiation 10ss, g.ony 1S the convective heat 10ss, gcona
is the conductive heat loss, and P, is the power generated
by the PV module. The last term represents the difference
between a reference PV system and a PV/PCM system.

The irradiance accounts for the total input of solar
insolation and is defined as

gy = 2®A )

where @ represents the total solar energy input (W/m?),
o is an absorptivity constant, and A is the area of the
module (m?).

The net radiative heat transfer of the module g4 i
expressed in the following way:

Grad = 2hrA(TPV - Tamb) (3)
with
he = aepy (Toy + T2) (Tpy + Ty) )
qcond,1 = Akx(TPV - Tamb)
gcond2 = AkXH(TPV - Tm)
Geond3 = Akx(Tpy — Tamb)
622
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Here, ¢ is the Stefan-Boltzmann constant (5.6693 x 10
W/m?), and gpy is the emissivity of the module. 7 is defined
as the sky temperature using a modified Swinbank equation
[20,21]:

T, = 0.037536T.3 + 0.32Tmp )

with T,y as the ambient temperature.
The heat loss caused by convection can be defined as

qconv = Ahtolal(TPV - Tamb) 5)

where the heat loss coefficient Ay is split in a forced
component by wind (Zgone forced) and a natural component
induced by the temperature difference (Agontnaturar)- These
are given by [20]

htrontnatural = 1.78(Tpy — Tamb)l/3 -
hfront,forced =2.8 + 3.0v

where v is the wind speed. The separate coefficients are
combined in the following way to make up the total heat
loss coefficient [20]:

3 3 1/3
htotal = (hfrom,natural + hfrom,forced) (7)

The focus of the present research is on BIPV systems,
meaning that the rear side of the solar panel will be
mounted in a building, and it is therefore assumed that
there will be no convection loss there [22].

For the calculation of the temperature difference be-
tween a PV reference system and a PV/PCM system, it is
necessary to add a component to the PV/PCM energy
balance that accounts especially for the heat storage by
the PCM. Modeling thermal flows of a PCM has been
investigated thoroughly for the last 15 years but remains a
challenging task [23-26]. A three-dimensional PCM
thermal control model has been developed by Huang
et al. [12] that use computational fluid dynamics to predict
the PCM temperature inside a small container, which is
dependent on the viscosity of the fluid and the movement
of the solid-liquid boundary. Lamberg et al. [16,27,28]
have established an analytical and numerical solution for
melting in a semi-infinite PCM storage using a heat equa-
tion for solid-liquid interface that is based on a one-phase
Stefan problem.

In this paper, the problem of heat uptake of the PCM is
reduced to a simplified conduction term that describes the
amount of energy that is stored by the PCM over time by
introducing a heat absorbance factor S. The following
expressions are used for the conduction part in three
temperature-dependent states:

for Tamp < Tpy < Tpy
for T, < Tpv, ZkHS(TpV — Tm)SHm (8)
for TmZTpv, ZkHS(TpV — Tm)ZHm
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in which & is the heat conductivity, x is the PCM thickness,
H is the latent heat, and m is the total mass of the PCM
material. The temperature difference between the front
and the rear side of the system is chosen as the difference
between ambient and module temperature when the PCM
is not yet acting as heat storage. When the melting temper-
ature is reached, this difference is between melting and
system temperature and the latent heat is included. When
the temperature is above the melting temperature, the heat
stored in the PCM is summed over the total of time steps
and is verified if the summation has reached the total heat
storage capacity of Hm.

When modeling the phase change, this latent heat H
must ideally be modeled as a continuous and invertible
function of temperature (h(7)) because there is a phase
change region [29]. This mathematical approach is beyond
the scope of this paper and will increase the already long
calculation times (5 x 10° time steps for yearly runs).
Therefore, the latent heat is constant in the equation and
not temperature dependent. Instead, an extra parameter S,
denoted as heat absorbance factor, is added to the bound-
ary condition that accounts for a simple diffusion of the
heat uptake for every time step. The value for the heat
absorbance factor S is based upon the experimental results
of Huang and Hasan er al. [9-11].

The final term in the energy balance is the power output
of the module. This is an energy output dependent on
the insolation Cgg and temperature of the module and
described as follows [19]:

() ll‘l(k] (I))

Pou = CFF Toy

&)

in which Cy is a fill factor model constant (1.22 K m?) as
well as k; (10°m2 W™ 1.

The total expression for temperature change of the
PV/PCM system now becomes

dTpy AP + A20-epy(Tov® + T3)(Toy + T2)(Tev — Tamb) — Cr
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Figure 3. Example of temperature evolutions for both photovoltaic
(PV) reference and PV/phase change material (PCM) system, under
different constant irradiation (750 and 1000 \W/m?); ambient
temperature T,mnp=20°C. Three stages can be distinguished
for the PV/PCM case; first, the module temperature increases
up to the melting temperature of the PCM (here, 300K, for RT-27)
after about 200s. When the melting temperature is reached, the
conduction term including the latent heat is activated (second
stage) and keeps the temperature on a steady level until the total
heat storage of the PCM is reached (1800 and 2500 s for 750 and
1000 W/m?, respectively).

[24] and Vyshak [30] of temperature evolutions of the
middle of a PCM container both show a similar three-
step behavior as in our model, which supports the sim-
plified approach used.

2.2. Energy output enhancement and
payback period

The simulated temperature difference between the refer-
ence system and the PV/PCM is used to calculate the
difference in energy output at every time step. This is

Dln(g)-P
- % — htotal'(TPV - Tamb) ~ Ycond

dt Cpv

The Euler method is taken as numerical method to
calculate Tpy for every time step. Figure 3 shows the
temperature evolutions when using these expressions
for two different insolation values, that is, 750 and
1000 W/m? (model data as shown in Table I) Clearly,
three stages can be distinguished for the PV/PCM case:
first, the module temperature increases up to the melting
temperature of the PCM (here 300 K) after about 200s.
When the melting temperature is reached, the conduc-
tion term including the latent heat is activated (second
stage) and keeps the temperature on a steady level until
the total heat storage of the PCM is reached (1800 and
2500 s in Figure 3), after which, the temperature resumes
its normal rising curve in stage three. Results from Wang
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carried out with an empirical relation that uses a given
percentage of power decrease per degree Kelvin (d). This
percentage is experimentally set at d = 0.65% for a silicon
type cell [31,32] and can be varied for other types of PV
cells.

This results in the following expressions for energy
output for each time step n:

Ererp = Ana®, At 11

EPCMm = Eref,n [1 + d(Trefm - TPV,n)] (12)

where E.¢ signifies the reference energy output, which is
the starting point for the increase in energy output due to
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Table I. Standard parameters used in model runs.

Parameter Symbol Values
Photovoltaic (PV) panel

Panel area (m~2) A 1
Absorptivity constant o 0.95
Efficiency n 0.15
Mass PV panel (glass) (kgm™2) m 25
Specific heat PV panel (glass) Cpv 500
Jkg 'K

Power decrease K™’ d 0.0065
Stefan-Boltzmann constant o 567 %1078
Emissivity sky? &s 0.95
Emissivity module epy 0.90
Average windspeed Malaga (ms—2) U 2.0
Average windspeed Utrecht (ms~2) Uy 3.3

Fill factor Constant (Km?) Crr 1.22
PCM (RT-27)

Width (m) X 0.04
Heat absorbance factor S 0.04
Conductivity (Wm~"K™") k 0.2
Melt temperature (K) T 300
Specific heat (Jkg™' K™ Cecm 2000
Latent heat (kJ kg™ H 184
Density (kgm°) p 880
Yearly insolation

Malaga (kWh/m?/year) Gm 1671.7
Utrecht (kWh/m?/year) Gu 1105.9
Average annual temperature

Malaga (°C) ™ 17.9
Utrecht (°C) Tu 10.2

"Value is taken from [34].
2Emissivity values are taken from [19].

the PCM (Equation 12). This relation assumes that the
efficiency of the PV cells will increase with temperature
decrease using the reference efficiency as a starting point,
d being the increase in JK~' in percentage. The total
energy enhancement during a period is calculated as the
sum of the energy gains per time step, or

Epcm = ZEPCMJ[ (13)

For the cost-effectiveness of a PV/PCM combination,
we balance the gained energy efficiency and the cost of
the PCM material used. In this case, a simple payback
period (PBP) calculation is used, defined as follows:

~ PpcvMpem

PBP(yr) = Eveni COE

(14)

with Ppey as the price of the PCM (€/kg), Mpcy as the
weight (kg/mZ), Epcum as the energy enhancement (kWh/
m2/year), and COE as the cost of electricity (€/kWh).
2.3. Model assumptions

The major assumptions in the model are related to the
PCM heat storage. The actual yield is strongly related to
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the heat absorbance factor S, which plays a major role in
assigning the total heat storage of the PCM. The important
drawback of this approach is the partly incorrect response
on density and specific heat of the PCM because of the
simplified formulation of the heat storage boundary. This
is inconvenient but not limiting the results because the heat
absorbance factor S combines the effect of these para-
meters and thus plays the major role in assigning the total
storage capacity of the PCM. Another interesting parame-
ter is the heat conductivity k because it plays a role in the
speed of the heat uptake by the PCM. In reality, the
conductivity of paraffin waxes is low, but it is clear from
the results that the temperature remains constant right after
the melting temperature has been reached. In reality, this
will be a moderate reduction, and a longer time will have
passed before the actual heat storage limit is reached.
Assuming the total limit is reached during the day, the
same amount of total temperature reduction is to be
expected. Because of the linear relation between tempera-
ture and PV efficiency, the same amount of efficieny
enhancement can be expected in reality as in the model.
Besides the simplifications mentioned previously, there
might be a small negative effect on the performance of
the PV module if the PCM releases its heat back to the
PV module when temperatures decline at the end of the
day. This concerns PCM melting temperatures above
operating temperature but is not included in the model
because it is likely not significant. There is a sensitivity
analysis included in the results section to assess the signif-
icance of some assumptions and parameters.

3. RESULTS AND DISCUSSION

The PV/PCM model is used to make estimates about the
energy output gain that results from the addition of the
PCM to the back of the PV module. Insolation and ambient
temperature data for the cities Utrecht (the Netherlands)
and Malaga (Spain) are taken from the NASA Surface
meteorology and Solar Energy database for the year 1998
[33]. These two cities were chosen to reflect the different
behavior of a PV/PCM system in a moderate (Utrecht)
and a hot climate (Malaga). The data is given hourly; it
was interpolated into smaller time steps of 10s for day
model runs and 60 s for yearly runs. Table I contains the
parameters for both PV panel and PCM properties that
are used in the standard model runs. The calculations are
performed using MathWorks MATLAB 2009a (The
MathWorks, Inc, Natick, MA, USA). All results are
calculated for an area of 1 m* panel.

3.1. Daily values

As an example of the energy gain attained by adding the
PCM to the PV module, Figure 4 illustrates the amount
that can be expected during a daily period in Utrecht
on 24 April. The temperature is kept almost constant
for ~2-3-hour period in the morning, after which, the
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Figure 4. (a) Photovoltaic (PV) reference and PV/phase change

material (PCM) temperature evolutions and (b) energy output

and insolation for Utrecht on 24 April (Tamp=12.2°C) with

building integrated PV and RT-27 (total energy gain is 3.64 x 10%J).

Model data are given in Table |. Note that the right-hand scale (gain)
is one order of magnitude lower than the left hand scale.

heat storage capacity is reached and the temperature
starts to follow the reference model. Figure 5 shows
the results for the same day in Malaga. As the tempera-
ture is higher, the duration of constant temperature is
also shorter (2h) than in Utrecht. At this particular
day, the energy gains are about equal.

We have calculated the energy gain for all days in the
year. The daily variation of calculated energy gain for
Malaga and Utrecht is shown in Figure 6. Interestingly,
the energy gain is similar for both cities in the summer
season. With this particular PCM mainly in winter, the
PV/PCM system in Malaga shows a higher gain than the
one in Utrecht. The annual energy gain for Malaga is
calculated to be 11.9 MJ (or 3.3 kWh), whereas the PV ref-
erence generates 227 kWh annually. The relative energy
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Figure 5. (a) Photovoltaic (PV) reference and PV/phase change

material (PCM) temperature evolution and (b) energy output

and insolation for Malaga on 24 April (T,mp = 19.3°C) with building

integrated PV and RT-27 (total energy gain is 3.37 x 10*J). Note

that the right-hand scale (gain) is one order of magnitude lower than
the left hand scale.

gain is a modest 1.5% for this PCM material. In the case
of Utrecht, the annual energy gain is 6.3MJ (or
1.8 kWh), whereas the PV reference generates 150 kWh
annually. The relative energy gain is 1.2%.

A scatter plot is given in Figure 7, which combines
daily energy gain and insolation values for a yearly period
and shows that Malaga on average has a higher energy
gain per day, which is mainly due to its higher insolation
values. It is also clear that Utrecht has a lower energy gain
at some points while the average insolation values are the
same. This can be ascribed to the difference in tempera-
ture evolution and insolation during the day because the
energy gain is not only dependent on the temperature dif-
ference, but also on the value of insolation at a given
moment.
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Figure 6. Daily average energy gain (10*J) for Malaga (left) and
Utrecht (right), respectively.

3.2. Sensitivity analysis

In this section, an analysis is shown on the influence of
variations in the important model parameters on the annual
energy gain, that is, the PCM melting temperature, the la-
tent heat, the thickness of the PCM, and the heat absorbed
factor S. The importance of the latter factor is illustrated in
Figure 8, where a maximum latent heat storage is achieved
with a value of 0.0004 for the heat absorbed factor S, that
is, a factor of 100 lower than listed in Table I. Clearly,
the PV/PCM module remains at the melting temperature
of the PCM, and the resulting energy gain is 0.38 MJ; this
is ~11 times larger than the value shown in Figure 5.
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The annual energy gain results are given in Table II, in
J, kWh, and relative to the annual energy for the reference
PV module of 227 and 150 kWh for Malaga and Utrecht,
respectively. The annual gain in Utrecht is lower, which
is expected because the average insolation and temperature
are lower than in Malaga due to weather conditions and lat-
itude. A percentage of the total energy output is included to
give a better comparison.

It is clear from the energy gain that Malaga has a better
potential for a PV/PCM system, which is mainly due to the
weather conditions. From a relative point of view, the
standard run shows that a gain of 1.5% can be expected.
With respect to the reference PV module, there is a signif-
icant increase using a higher melting temperature (42°C) in
Malaga. Considerable variation of about +50% and —50%
in the latent heat or thickness of the PCM leads to an
energy gain in the range of 1-3% only. The effect of thick-
ness variation is illustrated in Figure 9. The largest varia-
tion can be seen when the parameter S is varied: the
lower its value, the higher the energy gain, as clearly
demonstrated in Figure 10 (and Figure 8). Besides the
variation of PCM characteristics shown in Table II, the
PV efficiency and wind speed have also been varied. Log-
ically, a 10% relative increase in PV efficiency leads to a
10% increase in energy gain. A 10% lower wind speed
leads to a higher gain of 3.5 kWh, or ~5% larger.

3.3. Commercial phase change materials
and cost analysis

The Rubitherm RT-27 PCM properties are used in all of
the standard model runs. Table III shows other commer-
cially available PCMs of which properties have been
included in other model runs. These are all paraffin waxes
and share properties in the same range. The difference in
energy gain is mainly caused by the melting temperature
differences. The theoretical maximum represents an ideal
situation in which the PCM has unlimited heat storage
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Figure 8. (a) Photovoltaic (PV) reference and PV/phase change
material (PCM) temperature evolution (b) energy output and in-
solation for Malaga for Malaga on 24 August (Tymp=26.3°C)
with maximum latent heat storage using S=0.0004 (total en-
ergy gain is 3.82 x 10°J, that is, ~11 times larger than Figure 5).
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Figure 9. Temperature evolution for the PV/PCM combination

with different PCM thicknesses (x=0.02, 0.04, 0.06 m)

compared to the PV reference; insolation data for Malaga on
24 August (Figure 5(b)) and Ty, =26.3°C.

capacity, that is, the capability of keeping the temperature
around operating temperature all day.

The PCM bulk material has to be encapsulated and
attached in some form to the back of the PV panel. Addi-
tionally, there might be fins needed to enhance the conduc-
tivity. These additions are assumed to double the price of
the bulk material. The results on energy gain and payback
period are shown in Table IV. These show that even with
only the bulk material cost taken into consideration, the
energy gain of the PV/PCM system does not compare to
the cost that is paid for the material. The pay back periods
are far beyond an acceptable limit of 20 years. Only when
the temperature is kept around STC conditions all year
(denoted as theoretical maximum in Table III) the payback
period is acceptable.

Table Il. Energy gain for different phase change material (PCM) characteristics.

Melting temperature (K) Latent heat (kJkg™") PCM width (m) S (-)

Range 300 315 100 184 268 0.02 0.04 0.06 0.02 0.04 0.06
Malaga

(10%J) 11.9 14.6 6.4 11.9 18.0 5.3 11.9 19.2 26.9 11.9 7.4
(kwh) 3.3 4.1 1.8 3.3 5.0 1.5 3.3 5.3 7.5 3.3 2.1
(%) 1.5 1.8 0.8 1.5 2.2 0.6 1.5 2.3 3.3 1.5 0.9
Utrecht

(10%J) 6.3 5.2 3.7 6.3 8.9 3.1 6.3 9.6 12.8 6.3 4.1
(kwh) 1.8 1.4 1.0 1.8 25 0.9 1.8 2.7 3.6 1.8 1.1
(%) 1.2 1.0 0.7 1.2 1.6 0.6 1.2 1.8 2.4 1.2 0.8

Percentage calculated on a total of 227 and 150 kWh for Malaga and Utrecht, respectively. The standard run uses a PCM melting temperature of 300K (RT-
27), a latent heat of 184 kJ/kg, a PCM width of 0.04 m, and a heat absorbance factor of 0.04.
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Figure 10. Temperature evolution for the PV/PCM) combination
with different values for the heat absorbance factor S compared
to the PV reference; insolation data for Malaga on 24 August
(Figure 5(b)) and T, =26.3°C. Clearly, there is no linear relation
between S and the total capacity of heat storage.

4. CONCLUSION

Phase change materials have been investigated as a possi-
ble option to limit operating temperature in photovoltaic
systems and increase efficiency. Compared with other

J. H. C. Hendricks and W. G. J. H. M. van Sark

options of temperature regulation such as forced air
circulation design, a PV/PCM combination brings some
positive features such as high heat absorption rate, no mov-
ing parts, no electricity consumption, and no maintenance
cost. Together with the environmentally benign properties
of, for example, Rubitherm PCMs, this is a promising
approach for temperature reduction.

With the use of properties of these paraffins, a simpli-
fied heat balance has been used to model the energy output
for a yearly period of insolation for both Utrecht and
Malaga. The temperature can be kept constant at the
melting temperature for 2-3 h a day, and this is translated
into an energy gain because of the temperature difference
and its corresponding increase in PV efficiency. The uncer-
tainty in the model calculations is significant (e.g., weather
conditions, reference efficiency, PCM width, etc.), as well
as the assumptions made in the simplified conduction
model. Sensitivity analysis, however, shows that on
average, the yield increase per year of a PV/PCM system
is only a 1-3% of the yield of the PV reference case.
However, a theoretical scenario in which the heat storage
capacity has no limit, the energy gain is 162kWh, or
71.4%, showing the enormous potential in controlling the
operating temperature. The aim of the research was to
calculate this yearly yield and also to test its economic
viability and assess the possibility of using PCMs as option
in the BIPV market. When taking into account the cost of
electricity and PCM, it turns out that the extra energy
output is too small and the payback period is far beyond
an acceptable 20 years limit. This means that the option
of PCM as temperature regulation material of PV in

Table lll. Different commercial phase change material (PCM) properties used in model runs.
Property’ Rubitherm RT-27 Rubitherm RT-42 BASF micronal DS 5001 Thermusol HD35
Melting temperature (°C) 27 42 26 35
Density (kgm~3) 880 880 300 780
Heat conductivity (W m~"K™") 0.2 0.2 n.a.(0.2) 0.2
Latent heat of fusion (kJkg™") 184 174 110 160
Specific heat capacity (Jkg™'K™) 2000 2000 n.a.(2000) 2500

Some data were not available (n.a.); data between brackets have been used.
"Taken from [18,35,36].

Table IV. Estimates on cost and payback period of several commercially available phase change materials (PCMs) for 0.04 m® PCM
material.

Energy gain (kWh yr~"'m=2) Payback period (yr)

Cost (€/kg) bulk’

Malaga Utrecht Malaga Utrecht
Rubitherm RT-27 2.9-35 3.3 1.8 195-236 306-370
Rubitherm RT-42 2.9-35 3.9 1.4 165-199 394-475
Thermusol HD 35 n.a. (2.5) 2.7 1.3 182 324
BASF micronal DS5001 2.9 0.8 0.5 275 376
Theoretical maximum 29 162.0 43.4 4 13

PCM properties as given in Table Ill.Electricity prices used are 0.158 (€/kWh)? and 0.185 (€/kWh) for Spain and the Netherlands, respectively.
Some data were not available (n.a.); data between brackets have been used.

"Cost prices are deducted from sources [17,37,38].

2Electricity prices from [39].
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general makes no significant impact on the total energy
output of a PV panel, on the basis of the present day
materials. Only the theoretical scenario returns an accept-
able payback period of 4 years in the case of Malaga; how-
ever, PCM materials with a limitless heat storage capacity
are not likely to be developed.

An interesting option for PCMs in building integrated
PV might be a combination with the inside climate control
of the building. There are several methods on the market
that use PCMs to keep a controlled inside climate with less
energy use (e.g., PCM filled concrete or PCM wallboards
[40]). By having the PCM integrated in the roof, it controls
the temperature of the PV module and also contributes to
the inside climate control. This double role in thermal
management could prove a good option for the future,
especially because other options such as forced air circula-
tion or hydraulic cooling also require costs for investment
and electricity.
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