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A B S T R A C T

Transpired opaque Solar Collectors (TSCs) have been often used in buildings (e.g. for direct heating of the outside
air) due to their efficiency. In addition, one way to improve their efficiency is to integrate Phase Change Mate-
rials (PCMs). As a result, the goal of this study is to thoroughly investigate the behavior of TSCs with integrated
PCMs in comparison with TSCs without PCMs. Therefore, based on an experimental approach carried out in the
laboratory, we determined the performances of two TSCs (with lobed perforations) of around 2 m2 each, one of
them containing approximately 15.1 kg of organic PCM (commercial paraffin RT35). The data achieved show the
superiority of the TSC with PCM: the maximum overall efficiency is improved by almost 6%; the maximum heat-
ing capacity is approximately 7.7% higher and during the cooling/PCM discharge period, the average heating
capacity is over 5 times higher; more than 17% supplementary energy during the 9 h of operation; the average
coefficient of performance is 16.4% higher; the “useful time of operation” is over 86% longer (meaning almost
4 h more). Consequently, the prototype of TSC with PCM analyzed in this study has led to promising results.
Nevertheless, future work is required to improve the configuration of the TSC with PCM in order to enhance the
interaction between the air within the TSC and the PCM. Moreover, the TSC with the PCM should be tested under
real operating conditions (integrated in buildings) for longer periods of time.

1. Introduction

Despite the fact that, according to a renewed IEA (International En-
ergy Agency) report (IEA, 2020), the global energy demand is expected
to decline by 6% in 2020 and, consequently, global CO2 emissions are
anticipated to contract by 8% this year, it is believed that the upward
trend of energy consumption will resume its natural course as it was an-
ticipated by previous studies, e.g. growth of world energy demand by
20% to 2040 (Exxon, 2019), or even by 50% to 2050 (US EIA, 2019).

On the other hand, all global energy scenarios’ outputs and out-
looks are taking into account the fact that renewable energy sources
would have an increasingly important share in covering this higher
world energy demand. The share of renewable energy in the total pri-
mary energy consumption of the world is supposed to rise to over
40% by 2040, from 25% in 2018 IEA, 2018). Fortunately, these as-
sumptions lead to the conclusion that renewable energy will play a
major role in decreasing greenhouse gas emissions on short and long
term (Gielen et al., 2019). Furthermore,

even in this unfortunate pandemic context, the only energy source esti-
mated to increase in 2020 is renewables (IEA, 2020).

In this context, it should be noted that buildings are among the main
energy consumption sectors since buildings account for 36% of global
final energy use and 39% of total greenhouse gas emissions (UN En-
vironment and IEA, 2017). It is one of the reasons why the building
sector enjoys a special interest regarding the implementation of energy
efficiency solutions and the use of renewable energy sources.

It is also worth noting that among the renewable energy sources used
in buildings, solar energy plays an extremely important role. For in-
stance, recent data show that the total capacity of solar thermal installa-
tions at the end of 2019 was 479 GWth (Weiss et al., 2020). This is the
equivalent of almost 42 million tons of oil savings and more than 135
million tons of CO2 emissions reduction (Weiss et al., 2020).

Although solar water collectors are the most widely used today,
air collectors have a number of advantages: there is no risk of frost
and they have a lower impact on the environment (Reichl et al.,
2015). Furthermore, according to Goyal et al. (1998) solar ther
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mal air collectors can supply an air temperature of up to 65° C. In this
context, it is worth mentioning that the total solar air collectors’ area in
operation in the world, by the end of 2017, exceeded 1.5 million square
meters (Weiss et al., 2020).

On the other hand, depending on the construction characteristics, so-
lar air collectors can be classified in several ways. Briefly, solar air col-
lectors can be grouped into two main categories (Hami et al., 2012;
Lai and Hokoi, 2015): solar collectors in which the absorber element
is flat and solar collectors in which the absorber element is perforated
(“transpired”). It should be also mentioned that both types can be with
or without glazing. In addition, both types of collectors may contain sev-
eral coils to increase heat transfer and also both types of collectors may
be with or without thermal energy storage media (inertial materials).

According to numerous specialized studies (Dymond and Kutscher,
1997; Leon and Kumar, 2007; Alkilani et al., 2011; Nkwetta and
Haghighat, 2014; Paya-Marin et al., 2015; Zhang et al., 2016a,
2016b; Ciriminna et al., 2017), solar air collectors can be used for
the following applications, having an important potential to reduce en-
ergy consumption and operating costs (Leon and Kumar, 2007): heat-
ing and cooling of buildings, maintaining a guard temperature in indus-
trial spaces, food drying, preheating of fresh air, heating and drying of
greenhouses, improving the efficiency of photovoltaic systems.

In this context, it is worth mentioning that perforated plate (“tran-
spired”) opaque solar collectors (briefly called as “TSCs”) have been of-
ten used in buildings due to their efficiency and low implementation
costs (Wang et al., 2017). For instance, TSCs have been successfully
implemented in large North American and European buildings, hav-
ing the potential to replace glazed solar collectors (Leon and Kumar,
2007). Furthermore, according to Gunnewiek et al. (2002), TSCs are
particularly recommended for direct heating of the outside air, these
type of solar collectors being able to achieve efficiencies of up to 72%.
The presence of perforations in the absorber plate allows the recov-
ery of heat lost by convection and radiation at the surface of the plate
(Cordeau and Barrington, 2011; Chan et al., 2014). According to
Chan et al. (2014), the efficiency of TSCs is even 50% higher than
that of flat plate solar collectors under similar working conditions. An-
other study dealing with geometrical optimization of TSCs, Tajdaran
et al. (2020), revealed that their performance could be improved by
43% even when 28% less material is used, this being an interesting
finding especially for regions with reduced solar radiation. Peci et al.
(2020), based on experimental studies concerning buildings refurbish-
ment, came to the conclusion that for more than 74% of the 28 days
taken into account in their study, the ventilation heating demand would
be covered in winter for continental cold and dry climate of Cordoba
(Spain) by using modules of unglazed transpired collector façade. Inves-
tigations carried out by Li et al. (2020) showed that the solution based
on the integration of TSCs in the ventilation system of school classrooms
in winter led to the best performances in terms of energy savings, en-
vironmental protection and economic impact in comparison with other
solutions (e.g. the air is heated with air conditioners or electric heaters).

Concerning the economic aspects, according to Paya-Marin (2017),
TSCs are a cost-effective solution. Paya-Marin (2017) conducted an
economic study on the implementation of opaque solar collectors and
the analysis of TSCs, taking into account the installation and operation
costs, revealed that the depreciation period is approximately four years.
The TSCs may have also lower lifetime costs according to Reichl et al.
(2015).

In addition, TSCs can integrate other methods of increasing energy
efficiency, e.g. photovoltaic panels or phase change materials (“PCMs”)
(Shuklaa et al., 2012).

Concerning the integration of PCMs within TSCs, according to
Navarro et al. (2016) solar energy systems combined with inertial el-
ements are a very good alternative to conventional systems, the integra-
tion of PCMs storing latent heat leading to a greater impact than con-
ventional materials. In addition, Tyagi and Buddhi (2007) showed
that the same performances are achieved with less quantity of PCMs
when these materials are used in Trombe walls to replace masonry and
classical materials. From this point of view, Bourdeau (1980) stated
that 8.1 cm of PCMs (with phase change temperature at 29 °C) deter-
mines performances similar to 40 cm of masonry. Furthermore, Qiu et
al. (2019) pointed out that the efficiency of solar air collectors in-
creases with the use of PCMs, and although the temperature of the air
discharged from the collector is lower during the day (while PCMs accu-
mulate energy), this is higher during the night when the stored energy
by PCMs is released. The same phenomenon is observed by Goyal et
al. (1998), who also noted that as the thickness of the thermal mass
layer increases, the efficiency of the collector decreases, since the mate-
rial stores and releases thermal energy over a longer period of time. In
fact, the integration of PCMs in TSCs results in a longer operation time
because it includes a time period even after the incident solar radiation
disappears (Badescu et al., 2019). The data presented in another study
concerning the implementation of a “PCM-based thermal storage control
system integrated unglazed transpired collector” for pig barns (Moon
and Kim, 2019) also highlight the contribution of PCMs to improving
the behavior of TSC systems in this case: 22% daily average of heat stor-
age efficiency (with maximum values up to 85%), temperature differ-
ence of 22.6 °C due to direct impact of PCM, and important effects on
modifying heating time (e.g. heating directly during daytime as a result
of decrease in the peak temperature of the supply air). Finally, Poole
et al. (2018) methodically investigated the performance of a TSC-PCM
system and its application for heating ventilation air. Their experimen-
tal results showed that the TSC-PCM system had the potential to store
34% of the total thermal energy used during the night to heat the air,
for a week (in April), in the climate of Raleigh – North Carolina (USA).
In addition, the TSC-PCM based thermal energy storage system studied
by Poole et al. (2018) was able to supply, on average, air 4 °C warmer
than the outside temperature during the night.

Based on these results, the aim of this study is to thoroughly assess
the behavior of TSCs with integrated PCMs in comparison with TSCs
without PCMs, given that more data is needed on the performance of
TSCs with PCMs and how this equipment can be better used and inte-
grated into buildings (e.g. better storing of the excess thermal energy
during the day, extension of the operation time during the night). It
should also be noted that the data obtained through this study will be
used within an extensive research program on innovative solutions inte-
grated in low energy buildings.

We first present the experimental set-up specially developed for the
study of TSCs with/without PCMs, followed by the detailed analyses and
discussion of the results.

2. Experimental set-up and methodology

The first stage of our experimental studies was represented by the
construction of aluminum containers filled with PCMs (Bejan et al.,
2018a). These canisters were first tested in small solar air collectors
already used and validated in our laboratory (Bejan et al., 2017a,
2017b).

Then, these containers were integrated in large solar collectors pre-
sented below (see also Fig. 1). The TSC taken into considera
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Fig. 1. TSC geometry, a – front view; b – section; c – rear view.

tion is composed of an absorber (aluminum plate, electrostatic painted
in black, with an absorptivity of 0.96, and an emissivity of 0.88) with
lobed perforations through which the outside air is sucked into a rec-
tangular cavity with walls made of several layers: structural wood panel
– Oriented Strand Board (OSB) inside, thermal insulation (4 cm) and
OSB outside. The air gap created inside the solar collector has the fol-
lowing dimensions: 2000 × 1020 × 280 mm. The air is collected at the
top of the system in a plenum (through an opening with dimensions of
830 × 150 mm) and then drawn through a circular air duct (180 mm)
using a variable speed fan.

Fig. 2 shows the image of the solar collectors studied in our labora-
tory.

The geometry of the lobed holes is shown in Fig. 3. The pitch be-
tween the orifices is 20 mm, on each plate being approximately 5000
lobed holes (100 × 50), these being alternately placed: '+', 'x', '+', ' x'…

It should be noted that both types of holes have the same surface
(19.635 mm2) and the same equivalent diameter of 5 mm.

Fig. 4 details the TSC with lobed holes. It can be noticed, in the mid-
dle of the TSC cavity, the mobile assembly helping as support for PCMs
(two detachable frames). 28 pieces of rectangular aluminum containers
filled with PCMs are mounted on these two movable metal frames (Figs.
5 and 6).

It must be mentioned that there is a space for air flow of about 5 mm
between the rectangular aluminum containers containing the PCMs. On
the other hand, the containers material (aluminum) was used to increase
the thermal conductivity, while their rectangular shape meets the re-
quirements of the experimental stand configuration.

The PCM used is organic (commercial paraffin RT35) with the phase
change temperature at 35 °C. Its choice is justified by the fact that this
level of temperature complies with the average working temperature
within the TSC cavity. The total amount of PCMs integrated in the 28
rectangular aluminum containers employed in the TSC is roughly 19.6 l
when the paraffin RT35 is in liquid phase (around 15.1 kg). The proper-
ties of the PCM used (paraffin RT35) are shown in Table 1.

Fig. 2. TSCs picture (TSC 1 – without PCM; TSC 2 – with PCM), a – variable speed fan; b – air collector (plenum); c – rear wall.
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Fig. 3. Absorber (metal plate) with lobed holes.

The experimental investigation was mainly based on 9 type K ther-
mocouples (accuracy: ±0.2° C) distributed as follows (Fig. 7): 1 sensor
for measuring the temperature on the absorber metal plate (Tmetal plate);
1 sensor for measuring the temperature on the rear wall of the collec-
tor (Tback wall); 5 sensors that measure the thermal stratification in the
air cavity within TSC (T30, T65, T100, T135, and T170); 1 sensor for
measuring the outlet air temperature (Toutlet); 1 sensor for measuring the
ambient temperature (Tamb).

It should be mentioned that the location of the 9 type K thermocou-
ples is the same for both configurations: TSC with and without embed-
ded PCM.

In order to simulate the solar radiation, we used for the experimental
set-up 8 halogen projectors (500 W each), located 0.8 m away from the
TSC (Fig. 8). In this way, we obtained an intensity of the solar radia-
tion of 800 W/m2 (uniformly scattered on the absorber plate with lobed
holes).

During the measurements the air flow through the solar collectors
(with/without PCMs) was set to a value of 400 m3/h, which corre-
sponds to a specific air flow within the TSCs of 200 m3/h/m2. This
high value of air flow rate has been taken into consideration as one
of the expected applications of the solar collector systems from this
study is for industrial buildings, characterized by large fresh air flow
rates. In addition, the TSC configuration with lobed perforations taken
into account within this study has been thor

oughly optimized based on previous studies carried out in our labora-
tory. These studies showed that this geometry is 15% more efficient
for air flow rates of around 220 m3/h/m2 (Croitoru et al., 2016a,
2016b).

Finally, the experimental data were continuously acquired through-
out the experimental protocol and automatically recorded (time step of
60 s), based on data logger (Ahlborn Almemo 2890-9).

3. Experimental results

Following the experimental studies, extremely interesting aspects
have been found.

The study was conducted for a total period of time of 570 min. For
the first 250 min, the halogen lamps were switched on to simulate solar
radiation and then they were switched off (for 320 min). Consequently,
two stages of the experimental study can be clearly observed: the heat-
ing/loading stage of the PCMs (first 250 min) and the cooling/discharge
stage of the PCMs (the next 320 min).

3.1. Analysis of temperature variations, thermal stratification and
temperature rise within the TSCs with/without PCMs

Fig. 9 shows the temperature variations for five points in the case
of the TSC without PCM: air outlet temperature (Toutlet), temperature
in the middle of the collector (T 100 middle), temperature of the rear
wall of the collector (T back wall), absorber plate temperature (T metal
plate) and ambient air temperature (T ambient).

For instance, at an ambient temperature of 24 °C (minute 220), the
exhaust air temperature is 33.4 °C, resulting in a temperature rise of
9.4 °C. At the same time, the temperature measured on the absorber
plate is 48.9 °C, while the temperature on the rear wall of the TSC is
36.2 °C, and the temperature in the middle of the TSC is 32.1 °C.

As a result, it can be considered that the rear wall of the TSC
acts as an inertial element, absorbing some of the energy, its tem-
perature variation having higher values than the temperature in the
TSC cavity or the air temperature at the outlet of the collector. Af-
ter turning off the lamps, the values of the five analyzed

Fig. 4. TSC with PCMs (construction details), a – absorber plate; b – air opening in the top part of the TSC cavity; c – air plenum; d – TSC rear wall; e – metal frame for PCMs.
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Fig. 5. Position of PCMs in the solar collector.

Fig. 6. Picture of PCMs within the solar collector.

temperatures are rapidly approaching, only the temperature of the TSC
rear wall having a dephasing of about 120 min as shown in Fig. 9.

On the other hand, the temperature variations for the same five
points taken into account are shown in Fig. 10 in the case of the TSC
with PCM.

It can be noticed this time that at an ambient temperature of 24.2 °C
(the same minute 220), the exhaust air temperature is

34.4 °C, resulting in air temperature increase of 10.2 °C within the TSC.
At the same time, the temperature measured on the absorber plate is
50 °C, the temperature on the TSC rear wall is 33.9 °C, and the temper-
ature in the middle of the solar collector is 35.9 °C.

In addition, it can be remarked that, unlike the previous case, the
temperature of the TSC rear wall has lower values than the air tempera-
ture in the middle of the cavity or at the exit of the solar collector, due
to PCMs energy storage.

5
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Table 1
PCM (paraffin RT35) properties (Rubitherm, 2019).

Characteristic Value

melting area 29–36 °C
congealing area 36–31 °C
heat story capacity (26–41 °C) ± 7.5% 160 kJ/kg
specific heat capacity 2 kJ/kgK
density solid (la 15 °C) 0.86 kg/l
density liquid (la 45 °C) 0.77 kg/l
thermal conductivity (both phases) 0.2 W/mK
volume expansion 12.5%
Max. operation temperature 65 °C

Another interesting finding is that the air temperature in the middle
of the TSC cavity has lower values than in the previous situation because
the air flow is modified within the TSC with PCM inside: the air circu-
lation will principally occur in areas where there are no aluminum con-
tainers with PCM.

Moreover, the air outlet temperature is noticeably lower than the air
temperature in the middle of the TSC with PCM, which indicates that the
air flow takes place especially at the top of the solar collector in the case
of this configuration. This hypothesis is also confirmed in other studies
(Bejan et al., 2018b).

Furthermore, after turning off the halogen lamps, the temperature of
the absorber plate quickly reaches the ambient air temperature, but it
can be seen that the other temperatures have higher values due to the
discharge of PCMs and they approach each other only towards the end
of the measurements.

Fig. 11 shows a normal stratification of air temperatures in the
TSC without PCM: the air temperature values increase towards its

upper area (corresponding to the air exit from the solar collector). The
biggest air temperature difference between the bottom and the top of
the TSC is 2.1 °C, and, after turning off the lamps that simulate solar ra-
diation, it can be observed a rapid equalization of all temperatures.

Instead, in the case of the TSC with PCM, the phenomenon is com-
pletely different (Fig. 12). Due to the air pressure losses in this config-
uration with PCM (Bejan et al., 2018b), the thermal stratification is
much accentuated. On the other hand, it can be also appreciated that
most of the air flow takes place in this case through the free spaces be-
tween the groups of PCM containers. In addition, the air temperature at
the top at 170 cm (T170) is often lower than at 135 cm (T135).

It is also possible that the PCM does not completely melt in the lower
part of the TSC. The biggest air temperature difference between the
lower and the upper part of the TSC is double now with PCM (4.2 °C),
compared to the situation without PCM (2.1 °C).

Furthermore, this time, after switching off the halogen lamps, there
is still a thermal stratification within the TSC (see Fig. 12) due to the
slowly energy dissipation, accumulated by PCM.

The temperature difference between the TSC outlet air temperature
and the ambient air temperature is classically calculated by the follow-
ing formula:
ΔT = Toutlet − Tambient [°C] (1)

Fig. 13 shows this temperature difference for both cases (TSC with
and without integrated PCM). The impact of PCM is obvious: it can be
clearly noticed the accumulation of energy during the heating period in
which “solar radiation” is available and energy dissipation during the
cooling period in which halogen lamps are switched off.

Fig. 7. Installation of the thermocouples within the experimental set-up.
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Fig. 8. Installation of the halogen projectors within the experimental set-up.

It can be seen that in the case of the TSC without PCM the tempera-
ture difference variation is relatively linear starting with minute 30 and
reaches a maximum of 9.3 °C. On the other hand, in the case of the TSC
with PCM, if at the beginning this variation has lower values than in
the case without PCM (30–100 min) due to melting of PCM and energy
accumulation, after 100 min the temperature difference is higher and
reaches a maximum of 10.3 °C (10.7% more). Consequently, we can say
that the melting phenomenon of the PCM is visible for 70 min.

It should also be noted that after the “solar radiation” is turned
off, the outlet air temperature of the TSC without PCM quickly reaches
the ambient air temperature (after about 50 min), while in the case of
the TSC with PCM the outlet air temperature is higher for 300 min,
until an equalization of the temperatures is noticeable.

Moreover, after switching off the halogen lamps, the outlet air tempera-
ture from the TSC with PCM is higher than the ambient air temperature
by up to 1.7 °C, reaching higher values even by 3 °C (especially at the
beginning of the cooling process).

3.2. Analysis of thermal performances for the TSCs with/without PCMs

The rate of heat transfer [W] and the thermal energy [Wh] pro-
duced by solar collectors can be determined using the following formu-
las:

(2)

(3)
where

V – air flow rate of the solar collector [m3/s]; ρ – air density [kg/m3]; cp
– air specific heat capacity [J/kg/°C]; ΔT – temperature difference be-
tween the outlet air temperature and the ambient air temperature [°C];
t – time [h].

Fig. 14 shows the variation of the heating capacity during the mea-
surements for the two solar collectors taken into consideration: TSC with
PCM and TSC without PCM.

Based on the values from Fig. 14, the maximum thermal power of
the TSC without PCM is 1296.6 W (minute 188), while the TSC with
PCM reaches a maximum of 1391.2 W (minute 242), meaning 7.7%
more. On the other hand, as it can be seen, the maximum value is
reached faster in the case of the TSC without PCM as it is expected due
to the lack of thermal inertia.

It is worthwhile to mention that during the heating/PCM charging
period, the average heating capacity of the TSC with PCM is 1170 kW
(590 W/m2), approximately equal to that of the TSC without PCM which
reaches a value of 1140 W (570 W/m2), while during the cooling/PCM
discharge period, the average value of the TSC with PCM is 169 W
(84.6 W/m2), almost 5.6 times higher than the TSC without PCM which
has an average value of only 30 W (15.1 W/m2). This important differ-
ence can be explained by the PCM dissipated energy in air within the
TSC.

It can also be concluded that during the heating/PCM charging
period the energy is accumulated faster (melting is evident between
minute 30 and minute 100), while the solidification process occurs
more slowly during the cooling/PCM discharge stage,

Fig. 9. TSC without PCM: temperature values in five reference points.
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Fig. 10. TSC with PCM: temperature values in five reference points.

Fig. 11. Thermal stratification inside the TSC without PCM.

Fig. 12. Thermal stratification inside the TSC with PCM.

though there is a period in which the process is more intense (between
minute 257 and minute 573).

Fig. 15 shows the amount of thermal energy produced by the TSC
with PCM and the TSC without PCM in each hour of operation during
the measurements.

It can be seen that the TSC with PCM produces a maximum of
1345 Wh in one hour of operation (4th hour of operation), while the

TSC without PCM delivers a maximum of 1245 Wh (at the same time,
4th hour of operation). The TSC with PCM supplies on average 655 Wh
during the measurements, while the TSC without PCM generates on av-
erage 559 Wh.

During the heating/PCM charging period the quantity of energy
produced by the TSC is similar in both cases, the differences appear-
ing in the first part of the experimental studies when the PCMs

8
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Fig. 13. Temperature difference: TSC outlet air temperature/TSC inlet (ambient) air temperature.

Fig. 14. TSC with/without PCM – heating capacity variation.

Fig. 15. TSC with/without PCM – thermal energy produced per hour.

change their state of aggregation. Basically, for all the heating stage,
the TSC with PCM produces around 4650 Wh, approximately as much
as the production of the TSC without PCM (about 4520 Wh). Instead,
during the cooling/PCM discharging period of energy, the amount of
energy produced by the TSC with PCM is sometimes even 11 times
higher for certain hours. Globally, for the total operation time in cool-
ing/PCM discharging, the TSC with PCM produces roughly 1260 Wh,
meaning 2.5 times more than the

TSC without PCM, which delivers only 510 Wh. Overall, for the en-
tire period of the measurements, the total energy produced by the
TSC without PCM is around 5030 Wh (2520 Wh/m2), while the TSC
with PCM generates roughly 5900 Wh (2950 Wh/m2). This means
17.3% more energy for the TSC with PCM during the 9 h of oper-
ation. The explanation can be the fact that the aluminum contain-
ers filled with PCMs “catch” more energy from the solar radiation
which enters through the lobe holes of the absorber metal

9
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plate, leading to improved heat transfer within the TSC in this case.

3.3. Analysis of the heat transfer effectiveness during the heating/PCM
charging period

The heat exchange effectiveness of solar collectors can be assessed
with the following expression (Wang et al., 2017):
ε = (Toutlet − Tambient)/(Tmetal plate − Tambient) (4)

where: Toutlet – outlet air temperature [°C]; Tambient – ambient air tem-
perature [°C]; Tmetal plate – absorber metal plate temperature [°C].

The variation in time of the heat transfer effectiveness for the two
collectors (TSC without PCM and TSC with PCM) is shown in Fig. 16.

It can be remarked that the effectiveness of heat transfer in the case
of the TSC with PCM has values constantly close to those of the TSC
without PCM. The average effectiveness of the TSC with PCM is 36.8%,
while the average effectiveness of the TSC without PCM is 36.13%. On
the other hand, the melting process is once again visible, starting around
the minute 18 and ending around the minute 100. After this minute, the
trend of the heat exchange effectiveness is reversed: the TSC with PCM
has now higher values (with a maximum value around 40%). The TSC
without PCM reaches now a maximum value of 38.4%.

During the cooling//PCM discharge period, the effectiveness of the
heat transfer cannot be evaluated as the temperature of the absorber
plate becomes relatively equal to the ambient air temperature. On
the other hand, the overall efficiency of the TSCs

taken into account can be estimated by analyzing their coefficient of per-
formance (COP), as it is presented below (see Section 3.5).

3.4. Analysis of the TSC global efficiency during the heating/PCM charging
period

In order to assess the performance of solar collectors, another crite-
ria is also used related to their global behavior (efficiency). This can be
determined by the following formula (Wang et al., 2017):

(5)

where: – rate of heat transfer for the solar collector [W], calculated
according to Eq. (2); IT – total incident solar radiation on the absorber
of the solar collector [W/m2]; AS – absorber area of the solar collector
[m2].

Fig. 17 shows the variation of the efficiency for the TSC with/with-
out PCM, based on Eq. (5). It can be seen that the efficiency of the
TSC with PCM is lower in the first part of the heating/PCM charging
process due to the accumulation of latent heat in the PCM, but after
the PCM melting, its efficiency is higher due to improved heat transfer
(PCM layer captures solar radiation through the lobe holes of the ab-
sorber metal plate and accumulates sensible heat when the PCM is al-
ready in the liquid state). As a result, the maximum and the average
efficiency of the TSC with PCM are higher than those of the TSC with-
out PCM (taken into consideration only the heating/PCM charging pe-
riod): maximum efficiency – 86.9% versus 81% and average efficiency –
78.5% versus 76.2%.

Fig. 16. Heat exchange effectiveness for TSC with/without PCM.

Fig. 17. Global efficiency for TSC with/without PCM.
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3.5. Analysis of the coefficient of performance and the number of operating
hours for TSC with/without PCM

As the heat transfer effectiveness and the overall efficiency of the so-
lar collectors cannot be evaluated for the whole studied period including
the cooling/PCM discharge stage (since in this case there is no solar radi-
ation and the absorber plate temperature is almost equal to the ambient
air temperature), it is necessary to take into account a new “indicator”
for assessing the overall performance of the two solar collectors (with/
without PCM).

For instance, Poole et al. (2018) proposed the use of a performance
coefficient (COP) for solar collectors, defined, classically, as the ratio be-
tween the powers produced and demanded by the equipment (Eq. (6)).

(6)

where: – produced power by the equipment, in this case heating ca-
pacity of the TSC according to Eq. (2) [W]; demand – used power by the
equipment, in this case the fan electric power of the TSC [W].

Starting from Eq. (6), Fig. 18 shows the COP variation in time for
the TSC with PCM and TSC without PCM, with the mention that the out-
put power was determined according to Eq. (2) and the input power was
67 W (fan electric power).

It can be remarked that the evolution of these values is similar to that
of the difference between the outlet air temperature and the ambient air
temperature.

On the other hand, the maximum COP in the case of the TSC with
PCM is 20.8, while the maximum COP of the TSC without PCM is 19.35.
Moreover, during the heating/PCM charging period, the collector with-
out PCM has an average COP close to that of the TSC with PCM: 17,
compared to 17.52. Obviously, during the cooling/PCM discharge pe-
riod, the TSC with PCM has a superior average COP: this time the COP
is 5.6 times higher than the TSC without PCM (2.53 compared to 0.45).

It is also interesting to analyze the situation when the COP value
of the solar collector falls below 1 as in this case the electric heating
becomes more economically advantageous. Therefore, based on our re-
sults, from minute 289 the TSC without PCM should be turned off, while
the TSC with PCM should be turned off from minute 524 (although this
equipment can still provide heat).

Fig. 19 shows the average value of the COP in each hour of opera-
tion. It can be seen that the COP of the TSC with PCM is lower in the
first part of the study, because the PCM accumulates energy, while after
switching off the halogen lamps (no solar radiation anymore), the COP
is considerably higher in favor of the TSC with PCM.

Totally, the average COP of the TSC without PCM is 7.9, while the
average COP of the TSC with PCM is 9.2, respectively 10.6% higher.

As a conclusion, during the heating/PCM charging period, the en-
ergy is accumulated faster (melting is obvious between minute 18 and
minute 100), while the solidification process occurs more slowly, during
the whole cooling/PCM unloading stage. Therefore, the charging occurs
quickly, being sustained by solar radiation, while the discharge of en-
ergy is slow and may require supplementary approaches to improve heat
transfer.

Fig. 18. COP for TSC with/without PCM.

Fig. 19. Average hourly COP for TSC with/without PCM.
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Finally, the “useful time of operation” of the solar collector can be
defined as the time interval in which the COP of the collector is suprau-
nitary, in this case the equipment being more efficient than conventional
electric heating. Fig. 20 shows this useful period of operation for the
two solar collectors. In the case of the TSC without PCM, the COP has a
value greater than 1 from minute 17 to minute 289, meaning 272 min of
operation. Unlike the classic collector, the TSC with PCM has a suprau-
nitary value of COP from minute 17 to minute 524, resulting in 507 min
of operation. In conclusion, the TSC with PCM has a useful period of
operation 86.4% longer than the TSC without PCM (it works 235 min
longer, in the same time interval studied).

4. Conclusions

The prototype of TSC with PCM analyzed in this work has led to
promising results in comparison with the same configuration of TSC
without PCM:

– almost an extra degree was gained in terms of maximum temperature
difference between the TSC outlet air temperature and the ambient air
temperature (10.2 °C versus 9.4 °C);

– for about 5 h, the TSC outlet air temperature is higher (by up to
1.7 °C) during the cooling/PCM discharge period;

– the maximum heating capacity is approximately 7.7% higher (roughly
1390 W compared to 1300 W);

– during the cooling/PCM discharge period, the average heating capac-
ity is over 5 times higher;

– more than 17% supplementary energy during the 9 h of operation
(5900 Wh or 2950 Wh/m2 compared to 5030 Wh or 2520 Wh/m2);

– the maximum efficiency is improved by almost 6% (86.9% versus
81%);

– the average COP is 16.4% higher (9.2 versus 7.9);
– the “useful time of operation” is over 86% longer (meaning almost 4 h

more).

From an economic point of view, the additional investments costs
for TSC with PCM (compared to TSC without PCM) are recovered due
to energy savings mentioned above over a period of approximately
5–6 years. This estimation is valid for the climate in

Romania (approximately 180 days for the heating season) and taking
into account the price of electricity of 0.12 euro/kWh. Furthermore, the
contribution of TSC with PCM to the reduction of CO2 emissions (com-
pared to the equivalent solution without PCM) can also be estimated:
around 47 kg/heating season. It is worth mentioning that the payback
period predicted above may be shorter in the coming years as prices for
commercial PCM are in a continuous decline due to their growing de-
mand (Entrop et al., 2016). However, the economic analysis regard-
ing the implementation of the TSC with PCM taken into account in this
study must be deepened based on the data obtained for real operating
conditions over long periods of time.

On the other hand, it was found that in the case of the TSC with PCM
the air flow occurs mainly through the upper part of the solar collector
leading to an unfavorable thermal stratification within the TSC. As a re-
sult, there is a possibility that the PCM at the bottom of the solar collec-
tor would not completely have melt.

Consequently, some future work is needed to improve the configura-
tion of the TSC with PCM (e.g. by assembling a “chicane” in the middle
of the air cavity to force the airflow toward the bottom of the solar col-
lector leading to a better interaction between the air and the PCM from
that zone).

Finally, it is also necessary to conduct the study over a longer period
of time in order to thoroughly investigate the discharge of energy – phe-
nomenon that requires a longer duration. In addition, it is compulsory
to perform parametric studies in order to optimize the configuration of
the TSC with PCM, as well as to analyze it for longer periods of time, in
real operating conditions.
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