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Abstract: Heat-driven coolers provide a reliable and environmentally benign alternative to traditional
electrically powered chillers. Their main advantage is that they can be driven using low enthalpy heat
sources. A solar system is installed at the school of Mechanical Engineering of National Technical
University of Athens in order to examine the potential of thermal storage and solar cooling under
Athens climatic conditions. The cooling effect is produced using a dual bed, single stage, zeolite/water
adsorption chiller with cooling capacity of 10 kW at its nominal conditions of operation. Both vacuum
tube collectors and hybrid photovoltaic thermal collectors are installed in order to supply the system
with heat. The system is evaluated in terms of solar collectors’ useful energy production, heat stored
in the intermediate buffer and cooling system’s performance. It is observed that the cooling system
operates satisfactorily under Athens climatic conditions achieving a maximum cooling capacity of
3.7 kW and an average COP around 0.5.
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1. Introduction

Conventional-technology cooling systems consume electricity to actuate their mechanical
compressor. When this electrical energy comes from the power grid, the use of traditional vapor
compression systems is accompanied by the following disadvantages:

1. Increase of carbon dioxide (CO2) emissions since the largest percentage of electrical energy is
produced by non-renewable energy sources. Carbon dioxide emissions accentuate the greenhouse
effect and by extension global warming.

2. Contribute to the depletion of fossil fuels. Estimates about the depletion of fossil fuels indicate
107 years for coal, 37 year for gas and only 35 years for oil [1].

3. Their extensive and simultaneous use during summer months causes serious problems to the
power plants and electrical network, increasing the danger of power outages and black outs [2].

Thermally driven sorption chillers can provide a reliable and ecological alternative to traditional
vapor compression systems especially when they powered by solar energy. This is due to the fact
that the need for covering cooling loads in summer months coincides with the availability of solar
radiation. Sorption cooling systems can be categorized into two groups: (1) absorption heat pumps
and (2) adsorption heat pumps. Absorption systems present, in general, higher COP values compared
to adsorption ones and are used more extensively in commercial cooling applications. However,
adsorption heat pumps have also some advantages. The most important of them is that they can
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be powered using low temperature solar/waste heat [3,4]. It is mentioned in the literature [5] that
temperatures as low as 50 ◦C can be exploited if multi-staged adsorption cycles are used. This advantage
makes adsorption chillers ideal for solar cooling applications where in most cases low enthalpy heat
is available.

Sorption solar cooling systems have been investigated in the past few years by numerous
researchers both numerically and experimentally [6–8]. Alam et al. [9] investigated theoretically the
possibility of applying an adsorption solar cooling system under Tokyo, Japan climatic conditions.
They used 36.225 m2 of CPC collectors in order to power a silica gel/water adsorption chiller and they
found that a cooling capacity around 10 kW was achieved at noon, with maximum COP and SCOP
around 0.55 and 0.3, respectively. Clausse et al. [10] simulated an adsorption solar cooling system
which operates in Orly, France. They used an AC/methanol adsorption chiller driven by 24.2 m2 of CPC
collectors and they observed a maximum cooling capacity of 4.6 kW at 2 p.m. with average COP and
SCOP values of 0.49 and 0.2, respectively. El-Sharkawy et al. [11] examined theoretically the performance
of a solar cooling system under Middle East climatic conditions. The system uses a silica gel/water
adsorption chiller driven by CPC collectors. The best performance is recorded for the cooling system
installed in Aswan where a cooling output around 15.8 kW is achieved with maximum COP around
0.5 and SCOP around 0.3. Buonomano et al. [12] simulated a solar adsorption cooling system using
TRNSYS software for four different Italian cities (Palermo, Naples, Florence, Turin). A commercially
available adsorption chiller is used driven by 122 m2 of PVTs. The produced heat energy is used for
solar space heating/cooling and domestic hot water while the electricity is used to cover building
needs. The system achieves simple payback period SPB = 10.6–11.3 years, primary energy savings
PES = 58.5–68.8% and equivalent carbon dioxide avoided emissions 76.3–90.2%. Buonomano et al. [13]
also compared the performance of both absorption and adsorption cooling systems driven by PV/T
and CPV/T collectors. For this purpose, they developed a dynamic simulation model which allows the
investigation of energy, economic and environmental performance of solar polygeneration heating and
cooling systems. Koronaki et al. [14] investigated theoretically the possibility of applying solar cooling
in eastern Mediterranean areas. They used various types of solar collectors, including PV/Ts, in order
to power an adsorption chiller and evaluated the system’s performance in terms of cooling capacity,
COP, energy and exergy efficiency. They observed that the system operates in Nicosia presents the best
overall performance. A performance assessment and economic analysis of a dual-bed silica gel-water
adsorption cooling system powered by solar thermal energy was conducted by Alahmer et al. [15]
through dynamic modelling under Perth, Australia typical climatic conditions. An average cooling
capacity of 11 kW is observed at peak hour (13:00) in a representative summer day while the cyclic
COP and the solar COP of the system are around 0.5 and 0.3, respectively. Regarding the financial
analysis a payback period of 11 years is estimated with an optimal solar collector area of 38 m2 if a
compound parabolic collector panel (CPC) is used. Basdanis et al. [16] computationally investigated
the effect of half-cycle time in the performance of a solar driven two-bed, single-stage adsorption
chiller operating in Athens, Greece, during July. They observed an improvement of 12% on the daily
and monthly cooling capacities when the chiller operates under the dynamically optimized adjusted
half-cycle time mode compared to the corresponding maximum constant ones.

Zhai et al. [17] experimentally investigated the behavior of a solar adsorption cooling system
deployed in the green building of Shanghai Research Institute of Building Science. There are two
silica gel/water adsorption chillers in the installation with rated capacities of 8.5 kW each. A total area
of 150 m2 of solar collectors is used (90 m2 of ETC–CPC and 60 m2 of ETC–heat pipe). An average
refrigeration output of 15.3 kW during an 8 h operation is observed while the maximum cooling output
exceeds 20 kW. The values of average COP, SCOP and electric COP are 0.35, 0.15 and 8.19, respectively.
Fasfous et al. [18] investigated experimentally a solar adsorption cooling system in the University
of Jordan in Amman. The system comprises a zeolite/water adsorption chiller powered by flat plate
thermal collectors. It is observed that solar collectors of 40 m2 area can provide sufficient heat to drive
an 8 kW adsorption cooling system. Lu et al. [19] investigated the performance of two solar cooling
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systems operating in Dezhou and Jinan, China. The cooling system installed in Dezhou uses 79.7 m2 of
CPC collectors to power a silica gel/water adsorption chiller, while the system installed in Jinan uses
105 m2 of CPC collectors to drive an absorption LiBr/water chiller. It is observed that the adsorption
chiller can be powered by heat sources of 55 ◦C and can provide 15 ◦C of chilled water from 9:30 to
17:00 with an average solar COP of 0.16. The absorption chiller can provide 15 ◦C of chilled water
from 11:00 to 15:30 with an average solar COP of 0.19. Thomas et al. [20] examined the operation of
a solar cooling system installed at University of Liège, Belgium. The system contains 14 m2 of flat
plate solar collectors and an adsorption chiller with nominal capacity 9 kW. In clear days the solar
cooling system can save energy up to 45%. Roumpedakis et al. [21] examined the performance of
a solar-powered hybrid adsorption chiller combined with an auxiliary heat pump. Regarding the
combined performance of the system, evaluated on a typical summer week of Athens, the maximum
obtained COP was around 0.575 and the corresponding average energy efficiency ratio (EER) reported
was 5.8.

In this study, a solar cooling system installed in the Laboratory of Applied Thermodynamics of
School of Mechanical Engineering of National Technical University of Athens is examined. The system
uses a commercially available zeolite/water adsorption chiller in order to produce the cooling effect
while the thermal storage is achieved through sensible heat in the form of temperature rise is stored in
an intermediate buffer. The system’s driving force is solar energy which is transformed to heat in a
series of ETC and a series of asymmetric hybrid PVT collectors already tested by the research group
of the laboratory [22]. To the best of authors’ knowledge, there are not many experimental papers
available in the literature investigating similar pilot installations (1) driven by two different types of
solar collectors, (2) under Greece climatic conditions. The performance of the system is evaluated
during summer period in terms of cooling capacity and COP and exergy efficiency.

2. System Description and Experimental Process

The installed solar cooling system is illustrated in Figure 1 and its layout is depicted in Figure 2.
It comprises seven main components: (1) photovoltaic-thermal collectors, (2) evacuated tube solar
collectors, (3) a buffer storage tank, (4) an adsorption chiller, (5) a recooler, (6) an electrical resistance,
and (7) circulators. The solar panels collect solar radiation, convert it to thermal energy and provide it
to the heat transfer fluid. The heat of this fluid is used to charge the buffer storage tank. The heat stored
in the tank is used to power the thermally driven adsorption chiller. The chiller produces the desirable
cooling and rejects heat to the environment through the dry cooler. The output cooling capacity is
consumed in the electrical resistance which serves as cooling load.
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Figure 2. Layout of the experimental solar system.

Every component of the system is presented in Table 1 and described briefly below. Five vacuum
tube solar collectors are installed creating a solar field with total area of 9.76 m2. These collectors are
highly efficient due to their parabolic reflector, and they can function satisfactorily under conditions of
high diffuse radiation. Hybrid photovoltaic thermal collectors are also used in the system. The total area
of these collectors is 11 m2, and it consists of five such PVTs. A buffer storage tank with total capacity of
865 L is installed and acts as a buffer between the heat production and heat demand. Two internal heat
exchangers are integrated in the tank through which the buffer is charged using the heat collected by the
solar collectors. A commercially available (Invensor) dual bed, single stage adsorption chiller is used
to produce the desired cooling effect. The two beds are alternatively connected to the solar collectors
in order to absorb heat (during desorption/condensation and pre-heating switching phases) and to
the dry cooler in order to reject heat (during the adsorption/evaporation and pre-cooling switching
phases). A thorough and comprehensible description of adsorption chiller’s working principle can be
found elsewhere [23,24]. The chiller uses zeolite/water as a working pair, and at its nominal operating
point produces 10 kW cooling capacity with a COP of around 0.6. The advantage of this chiller is that
it can exploit heat sources of low enthalpy making it ideal for solar cooling applications. An axial
dry cooler is used to reject the heat resulting from adsorption and condensation to the environment,
and its nominal capacity is 56.4 kW. The electrical resistance serves as a cooling load, and its power
is 12 kW. Five circulators are used in order to move the heat transfer fluid through the pipes of the
different loops.

Table 1. Main components of the examined solar system.

PVT Total area 11 m2

ETC Total area 9.76 m2

Adsorption chiller Nominal cooling capacity 10 kW
Buffer storage tank Total volume 865 lt

Dry cooler Nominal capacity 56.4 kW
Electrical resistance Resistance electrical power 12 kW
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The two latent heat storage systems (PCM-h for high and PCM-c for low-temperature energy
storage) are installed in the experimental setup but their influence to the solar cooling system will
be investigated in a future study. The backup electrical resistances R1 and R2 are used when the
solar radiation is not sufficient for driving the cooling system and are not used during the presented
experimental procedure.

Temperature sensors and flow meters are installed in representative positions of the solar unit in
order to determine the temperatures and the volume flow rates of the working fluid. The equipment is
connected to PLC in order to be controlled and the experimental data are collected through an OPC
(Object linking and embedding for Process Control) server connected to its client software.

The heat transfer fluid (water) flow rates and temperatures at the inlet and outlet of the collectors’
series as well as at the inlets and outlets of the adsorption chiller are the basic measured quantities.
The ambient temperature, the tilted and diffuse solar irradiance and the wind velocity are also measured.
The measuring instruments accuracies are provided in Table 2. The measured values are collected
through the OPC server and stored every 1 s for the chiller and every 30 s for the other components
of the integrated system. The above-mentioned data are sufficient for the evaluation of the system’s
performance, and they are used in the following Equations to calculate the thermal and exergy efficiency
of the collectors. In this study, the results of the 22nd of June are reported as that day is near to the
summer solstice during which the available irradiance is maximum. The performance of the solar
system presents similar behavior during July and August.

Table 2. Accuracies of the measuring equipment.

Equipment Accuracy Relative Error

pyranometer ±(4% |Gtot|) 2.7%
HTF temperature sensors ±(0.15 + 0.002 × |Temp|) 0.8%

Ambient temperature sensor ±(0.15 + 0.002 × |Temp|) 1.1%
Flowmeter ±1% 0.7%
Wind meter 1% ± 0.1 m/s 1%

3. Mathematical Background

The basic mathematical equations used to evaluate the performance of the examined system are
presented in this section.

One of the main objectives of a thermal analysis is the calculation of the useful energy produced by
solar collectors. This useful energy is calculated using Equation (1) by considering an energy balance
between the inlet and the outlet of the collector.

Qu = m f ·c f ·
(
T f o − T f i

)
(1)

The hot water from the outlet of the ETC series enters in the higher part of the buffer tank while
the outlet of the PVT the medium part of the tank. The buffer tank is insulated, and it is modeled using
three mix-zones (uniform temperature is considered within each zone, Tst1 upper part, Tst2 middle part
and Tst3 lower part of the tank) and it loses heat to the environment due to the temperature difference
between the temperature of each zone and the temperature at the laboratory, which was kept constant
at 27 ◦C during the whole procedure (Equation (2)). The tank heat loss coefficient receives rather low
values (near 0.5 W/m2 K) due to the insulation. Therefore, the thermal energy that is stored in the tank
can be expressed as the difference between the total useful energy produced by the collectors and the
tank’s losses to the ambient (Equation (3)).

QL = UL·Ai·(Tsti − TLAB) (2)

Qstored = Qu,total −QL (3)
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For the evaluation of the chiller performance, the heat input (Equation (4)), the cooling capacity
(Equation (5)) and the rejected heat (Equation (6)) are calculated.

Qhw =
.

mhwcpw
(
Thw,in − Thw,out

)
(4)

Qchill =
.

mchwcpw
(
Tchw,in − Tchw,out

)
(5)

Qcw =
.

mcwcpw(Tcw,out − Tcw,in) (6)

From the First Law of Thermodynamics, the energy balance yields:

Qchill + Qhw −Qcw = 0 (7)

Finally, the overall performance of the chiller is determined through the Coefficient of Performance
(Equation (8)), the refrigeration efficiency (Equation (9)), and the exergy efficiency of the adsorption
cycle (Equation (10)):

COP =
Qchill
Qhw

(8)

η =
COP

COPCarnot
=

COP(
1− TC

Tg

)
·

(
Te

TC−Te

) (9)

ηex = COP·
−

(
1− To

Te

)(
1− To

Tg

) (10)

4. Results and Discussion

The experimental results are presented in this section. The investigated day was the 22nd of June,
a clear-sky day near to the summer solstice, and the experimental data regarding the ambient conditions
and the collectors operation were collected from 08:00 to 17:00. Although the data acquisition time was
set to 30 s (except for the chiller), in this study, the per-10 min averaged results are presented in order
to remove possible errors. The working conditions during the experimental process are presented
in Table 3.

Table 3. Working conditions during experiments.

Heat Transfer Fluid (In Every Section of the Unit) Water

PVT mass flow rate 0.07 kg/s
ETC mass flow rate 0.10 kg/s

Regenerator mass flow rate 0.40 kg/s
Evaporator mass flow rate 0.48 kg/s
Condenser mass flow rate 1.02 kg/s
Laboratory temperature 27 ◦C

4.1. Ambient Conditions and Collector Performance

In Figure 3, the variation of ambient temperature and of the total irradiance on the solar collectors’
surface is depicted for the examined day. The maximum irradiance (964 W/m2) can be observed at
13:30 local time, while the maximum ambient temperature, which is 31.9 ◦C, can be observed at 16:20.
The irradiance curve is skewed due to the fact that the solar collectors are not perfectly aligned to
the south. It is obvious that the examined day is a typical one with respect to the climatic conditions
during summer in Greece.



Energies 2020, 13, 5931 7 of 15

Energies 2020, 13, x FOR PEER REVIEW 7 of 15 

 

 
Figure 3. Variation of irradiance and ambient temperature with time during the experimental 
procedure. 

Figures 4 and 5 illustrate the temperature difference between the series inlet and outlet and the 
produced useful heat, respectively. The curve of the heat transfer fluid’s temperature increase for 
each collector type can be partitioned into three sections. The first one refers to the transient 
performance of the collectors in which the absorber is not adequately heated. When a thermal 
equilibrium is achieved, the temperature rise is almost steady (second part), and after that, the 
temperature increase, and thus their efficiency, drops due to high temperatures at their inlet. As can 
be concluded from Figure 5, the ETC series reaches its steady state sooner than the PVT collector, 
while this period of nearly constant temperature increase lasts much longer than that of the PVT 
series. The temperature increase and the produced thermal energy have similar behavior, as can be 
seen in Figure 4. The investigated parameters increase almost linearly until 11:00 for the ETC and 
11:30 for the PVT collectors. After that time, and until 13:10 for the PVT and 14:20 for the ETC, the 
temperature increase of the heat transfer fluid is constant at about 7.8 °C and 12.8 °C, respectively. 
During the period above, the corresponding produced thermal energy is nearly 2.3 kW (PVT) and 
5.6 kW (ETC). Because of this, it can be assumed that during the aforementioned periods, the 
collectors have reached their steady-state condition. After this steady state, the performance of the 
system declines due to high inlet temperatures and lower irradiance levels. 

 
Figure 4. Variation of working fluid temperature rise in each collector type. 
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Figures 4 and 5 illustrate the temperature difference between the series inlet and outlet and the
produced useful heat, respectively. The curve of the heat transfer fluid’s temperature increase for each
collector type can be partitioned into three sections. The first one refers to the transient performance of
the collectors in which the absorber is not adequately heated. When a thermal equilibrium is achieved,
the temperature rise is almost steady (second part), and after that, the temperature increase, and thus
their efficiency, drops due to high temperatures at their inlet. As can be concluded from Figure 5,
the ETC series reaches its steady state sooner than the PVT collector, while this period of nearly
constant temperature increase lasts much longer than that of the PVT series. The temperature increase
and the produced thermal energy have similar behavior, as can be seen in Figure 4. The investigated
parameters increase almost linearly until 11:00 for the ETC and 11:30 for the PVT collectors. After that
time, and until 13:10 for the PVT and 14:20 for the ETC, the temperature increase of the heat transfer
fluid is constant at about 7.8 ◦C and 12.8 ◦C, respectively. During the period above, the corresponding
produced thermal energy is nearly 2.3 kW (PVT) and 5.6 kW (ETC). Because of this, it can be assumed
that during the aforementioned periods, the collectors have reached their steady-state condition.
After this steady state, the performance of the system declines due to high inlet temperatures and
lower irradiance levels.
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4.2. Thermal Energy Storage

The temperature distribution within the buffer tank, as well as the rate of the thermal energy
stored in the buffer, are presented in Figures 6 and 7, respectively. Each of the temperatures represent
the whole corresponding tank zone, following the hypothesis of uniform temperature distribution.
It can be seen that after 10:00, the temperatures increase almost linearly at rates of 7.14 ◦C/h, 5.13 ◦C/h
and 4.49 ◦C/h, respectively. Through the variation of the tank temperatures, the overall losses from the
tank to the laboratory ambient are calculated on the basis of Equation (2), and thus the stored thermal
energy can obtained by implementing Equation (3), and the results are depicted in Figure 7. It can be
observed that the total thermal losses follow the curve of the storage temperatures, as they correlate
linearly. It should be mentioned that the overall losses are negligible as the tank is adequately insulated
with soft polyurethane of 0.1 m thickness. The storage profile follows the curve of the irradiance,
since it can be considered to be the final product of the energy conversion in the absorber of each
collector. The maximum storage rate is nearly 7.7 kW, observed during the collectors’ steady-state
phase, while the integration of the storage rate over a period of 9 h yields the total thermal energy
stored in the tank which is calculated equal to 24.70 kWh or 88.94 MJ.
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4.3. Adsorption Chiller Performance

As mentioned earlier, the data required for the evaluation of the chiller’s performance were
collected from the OPC every second, since the operation of the chiller is dynamic and the conditions
(heat transfer fluid temperatures at the inlet and outlet of the chiller) change rapidly. The operation test
lasted for an hour and was initiated after the charging phase of the buffer tank (at 17:00). The results
for the heat source temperatures are shown in Figure 8. Regarding the regeneration, heat rejection
and load curves, for almost 20 min, the energy provided to the chiller from the buffer tank was used
to preheat the components (metal, zeolite beds, etc.), and thus no substantial cooling capacity was
provided from the evaporator. This period can be characterized as the transient phase of the chiller’s
operation. After those 20 min, the operation had reached its nearly steady state, and three distinct
cycles were formatted. The duration of each cycle was 11 min. The sudden variations of hot water
outlet temperature at the beginning of each cycle were due to the fact that adsorption chiller’s beds
change roles during the switching period. Specifically, the bed that was previously acting as the
adsorber was preheated in order to act as the desorber during the upcoming stage. After the three
cycles under study, the chiller continued to operate by repeating the same patterns with respect to the
cycle curves. However, as the operation continued, the chiller achieved lower temperatures at the
evaporation outlet, as can be seen in Figure 8, reaching 12 ◦C after the end of the third cycle.
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In Figure 9, the variation of the produced cooling output during the 11 min that each cycle
lasts is presented. It can be observed that the maximum cooling capacity drops as the number of
cycles increases. By integrating the variation of each curve with time, the average cooling production
can be calculated for each cycle. The average cooling capacity for each cycle was 1.99 kW, 1.62 kW,
1.43 kW, respectively. The relatively low values of the produced cooling load can be justified by
the mass flow rates chosen for the experiments, which were lower than the nominal mass flow
rates of the adsorption chiller (

.
mhw,nom ≈ 0.81 kg/m,

.
mcw,nom ≈ 1.42 kg/m,

.
mchw,nom ≈ 0.69 kg/m).

The variation in the chiller’s COP, shown in Figure 10, follows the curves of cooling capacity, with its
peak being observed one minute after the maximum cooling capacity production. The average values
of COP per cycle were 0.491, 0.496 and 0.465, respectively. These values are close to the nominal one
(COPnom = 0.6), which means that the adsorption chiller, although working at lower loads, exhibits
sufficient performance. The obtained COP values are consistent with the available literature, both in
theoretical and experimental studies. Indicatively, an average COP of 0.41 was estimated for June for
an adsorption solar cooling system simulated under the climatic conditions of Athens, Greece [14].
With respect to experimental studies, a maximum COP of 0.535 was observed in a similar solar cooling
system investigated under the climatic conditions of Athens, Greece [21]. Furthermore, an average
COP of 0.43 was obtained in a solar driven adsorption cooling system installed at the Institute for Solar
Energy (ISE) in Freiburg, Germany [25], while average COP values around 0.41 and 0.47 were obtained
from a small-scale adsorption chiller tested at the University of Liège [20].

The comparison, on the basis of the refrigeration efficiency defined in Equation (9), of the real
adsorption cycle with the Carnot refrigeration cycle that works within the same temperature levels
yields rather low values (42.7% for the 1st cycle, 40.9% for the 2nd and 36.5% for the 3rd cycle),
which means that thermodynamically, the experimental set-up does not qualify as ideal.
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An important parameter, when examining refrigeration systems, is the exergy efficiency of the
refrigeration cycle. In Figure 11, the variation of the system’s exergy efficiency is depicted on the basis
of Equation (10). All three cycles exhibit similar variation of their exergy efficiency with a dropping
tendency regarding their maximum efficiency. The average exergetic efficiency of each cycle is found
through integration with time, a process that yields the following results: 0.234, 0.236 and 0.221.
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Finally, and for the overall evaluation of the experimental procedure the energy balance is applied
for each cycle. Figure 12 shows the variation of the energy balance. It can be observed that during most
of the cycle period, the energy balance is satisfactorily fulfilled. The same conclusion cannot be reached
for the beginning and end of each cycle in which the switching process affects the energy balance
substantially. This is because the heat exchangers of the adsorption chiller change their operation
between adsorption and desorption mode during this phase interrupting the steady operation of
the chiller.
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5. Conclusions

An integrated hybrid solar system installed at the Laboratory of Applied Thermodynamics was
examined and evaluated experimentally in terms of thermal energy production and storage and cooling
performance. The system consisted of two types of collectors connected in series, namely evacuated
tube collectors and photovoltaic/thermal collectors, the total surface areas of which were 9.76 m2 and
11 m2, respectively, a zeolite adsorption chiller, and a storage tank functioning as an intermediate buffer.
Through the experimental procedure and the data reduction, the produced useful energy, the stored
thermal energy, the cooling capacity and the coefficient of performance and the chiller exergy efficiency
were determined. The experiment took place on June the 22nd, a day representative of the climatic
conditions in Athens, Greece. The main findings of the analysis are summarized below:

• The combination of the examined solar collectors was efficient for driving the investigated solar
cooling system during the whole year, serving both high and low cooling loads.

• The steady-state period of the ETC series lasted longer than that of the PVT series.
• During this period, the working fluid in PVT collectors exhibited a 7.8 K rise in temperature,

thus producing 2.3 kW of useful thermal power, while in ETC series the temperature rise was
12.8 K, with a production of useful power equal to 5.6 K.

• The storage tank can be divided into three zones. The temperature of each zone increased almost
linearly (constant rate).

• The heat losses of the storage tank exhibited a linear variation, as they followed the behavior of
the storage tank temperatures.

• The maximum storage rate was nearly 7.7 kW, observed during the collectors’ steady-state phase.
• The total thermal energy stored in the tank during the 9 h experiment was equal to 24.70 kWh or

88.94 MJ.
• A transient phase of nearly 20 min was observed, after which three cycles of 11 min each were

formatted and used for the present analysis.
• After the end of third cycle, a minimum temperature of 12 ◦C was observed at the outlet of

the evaporator.
• The average cooling capacity of each cycle varied between 1.4–2.0 kW, while the average COP

was almost constant at around 0.49.
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• The adsorption chiller approached the ideal Carnot cycle at a level varying between 36–43%.
The average exergetic efficiency was about 23% for all cycles.

• The switching process substantially affected the energy balance. However, during most of the
cycle period, the energy balance was satisfactorily fulfilled.

Finally, it is worth mentioning that two latent heat storage systems (one for high and one for
low temperature energy storage) were installed in the presented experimental setup in order for their
influence to the examined solar cooling system to be investigated in a future study.
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st Storage tank
u Useful
w water
COP Coefficient of performance
CPC Compound parabolic collector
ETC Evacuated tube collectors
PCM Phase change material
PVT Photovoltaic thermal collectors
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