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ABSTRACT

Compared to compressor ones, sorption chillers are characterized by a lower negative impact
on the environment, in particular, due to lower electricity consumption and the lack of use
of typical refrigerants with the potential to create a greenhouse effect. The main and key element
of such a device, a heat and mass exchanger containing an adsorption material, is periodically
supplied with a medium at a temperature of 60-90°C to carry out the desorption process.
Depending on availability, it can be a medium that contains waste heat or, for example, water
heated in solar collectors.

The article presents an analysis of the possibility of supplying an adsorption chiller using only solar
collectors for 4 locations representing different climatic conditions: Stockholm, Krakow, Palermo,
and Dubai. Based on the developed Python model, the required area of solar collectors
was determined to ensure a cooling capacity of 10 kW in a given location, as well as the
theoretical decrease in cooling capacity due to the ambient temperature changes in a given place
during the year. The obtained results may be helpful in the design and feasibility analysis of
self-operating sorption cooling units powered exclusively by renewable solar energy.

Keywords: adsorption, solar collectors, COP, refrigeration.
1. INTRODUCTION

According to the forecasts, a significant increase in demand for cooling is expected in the coming
years, which will reach an estimated value of 5,000 PJ / year in 2030 (Isaac and Vuuren, 2009).
According to the IEA report (IEA, 2018), the usage of air conditioners and electric fans to stay cool
accounts for nearly 20% of the total electricity consumed in buildings around the world today.
The basic commonly used refrigeration systems are compressor units. These systems
are characterized by high COP values and relatively small sizes of aggregates concerning
the produced amount of cold. The problems of such systems are primarily: a large number
of moving parts that can fail, the use of substances unfriendly to the environment, and a greater
electrical energy demand compared to sorption systems.

Absorption and adsorption systems are good alternatives to compression systems. Both types
of chillers are powered by heat as the driving energy. These systems are characterized
by a lower COP value compared to compressor devices, but require less mechanical energy
to ensure their operation. They are environmentally friendly since there is no Ozone Depleting
Potential (ODP) and no Global Warming Potential (GWP) in most popular working materials.
Such systems have fewer moving parts and use heat for operation. Adsorption systems, despite
a lower COP value in relation to absorption devices, have several advantages such as lower
supply temperature and a smaller number of moving parts, which is related to their greater
simplicity of construction. Another important application of adsorption systems is the desalination
of seawater (Saha et al., 2015).

A typical, and the most cost-effective source of driving heat for sorption units is waste heat,
but it is also possible to use solar energy (Goyal et al., 2016) and other sources. Due to the low
COP, easily accessible heat sources are the most rational solution to power these types of chillers.
Other methods of converting solar energy into cold are compressor systems connected
to photovoltaic panels and thermochemical cooling devices connected to solar collectors.
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The development of sorption technologies indicates the increasing possibilities of using
renewable solar energy to produce cold (Fernandes et al., 2014). Sorption technologies
in combination with solar energy supply have been the subject of research for many years.
Jaiswal et al. analyzed the cycle time and the size of the collector surface on the action
of the adsorption aggregate under Indian conditions (Jaiswal et al.,, 2016). Wang
et al. presented the concept of using a solar concentrator to improve the COP of a solar-
powered adsorption system (Wang et al., 2018). The research showed an increase of this
parameter by 27%. Sekret and Turski determined the actual COP of the adsorption system
for the production of chilled water powered by flat-plate solar collectors at 0.27
for the conditions of Czestochowa (Sekert and Turski, 2012). The analysis of the influence
of the number of adsorption beds on the operation of a solar-powered system was the subject
of the work of Rouf et al. (Rouf et al., 2020). Apart from analyzing the possibilities of developing
the construction of solar-powered sorption devices, attention should also be paid
to the diversity of research locations, such as Greece (Roumpedakis et al., 2020), Iraq
(Lattieff et al., 2019), Indonesia (Alhamid et al., 2020), Hawaii (Seol et al., 2020), Dubai (Seol
et al.,, 2020), Poland (Sekert and Turski, 2012), India (Jaiswal et al., 2016), etc. In different
latitudes, there is a very different supply of solar energy, which affects the operation
of the system.

Attention should be also paid to the analyses resulting from the ZEOSOL project, where
the proposed system has as its key principle the coupling of a 12.5 kW hybrid zeolite-water
adsorption chiller with a 40 m? solar field of vacuum tube collectors (Roumpedakis et al., 2020).

2. MODEL DESCRIPTION AND RESULTS

Variable climatic conditions in various locations determine the legitimacy of using solar
collectors as the main source of heat for an adsorption aggregate. Due to the greatest
availability, the possibility of cooperation of the adsorption unit based on the silica gel-water pair
working with flat and vacuum collectors was analyzed.To present the operation of the described
system in various locations, a mathematical model was created that describes the operation
of the refrigerator in the Python environment. Four locations were selected representing
different sun exposure conditions: Stockholm (59°20' north latitude), Krakéw (50°07' north
latitude), Palermo (38°11' north latitude), and Dubai (25°21"' north latitude). For all cities,
calculations were made of the collector area needed to power the adsorption aggregate,
the power drop of the aggregate depending on the changing ambient temperature, and the COP
of the system for various operating conditions. After obtaining the results
of the calculations, an analysis of the benefits of using solar collectors as a heat source
for adsorption aggregates in the studied places was performed.

21. Model description

The model diagram is presented in Fig. 1. The diagram shows the moment of heating (desorption)
of the bed (5) and cooling (adsorption) of the bed (6). The hot water flow path is marked
in red, and the cold water flow path is marked in blue. The red arrows indicate the direction

of hot water flow from the tank, and the blue arrows indicate the direction of cold water flow from
the cooler.

Figure 1: Scheme of the modeled system (1-solar collector, 2-hot water tank, 3-fan cooler, 4-
evaporator, 5,6-adsorption beds, 7-condenser)
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The expected cooling capacity of the adsorption chiller was assumed as 10 kW. The purpose
of the model is to select the number of solar collectors and the mass of adsorbent
in the bed to ensure the desired cooling power. Heat collection is realized by the evaporation

of the coolant. The mass flow of the refrigerant that must evaporate is:

. _ P
m= —
L

Rown. (1)

The evaporated coolant must be adsorbed. The weight of silica gel in one bed was calculated as:

m

M= Réwn. (2)

t(Xmax—Xmin)

The desorption / adsorption time was set as t = 1000 s following the assumptions described
by Rouf et al. (Rouf et al., 2014). Parameters x,,,, oraz x,;, were calculated on the basis
of the Dubinin-Astakhov equation, assuming parameters for the silica gel-water pair (Afonso
and Silveira, 2005):

X = Xxg * e_D(T*ln(%)) Réwn. (3)

The parameters of the Dubinin-Astakhov equation, i.e., D, x5, n for the silica gel-water pair
are presented in Table 1.

Table 1. Parameters of the Dubinin - Astakhov equation for the silica gel-water pair
(Afonso and Silveira, 2005).

Parameter Value

Xo [kg/kg] 0,301

D 2,26*10
n 1,08

The value of the heat needed to heat the adsorbent and desorption of the adsorbed refrigerant
was calculated according to the formula (4) (Qasem, 2013). The heat needed to heat the bed
to the right temperature can be divided into heat needed to heat the adsorbent and heat
to heat the adsorbate:

fxmax
xmin

Qciq = fTTzl(M * Cp sil + M = Cpw * x)dT + Msil * AHdx Rown. (4)

The value of real insolation per unit area incident on the collector was calculated, taking into
account the position of the collector and the angle of the incident rays:

Qrz = q *cos(90° — B — a) Rown. (5)

The demand for thermal energy was calculated by multiplying the heat required for one heating
and desorption cycle by the number of cycles per day:

86400 .
Qsol - Qc+d * m Rown. (6)

The efficiency of the solar collector was calculated using following formula:

alAT  a2A4T?
Eg Eg

n=n0— Rown. (7)

where AT - temperature difference at the inlet and outlet of the collector. The values
of the maximum and minimum temperature in the bed were adopted. The collector area needed
to power the refrigerator was calculated as:
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A= 82 Rown. (7)
ArzN

The COP of the chiller was calculated as the ratio of the chiller power multiplied by the operating
time to the heat needed to drive the chiller during the day:

PT
Qsol

COP =

Réwn. (8)

The working time of the refrigerator per day is assumed to be 24 hours. The total COP of the whole
system was also calculated as the ratio of the product of power and working time to the actual
insolation multiplied by the calculated collector area:

PT

COPgy = ﬁ

Rown. (9)

In the model assumptions, if the outside air temperature exceeds 24°C, the power is recalculated
and decreases due to the growth of the chilled water temperature.

2.2. Model validation

To verify the developed model, the results obtained with its use were compared with
those published in other studies (Roufa et al., 2014), (Alahmer et al., 2020). In the first model
(model A) (Roufa et al., 2014), an adsorption aggregate driven by 20 solar collectors each with
an area of 2.415 m? was tested (the total area of the collectors was 48.3 m?). The period of one
work cycle of the refrigerator was t = 1000 s. The unit was located in the city of Dhaka,
Bangladesh. The analysis was carried out for the April. The average cooling capacity, calculated
from the model was 10 kW, the COP of the chiller was about 0.65, while the COP of the entire
structure was 0.65.

To compare the results of this work with the results of this model, a refrigerator power of 10 kW
was introduced for the weather conditions in Dhaka in April. The following conditions were
adopted in the calculations:

e The pressure in the bed is 1 kPa.

The maximum temperature is 70°C.

The collector positioning angle is 30°.

The parameters of the WATT 3000 S flat collector were used.

Sun exposure for April in Dhaka according to the Photovoltaic Geographical Information
System (PVGIS) of the European Commission is 127.75 kWh/m?.

Since the working conditions of the chiller are not described in detail in Rouf's work,
the operating parameters for the model are assumed as default. The results could have
been influenced by the type and other parameters of the collector used in the model, other
work assumptions, and the adopted insolation.

In the second model (model B) (Alahmer et al., 2020), a chiller with a cooling capacity of 11 kW
was tested. The model was tested on a summer day in Perth, Australia. The selected
collector area was 38 m?, the COP of the aggregate was 0.55, and the COP of the entire system
was 0.32. Due to the lack of a detailed description of the model's operation, the same working
conditions as in the previous model were assumed. The conditions for December have been
adopted as for summer days. Insolation for December in Perth is 170.8 kWh/m? (PVGIS).
The results are summarized in Table 2.

In both cases, the obtained results were about 3-10%. The deviations in the results are also
caused by the lack of detailed model descriptions in the publications. The model of this study
did not take into account heat losses at the stage of hot water transport from the tank
to the chiller, transport, and heat exchange without losses in the deposit, and no losses in other
sections of the modeled system were assumed. For this reason, the calculated results reach
higher values than in reality, in particular the COP parameter.
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Table 2. Comparison of the results of this model and the models published in the literature
(Rouf et al., 2014), (Alahmer et al., 2020).

The model of this work The model of this work
Parameter for the conditions of Model A for the conditions of Model B
the A model the B model
Cooling
10 10 11 11
capacity [kW]
Collectors 58.6 48.3 49.27 38
area [m“]
P of th
COP of the 0.67 0.65 0.63 0.55
chiller
COP of the 0.44 03 0.53 0.32
whole system

2.3. Results

The most important parameter influencing the entire proposed system is insolation. The change
and amount of insolation during the year depends on the location of the examined place.
The closer this place is to the equator, the greater and more stable insolation throughout the year.
The comparison of insolation in selected cities is presented in Fig. 2.

Figure 2: Insolation in selected cities during the year

The data (Fig. 2) shows that the insolation in Dubai is more stable and does not fluctuate as much
throughout the year as in other cities. In the winter months, insolation in Palermo, Krakow,
and Stockholm drops significantly, which makes it difficult to obtain enough driving heat energy
from collectors in these months. In Stockholm and Krakow, insolation drops to very low values
in winter, which makes it impossible to use the tested system in these months.
As a cooling tower is used in the modeled system, the air temperature has a significant impact
on the operation of the system. A comparison of the average monthly air temperature
in selected places is shown in Figure 3.
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Figure 3: Average air temperature in the analyzed cities during the year

The higher the bed cooling temperature, the lower the effectiveness of the adsorption process,
resulting in a cooling power drop. The model assumes that after the air temperature reaches 24°C,
it calculates the power drop. The average monthly temperature is above 24°C only in Palermo and
Dubai. In Palermo, this limit is exceeded only in summer, while in Dubai it is exceeded almost
all year round.

Figure 4: Calculated collector area providing a cooling capacity of 10 kW depending on the month at a
supply temperature of 80°C

Variable insolation depending on geographic location and moment during the vyear
significantly affects the collector area required to obtain a cooling capacity of 10 kW (Fig. 4).
For the winter months in northern and central Europe, very large collector areas (from 200 - 250
m? in Krakow to 600 - 1000 m? in Stockholm) should be used to provide the desired
power. This action is groundless, therefore it can be concluded that it is not possible to obtain
expected cooling power in winter in northern European conditions. During this period
it is possible to use free cooling and provide the required temperature parameters bypassing
any chiller. In the summer months, the required number of collectors for Krakow and
Stockholm to ensure the same cooling capacity is about 30-40 mZ
Increased air temperature translates into a reduction of the cooling power of the adsorption
aggregate in individual months. In Dubai, according to the model, the generator runs at full
capacity only in January, but then there is a significant drop in power (Fig. 5). In summer,
the generator power would be around 4.5 - 5 kW. This is a significant drop and therefore an air
cooler is not a good option in such locations. It would be reasonable to use wet cooling towers
or water cooling. In other cases, it is necessary to adapt the construction of the unit
to the design temperatures of the bed cooling medium. The additional loss of efficiency
would also be influenced by the ineffective cooling of the condenser, which is not analyzed in this
model.
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Figure 5: Cooling power of the adsorption chiller depending on the month

The calculated parameters independent of the climatic conditions are presented in Table 3:

Tab. 3. System parameters independent of climatic conditions.

Parameter Value
The mass of the adsorbent in the bed 17,95 kg
Refrigerator COP 0,62

To provide 10 kW of cooling power, an adsorbent mass of 17.95 kg is required at a hot
water temperature of 80°C and a bed pressure of 1 kPa. The COP of such an aggregate
is 0.62. The COP was not constant in some cities because the power of the aggregate
decreased along with the increase in air temperature, while the decreases were insignificant.
The lowest COP (0.59) was observed in Dubai during the summer months.
The COP of the system, differs depending on the place and month (Fig. 6). The greatest
differences are observed in the north, where the insolation values vary significantly. In summer,
the COP in Krakow and Stockholm increases significantly. According to the calculations, the
OP value of the entire system exceeds the COP value of a typical chiller, which does
not correspond to reality. This inaccuracy is because in the north, on sunny days, the air does
not heat up to such high temperatures as in the south, which does not cause a drop in cooling
capacity. The insolation is also not that high, so the ratio of power to insolation increases. When
calculating the COP of the entire system, the designed model does not take into account
the parameters of the refrigerator (all losses are omitted). In winter, the COP dropped
significantly (approx. 0.11-0.16 for Stockholm), which is caused by low insolation and a large area
of the collectors needed.

Figure 6: COP of the whole system depending on the month
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When analyzing the required surface area of the collectors to ensure a cooling capacity of 10 kW
at the temperature of the supply medium of 60°C, it can be observed that the required surface area
of the collectors is smaller in comparison with the supply medium of 80°C (Fig. 7). In the summer
season, in Stockholm and Krakow, about 30-40 m? of collector area is needed to ensure
such conditions. In winter, this value ranges from 100-250 m? in Krakow and from 500-1200
m? in Stockholm. In Palermo in the summer period, a sufficient collector area is about 20-30 m?,

and in winter about 60-80 mZ. In Dubai, the area does not change significantly throughout the year
and is between 13-40 m?.

Figure 7: Calculated collector area to provide a cooling capacity of 10 kW at a supply temperature of
60°C.

The variable supply temperature affects the efficiency of the unit itself (Fig. 8). The presented
analysis for Dubai shows that the chiller is more sensitive to the cooling temperature at a lower
supply temperature because there is a lower temperature difference between cooling and heating
the silica gel. In the summer months, the difference between the power drops is about 1 kW.
However, it should be remembered that the lower temperature of the feeding medium harms

the degree of desorption of the adsorbate, which translates into lower actual efficiency of the
entire device.

Figure 8: Comparison of generator power drop at different supply temperatures for Dubai.

The changes in the efficiency of the collectors depending on the month should also
be emphasized. The vacuum collector has lower maximum efficiency than the flat-plate collector
but has lower losses to the environment, which allows it to operate with greater efficiency
at low temperatures and bad weather conditions. A vacuum collector can be a good solution

for northern countries where there is a problem with sunlight. This translates into changes
in the COP of the entire system during the year (Fig. 9).
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The COP parameter is significantly higher, e.g., in relation to actual tests of the entire solar
system (Wang et al., 2018), due to the omission of losses in the model.

Figure 9: Change of the COP of the whole system depending on the month in Stockholm.

3. CONCLUSIONS

Based on the results of the presented analysis, it can be concluded that a solar collector can
be a good source of heat for an adsorption chiller. It is an environmentally friendly renewable
energy  source that is well suited for use with adsorption chillers.
To provide a cooling capacity of 10 kW throughout the year, it is necessary to install approx. 40 m?
of flat plate collectors in Dubai, or approx. 70 m? in Palermo. According to the analysis carried out,
it can be stated that in Krakéw and Stockholm the use of such a system throughout the year
is unjustified.

High air temperatures with the use of an air cooler can cause large drops in the cooling power
of the adsorption unit. It is related to the reduction of the adsorption efficiency. In the summer
months in Dubai, the cooling capacity was almost reduced by half. This proves that the air cooler
is not a good solution for the working conditions in countries near the equator. However, if an air
cooler is used, its contact with direct solar radiation should be avoided or additional functionalities
allowing to reduce the temperature of the water cooling the bed, e.g., sprinkling, evaporation,
should be used.

The calculated COP of the chiller, depending on the supply temperature, was about 0.62-0.64.
The analysis has some simplifications, such as omitting heat losses and flow losses, and some
parts of the real system, which translates into an increase in the COP value. The unit's COP
does not depend on the weather conditions. The only thing that can affect it is the decrease
in power with increasing air temperature.

The COP of the whole system depends to a large extent on insolation, therefore its most stable
value was observed in Dubai, where insolation does not change significantly throughout the year.
The highest COP of the entire system was observed in the summer months in Stockholm (close
to the COP of the refrigerator). This is because the air temperature prevailing there in summer
is relatively low and the sun exposure is high.

When the supply temperature is lowered, the required surface area of the collectors decreases,
while other parameters, such as the COP of the entire system and the cooling capacity
of the chiller, deteriorate. Lowering the feed temperature also causes the need to increase
the mass of the adsorbent in the bed.

Vacuum collectors in similar systems perform better only in the winter months in the North.
Inthe rest of the cases, they are inferior to those obtained for flat plate collectors.
The presented system can be effectively used in warm countries with good and stable sunlight.
Itcan be a good alternative to other cooling systems used in countries with hot climates.
For the countries of northern and central Europe, the use of such systems is justified only
in the summer. To increase the legitimacy of their use in these locations throughout
the year, it would be necessary to provide an alternative heat source, seasonal energy
accumulation, or a different cooling method during the winter.
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NOMENCLATURE
COP - Coefficient Of Performance
(o P the heat needed to heat the adsorbent and desorb the adsorbed adsorbate
m - mass flow [kg/s]
L - the heat of evaporation [J/kg]
t - heating-desorption / cooling-adsorption time [s]
Xmax — maximum degree of adsorption
Xmin = — minimal degree of adsorption
- temperature [K]
Psat — saturated vapor pressure of the adsorbate under given conditions [Pa]
p - pressure at adsorption [Pa]
D - the adsorbent / adsorbate pair similarity coefficient
Xo - the maximum amount of adsorbate in the dehydrated adsorbent [kg/kg]
71,72 — minimum and maximum temperature in the bed [K]
M - mass of silica gel [kg]
Cp sil — average heat capacity of silica gel under given conditions [J/kgK]
Cow - average heat capacity of water under given conditions [J/kgK]
X - degree of adsorption
AH - heat of desorption per unit mass [kJ/kg]
q - insolation in the examined period [MWh]
a - the angle of incidence of the sun's rays [°]
Eg - insolation value [kWh/m?]
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