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This paper presents a theoretical investigation to simulate the utilization of (PV/T) technology to drive an absorption refrigeration
system that is used for air conditioning of a classroom under Jordan climate conditions. The absorption refrigeration cycle uses the hot
water from the PV/T collector with an assisted electrical heater as a heat source in the generator. In addition to the capability to utilize
the PV/T to supply the building by domestic hot water and electricity if no need to run the refrigeration cycle. This analysis was carried
using excel program and theoretical equations for the system. It was found that (PV/T) technology is very useful for thermal
applications with high efficiency. Also, absorption refrigeration cycle has a good coefficient of performance because it mainly depends
on the thermal energy with low electrical energy consumption to run the pump. Moreover, this system has a short payback period, low
energy consumption, low running cost, and minimum environmental impact. The results of this study show that the system needs about
(84 m? PVIT collectors) to cover 16 tons cooling load.
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Introduction

Energy production, efficient use for energy and environmental impact become one of the main problems in the world; developing
different renewable energy recourses (such as solar energy, wind energy, hydraulic energy ...etc.) can contribute to overcome
these problems. Solar energy is one of the most important renewable energy resources due to its large amount and its availability.
Solar energy, in general, can be utilized in two methods: first, the solar thermal power that can be employed as heating energy by
different types of solar thermal collectors that convert solar thermal energy to thermal heat. Second, converting the solar light
energy directly to electricity using solar photovoltaic technology. This research work addresses a new technology called thermal
photovoltaic collector which is a cumulative technology between photovoltaic modules and solar thermal collectors (Bhargava et.
al. 1993). Thermal photovoltaic (PV/T) collectors is a new technology which used to utilizing the solar thermal and electrical
energy simultaneously, this system depends on single crystal solar cells to convert solar light to produce electricity and embedded
solar collector in the module used to absorb solar thermal heat energy from solar radiation by transfer the heat from absorption
plat to working fluid in collector, also the working fluid in collector will make a good role to cool the cells which leads to
increase the efficiency of the solar module. New PV technology developed in the last decade like organic PV cells, fixable PV
(Pagliaro et. al. 2008). The thermal PV system is classified according to the PV/T design and cooling liquid PV/T collector, air
PVIT collector and concentrated PV/T collector (Tyagia et. al 2012). Concentrating photovoltaic technology is one of the fastest-
growing solar energy technologies, electrical conversion efficiency can reach more than 43%. The operating temperature of a
solar cell strongly influences the performance of a photovoltaic system reducing its efficiency with a negative temperature
coefficient. Thus, cooling systems represent a very important aspect in photovoltaic applications (Micheli et. al 2013, Brinkworth
and M. Sandberg 2006). Many applications are developed to utilize the PV/T such as employing the generated hot water from
collector for cooling in the absorption system (Gur Mittelman et. al 2007) or direct utilization as a domestic hot water (\Vokas et.
al 2006). In addition, PV/T can be used in the water desalination systems (Mittelman2009, Kumar and Tiwari 2008). The air
PVI/T type can be utilized to preheat the ventilating air (Twinsolar 2010) or for space heating (Ji J, et al 2009), also some research
was tried to use the air PV/T for crop drying (Tiwari et. al. 2009) and marine drying (Fudholi et al 2010). A new idea for using
the PV/T in hydrogen production is reported by Ratlamwalam (2011). Absorption refrigeration cycle is system generally consist
of two evacuated containers: the first one contains a liquefied refrigerant which will be used in the refrigeration cycle. The
second one contains the absorption liquid, this liquid will absorb the refrigerant liquid until reach saturation, and then this
homogeneous solution will be pumped. The solubility of absorption liquid in refrigerant fluid will be reduced by heating. Finally,
the produced refrigerant will be taken to complete the ordinary refrigeration cycle (Assilzadehet al 2005). Thus the system
depends on the thermal heat energy supplied by the thermal photovoltaic collector using a water as a cooling fluid for the cell,
and an auxiliary heater can be used to increase the water temperature to the obtain an optimum cycle performance. Also, this
system can be used for lighting when there is no need to drive the refrigeration cycle.
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The system has many advantages such as supplying the building with domestic hot water and electricity and the system can be
grid-connected if the electricity generated by the PV/T more than the building demands. Dai et. al. (2017) studied numerically a
hybrid photovoltaic solar-assisted loop heat pipe/heat pump (PV-SALHP/HP) water heater system. Their system was a
combination of loop heat pipe (LHP) mode and heat pump (HP) mode, and the two modes can be run separately or compositely
according to the weather conditions. Recently, Dubey and Supinator (2018) analyzed a novel integrated solar photovoltaic—
thermal-refrigeration (PVTR) system used to produce hot water and air-conditioning in the tropical climate conditions of
Singapore. They formulate a dynamic simulation model for the analysis of the PV sandwich attached with a solar flat plate
collector and for the main components of the refrigeration system. Most recently Ammar et. al. (2019) reported the energy and
energy performance of a photovoltaic/thermal solar-assisted heat pump system (PV/TSAHPS) with different solar radiation
levels. From the heat pump, the solar evaporator/collector extracts the thermal energy required, while the cooling effect of the
refrigerant reduces the working temperature of the PV cells. The previous literature review shows that the application of this
particular PV/T system for absorption refrigeration under Jordan climate conditions has not been investigated yet. This was the
motivation of the present work. This study focus on cooling of classroom in Jordan University of Science and Technology by
operating a single effect absorption refrigeration system with lithium bromide as a working fluid. This system needs a heat source
to drive the refrigeration cycle. Thus a flat plat thermal photovoltaic collector PV/T is used to supply the absorption cycle by
required heat to drive the cycle under Jordan climate. This work introduces a case study on the cooling a classroom in Jordan
University of Science and Technology using proposed techniques along with an economic analysis and payback period
calculations.

2. Materials and Methodology

An absorption cooling system was designed for cooling, this cooling absorption system needs a heat source to drive the
refrigeration system. In this work, the heat source is supplied by a hot water stored in a storage tank connected to the output of
the thermal flat plate of the PV/T system. The hot water is overheated by an auxiliary electrical heater that inserted in the storage
tank to obtain the required temperature to drive the cycle efficiently as shown in Figure 1.

2.1 Thermal photovoltaic collector

Thermal photovoltaic collector is a new technology that can generate electricity from the solar cells in addition to hot water from
thermal flat plate collector attached to the bottom of the PV cells, the thermal energy is generated from the solar radiation and
from cooling of the PV cells (Tyagia et. al. 2012). It was found that cooling the PV cells leads to increase electrical efficiency
(Ibrahim et. al. 2011). A water PV/T collector type used in this work is illustrated in Fig. 1. A PV/T analysis generally is a
combined between a thermal flat plate collector and PV panel so a thermal and electrical analysis will be carried out for the PV/T
system under consideration.
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The heat transfer coefficient of the heat losses from glass cover to the ambient hc,p, is given by equation (4) which depends on
Re and Nu.

he,pe = hw = =2 4)

The heat transfer coefficient for radiation heat loss from glass to the ambient hr,c_a is given in equation (5)
hr,c, = €ega(Tp + Ta)(Tp? + Ta?) (5)
And the heat transfer coefficient from plat to the glass hr,p_c is represented in equation (6)

o(Tp+Ta)(Tp?+Ta?)
= T 1 (6)
N
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So the overall heat transfer coefficient Ul is calculated by equation (7)
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And collector efficiency factor F' is given by equation (8)
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The fin efficiency factor F is calculated by equation (11)

F= tanh(x) (11)
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For the heat transfer analysis for the plate collector to calculate the net heat gain by the collector Qu in equations (14) and (15)
Qu = AcFr[S — UI(Ti — Ta)] (14)
Qu = mcp(To — Ti) (15)

2.1.2 PV panel analysis

The electrical analysis is done for the PV/T panel firstly the electrical efficiency is given by equation (16)
Nel =no(1_B[T_25]) (16)
And the cell PV panel temperature correlation is given by equation (17) (Lasnier and Ang, 1990).
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T,

" » = 30.0006 + 0.0175(G — 300) + 1.14(T, — 25) (17)

2.2 Absorption cycle

The working fluid in the absorption refrigeration cycle is a binary solution consisting of a refrigerant and an absorbent. A survey
of absorption fluids provided by Marcriss suggests that there are some 40 refrigerant compounds and 200 absorbent compounds
available cycle (Srikhirinet al. 2001). For the single effect absorption cycle Fig. (2), there are different input parameters (such as
Ty Tc, Ta, Te, EL, Qg) that must be known in order to determine the thermodynamic properties at each stage in the cycle and
amount of heat and mass flow rate in each component. The absorption cycle modeling depends on the thermodynamic and fluid
analysis is given by the following equations (Srikhirin and Aphornratana, 2001).
Firstly, a Conservation of mass where the total mass input

equal to the total mass output for each control volume in

the system. 7 Generator
.. . \
Zmi = Xmo
(18) Condens a 3

Conservation of energy where the total amount of energy ¢
input without energy generation equal to the total amount [ H.X ]
of energy output for each control volume in the system X . )

9
Qin+Xmi.hi=Xmo.ho+Wout 19)

F . $ QPumn

Conservation of species where the total mass multiplied by vanara 6
the concentration input equal to the total mass multiplied by | 10 Ahsarh
the concentration output for each control volume in the
system.

Fig. 2 Schematic diagram of single-effect absorption cycle

Tri.Xi= TrhoXo (20)

Coefficient of performance of the cycle equal ratio of the evaporator energy to the generator energy and pump work

__ Qe
Cop—Qg+Wp (21)

2.3. System integration
The system integration is done by transfer the hot water from the flat plate PV/T to the storage tank and then increase the water

temperature by an auxiliary heater driven by the PV/T panel electrical energy as shown in Figure 3.
Generator 1
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Fig. 3 Schematic diagram of the system
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2.4 Simulation parameters Table 1 Simulation input parameters
Parameter Value
The simulation parameters are listed in Table 1. Numerous  Fat plate width(W) 0.5m
parameters that affect the system performance were investigated these  water inlet temperature(Ti) 55°C
parameters are wind speed, ambient temperature, generator and  Emissivity of the glass (ec) 0.88
condenser temperatures, and the water mass flow rate. Emissivity of the plate(ep) 0.95
Fin thickness (8) 0.5mm
4. Results and Discussion Inner diameter of the tube (Di) 10mm
Outer diameter of the tube (Do) 12mm
4.1 Solar radiation Tube spacing (w) 150mm
Bond width(b) 2m
The simulation has been carried utilizing MS Excel to solve the  Fin thermal conductivity(k) 385W/m.k
equations and investigate the effect of the variables mentioned in the For the absorption cycle:
above section. Figure 4 shows the variation of the measured solar for ~ Evaporator temperature(Te) 7(C)
Absorber temperature(Ta) 40(°C)

Irbid city in Jordan, this data was obtained from the energy center in

. : . Heat exchanger efficiency 0.8
Jordan University of Science and technology by a Pyranometer

Cooling load 16 ton

device. Figure 4 shows a normal distribution of solar radiation during
the day in months from June to September, but there is a slight variation in the solar radiation in May and October. The slight
variation of the solar radiation in May and October is due to the presence of some clouds that shaded the solar radiation from the
Pyranometer.
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Fig. 4 Measured solar radiation in Irbid-Jordan for different months Fig. 5 Solar radiation effect on thermal efficiency of PV/T for various

areas (Area is in m?)

4.2 PVIT Performance Results

A thermal and electrical analysis was carried out for the PV/T collector, this analysis takes into consideration all the major
parameters that affect the system performance. Figure 5 shows the results of studying the effect of solar radiation intensity and
the collector area on the thermal efficiency of the PV/T collector. It can be seen that the thermal efficiency of the PV/T increases
as the solar radiation increases; this is due to an increase of the amount of input solar power to the collector which leads to an
increase in its efficiency. In addition to is clear that the thermal efficiency of the PV/T collector increases by decreasing the
collector area, this behavior can be attributed to the increase of the heat loss to the ambient with the increase in the area. Figure 6
shows the effect of the wind speed on the thermal efficiency of the PV/T collector for various areas. It is obvious that as the wind
speed increases the thermal efficiency of the PV/T decreases. This trend is attributed to the increase of the heat loss by the
increase in the wind velocity due to the increase of the heat transfer coefficient hc,p_c between the plate and the ambient. The
influence of the water mass flow rate on the thermal performance of the PV/T collector is displayed in Figure 7. It obvious that
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the thermal efficiency of the PV/T increases as water flow rate increases until a specified flow rate, then the efficiency remains
constant. This study was done for various areas and all show a similar trend, firstly as the mass flow rate increase that means an
increase in the heat gain from the absorber to the water but after a specific value of mass flow rate, an increase in the mass flow

rate doesn’t affect the thermal efficiency.
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Fig. 6 Wind speed effect on the thermal efficiency of the PV/T for  Fig. 7 Mass flow rate effect on the thermal efficiency of the PV/T for various
various areas (Area is in m?) areas (Area is in m?).

The electrical efficiency of the PV/T cell is investigated taking into account the main parameter that affects PV cells efficiency
which is the cell. Figure 8 shows the influence of the cell temperature on the PV/T cell's electrical efficiency. As shown in Figure
8 an increase in the PV/T cells temperature leads to a decrease i the electrical efficiency of the PV/T cells during a day. This
behavior is similar to the results reported by Swapnil and Dubey(2018). The total energy gain by the PV/T during the month of
June solar radiation during the daytime for various ambient temperature is displayed in Figure 9. It can be seen that the energy
generated by the PV/T increases as the solar radiation increases during the day. Although the PV/T cells efficiency decreases as
the ambient temperature increases but the increase of the ambient temperature leads to the decrease of the thermal loss to the
ambient which in turns increases the thermal efficiency, therefore, the total energy increases.

4.3 Absorption cycle

A numerical analysis was carried for the absorption refrigeration cycle. The effect of the generator temperature on the generator
energy at different condenser temperature is shown in Figure 10. It can be seen that, as the generator temperature increases the
generator energy decrease at the beginning due to increasing the coefficient of performance (COP). Continuing to increase in the
generator temperature leads to the decrease of the COP so the generator temperature increase. Also as the condenser temperature
increases the generator energy increases, because the increase in condenser temperature leads to reduce the amount of heat
rejection from the condenser.

60 - - 0.23
1000 -
50 -
- 0.225 1
. > 800
® 40 - 3
g = 600 -
2 F022 || g
;130 T S € 400 -
8 - 0.215/| 7
= 20 - 200
O
10 - - 0.21 0 i i
04:48 09:36 14:24 19:12
0 T T T r . 0.205 Day time
04:48 07:12 09:36 12:00 14:24 16:48 19:12 ==¢==Tambient =30 === Tambient =32.5
Time ==fr==Tambient =35 === Tambient =37.5

81



Jordanian Journal of Engineering and Chemical Industies (JJECI) Research Paper Vol.2 No.3 2019

Fig. 8 The PV/T cells temperature and the effect of this temperature on the  Fig. 9 The total power output from the PV/T for June month during the
electrical efficiency day. T ambient is in (°C)

The effect of generator temperature on the COP of the absorption cycle at various condenser temperatures is shown in Figure 11.
It clear that COP increases initially then a decrease occur as the generator temperature increase for various condenser
temperature. There is an optimum generator temperature which depends on the value of the condenser temperature and this
behavior is consistency with results reported by Kaushik and Arora, (2009). This can be explained by the fact that as the
generator temperature increases the amount of refrigerant generated increases and this, in turn, leads to improve the COP.
Although an increase in the generator temperature leads to an increase in the amount of refrigerant generated but an extra
increase in generator temperature leads to an increase of the refrigerant temperature and thus reducing the COP. Also as shown
when the condenser temperature increases the COP decreases this is due to the decrease of the heat rejected by the condenser.
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Fig. 10 The effect of generator temperature on the generator energy ~ Fig. 11 The effect of generator temperature on the COP of the absorption cycle
of the absorption cycle for various condenser temperatures for various condenser temperatures (Tampient is in (°C))
(T ambient is in (°C)).
Figure 12 represents the influence of the generator temperature on the water flow rate at various condenser temperature. It can be
seen that as the generator temperature increases the needed water flow rate decreases, due to the increase of the amount of heat
supplied by the water. In addition to the increase in the condenser, temperature leads to an increase in the water flow rate needed.
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Fig. 12 The effect of generator temperature on the water flow rate of the absorption cycle for various condenser temperatures (Tampient is in (°C)).

5. Case Study and Economical Analysis

The selected parameters that affect the performance of the cycle, are generator temperature, mass flow rate, and the number of
collectors. Now to select the values of these parameters the conditions which the cycle runs on it should be known, to get the best
performance and reduce the number of thermal photovoltaic modules to run this cycle. So if the system operated at an ambient
temperature of 31° C, then the cycle should be operated at generator temperature Tg=80°C because if the system runs at this
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generator temperature this will get the optimum performance of the cycle and will get the maximum COP of the cycle. Moreover
at any other ambient temperature the system subjected to a slight decrease in the COP. At the optimum generator temperature, the
PVIT collector generates about 170W electricity and 500W thermal power. The Average ambient conditions throughout the year
in Irbid city is depicted in Table 2.

Table 2 Average ambient conditions throughout the year in Irbid city (Jordan Meteorological Department, 2016).

Month 1 2 3 4 5 6 7 8 9 10 11 12

2.9 4.1 6.9 2.1 6.9 9.9 11 13 9.8 6.6 0.6 5

Average
max. temp.
()

Average
min. temp
()

5.1 Cost analysis
The cost analysis for the system at hand include the cost of the PV/T collectors and the cost of the absorption chiller. The
economical investigation is presented in the following sections.

5.1.1 PV/T cost

The PV/T cost analysis was done by Tomas Matuska (2014) where the cost of the PV/T is 290 - 410 €/m? for nonselective type
and 370 -500 €/m” for selective type PV/T solar collectors. In this research work, these values will be considered.

5.1.2 Absorption chiller cost

Absorption chiller cost was represented by the chiller cost, auxiliary cost, and maintenance cost this cost was correlated by
Brown (2002) these correlations are represented in equations (22-24). The electricity for the absorption chiller and the condenser
pumps, water pumps, and cooling tower fans will be supplied from the PV/T collector’s electrical energy. The result of economic
analysis as per the above assumptions are presented in Table 3.

Installed cost, $=1,819.4 x TR®-8452 (22)
Annual O&M =20 x TR (23)
Auxiliary electricity consumption = 0.14KW/TR (24)

In summary, the system should be operated on a certain optimum parameters that yield the optimum performance. These
optimum specific conditions are as follows: generator temperature TG=80 °C, evaporator temperature Te =7°C, and ambient
temperature Tc = 32.5 °C. This condition can meet a cooling load of 16 TR. In addition, the COP value of the system was found
to be equal to 0.81 which is considered a good value for the COP of the absorption refrigeration system. To supply the system by
the heat required to drive the absorption refrigeration system at optimum conditions an area of 84 m? thermal photovoltaic
collectors should be installed. Also, this system can be utilized for space heating due to a large amount of heat generated at higher
efficiency

Conclusions

In this work, a mathematical model was developed for an absorption refrigeration cycle driven by a flat plat PV/T collector under
Jordan climate conditions. The simulation study includes the thermal analysis, electrical analysis, and the absorption cycle
performance. The results of this study show that the maximum solar radiation occurs in June and asymmetrical solar radiation in
May and October. The thermal efficiency PV/T under the solar radiation range (500-1050) W/m?” and wind speed 5 m/s the PV/T
collector was found to be in the range of (63.9 -72.5 %). At constant solar radiation of 500 w/m? and a PV/T collector area of 1m’
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and a wind speed in that range of(1-12) m /s the thermal efficiency was computed to be in the range of (44.6 - 63.6 %). With
wind speed of 5 m/s and solar radiation of 500W/m?, 1m® of PV/T collector are and flow rate range (0.01-0.3) kg/s the thermal
efficiency was found to be in the range of (63.9 - 68.3 %). The thermal efficiency remains constant after a flow rate equals 0.11
kg/s. The PVIT cells the efficiency decreases as the temperature as the ambient temperature increases.For the absorption
refrigeration cycle as the condenser, temperature increases the minimum generator temperature needed to drive the cycle
increases. At Jordan climate, the average maximum ambient temperature was found to be 31°C so at this condition the maximum
COP for the cycle was equal 0.81 and the generator temperature was 80°C.

Nomenclature

A =Collector area [m?]

b =Bond width [m]

Cp =Bond conductance [Wim? K]
COP =Coefficient of performance -

Cp =Specific heat at constant pressure [kd/kg.°C]
Dj =Inner diameter of tube [m]

D, =Outer diameter of tube [m]

El =Heat exchanger effectiveness [

F =Fin efficiency factor [-]

F =Collector efficiency factor [-]

FR =Heat removal factor [--]

G =Solar radiation [Wim?]
hc,p_c  =Convective heat transfer coefficient from cover to ambient [Wim?. K]
hw =Convective heat transfer coefficient from cover to ambient [Wim?. K]
hr,p_c =Radiation heat transfer coefficient from plat to cover [Wim?. K]
hr,c_a =Radiation heat transfer coefficient from cover to ambient [Wim? K]
k =Thermal conductivity [Wim.K]
L =Plate length [m]

m =Mass flow rate [ka/s]

Nu =Nusselt Number [

Qu =Useful thermal energy of PV/T W]

Q. =Evaporator energy W]

Qq =Generator energy [wi

Pr =Prandtle Number [

Re =Reynold Number [-]

S =Solar radiation [Wim?]
Ta =Ambient temperature [K)

Ti =Inlet fluid temperature [K]

T, =Qutlet fluid temperature [K]

Tap =Absorber temperature [K]

Teo =Condenser temperature [K]

Te =Evaporator temperature [K]

Ty =Generator temperature [K]

Tov =PV cells temperature [°C]

To =Plat temperature [K]

t =Pipe thickness [m]

U =Overall heat loss coefficient [Wim? K]
v =Wind speed [m/s]

Wp =pump work W]

X =Concentration [-]
Greek Symbols

B =Cell efficiency temperature factor Emissivity [

) =Fin thickness [m]

€ =Emissivity [-]

Mo =PV cell efficiency at standard conditions [

Nel =PV cells electrical efficiency [-]

N =PV/T thermal efficiency [

n =Viscosity Pa.s]

P =Density [kg/m%]

c =Stefan—Boltzmann constant [W/m? K%
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