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Abstract 13 

Evaporative cooling of the dehumidified air in a desiccant cooling system with the aid of solar energy is an 14 

attractive energy saving option to cool the process air for air conditioning purposes. This paper is concerned 15 

with the dynamic simulation and performance analysis of three configuration schemes of a solar-based 16 

ventilation mode desiccant cooling system energized by a photovoltaic-thermal (PV/T) solar collector for the 17 

weather conditions of Lahore (31.52° N, 74.36° E). In configuration-1 (C-1), the auxiliary heater is installed 18 

in the air conditioning loop to heat the return air up to the desired regeneration temperature. In configuration-19 

2 (C-2), the auxiliary heater is installed in the solar heating loop to raise the temperature of the liquid water to 20 

a certain high temperature. The configuration-3 (C-3) is similar to C-2 except there are no evaporative coolers 21 

and all the cooling is achieved via conventional vapor compression chiller. The primary energy savings, solar 22 

fraction, and the thermal efficiency of the solar collector are the energetic performance parameters which are 23 

used to compare the performance of three configuration schemes and to analyze the influence of various 24 

parameters such as regeneration temperature, solar collector size and tilt, flow rates, and storage volume. The 25 

simulation results demonstrated that the C-1 scheme performs best in terms of solar fraction and primary 26 

energy savings while C-3 schematic resulted in the least values of primary energy savings. 27 

Keywords: Solar energy; PV/T; Desiccant cooling; TRNSYS; Primary energy savings. 28 

 29 

1. Introduction 30 

According to the International Institute of Refrigeration 15 % of the total electricity produced in the world 31 

is consumed for the refrigeration and air-conditioning and about 45 % of the total energy consumed by 32 
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the commercial buildings and residences is used for air-conditioning and the demand is increasing 33 

continuously [1] [2]. Moreover, the concerns about the environmental impact of greenhouse gases (GHG) 34 

is also increasing [3]. Solar assisted air conditioning systems are one of the most attractive and reliable 35 

ways to mitigate environmental and power-related issues. Solar based cooling systems are broadly 36 

classified as electricity and thermal driven systems [4]. Solar thermal powered air conditioning systems 37 

currently in practice are mainly either absorption, adsorption, or desiccant based cooling systems. 38 

Utilization of low-grade energy, less dependence on non-natural working fluids and low to medium 39 

regeneration temperature requirement are the main benefits of the solar-based desiccant cooling system. 40 

Moreover, accommodation of latent and sensible loads separately makes it unique when compared to 41 

other air conditioning technologies. Desiccant material in a desiccant wheel plays a vital role in the 42 

accommodation of latent load. It may be in liquid or solid state and is used to absorb or adsorb the water 43 

vapors from the air due to the difference between the vapor pressure of water on the desiccant surface and 44 

the ambient air while rotating at a speed in the range of 8-10 rph [5]. The efficiencies of desiccant cooling 45 

systems in comparison to absorption systems are also expected to increase in the years to come [6].   46 

Sheridan and Michell [7] designed a hybrid desiccant cooling system for the climatic conditions of 47 

Darwin in Australia and the objective was to investigate the energy saving in the hybrid system as 48 

compared to the conventional vapor compression system. Results show that depending upon the weather 49 

conditions hybrid system can save 25-40% more energy as compared to the conventional system. 50 

Subramanyam et al. [8] investigated the use of the desiccant wheel for air conditioning systems to control 51 

the desired humidity level and the performances of desiccant-based and conventional vapor compression 52 

air conditioner are analyzed and compared. Results show that the desiccant systems increase the 53 

dehumidification rate while COP decreased only by 5% as compared to the conventional air conditioner. 54 

Khalid et al. [9] designed a solar-assisted desiccant cooling model in TRNSYS for four different modes 55 

by using direct and indirect evaporative coolers for the climatic conditions of Karachi and Lahore in 56 

Pakistan and energy payback period for a solar collector was found to be 1.53Years. Al. Alili et al. [10] 57 

designed a desiccant based air conditioning system by using PV/T collectors for the climatic conditions of 58 

Dubai, U.A.E and unlike conventional desiccant system, all the cooling is achieved by using the vapor 59 

compression chiller. Ronghui et al. [11] analyzed the desiccant based air conditioning system for the 60 

climatic conditions of Singapore, Houston, Beijing, Los Angeles, and Boulder. The results show that 61 

more electrical savings can be achieved in the areas of high humidity and low sensible heat ratio. The 62 

lowest payback period was estimated to be 7 years for Singapore while the highest payback period of 30 63 

years was found to be for Beijing. Ge et al. [12] studied the performance of two-stage rotary desiccant air 64 

conditioning system with varying regeneration temperatures. The results demonstrated that two different 65 

regeneration temperatures are to be employed for the two stages of the desiccant wheels with intercooling 66 
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to achieve higher efficiency. Angrisani et al. [13] examined the desiccant cooling system with three 67 

different configurations for the climatic conditions of Italy and compared the performance with the 68 

conventional air conditioning system. It was found that by the use of the desiccant wheel as a 69 

dehumidifier 20-25 % primary energy savings can be achieved while CO2 emissions can also be reduced 70 

up to 35-40 %. Elmer et al. [14] studied the desiccant air conditioning system for a building with a 71 

cooling capacity of 1362 W and potassium formate is used as a desiccant working fluid. Thermal COP of 72 

the given system was determined to be 1.26 while the electrical COP was found to be 3.67. A dynamic 73 

analysis of a solar desiccant cooling system was done by Heidari et al. [15] to produce the cooling effect 74 

as well as water for domestic use to address the issue of high water consumption of these systems. Buker 75 

et al. [16] experimentally studied a liquid desiccant cooling system in combination with the evaporative 76 

cooler and powered by a PV solar panel along with a polyethylene heat exchanger which was attached at 77 

the bottom of the PV panel for thermal energy extraction. Their results showed a significant performance 78 

improvement of the PV panels due to the extra heat dissipation to the flowing cold water in the heat 79 

exchanger loop.  80 

There is a consistent need to further improve the overall system performance, particularly, of the small-81 

scale solar cooling systems in terms of energy savings by further optimization and by introducing novel 82 

design concepts to make it competitive with conventional cooling systems. One of the ways is to study 83 

and analyze various possible system configurations of the thermally driven solar-based cooling system 84 

[17] [18] and to suggest the best configuration scheme based on key performance indicators. Due to the 85 

low to medium temperature requirements (50-90 
o
C) for the operation of solar-based desiccant cooling 86 

systems, PV/T solar collectors can be employed [10] as it is capable of simultaneously meeting the 87 

electrical as well as thermal loads. There is still room to investigate and compare the performance of the 88 

different possible versions of the system’s schematics of solar desiccant cooling systems depending upon 89 

the type and specific connection arrangement of individual components of the system for improved 90 

primary energy savings. The objective of this study is to model, simulate and optimize a desiccant based 91 

air conditioning system in ventilation mode for the climatic conditions of Lahore (31.52° N, 74.36° E). 92 

The system is arranged in three different configuration schemes and energized by a flat plate PV/T solar 93 

collector. The dynamic analysis of the systems is performed in TRNSYS which is a convenient 94 

simulation tool for conducting off-line experimentation of novel energy concepts. Two system 95 

configuration-schemes (C-1, C-2) of the solar-based desiccant cooling systems employ direct and indirect 96 

evaporative coolers (DEC and IDEC) as the primary cooling devices while vapor compression chiller 97 

(VCC) is used as the auxiliary cooling source.  C-1 differs from C-2 in the manner that auxiliary heater is 98 

installed in the return air of the air conditioning loop in the former case while in the latter case the 99 

auxiliary heater is installed in the solar water heating loop. The configuration-3 (C-3) is similar to C-2 100 
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except for vapor compression chiller (VCC) is used as the main cooling source as studied by Al Alili et al. 101 

[10]. System performance indicators that are used to compare the energetic performance of system 102 

schemes are thermal and electrical solar fractions, primary energy savings and efficiency of the PV/T 103 

solar collector. The influence of various design parameters such as the regeneration temperature, fluid 104 

flow rate, size and slope of the PV/T solar collector, and volume of the storage tank is also analyzed to 105 

optimize the system design. 106 

2. Description of Simulated Systems 107 

The desiccant cooling system uses the principle of alternate dehumidification and humidification of the 108 

process and regenerated air to achieve the desired cooling demand. A desiccant cooling system typically 109 

consists of two main loops. One loop is concerned with the treatment of the air to deliver it to the 110 

conditioned space at the desired temperature and humidity, thus can be regarded as the air-conditioning 111 

loop. This loop comprises of a desiccant wheel which absorbs the moisture from the process air, 112 

fan/blower, heat exchanger (s), direct/indirect evaporative coolers, auxiliary cooling source, and 113 

controllers (see Figs. 1 and 2). The operation of such ventilation mode desiccant cooling systems with 114 

reference to temperature and humidity variation is explained in [19]. The second loop is responsible for 115 

the generation of heat energy to dissociate the moisture absorbed by the desiccant wheel from the process 116 

air, thus can be referred to as heat generation loop. This can be achieved by supplying thermal energy 117 

from a conventional boiler and/or solar thermal collector to the return air before entering the desiccant 118 

wheel. A solar water heating system is normally employed to furnish the purpose of regeneration of 119 

desiccant wheel  120 

The schematic layouts of the three configuration schemes (C-1, C-2, and C-3) of the solar-based desiccant 121 

cooling system to meet a peak cooling demand of 2.5 TR are described in Figs. 1-3. PV/T solar collector 122 

is utilized in all configuration schemes to generate energy from the sun in the form of heat and electricity 123 

which is to be stored in a stratified storage tank and in the electric battery, respectively. The stored 124 

electrical energy is subtracted from the total electrical energy consumption to run the auxiliary cooling 125 

device based on conventional vapor compression chiller to cool the process air to the desired room air 126 

temperature (i.e., ⁓20 
o
C or less). In C-1, the auxiliary heater is installed in the return air loop after water-127 

to-air heat exchanger and before the desiccant wheel to maintain the return air temperature at the required 128 

regeneration temperature as shown in Fig. 1. A thermostat is used for the purpose of monitoring the outlet 129 

temperature of the air leaving the water to the air heat exchanger and accordingly, it switches on the 130 

auxiliary heater to increase the temperature of the air to the desired set temperature. In C-2, the auxiliary 131 

boiler is placed in the solar water heating loop to heat up the water before it enters into the water to air 132 

heat exchanger, as illustrated in Fig. 2. The temperature for the hot water leaving the auxiliary boiler is 133 
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required to be determined which would serve to achieve the desired regeneration temperature of the air in 134 

the water to air heat exchanger.  135 

C-3 scheme, as depicted in Fig. 3, is quite similar to the C-2 with the difference that no direct/indirect 136 

evaporative coolers are used in the process and return air loop and all of the cooling demand is achieved 137 

by a vapor-compression chiller (VCC). 138 

 139 

Fig 1: Schematic Diagram for C-1 scheme 140 

 141 
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 142 

Fig 2: Schematic Diagram for C-2 scheme 143 

 144 

Fig 3: Schematic Diagram for C-3 scheme 145 
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 146 

3. TRNSYS Modeling 147 

The system configurations of the solar-assisted desiccant-based air-conditioning system are modeled and 148 

simulated in TRNSYS (Version 18) for the climatic conditions of Lahore located in the Punjab province 149 

of Pakistan. TMY (typical meteorological year) file of weather data is used to simulate the weather 150 

parameters, such as available global solar radiation, ambient temperature, relative humidity, etc.  151 

The weather data file for the location of Lahore (33.71° N, 73.06° E) in TRNSYS type-99 is used to 152 

simulate the climatic variables. Fig. 4 shows the hourly variation of available global solar radiation on the 153 

horizontal surface for the whole summer season (i.e., May-to-September). The hourly variation of ambient 154 

temperature and relative humidity is also depicted in Fig. 5 for the whole summer season. A prominent shift 155 

in the relative humidity from the month of June to July and onwards is quite evident in Fig. 5 and that is due 156 

to the annual regular rainy season in this region which usually lasts for about 2-3 months. The averaged 157 

relative humidity for the months of May and June is ⁓ 43 % while for the months July to Sep it is ⁓73 %.  158 

 159 

Fig 4: Hourly variation of available global solar radiation on a horizontal surface for the whole summer season 160 
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 161 

Fig 5: Hourly variation of ambient temperature and relative humidity over the whole summer season 162 

Figs. 6-8 illustrate the pictorial views of the three configuration-schemes in the TRNSYS studio to 163 

analyze their thermal performance. Important assumptions of the developed models in the TRNSYS are 164 

as follows: 165 

 Power losses during charging and discharging of battery and inverter are not considered. 166 

 Energy losses from the connecting pipes, valves, etc. between various system components are 167 

neglected. 168 

 Typical constant values of the thermophysical properties of air and water are used in the 169 

simulation. 170 
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 171 

Fig 6: Pictorial view of C-1 in TRNSYS simulation studio environment 172 
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 173 

Fig 7: Pictorial view of C-2 in TRNSYS simulation studio environment 174 

 175 

Fig 8: Pictorial view of C-3 in TRNSYS simulation studio environment 176 
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The PV/T Solar collector is the main energy source of the cooling system to regenerate the desiccant 177 

wheel and to power the auxiliary cooling source. The TRNSYS type-50 is used to model the operation of 178 

combined photovoltaic and flat plate thermal solar collector. The thermal energy gain (Qu) of the PV-T 179 

collector is based on Hottel-Whillier equation and is given as: 180 

                        (1) 

Where, A is the total collector area, G is the global solar irradiance on the tilted surface, τα is the effective 181 

transmittance-absorbtance product of the glazing and surface coating of the absorber plate, UL is the 182 

overall heat loss coefficient from the collector to ambient and it corresponds to total heat loss of the solar 183 

collector due to difference between inlet fluid temperature (Ti) and ambient temperature (Ta). The overall 184 

heat loss coefficient (UL) of the flat plate solar collector is approximated by Klein’s equation [20]: 185 
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(2) 

Eq. (2) of UL incorporates the effect of all the key design parameters, such as number of glass covers 186 

(NG), mean fluid temperature (Tf), ambient temperature (Ta), mean absorber plate temperature (Tp), wind 187 

heat transfer coefficient (hw), thermal emittance of plate and glass (εp, εg), collector tilt (β), and the 188 

combined heat loss coefficient from the bottom and edges of the PV-T collector (Ube). FR in Eq. (1) is the 189 

collector flow factor which as a function of UL, thermal capacitance of working fluid (ṁCp), collector 190 

efficiency factor (F
/
), and collector area (A) is defined as [20]: 191 

   
   
   

       
     

   
   (3) 

 The desiccant wheel is the essential component of any desiccant based cooling system.TRNSYS type 716 192 

is a desiccant wheel which actually models a rotating solid silica gel based dehumidifier whose 193 

performance is computed on the basis of F1-F2 potentials [21] [22]. The model uses an iterative scheme 194 

and based on entering air conditions of the fresh or process air and return air estimates the exit air 195 

conditions of the desiccant wheel on both process and return air sides. A brief description of all the main 196 
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TRNSYS components used in the modeling of systems along with their technical specifications are 197 

detailed and discussed in Table-1. 198 

Table 1: Description of TRNSYS elements and design input parameters 199 

Component 
Type in 

TRNYS 
Input Parameters Description 

PV-T Solar 

Collector 
Type50d 

 Collector efficiency factor (F’): 

0.7 

 Absorptance (α) and emittance 

of collector plate (ε): 0.9 

 No. of glazing: 1 

 Extinction Coefficient and 

glazing thickness: 0.03 

 Heat loss coefficient of the 

thermal collector: 5.5 W/m
2
.K 

 PV cell area to absorber area: 

0.5 

 Efficiency of the PV cell at the 

reference temperature (20 
o
C): 

0.2 

It is a flat plate PV-T solar collector, which 

simulates the operation of the thermal and 

electrical output of the collector under a 

given set of input parameters. 

Storage Tank Type4a 

 No. of nodes: 10 

 Tank heat loss coefficient: 0.833 

W/m
2
 K 

It is a stratified storage tank without a heat 

exchanger and water as the heat storage 

medium. The fluid flow from the tank 

towards collectors always leaves from the 

bottom node and flow towards load always 

leaves from the top node. 

Pump Type3b -- 

The pumps are used to maintain the desired 

flow rate of the working fluid in various 

loops of the system. The optimum flow rate 

in solar heating loops is estimated as 

discussed in Section-5.1.  

Radiator Type 600 

 Coil bypass fraction: 0.1 

 Air side flow rate (cold): 1200 

kg/hr 

 Water side flow rate (hot): 350 

kg/hr. 

This component model a 2-pipe fan coil 

model; delivering heat and/or cold to the air 

stream from a source liquid stream, which 

in the present case is the hot water from the 

solar loop. 
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Auxiliary Boiler Type 700 

 Boiler efficiency: 0.78 

 Combustion efficiency: 0.85 

 

This component is a steam boiler, which adds 

heat energy to the working fluid to raise its 

temperature to the desired value (if required). 

In C-1, it is used to heat the air while in C-2 

and C-3 it heats the water to a certain desired 

temperature. 

Storage Battery Type 47b 

 Cell energy capacity: 16.7 Ah 

 Charging efficiency: 0.9 

 

It is lead-acid storage battery operates in 

conjunction with solar cell array and power 

conditioning components. It utilizes formulas 

relating to battery voltage, current, and the 

state of Charge. 

Inverter/Regulator Type 48c 
 Regulator Efficiency: 0.78 

 Inverter Efficiency: 0.96 

It is a combination of inverter and regulator. 

In PV systems, regulator distributes DC 

power from the solar cell array to and from a 

battery. If the battery is fully charged or needs 

only a taper charge, excess power is either 

dumped or not collected by turning off parts 

of the array. While inverter is used to convert 

the DC power to AC and sends it to the load. 

Desiccant Wheel Type 716 

 Humidity mode: based on relative 

humidity which is linked to the 

weather data file. 

 Regeneration air temperature: 

varied from 50-70 
o
C (see details 

in Section 5.3). 

 Process air flow rate: 2000 kg/hr 

 Regeneration air flow rate: 1200 

kg/hr 

This element simulates the operation of rotary 

desiccant dehumidifier containing silica gel 

as the desiccant material. Its performance is 

based on equations developed by Jurinak 

[21]. Psychometric conditions of the entering 

process and return air are used as the input 

parameters. 

Air-to-Air Heat 

Recovery Device 
Type 667 

 Effectiveness of heat exchanger: 

0.6 

 Process air flow rate: 2000 kg/hr 

 Return air flow rate: 1200 kg/hr 

The type-667 models the operation of an air-

to-air sensible heat exchanger based on 

constant effectiveness (ε)-minimum 

capacitance approach. The amount of heat 

exchange is [23]: 

  sens= εsens Cmin (Treturn,in – Tprocess,in) 

 

Direct Evaporative 

Cooler (DEC) 
Type 506a 

 Humidity mode: based on relative 

humidity. 

The component models the direct evaporative 

cooler to compute the outlet air conditions 
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 Saturation efficiency: 0.8 

 

based on inlet air conditions and saturation 

efficiency. The model assumes constant wet-

bulb temperature of the air from the entrance 

to exit. The minimum temperature of the air 

leaving the device is given as [23]:  

Tair,o = Tair,i – ηsat Twbd 

 

Indirect 

Evaporative 

Cooler (IDEC) 

Type 757 

 Humidity mode: based on relative 

humidity. 

 

IDEC is used in C-1 and C-2 to sensibly cool 

the process air before entering the desiccant 

wheel. Type-757 is a TRNSYS element 

which computes process air outlt temperature 

(dry-bulb) by assuming a constant value of 

wet-bulb temperature of the secondary (i.e., 

return air) coming from the building.  

Vapor 

Compression 

Chiller 

Type 921 

 Rated cooling power: 2.5 TR 

 Evaporator air flow rate: 7200 

kg/hr 

It is a unitary air conditioning unit for 

commercial or residential use. In the present 

case, the model calculates the cooling 

capacity and power consumed on the basis of 

entering air properties and the specified flow 

rate of the air coming from DEC. The unit is 

programmed to maintain the continuous air 

supply between 15
o
C to 20

o
C during the 

working hours. 

Cooling Load Type 682 
 Imposed cooling load on the fluid 

stream:  2.5 TR 

This component allows the user to impose a 

fixed value of cooling or heating load on the 

working fluid coming from the air 

conditioning unit (type 921). The building 

loads are added to or subtracted 

from that liquid, resulting in an outlet 

temperature just past the interaction point. 

Cooling Load 

Variation 
Type 686 

 Peak cooling load: 2.5 TR 

 Start of the cooling season: 2160 

hr. 

 End of cooling season: 6552 hr. 

 Peak cooling load hour: 3756 hr. 

 

It generates hourly cooling and heating loads 

for a synthetic building based on defined peak 

cooling/heating loads (see Fig. 7) 
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Forcing Function Type 14h -- 

This type is used to force the system to 

operate for a certain time-interval during the 

24-hour period of the day. In the current 

study, the system is made to operate daily 

from 0900-1700 hrs. for the whole summer 

season, except on weekends.  

Thermostat Type 108 -- 

This is a five-stage room thermostat which is 

used to control the outlet temperature of the 

fluid leaving the auxiliary boiler. In C-2 and 

C-3, it monitors the outlet temperature of the 

water leaving the solar collector and send the 

signal to the auxiliary boiler (Type 700) to 

switch on if the temperature is below a certain 

selected value. In C-1, it is used to monitor 

the outlet air temperature of the air leaving 

the water to air heat exchanger (see Fig. 1) 

 200 

As described in Table-1, type-682 and 686 are employed to model the cooling load and its variation over 201 

the whole summer season. The hourly variation of the cooling demand is shown in Fig. 9.  202 

 203 

Fig 9: Cooling load profile for the whole summer season 204 
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4. Performance Parameters 205 

As the main focus of the examined system configurations is on the optimization of thermal and electrical 206 

energy generation loop from solar and/or auxiliary energy source, the performance evaluation criterion is 207 

based on solar energy-related performance factors. The thermal performance of the solar PV/T collector is 208 

evaluated based on the thermal efficiency of the collector and it is defined as the ratio of the useful 209 

thermal energy produced from the PV/T collector to the available global solar irradiance on the collector 210 

area. It is mathematically given as:  211 

    
  
  

 (4) 

Where; Qs is the rate of useful energy gain of solar collector, G is the global solar irradiance on the tilted 212 

surface, and A is the solar collector area. 213 

Solar fraction (SF) is an important performance criterion which represents the fraction of the total 214 

required energy to drive a cooling system which is fulfilled by the solar energy. In the present study, the 215 

thermal and electrical solar fraction of the considered systems are defined as [24]:  216 

     
  

     
 (5) 

       
  

       
 (6) 

Where; Qs and Ps , respectively, are the useful thermal and electrical energy gain of the PV/T solar 217 

collector, Qb is the thermal energy contribution of the auxiliary boiler, and Paux represents the electrical 218 

power consumption of all the auxiliary electrical appliances, i.e., pumps, fan, evaporative cooler, and 219 

vapor compression chiller. 220 

The primary purpose of any solar-based heating and/or cooling system is to save energy in comparison to 221 

an equivalent system running on the conventional or non-solar energy source.  This saving in energy can 222 

be quantified by defining it in a mathematical expression and termed as primary energy savings [25]. A 223 

modified form of primary energy savings used in the current study is given as: 224 

       

 
 
 
 
 
   
    

 
   
   
 

     
     

   

   
         
        

 
 
 
 
 
 

 (7) 

Where Qb, Eel, and Qc,ac , respectively, represent the thermal energy consumed by the auxiliary boiler 225 

(type-700), electrical energy consumptions of all the major electrical appliances (pumps, fans/blowers, 226 
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desiccant wheel etc.), and cooling energy produced by the conventional air conditioning unit (type-921) in 227 

the solar-based desiccant cooling systems. The term εelec is the efficiency of the thermal power plant and 228 

its typical value is taken as 0.4. COPac is the coefficient of performance of an air conditioner and a value 229 

of 2.8 is assumed for the common vapor compression chiller.  The conversion efficiency of the fossil fuel 230 

(εf) and the thermal efficiency of the auxiliary boiler (ηb) in Eq. (7) are taken as 0.9 and 0.95, respectively. 231 

Qc-ac-ref is the total primary energy required to run a conventional vapor compression-based air 232 

conditioning unit to meet the same cooling load as by the solar-based cooling systems. 233 

5. Results and Discussion 234 

Results are presented here based on dynamic simulations of the three system configuration schemes 235 

which were performed in TRNSYS 18.0 for the whole summer period typically ranging from May to 236 

September. The influence of various design parameters is studied and discussed in this section based on 237 

seasonal, monthly, and daily simulations.  238 

5.1 PV/T Solar Collector Tilt and Flow Rate 239 

Thermal solar fraction for all system configurations is estimated as a function of varying collector tilt as 240 

illustrated in Fig. 10. It can be seen that for all cases both thermal and electrical SF increases slightly with 241 

the increase in collector tilt from 0-15
o
 and then drops with increasing tilt angle beyond 15

o
.  242 

 243 

Fig 10: PV/T Collector Tilt versus Solar Fraction (For Ac = 25 m
2
, Treg = 60 

o
C, ṁcol = 400 kg/hr) 244 

20

25

30

35

40

45

50

55

60

65

0 5 10 15 20 25 30 35 40 45 50

S
o

la
r 

F
ra

c
ti

o
n

, 
S

F
 (

%
)

Collector Tilt (Degrees)

(SF)th C_1 (SF)elec C_1 (SF)th C_2

(SF)elec C_2 (SF)th C_3 (SF)elec C_3



   

18 

 

The optimum tilt (β) of the flat plate type solar collector for a certain location (i.e. latitude, φ) on any 245 

summer day (i.e. positive declination angle, δ) can be mathematically estimated as [26]:  246 

β = φ - δ 21 

Eq. (21) is used to compute the optimum collector tilt for the current location of Lahore (φ = 31.52
o
 N) 247 

and for the average day of each month of the whole summer season. The estimated averaged value for the 248 

whole summer season is ⁓15
o
 which is the same as the optimum values computed through TRNSYS 249 

simulation models. This matching of simulation and analytical results also serves the purpose of the 250 

validation of the TRNSYS models.  251 

The performance of any solar thermal collector is a strong function of working fluid’s flow rate (Eq. (3)). 252 

Fig. 11 depicts the variation of the useful energy gain of the PV/T collector with respect to the fluid flow 253 

rate for all three configurations. It is observed that heat gain of the PV/T solar collector in all 254 

configurations significantly increases with the rise in flow rate from 50-300 kg/hr and then stabilizes as 255 

the increase is quite mild after this. A flow rate of 400 kg/hr is, therefore, referred to as an optimum flow 256 

rate for PV/T solar collector to be used in all configuration schemes.    257 

 258 

Fig 11: Graph between solar collector flow rate versus collector heat gain (for Ac = 25 m
2
, β = 15

o
, Treg = 60 

o
C) 259 

5.2 Volume of Storage Tank  260 

The effect of storage tank size is studied by plotting the variation of SFth with respect to storage volume 261 

for all configuration schemes and for three different PV/T collector areas, as illustrated in Fig. 12. For all 262 

collector areas and for all system configurations the trend of curves shows a rise in SFth with the increase 263 
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in storage volume to a certain point and then decreases. The peak value of SF in each case corresponds to 264 

the optimum value of storage size for a certain configuration scheme and for a particular solar collector 265 

area. It is also observed that for each configuration the optimum value of the storage tank increases with 266 

the increase in the solar collector areas.  267 

 268 

Fig 12: Variation of Therma Solar Fraction SFth with tank size (for Ac = 25 m
2
, β = 15

o
, Treg = 60 

o
C ) 269 

5.3 Regeneration Temperature 270 

The influence of regeneration temperature of the regeneration air entering the desiccant wheel on the 271 

thermal solar fraction (SFth) and primary energy savings (fsav) is estimated as depicted in Figs. 13 and 14 272 

for all configurations schemes with the same collector area of 25 m
2
. The results demonstrate the fact that 273 

SFth and fsav are very sensitive to regeneration temperature (Treg), as increasing Treg significantly increases 274 

the dependency on the auxiliary boiler. Figs. 13 and 14 show that fsav decreases by ⁓ 90 % while SFth 275 

decreases by ⁓50 % with the increase in regeneration temperature from 50 to 70 
o
C. It is evident that the 276 

collector area must be increased to operate the desiccant wheel at higher temperatures and to achieve 277 

reasonable values of SFth and fsav.  278 
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 279 

Fig 13: fsav versus Regeneration Temperature (For Ac = 25 m
2
, β = 15

o
, ṁcol = 400 kg/hr) 280 

 281 

Fig 14: SFth versus Regeneration Temperature (For Ac = 25 m
2
, β = 15

o
, ṁcol = 400 kg/hr) 282 

 283 

5.4 Size of PV/T Solar Collector 284 

Figs. 15 and 16 show the estimated values of seasonal primary energy savings (fsav) thermal solar fraction 285 

(SFth), respectively, as a function of PV/T collector area. Both fsav and SFth, obviously, increase with the 286 

increase in collector area for all system configurations. Fig. 15 shows that C-1 give rise to highest fsav and 287 
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for C-3 it is worst as it remains negative for collector area up to 35 m
2
. Similarly, it can be seen in Fig. 16 288 

that C-1 also results in highest SFth while the difference between C-2 and C-2 is marginal but values of 289 

SFth are well above zero for all cases. In C-2 and C-3, the auxiliary heater is installed in the solar water 290 

heating loop to heat the water to a much higher temperature (⁓ 68-70 
o
C) to heat the return air in the 291 

water-air heat exchanger to the required regeneration temperature (e.g. for 60 
o
C). Also, due to the higher 292 

specific heat of the water than air, the auxiliary heater requirement is much larger in C-2 and C-3 than in 293 

C-1where auxiliary heater is installed in the return air loop of the desiccant cooling system to directly heat 294 

the return air to the desired regeneration temperature of ⁓60 
o
C. The graph of SFelec in Fig. 17, however, 295 

indicates a marginal difference between C-1 and C-2 while C-3 results in significantly lower values of 296 

SFelec. This is due to the fact that in C-3 no direct or indirect evaporative cooler is utilized and all the 297 

cooling requirement is furnished by the auxiliary cooling system and that also resulted in negative values 298 

of fsav in Fig. 15. Overall, it can be concluded that a collector area of at least 30 m
2
 is required to achieve 299 

50 % fsav for C-1 and C-2 while C-3 without the evaporative cooler is not a feasible preference for a solar-300 

based desiccant cooling system. 301 

 302 

Fig 15: Graph between fsav and Collector Area (for β = 15
o
, Treg = 60 

o
C, ṁcol = 400 kg/hr) 303 
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 304 

Fig 16: Graph between SFth and Collector Area (for β = 15
o
, Treg = 60 

o
C, ṁcol = 400 kg/hr) 305 

 306 

 307 

Fig 17: Graph between SFelec and Collector Area (for β = 15
o
, Treg = 60 

o
C, ṁcol = 400 kg/hr) 308 

 309 

The thermal efficiency of the PV/T solar collector is shown for three configuration schemes as a function 310 

of the collector area in Fig. 18. The thermal efficiency of the PV/T collector (ηth) is substantially larger for 311 

C-1 than C-2 and C-3 under the same ambient conditions. It is owing to the higher collector’s fluid 312 

temperature in C-2 and C-3 than in C-1 as illustrated in Figs. 21-23 (section 5.5) where temperatures and 313 

energy variations across PV/T solar collector are plotted for a typical summer day. As the increase in 314 
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solar collector area also prompts a higher collector temperature which corresponds to rise in the overall 315 

heat loss from the solar collector to the cold ambient and thus decrease in collector’s thermal efficiency 316 

(ηth) with the rise in collector area is observed in Fig. 17. This decrease in ηth is more prominent in C-1 317 

(i.e. up to 10 %) than in C-2 and C-3 (i.e. up to 5 %) with the rise in collector area from 5-35 m
2
.  318 

 319 

Fig 18: Thermal Efficiency VS AREA (for β = 15
o
, Treg = 60 

o
C, ṁcol = 400 kg/hr ) 320 

 321 

5.5 Monthly Performance Indicators 322 

Simulation results based on monthly basis are also compiled and presented in the form of fsav and SFth as 323 

shown in Figs. 19 and 20, respectively. The overall trend shows that the values of fsav and SFth drops in the 324 

months of July and August in comparison to May and June. It is due to the humidity values of the ambient 325 

air which is significantly higher during the months of July-September than in May and June (see Fig. 5). 326 

The effect of increasing humidity of the process air is that its temperature also rises after it passes through 327 

the desiccant wheel [27] and this ultimately results in increased primary energy demand of the auxiliary 328 

boiler and/or of the auxiliary air conditioner. The month of September is an exception as the required 329 

cooling demand is lowest in this month. 330 
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 331 

Fig 19: Primary energy savings based on monthly simulation (for β = 15
o
, Treg = 60 

o
C, ṁcol = 400 kg/hr ) 332 

 333 

Fig 20: Primary energy savings based on monthly simulation (for β = 15
o
, Treg = 60 

o
C, ṁcol = 400 kg/hr ) 334 

5.5 Typical Day Profiles 335 

The temperature and energy flow profiles of a typical day enable to interpret and understand the operation 336 

of the whole system and its individual components in a particular configuration scheme which resulted in 337 

various trends as seen in Sections 5.1 to 5.4. In this section the variation of key dynamic parameters, i.e., 338 

temperatures (Tcol_in, Tcol_out, Taux_in, Taux_out, Treg, Tanb, Tdec_out, Tevap_out, TaaHX_out, Tvcc_out) and energy flows 339 

(Qu, Pevap, Pcol, G, Qaux, Pvcc) across different system components of the system in all three system 340 

configurations are depicted for a typical summer day (July 2) in Figs. 21-26. 341 



   

25 

 

Figs. 21-23 show that the daily mean fluid temperature of the supply air entering the room (Tvcc_out) to 342 

fulfill the cooling demand is in the range of ⁓18 
o
C for all the configuration schemes. It can be observed 343 

that the temperature of the fluid leaving the auxiliary boiler in C-2 and C-3 are significantly higher (⁓68 344 

o
C) than in C-1 (⁓60 

o
C). This ultimately makes the entire solar loop and PV/T collector in C-2 and C-3 345 

operate at higher fluid temperature. Mean fluid temperature in the PV/T collector (Tcol,av) in C-1 is ⁓53 
o
C 346 

while in C-2 and C-3 it is in the rage of 56-58 
o
C. This makes the useful energy gain of the PV/T collector 347 

(Qu) smaller in C-2 and C-3 (⁓2.2 kW) than in C-1 (⁓3.4 kW), illustrated in energy profiles in Figs. 22-348 

24. This resulted in the lower thermal efficiency of the PV/T collector in C-2 and C-3 than in C-1 (Fig. 349 

18) which leads to a higher contribution of the heat energy from the auxiliary boiler (Qaux) in C-2 and C-3 350 

and hence lower SFth than in C-1 (See Figs. 24-26).   351 

Energy profiles of all configuration schemes also demonstrate that energy consumption of the auxiliary 352 

cooling system (Pvcc) is highest for C-3, (i.e., ⁓3.33 kW) compared to ⁓ 1.5 kW for C-1 and C-2, and 353 

therefore it resulted in lowest SFelec and fsav amongst all the configurations. The absence of evaporative 354 

coolers in C-3 eventuated a higher daily mean temperature of the supply air leaving the air-to-air heat 355 

exchanger or entering the auxiliary cooler (i.e., ⁓39 
o
C) as opposed to ⁓27 

o
C in C-1 and C-2. This 356 

concludes the fact that the absence of evaporative coolers is not at all a viable option for the demonstrated 357 

solar-based desiccant cooling systems at least for the current location of Lahore (31.52° N, 74.36° E).  358 
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 359 

Fig 21: Temperature Profile for a Single Day C-1 (for β = 15
o
, Treg ≈ 60 

o
C, ṁcol = 400 kg/hr ) 360 

 361 

Fig 22: Temperature Profile for a Single Day C-2 362 
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 363 

Fig 23: Temperature Profile for a Single Day C-3 364 

 365 

Fig 24: Energy Profile for a Single Day C-1 366 
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 367 

Fig 25: Energy Profile for a Single Day C-2 368 

 369 

Fig 26: Energy Profile for a Single Day C-3 370 
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 371 

6. Conclusions 372 

In this study, three configuration schemes of a solar-based desiccant cooling system are modeled and 373 

simulated in TRNSYS for the whole summer season based on the weather data for the location of Lahore 374 

(31.52° N, 74.36° E). The heat generation loop of the models primarily consists of flat-plate PV/T solar 375 

collector, thermal and electric storages, and the auxiliary heater. The air conditioning loop includes 376 

desiccant wheel, direct/indirect evaporative coolers, vapor compression chiller, air to air and air to water 377 

heat exchangers and a synthetic building load generator with the peak cooling demand of 2.5 TR.  378 

Based on simulations for the whole season, optimum tilt of the solar collector for all configuration 379 

schemes are estimated to be 15
o
. Optimum storage volume for solar collector area of 25 m

2
 and for SFth of 380 

at least 40 % and above is determined to be 0.6 m
3
 for all configuration schemes. Similarly, for achieving 381 

SFth of 50 % solar PV/T collector area of ⁓20 m
2
 is estimated for C-1 while 30 m

2
 is required for C-2 and 382 

C-3. C-3 configuration, due to the absence of evaporative coolers, resulted in significantly lower primary 383 

energy savings (fsav) than C-1 and C-2 configurations. The required regeneration temperature of the 384 

desiccant wheel showed a considerable influence on fsav and SFth as for the same collector area the 385 

increase in regeneration temperature 50 
o
C to 70 

o
C reduces the fsav by up to 90 % for all configuration 386 

schemes. 387 

Overall, C-1 scheme having the auxiliary heater in the return air loop resulted in the highest fsav and SFth 388 

amongst all the configuration schemes. C-2 and C-3 schemes with auxiliary heater in the solar water 389 

heating loop requires a much higher temperature of the water than in C-1 to heat the return air in the 390 

water-air heat exchanger to the required regeneration temperature. Hence, for the same regeneration 391 

temperature C-2 and C-3 scheme operates under high temperature in the solar loop and resulted in lower 392 

values of collector’s thermal efficiency and other thermal performance factors (such as fsav, SFth) than C-1. 393 

C-3 scheme with no evaporative coolers in the desiccant loop is not found to be the preferred option for 394 

the solar-based system as for a particular solar collector area fsav was estimated to be far too small in 395 

comparison to C-1 and C-2 schemes.   396 

Nomenclature 397 

UL Overall thermal loss coefficient of the collector per unit area [kJ/h-m²-K] 

Tav Average collector fluid temperature [K] 

Ta Ambient temperature [K] 

β Collector slope [degrees] 

m. Mass flow rate [kg/hr] 
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CP Specific heat of the fluid [kJ/kg. K] 

Tevap Temperature of air entering/exiting the evaporator side of the coil. [K] 

Qtotal Rate of total energy transferred by the coil [kJ/hr] 

  Humidity Ratio. [kg H20/kg Air] 

  Heat exchanger effectiveness (-) 

Qaux Total rate of energy input from auxiliary source [KJ/hr] 

Qreject Rate of energy rejected by coil to atmosphere [KJ/hr] 

PWrtotal Total power draw by air conditioner [KJ/hr] 

  cooling, Energy for cold provided by a conventional vapor compression refrigeration system [KJ/hr] 

εheat Efficiency of boiler 

εelec Efficiency of thermal power plant 

Qu Thermal energy gain of collector [kW] 

A Total collector area. [m
2
] 

G Global solar irradiance on tilted surface [W/m
2
] 

   Effective transmittance-absorbtance product of the glazing and surface coating of the absorbed plate 

Ti Inlet fluid temperature [K] 

Ta Ambient temperature [K] 

Tf Mean fluid temperature [K] 

NG Number of glass covers [-] 

TP Mean absorber plate temperature [K] 

hw Wind heat transfer co-efficient [-] 

β Collector slope [-] 

 P Thermal emittance of plate [-] 

 g Thermal emittance of glass [-] 

Ube Combined heat loss co-efficient from the bottom and edges of PV-T collector 

Qsens Sensible energy transfer between air streams. [KJ/hr] 

 sens Sensible effectiveness of the device [-] 

Cmin Minimum capacitance (mass flow rate times specific heat) air streams. 

Treturn, in Temperature of return air [K] 

Tprocess, in Temperature of process air after passing desiccant wheel [K] 

Tair, o Dry bulb temperature of air exiting the cooling device [K] 

Tair, i Dry bulb temperature of air entering the cooling device [K] 

Ƞsat Saturation efficiency of evaporative cooling process [-] 

Twbd Wet bulb depression (the maximum temperature difference possible between inlet and outlet of dry-bulb air 

temperature [K] 

Ƞth Thermal efficiency of collector [-] 

Ƞelec Electrical efficiency of collector [-] 

SFth Thermal solar fraction [-] 

SFelec Electrical solar fraction [-] 
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Qs Heat energy provided by solar collector [KW] 

Qb Heat energy provided by auxiliary boiler [KW] 

Ps Electrical energy provided by solar collector [KW] 

Pb Electrical energy provided by grid source [KW] 

Qc, ac Cooling energy produced by the conventional air-conditioning unit in a desiccant cooling system [KW]  

COPac Co-efficient of performance of air-conditioner [-] 

Qc, acref Total primary energy requirement to run a conventional vapor compression-based air conditioning system to 

meet the same cooling load [KW] 

 398 

Abbreviations 399 

PV/T Photovoltaic-Thermal 

C-1 Configuration-1 

C-2 Configuration-2 

C-3 Configuration-3 

VCC Vapor Compression Chiller 

DEC Direct Evaporative Cooler 

Tcol_out Temperature of water at collector outlet 

Tcol_in Temperature of water at collector inlet 

Taux_in Fluid temperature entering auxiliary boiler 

Taux_out Fluid temperature exiting auxiliary boiler 

Tw_wHX_in Temperature of water entering the water to air heat exchanger 

Tw_wHX_out Temperature of water exiting the water to air heat exchanger 

TaaHX_in Air entering in air to air heat exchanger 

TaaHX_out Air exiting from air to air heat exchanger 

Tavap_out Air exiting from direct evaporative cooler 

Tvcc_out Air exiting from vapor compression chiller 

Troom Room temperature 

Tamb Ambient temperature 

Ta_wHX_out Temperature of air exiting from water to air heat exchanger. 

Ta_wHX_in Temperature of air entering in water to air heat exchanger. 

Treg Temperature of regeneration air 
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