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ABSTRACT 

In this paper a desiccant assisted evaporative cooling system is tested using exergy analysis which provides the useful 

information regarding the theoretical upper limit of the systemperformance that cannot be obtained from energy analysis 

only. Exergy destruction in different component of desiccant cooling system has been calculated which allows us to 

identify the sites with the losses of exergy, and hence helps us to design the system with the minimum of exergy loss. A 

detailed study has been performed in order to show the effect of different operating parameters on the exergy efficiency 

of the cycle.  Result shows that with increase in inlet air temperature, exergy destructions in the desiccant wheel and in 

the heat source decrease but the same increases in the heat exchanger. The increase in inlet air temperature is also 

responsible for decrease in 2nd law or exergy efficiency of the complete cycle. 

Keywords: desiccant cooling, exergy analysis, exergy destruction, regeneration  

 

Introduction 

Rotary desiccant based evaporative air-cooling systems offer a promising alternative to conventional air-

conditioning system, particularly under high latent loads conditions.In any air-conditioning system two types 

of loads have to be met, viz. the sensible load arising from heat transfer into the space and the latent load 

arising from moisture generated within the space [1].For comfort systems in commercial buildings, the latent 

load varies from 5 to 35 percent of the total coil load. In applications such as supermarkets, it may exceed 50 

percent of the total coil load [2]. Conventional systems use vapour compression refrigeration to meet both 

these loads. To meet the latent load, air must be dehumidified by cooling it below its dew point, temperature 

so, in conventional systems reheat is often required in high latent heat load application, because higher the 

latent heat load, lower is the evaporator temperature required which implies very poor energy efficiency.In 

desiccant based air-conditioning system latent cooling is performed by desiccant dehumidification and 

sensible cooling by evaporative cooling or refrigeration. Thus, a considerable part of expensive vapour 

compression refrigeration is replaced by inexpensive evaporative cooling. 

Dhar et al. [3] worked on various solid desiccant cycles such as ventilation, recirculation and the Dunkle cycle 

for hot and humid weather and found that among all these, the Dunkle cycle is best for a wide range of 

outdoor conditions. Ruivo et al. [4] presented a new pair of independent effectiveness parameters for the 

desiccant wheel, and also derived the correlations for their estimation and made an easy and quick method for 

predicting effectiveness of the desiccant wheel. Ge et al. [5] conducted a numerical simulation for the 

desiccant wheel and two important operating parameters of the desiccant wheel have been observed for the 

range ofregeneration temperatures from 60 to 150°C. Based on the wheel’s performance evaluated by means 

of its moisture removal capacity, optimization of these two parameters was conducted. Subramanyam et al. [6] 

described how different parameters affect the performance of a desiccant wheel like compressor capacity, air 

flow rate, wheel speed etc. and concluded an optimum wheel speed for maximum COP and high moisture 

removal rate was of the order 17.5 rpm. Kanoglu et al. [7] performed the exergy analysis of an experimental 

unit working on ventilation cycle with natural zeolite as the desiccant material and found that 33.8% of total 

exergy destruction took place in the desiccant wheel followed by the heating source with 31.2%. 
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In this present study a numerical model based on exergy analysis has been developed for evaluating the 

potential of an open-cycle rotary desiccant wheel based evaporative air cooling system and to study the effects 

of wide range of operating parameters on its performance. The cooling system consists of a desiccant wheel, a 

rotary heat exchanger, two evaporative coolers, and a heat source. The mass balance and energy balance 

equations applied for every components are solved in Engineering Equation Solver (EES) to obtain the state 

properties. 

 

 Details of desiccant assisted evaporative cooling system (DAECS) 

A solid DAECS contains a desiccant wheel, a rotary heat exchanger, a heat source and direct evaporative 

coolers. A simple solid desiccant-assisted evaporative cooling system is shown in Fig.1. The moisture present 

in the process air (latent load) is removed by using a desiccant wheel. The structure of desiccant wheel has a 

frame with channels of various shapes such as honeycomb, triangular, sinusoidal along with film of desiccant 

material layered on the same. The honeycomb structure is preferred for low pressure drop of passing air in the 

wheel Silica gel which is a desiccant material is filled on the inner surface of the honeycomb structure. 

In ventilation cycle, evaporative cooling system is mainly used to handle sensible load whereas desiccant 

wheel is used to handle latent load. Desiccant wheel basically removes moisture from the process air stream 

known as desiccant dehumidification which is a dehumidification and heating process on the psychometric 

chart. Another regeneration air stream which uses heat to drive off the absorbed moisture from the desiccant 

thereby regenerating the desiccant wheel in a humidifying and cooling process.The schematic arrangements of 

solid DAECS are shown in Fig.1. 

 

 

Fig.1: Desiccant assisted evaporative cooling system 

 

Mathematical model: 

For the detailed study of solid desiccant-assisted evaporative cooling system, all the thermodynamic processes 

occurring in different components of the cycle are represented and analysed by mass, energy and exergy 

balances and the detailed equations are given below. 

Desiccant wheel (DW) 

The DW is an air to air heat and mass exchanger, with a comparatively low rotation speed. When ambient air 

stream (process air), at state1, is passed through the rotary DW, considerable portion of its moisture is 

adsorbed by the DW andits temperature increases due to release of heat of adsorption. Thus, warmer and drier 
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air stream exits the DW at state 2.The energy balance, mass balance and exergy balance equations for the 

desiccant wheel are given by: 

   1 2 8 9 0p rm h h m h h   & &          (1) 

   1 2 8 9 0p rm d d m d d   & &        (2) 

   des 1 2 8 9

DW

p rE m e e m e e   & & &         (3) 

Where, pm& and rm& are mass flow rate of process are and regenerative air, respectively; while h, d and e are 

specific enthalpy, specific humidity and specific exergy, respectively. 

 

Heat Exchanger 

The warm and dry air stream coming out from DW is cooled continuously in the heat exchanger from state 2 

to 3, by the cold return air coming from EC-2 (state 6). The cold air stream serves as heat sink to cool the 

warm and dry air in the heat exchanger and, in turn is heated. Thus a heat exchanger is beneficial in both 

ways: it cools the process air to enhance its heat absorbing capacity from the conditioned space and also heats 

the regeneration air to reduce the heat addition by the heat source before this air is supplied to the DW for 

regeneration. The energy, mass and exergy balance equations in the heat exchanger are given by: 

   2 3 6 7 0p rm h h m h h   & &         (4) 

�̇�𝑝(𝑑2 −  𝑑3) = �̇�𝑟(𝑑6 − 𝑑7)                                 (5) 

   des 2 3 6 7

HE

p rE m e e m e e   & & &        (6) 

The heat exchanger effectiveness is defined as: 

∈HE = 
actual heat rejection by the hot  process air 

maximum possible heat rejection
 

∈HE= 
𝑐𝑝,𝑎�̇�𝑝( 2 3T T )

𝑚𝑖𝑛.(𝑐𝑝,𝑎�̇�𝑝,   𝑐𝑝,𝑎�̇�𝑟)( 2 6T T )
       (7) 

 

Evaporative cooler-1 

The process air stream after cooling in heat exchanger is further cooled in evaporative cooler-1 (EC-1) from 

state 3 to 4 in order to increase sensible cooling capacity of process air. The energy, mass and exergy balance 

equations for EC-1 are given by: 

3 4 , 1 ,1( ) 0p w EC wm h h m h  & &        (8)  

, 1 4 3( )w EC pm m d d & &          (9)   

 EC1

des 3 4 ,EC1 1p w wE m e e m e  & & &          (10)   

∈EC1 = 
( 3 4T T )

( 3 1sT T )
 = 

( 3 4d d )

( 3 1sd d )
        (11) 
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Where 1sT and 1sd  are saturation temperature and saturation specific humidity, respectively, for the constant 

wet bulb temperature line passing through point 3. 

 

Cooling space (Evaporator) 

The process air leaving EC-1, enters into the cooling space (evaporator) and absorbs sensible and latent heat 

from the inside air due to temperature and humidity differences between the inside air and the process air. 

After absorbing heat and moisture from the conditioned space, the air is exhausted at the conditions same as 

that of the inside air. The mass and exergy balance equations inside the cooling space are given by: 

 

RTH = 5 4(h )pm h&          (12) 

,cs 5 4( )w pm m d d & &          (13) 

des 4 5 w, , cs( )cs

p cs w csE m e e m e E   & && &         (14) 

 

Evaporative cooler-2 

The exhaust air from conditioned space is used as regeneration air, since its temperature is lower than the 

atmospheric air. This return air is sent first to EC-2 for further cooling such that it can be used as heat sink to 

cool the warm and dry air (process air) coming from desiccant wheel in the heat exchanger. The energy, mass 

and exergy balance equations for EC-2 are given by: 

5 6 , 2 ,2( ) 0r w EC wm h h m h  & &          (15) 

, 2 6 5( )w EC rm m d d & &           (16)  

EC2

des 5 6 , 2 2( )r w EC wE m e e m e  & & &         (17)  

∈EC2 = 
( 5 6T T )

( 5 2sT T )
 = 

( 5 6d d )

( 5 2sd d )
        (18) 

Where 2sT & 2sd  are saturation temperature and saturation specific humidity, respectively, for the constant 

wet bulb temperature line passing through point 5 

 

Heat source 

For the continuous operation of solid DAECS the desiccant wheel material has to be periodically regenerated 

by means of regenerated air stream, in order to evaporate the adsorbed water vapour. The heat for regeneration 

can be taken from energy recovered from a solar collector or waste heat from cogeneration devices. The 

regeneration temperature depends on the desiccant material, ambient conditions and the operating parameters 

of the cycle. The energy balance, mass balance and exergy balance equations for the heat source are given by: 

 

8 7( )h rQ m h h & &           (19) 

8 7d d           (20) 
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HS

des 7 8( )r hE m e e E  & &&          (21)  

8

(1 )amb
h h

T
E Q

T
 &&          (22) 

 

Ambient 

The ventilation cycle is basically an open cooling cycle in which there are internal and external processes. The 

external process generally involves the process occurring in cooling space and in ambient. So, the exergy 

destruction because of irreversibility occurs in internal as well as in external processes. The exergy destruction 

in ambient is given by 

 

des 1 9 5( )amb

p r p rE m e m e m m e    & & & & &        (23) 

The overall energy and mass balance along with exergy destruction is given by, 

1 , 1 1 , 2 2 9 5( )p w EC w w EC w h r p rm h m h RSH RLH m h Q m h m m h       && & & & & &   (24) 

1 , 1 ,cs , 2 9 5( )p w EC w w EC r p rm d m m m m d m m d     & & & & & & &      (25) 

1 2 HS cs

des des des des des des des des

amb DW HE EC ECE E E E E E E E      & & & & & & & &      (26) 

 

 

The total exergy of humid air per kg of dry air is given by [8]. 
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  (27) 

The first term on the right side of the above equation represent thermal exergy, second term represent 

mechanical efficiency and last term represent chemical exergy. The total flow exergy of liquid water which 

contain makeup water, condensed water and moisture load is also calculated by using [8]. 

 

      (28) 

 

Where 0T = dead state temperature, ,0wP = partial pressure of water vapour when air is saturated at 0T . 

For evaluating exergy performance of the solid rotary desiccant cooling cycle, exergy efficiency is used, 

des

h

1e

E

E
  

&

&
     (29) 

Where hE&   = exergydelivered by heat source and desE& = represent the exergy destruction of the cycle. The 

thermal coefficient of performance is given by: 

       0 0 ,0 0 0 0 0 ,0, , . , . ,w w w w we h T P h T P T s T P T s T P   
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th

h

RTH
COP

Q


&
          (30) 

The above equations have been solved in Engineering Equation Solver (EES) to obtain the state properties.For 

analysis of the cycle, the mass flow rate of process air is taken as 1 kg/s and the ratio of regeneration air and 

process air is considered as 1 (i.e. pm& = rm& ), although the model can take care of different flow rates of 

process air and regeneration air. The design conditions of the space are considered as 299.7 K (26.7 °C) dry 

bulb temperature and 50% relative humidity. These conditions are kept unchanged throughout the 

analysis.The effectiveness of the heat exchanger and saturation efficiency of evaporative coolers are assumed 

as 85%. The other input parameters are: ambient and inlet air conditions, water temperatures in evaporative 

coolers and heat source temperature. Different input parameters used in the study are summarised in Table 1.  

 

Table -1:Input conditions and different parameters used in the study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results and discussion 

Exergy destruction in a process represents irreversibility occurring during the process. Exergy analysis 

provides useful information regarding the theoretical upper limit of the system performance, which cannot be 

obtained from only energy analysis. It allows us to identifythe sites with the losses of exergy, and hence helps 

us to design the system with the minimum of exergy loss. Fig.2 shows the exergy destruction of desiccant 

wheel, heat exchanger and the heat source as a function of inlet air temperature. It can be seen that with 

increasing inlet air temperature, exergy destructions in the desiccant wheel and in the heat source decrease but 

the same increases in the heat exchanger. This can be explained as follows: 

(i) As the inlet air temperature of process air increases with constant inlet temperature of regeneration air, the 

temperature difference between the two fluids in the desiccant wheel decreases causing less exergy 

destruction. 

Parameters Value Variation 

considered 

Ambient Temperature 308 K (35°C) 305 K - 315 K  

Ambient Pressure 101.325 kPa - 

Dead state Temperature 308 K (35°C) - 

Dead state Pressure 101.325 kPa - 

Ambient Relative Humidity 40% 30 – 80% 

Room Temperature 299.7 K ( 26.7 °C) - 

Room Relative Humidity 50% - 

Ambient water Temperature 303 K (30°C) - 

Regenerated air temperature 353 K (80°C) 320 K - 420 K 

Mass flow rate of process air 1.0 kg/s - 

Mass ratio of regeneration and process air 1.0 - 

Heat exchanger effectiveness 0.85 0.5 - 1.0 

Effectiveness of evaporative Cooler 1 0.85 - 

Effectiveness of evaporative Cooler 2 0.85 - 
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(ii) The dehumidified air enters the heat exchanger at higher temperatures while the colder fluid from the EC-

2 enters with the same temperature, causing larger temperature difference between two heat transfer fluids 

and exergy destruction in heat exchanger increases. 

(iii) Due to higher temperature process air, the regeneration air is heated to higher temperature in the heat 

exchanger before entering the heat source, causing lower exergy destruction in the heat source. 
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Fig. 2:Effect of inlet air temperature on exergy destruction 

 
Second law efficiency is one of the important parameter in deciding the performance of a system. It relates the 

performance of a system relative to its performance under reversible conditions. Fig.3 shows that the 2nd law 

or exergy efficiency of thecomplete cycle decreases with increase in inlet temperature. Exergy efficiency is 

defined as the ratio of exergy delivered in the conditioned space to the exergy input to the cycle, which is 

equal to the sum of exergy delivered and total exergy destruction in the cycle. The exergy destruction in 

different component is presented in table 2. 

Table - 2: Exergy destruction in components 

 

Component Exergy destruction (kJ/kg) 

Desiccant wheel 0.8442 

Heat source 1.361 

Heat exchanger 0.5161 

Process air-evaporative cooler 0.292 

Regeneration air evaporative cooler 0.1492 

Evaporator 
0.283 

Ambient / Condenser 
0.3417 
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Fig. 3:Effect of inlet air temperature on 2nd law efficiency 
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Fig. 4:Effect of inlet relative humidity on 2nd law efficiency 

 

With increase in inlet air temperature, although there is decrease in total exergy destruction in the cycle (in 

kW), but the exergy delivered in the conditioned space also decreases (since RTH and COP of the cycle 

decrease) and at higher proportional rate, leading to decrease in exergy efficiency. 

The same trend of variation of 2nd law efficiency of the cycle is observed when the inlet air relative humidity 

is varied. It has been shown earlier that with increase of inlet air relative humidity, there are decrease in RTH 
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and COP of the cycle. Thus less amount of exergy is delivered in the conditioned space causing decrease in 

exergy efficiency (Fig. 4). 
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Fig. 5:Effect of effectiveness of heat exchanger on 2nd law efficiency 

 

Fig.5 shows the variation of 2nd law efficiency of the cycle with the effectiveness of heat exchanger. With 

increase in HE effectiveness there is increase in RTH and hence the exergy delivered to the conditioned space. 

On the other hand, due to better heat transfer the average temperature difference between the hot and cold 

fluids decrease causing lower exergy destruction. Also, the regeneration air (cold fluid) is heated to higher 

temperature requiring lowe heat and exergy input in the heat source. Due to these effects, the COP as well as 

the 2nd law efficiency of the cycle increase with increase in HE effectiveness. 
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Fig. 6:Effect of regeneration air temperature on 2nd law efficiency 
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With increase in heat source temperature, the 2nd law efficiency of the cycle increases first and then decreases 

as shown in the Fig.6. As the heat source temperature increases, there is increase in input exergy and also in 

the exergy delivered in the conditioned space (since RTH increases) and total exergy destructed in the cycle. 

For first part of the figure, increase in exergy gain predominates when the 2nd law efficiency increases, but 

for the second part of the cycle, increase in total exergy destructed predominates causing decrease in exergy 

efficiency. 

 

Conclusions 

A rotary desiccant based evaporative air cooling system operating on ventilation mode has been investigated 

with the help of exergy analysis. The model is used to estimates the exergy destruction in each of the 

components and 2nd law efficiency of the cycle and studies the influences of operation parameters on them. 

Some of the important conclusions which can be drawn from the present study are as follows: 

 The performance of a desiccant wheel based air-conditioning system depends mainly on the inlet air 

conditions (temperature and relative or specific humidity), flow rates of process and regeneration air over 

the DW, regeneration air temperature, heat exchanger effectiveness, evaporative cooler effectiveness. 

 To meet the designed cooling requirement of the room, the regeneration air temperature is to be decided 

depending on the inlet air conditions. For higher inlet air temperature and/or for higher inlet air humidity, 

the regenerative air is required to be heated to higher temperature for achieving desired cooling effect. 

Thus heat input by the heat source increases and the COP of the cycle decreases. 

 The regeneration air temperature inlet to DW governs the dehumidifying capacity of the desiccant wheel. 

With increase in this temperature there is increase in net cooling effect as well as heat energy input in the 

cycle. Thus, with increase in regeneration air temperature, COP of the cycle first increases and then starts 

decreasing. 

 Although COP of the cycle is low (0.4 -0.6), the 2nd law or exergy efficiency of the cycle is quite high 

(10 – 15%). This is because low quality energy (low temperature heat source) is used as the energy input 

for running the cycle. In general, variation of exergy efficiency of the cycle follows the same trends as 

that of COP of the cycle for variation of different parameters. 

 

Nomenclature 

m&   mass flow rate of  air (kg/s) 

h   enthalpy (kJ/kg) 

d   specific humidity/ humidity ratio (kg/kg) 

E&  exergy flow rate (kW) 

desE&   rate of exergy destruction (kW)  

T   temperature (K) 

Q&  rate of heat transfer (kW) 

e   total flow exergy of air (kJ/kg) 

pc   specific heat (kJ/kg K) 

R   gas constant (kJ/kg K) 

P   pressure (Pa) 

we   total flow exergy of liquid water (kJ/kg) 

COP  coefficient of performance 

csQ&   rate of cooling capacity based on space cooling (kW) 
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Greek symbols 

∈  effectiveness 

e   exergy efficiency 

   effectiveness parameter 

Subscripts 

a  air 

p  process air 

r  regeneration air 

v  vapour 

DW  desiccant wheel 

HE  heat exchanger 

EC  evaporative cooler 

w  water 

h  heat source 

HS  heat source 

cs  cooling space 

0  dead states 

sat   saturated 

amb  ambient 

DAECS desiccant assisted evaporative cooling system 

RSH  room sensible heat 

RLH  room latent heat 

RTH  room total heat 

SH  specific humidity 

1-9  state points 
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