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Exergetic Performance of the Desiccant
Heating, Ventilating,
and Air-Conditioning (DHVAC) System
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Abstract The developed desiccant heating, ventilating and air-conditioning
(DHVAC) system was evaluated using the exergetic method under controlled
environmental conditions to determine the performances of the whole system and
its components. Percentage contributions of exergy destruction of system compo-
nents at different regeneration temperatures and reference temperatures were
determined. Exergy destruction coefficient of different components at different
regeneration and reference temperatures was presented. It was shown that exergetic
performances varied with respect to the regeneration and reference temperatures.
The exergetic performances based on thermal, electric, total exergy input, first
definition and second definition efficiencies were shown. Based on the results,
reference and regeneration temperatures affected the determination of the system
performances and its components. It was shown that air heating coil (AHC), air fans
and desiccant wheel (DW) contributed to large percentage of exergy destruction.
Hence, the mentioned components should be given attention for further improve-
ment in the system performances.
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Nomenclatures

AHC/HC Air heating coil
Cp Specific heat, kJ kg−1 K−1

DEC/EC Direct evaporative cooler
DHVAC Desiccant heating, ventilating and air-conditioning
DW Desiccant wheel
DP Depletion number
E End
EA Exit air
EAF Exit air fan
HX [1] Primary heat exchanger (big)
HX [2] Secondary heat exchanger (small)
h Enthalpy, kJ kg−1

IE Electric current, A
Irr Irreversibility, kW
L, M, N Variables
ṁ Mass flow rate, kg s−1

OA Outdoor air
OAF Outdoor air fan
P Pressure, Pa
_Q Heat transfer rate, kW
_QX Input exergy in air heating coil, kW
R Gas constant, kJ kg−1 K−1

RA Return air
RegT Regeneration temperature
RT Reference temperature
Ṡ Entropy rate, kW K−1

S Start
SA Supply air
t Time, s
T Temperature, K
Ẇ Work rate, kW

Greek symbol

ε Efficiency
ψ Specific flow exergy, kJ kg−1

ω Humidity ratio, kgVapor kgAir
−1

⏀ Relative humidity, %
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Subscripts

a Air
Des Destruction
e Exit
EX Exergy
Gen Generation
HX Heat exchanger
i Inlet
l Liquid
ma Moist air
N Node
o Outlet
r Reference condition
Sys System
v Vapor
w Water

5.1 Introduction

Desiccant heating, ventilating and air-conditioning system (DHVAC) is one of the
most promising alternatives to the refrigerant-based air-conditioning system [2, 3].
The main advantage of the desiccant-based air-conditioning system is the natural air
dehumidification process called sorption process. The typical desiccant
air-conditioning system consists of the desiccant wheel (DW), heat wheel and direct
evaporative coolers (DECs) installed in the supply and return air (RA) streams [4–
7]. Fixed bed [8, 9] and rotating desiccant dehumidifier [6, 10] are the most
common desiccant dehumidifiers. However, rotating desiccant dehumidifier (des-
iccant wheel) is preferable for application due to its simplicity [2].

It is shown that determination of the exergetic performances of any thermal
energy system gives more detailed and level playing field in the analysis of the
system thermal performances [11]. In fact, there are several researches in the
exergetic analyses on renewable energy systems [12, 13], thermal energy systems
[14, 15], thermal system components [16], air handling systems [17–20] and
buildings [21]. Exergetic analyses for the desiccant-evaporative air-conditioning
system [22, 23], hybrid system [24, 25] and solar-desiccant air-conditioning system
are studied [26].

In the exergetic evaluation of the desiccant air-conditioning system, it is shown
that performances of the system components affected the system performance [27].
It is shown that higher regeneration temperature affected the system performance
[28]. Shen and Worek [29] show that there is an optimal regeneration temperature
in which the system performance is high. La et al. [23] show that there is trade-off
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between the regeneration temperature and the exergy of the supply air (SA) that
affects the system performance. This study presented the exergetic evaluation of the
developed DHVAC system at different regeneration temperatures using steady-state
conditions. The objective of the study is to determine the exergetic performances of
the developed system and its components for further improvement also to evaluate
the developed system performances in comparison with different desiccant-based
air-conditioning systems.

5.2 Experimentation

5.2.1 System Overview

5.2.1.1 System Description

The system consists of the DW, sensible heat exchangers and a DEC. Figure 5.1
shows the developed DHVAC system diagram. In Fig. 5.1, the air from state 1 to
state 3 is dehumidified by DW. The air from state 3 is pre-cooled by a sensible heat
exchanger (HX [1]) and split into two streams of air (states 4 and 4′). The air from
state 4′ is cooled by a DEC. The air of state 4 is sensibly cooled by smaller heat
exchanger (HX [2]) from state 4 to state 5. The air at state 5 becomes the SA. The
air at state 5 has the same humidity ratio as the processed air at state 3. The air at
state 6 is mixed with the RA (state 7) for the preheating of hot air shown at state 9.
The hot air at state 9 is heated by the air heating coil (AHC) to become the
regeneration air (state 10). The regeneration air at state 10 is used to remove the

Fig. 5.1 Schematic diagram of the developed DHVAC system
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moisture in the DW. The air at state 11 has higher humidity ratio due to regener-
ation process in the DW. The air at state 11 is exhausted by fan (EAF) to state 12.

5.2.1.2 Components Description

The system uses a honeycomb silica-gel-coated DW with 0.4 m diameter and 0.2 m
thickness. The surface areas for air dehumidification side and wheel regeneration
side are equal. The installed heat exchangers are cross-flow heat exchanges (si-
nusoidal flutes). The heat exchangers are made of paper coated with wax to avoid
the transfer of moisture. The big heat exchanger (HX [1]) has dimensions of height
0.4 m, width 0.3 m and length 0.3 m. The smaller heat exchanger (HX [2]) has
dimensions of height 0.4 m, width 0.15 m, and length 0.15 m. The DEC is a
gravity flowing film type made of corrugated paper.

5.2.1.3 System Operation

The system operation is carried on using a controlled chamber (Chamber OA; See
Fig. 5.1). The control of the RA conditions (T and x) is done by means of controlled
chamber RA. The measurements of the air flow rates (outdoor air (OA), SA, RA
and exit air) are determined by means of the orifices in the air duct with pressure
difference sensors and temperature sensors. The control of air flow rates (OA, SA,
RA and exit air) is done by the air dampers attached to the air ducts. The monitoring
and control of the DW rotational speed are through the use of rotational laser sensor
attached to the wheel belt. The control of the DEC is done by means of the relative
humidity sensor attached at the downstream side (state 5′) through closed-loop
control system. The control, monitoring and data gathering of the experimentation
are made by means of the sensors attached to the experimental test rig of the
desiccant-evaporative cooling system and connected to the personal computer
through data logger.

5.2.2 Experimental Setup

5.2.2.1 Assembly

The total experimental setup has two controlled chambers (OA and RA) to control
the condition of the air (temperature and humidity) as mentioned above
(Sect. 5.2.1.3). Between the two controlled chambers, a working chamber in which
the desiccant-evaporative cooling system is located with air ducts is connected (See
Fig. 5.1). The air temperatures in the controlled chambers are controlled by the
electric heater and air cooler using the heat pump. The heat pump serves also as the
dehumidifier for the air, in case air dehumidification is needed. The humidification
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process of the air is done through spray-type air humidifier. The operation of the
two controlled chambers is meanly accomplished by passing the raw OA to the
dehumidifier and cooler/heater device. In case low humidity is needed, dehumidi-
fication process operates. However, if the air becomes cool due to dehumidification
process, electric heater operates to increase the temperature. In case when higher
humidity of air is needed, the raw outside air passes the humidifier. The mixing
chamber is installed after the air processing devices to control and homogenize the
air prior to supplying it to the working chamber.

5.2.2.2 Instrumentations

All the attached sensors in the developed DHVAC system are evaluated and cali-
brated in the controlled box prior to their installation. The evaluated and calibrated
sensors in the box are the dew point temperature sensors and the thermocouple
temperature sensors. Based on the calibration, all the reading is within the specified
value given by the manufacturers. Figure 5.1 shows the location and type of the
sensors attached to the system. The measurement of the air humidity ratio is done
by means of the dew point temperature sensors (±0.5 °C) and dry bulb temperature
sensors (fabricated thermocouples). The fabricated thermocouples are from
Japanese Industrial Standards (JIS) VT3, O 0.32 mm (±0.5 °C). Proper installa-
tions of dew point temperature and thermocouple probes are observed based on our
previous experiences [30]. The measurement of the DW rotation is taken by the
installed rotational laser sensor attached to the wheel belt. The measurement of air
flow rates is taken using the installed orifices with digital pressure difference sen-
sors (±3 Pa). The sensors attached to the DHVAC system are connected to the data
logger. The data logger is then connected to the personal computer. In this mea-
surement, the data gathering is made in every 30 s.

5.2.2.3 Cases

In the experimentation, the air conditions for the OA (Point 1) are set at value of
30 °C dry bulb temperature (2% accuracy) and 60% relative humidity (10%
accuracy) (16.1 g kg−1). This is the standard summer testing condition in Japan.
The RA is set at value of 26 °C dry bulb temperature (1% accuracy) and 55%
relative humidity (1% accuracy) (11.6 g kg−1). This is the standard indoor air
condition in Japan. The volumetric flow rates for the OA and exit air (EA) are set at
200 m3 h−1. The volumetric flow rates for the RA and SA are set 100 m3 h−1. The
evaporative water inlet temperature is measured at 21.6 °C average and controlled
by water heater to mimic the temperature of supply water pipe. The system is
evaluated using the four different regeneration temperatures that can be supported
by solar energy or low-temperature thermal energy source from waste heat. The
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regeneration temperatures used in the experimentation are 60, 65, 70 and 75 °C.
Figure 5.2 shows the actual states of air inside the DHVAC system. Table 5.1
shows the measured air flow rates for the different regeneration temperatures pre-
sented in Fig. 5.2. Table 5.2 shows the values for the specific enthalpy, specific
exergy and specific entropy for the different states inside the system for four cases
of regeneration temperatures with reference states of 25 °C and 15 g kg−1.

Hu
m

id
ity

 R
at

io
 (k

g/
kg

)

Fig. 5.2 States of air inside the developed DHVAC system in the psychrometric chart for
different regeneration temperatures (RT)

Table 5.1 Measured air flow rates for different regeneration temperatures (RT) during the
experimental evaluation of the developed DHVAC system

Regeneration
temperature (°C)

OA EA SA RA

m3 h−1 kg s−1 m3 h−1 kg s−1 m3

h−1
kg s−1 m3

h−1
kg s−1

60 201.18 0.0650 205.57 0.0646 94.31 0.0310 92.78 0.0306

65 201.32 0.0650 206.55 0.0646 94.30 0.0310 92.59 0.0305

70 200.65 0.0648 207.01 0.0645 94.27 0.0309 92.71 0.0305

75 200.33 0.0647 207.95 0.0645 94.38 0.0309 92.64 0.0305
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5.3 Thermodynamic Analysis

5.3.1 General Formulation

The evaluation of the DHVAC system is based on the governing concept of the
laws of thermodynamics. The general formulations for exergy analyses of the
thermal system are presented in Eqs. (5.1–5.12) and applied in the DHVAC system
of thermodynamic model shown in Fig. 5.1. In these formulations, the reference
states are the Tr, ⏀r, ωr, Pr.

The general mass rate balance for the open system is

XN
j¼1

_mj;I �
XM
i¼1

_mi;O ¼ dmSys

dt
ð5:1Þ

The general energy rate balance for the open system is

XN
j¼1

_Qj;I þ
XN
i¼1

_mjhj
� �

I ¼
XM
i¼1

_Wi;O þ
XM
i¼1

_mihið ÞO ð5:2Þ

The general exergy rate balance for the open system is

XN
j¼1

1� Tr
TK;j

� �� �
_QK;j þ

XN
j¼1

_mjwj

� �
I
¼
XM
i¼1

_Wi;O �
XM
i¼1

_miwið ÞO ð5:3Þ

The general entropy generation rate for the open system is

_SGen ¼
XN
i¼1

_misið ÞO �
XM
j¼1

_mjsj
� �

I �
XL
k¼1

QS;k

TS;k

� �
ð5:4Þ

The general exergy rate of destruction or the rate of irreversibility is

_EX;Dest ¼ Irr ¼ Tr _SGen ¼
XN
j¼1

_Ex;j
� �

I �
XM
i¼1

_Ex;i
� �

O ð5:5Þ

The general exergetic efficiency for the open system is

eX ¼
PM

i¼1
_Wi;O þ PM

i¼1 _miwið ÞO
� 	

PN
j¼1 1� Tr

TK;j


 �h i
_QK;j þ

PN
j¼1 _mjwj

� �
I

D E ¼
PM

i¼1
_Ex;i
� �

OPN
j¼1

_Ex;j
� �

I

ð5:6Þ
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The relative destruction (RD) of exergy for the open system is presented as

RD ¼
_EX;Dest
� �

tPC
t¼1

_EX;Dest
� 100 ð5:7Þ

The Van Gool’s improvement potential (IP) for the open system is presented as
[12]

IP ¼ 1� eXð Þ �
XN
j¼1

_Ex;j
� �

I �
XM
i¼1

_Ex;i
� �

O

 !
ð5:8Þ

The Van Gool’s IP is the maximum possible IP that could be done for any
processes through minimization of the exergy destruction or the difference between
the inlet exergy and outlet exergy.

The sustainability index (SI) for the open system can be expressed as [31]

SI ¼
PN

j¼1
_Ex;j
� �

IPN
j¼1

_Ex;j
� �

I �
PM

i¼1
_Ex;i
� �

O

¼ 1
1� eX

¼ 1
DP

¼
PN

j¼1
_Ex;j
� �

IPC
t¼1

_EX;Dest
ð5:9Þ

The SI is an inverse of the depletion number (Dp), which is the relationship
between the exergy destruction of the exergy input. When the exergy destruction
decreases even with the same exergy input due to the increase in the efficiency, the
SI increases. It means that less fuel is consumed particularly when using conven-
tional sources.

The specific flow exergy is

w ¼ h� hrð Þ � Tr s� srð Þ ð5:10Þ

The specific exergy of incompressible substance such as water is [19]

ww ¼ CP;w Tw � Trð Þ � TrCP;w ln
Tw
Tr

� �
� RvTr lnur ð5:11Þ

ur is the equivalent relative humidity at reference temperature (Tr) and humidity
ratio (xr). The specific exergy of moist air is [12]

wma ¼ Cp;g þxCp;v
� �

Tr
Tma

Tr

� �
� 1� ln

Tma

Tr

� �� �� 

þ 1þ 1:607xð ÞTr ln Pma

Pr

� �� �

þRgTr 1þ 1:607xð Þ ln 1þ 1:607wrð Þ
1þ 1:7607xð Þ

� �
þ 1:607 ln

x
xr

� �� 

ð5:12Þ
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5.3.2 System Analysis

5.3.2.1 Desiccant Wheel (DW) Exergy Efficiency

eXð ÞDW¼
_mOA w3 � w2ð Þ½ �

E
:

E


 �
DW

þ _mEA w10 � w11ð Þ½ �
D E ð5:13Þ

5.3.2.2 Sensible Heat Exchanger (HX [1]/HX [2]) Exergy Efficiency

eXð ÞHX 1ð Þ¼
_mEA w9 � w8ð Þ½ �

_mOA w3 � w40 þw4ð Þ
2

h in oD E ð5:14Þ

eXð ÞHX 2ð Þ¼
_mOA � _mSAð Þ w6 � w50ð Þ½ �

_mSA w4 � w5ð Þ½ � ð5:15Þ

5.3.2.3 Direct Evaporative Cooler (DEC) Exergy Efficiency

eXð ÞEC¼
_mOA � _mSAð Þw50½ �

_mWwW½ � þ _mOA � _mSAð Þw40½ �h i ð5:16Þ

5.3.2.4 Air Heating Coil (AHC) Exergy Efficiency

eXð ÞAH¼
_mEA w10 � w9ð Þ½ �
_mL wT � wSð Þ½ � ð5:17Þ

5.3.2.5 Air Fan (OAF and EAF) Exergy Efficiency

eXð ÞF OAFð Þ¼
_mF OAFð Þ w2 � w1ð Þ� 	

E
:

E


 �
F OAFð Þ

ð5:18Þ
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eXð ÞF EAFð Þ¼
_mF EAFð Þ w12 � w11ð Þ� 	

E
:

E


 �
F EAFð Þ

ð5:19Þ

5.3.2.6 System Exergetic Performances

Electric exergetic coefficient of performance (EEXCOP):

eXð ÞSys
h i

Electric
¼ _mSA w1 � w5ð Þ½ �

E
:

E


 �
DW

þ EE
:
 �

F OAFð Þ
þ EE

:
 �
F EAFð Þ

� 
 ð5:20Þ

Thermal exergetic coefficient of performance (TEXCOP):

eXð ÞSys
h i

Thermal
¼ _mSA w1 � w5ð Þ½ �

_QX
ð5:21Þ

Total exergetic coefficient of performance (SEXCOP):

eXð ÞSys
h i

Total
¼ _mSA w1 � w5ð Þ½ �

_QX þ E
:

E


 �
DW

þ E
:

E


 �
F OAFð Þ

þ E
:
 �

F EAFð Þ
þ _mWwWð Þ

� 
 ð5:22Þ

The calculation of thermal exergy delivered to the air heating coil (HC) is based on

Q
:

X ¼ _mFCp TI � TOð Þ � Tr ln
TI
TO

� �� �
ð5:23Þ

5.3.2.7 System Exergetic Efficiencies

The actual thermal coefficient of performance is simply the ratio of the cooling
produced to the thermal energy supplied as

COPA ¼ _mSA h1 � h5ð Þ
_mEA h10 � h9ð Þ ð5:24Þ

The Carnot coefficient of performance for any heat-driven air-conditioning
system is shown based on the diagram shown in Fig. 5.1.
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COPC ¼ 1� T1
T10

� �
T7

T1 � T7

� �
ð5:25Þ

The COPC is the highest potential of the coefficient of performance for any
heat-driven air-conditioning system, which is mostly applied in closed cycles.

The proposed reversible Carnot coefficient of performance for the open-cycle
desiccant air-conditioning system is expressed as [27]

COPRev ¼ 1� Tc
Ts

� �
Te

Tc � Te

� �
ð5:26Þ

where Ts, Te and Tc are equivalent temperatures for the heat source, evaporator and
condenser and are expressed based on Fig. 5.1

Ts ¼ h9 � h10
s9 � s10

ð5:27Þ

Te ¼
_mSAh5 � _mRAh7 þ _mW 5!7ð Þhw
_mSAs5 � _mRAs7 þ _mW 5!7ð Þsw

ð5:28Þ

Tc ¼
_mOAh1 � _mEAh12 � _mw 5!7ð Þ þmw 40!50ð Þ

� �
hw

_mOAs1 � _mEAs12 � _mw 5!7ð Þ þmw 40!50ð Þ
� �

sw
ð5:29Þ

The exergy efficiency can be expressed as the ratio of the actual coefficient of
performance for the thermal-driven air-conditioning system to the reversible coef-
ficient of performance [32]. It is called as the exergy efficiency in the first definition
here.

eXð Þ1¼
COPA
COPRev

ð5:30Þ

For comparison purposes with different studies in thermal-driven air-conditioning
systems, the exergy efficiency is expressed based on the ratio of the cooling produced
to the thermal exergy supplied as (exergy efficiency in the second definition) [32].

eXð Þ2¼
_mSA w1 � w5ð Þ
_mEA w10 � w9ð Þ ð5:31Þ
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Fig. 5.3 Percentage contribution of exergy destruction for the developed DHVAC system
components at different regeneration temperatures (RegT) and reference temperatures (RT): a 0 °C
RT; b 5 °C RT; c 10 °C RT; d 15 °C RT; e 20 °C RT; f 25 °C RT, and; g 30 °C RT
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5.4 Results and Discussion

5.4.1 Exergy Destruction Contribution

Figure 5.3 shows the exergy destruction contribution of the developed DHVAC
system at different regeneration temperatures and reference temperatures. The air
heating coil (AHC) is contributed to high percentage of the total exergy destruction:
the same trend for exergy destruction for the case of Hurdogan et al. [25], which
shows that system thermal source and air fans are the main contributors. The
destruction contribution is followed by the outdoor air fan (OAF) and then by the
DW. As the regeneration temperature increases, the contribution of the AHC to
exergy destruction increases. Kodama et al. [28] show that heat source and DW are
major sources of exergy destruction (air fans are not considered in their analysis).
The exergy destruction contribution of the DW increases as the regeneration tem-
perature increases. The trend for the exergy destruction contributions for the heat
exchangers (HX1 and HX2) and direct evaporative cooler (EC) increases as the
regeneration temperature increases due to the increase in the components irre-
versibility. Furthermore, based on the different reference temperatures, it shows the
increase in the AHC exergy destruction contribution.

5.4.2 Exergy Destruction Coefficient

Figure 5.4 shows the exergy destruction coefficient for different components of the
developed DHVAC system at different regeneration temperatures and reference
temperatures. The trend of the exergy destruction coefficient is the same as the
exergy destruction contribution presented in Fig. 5.3. The HC has the largest
exergy destruction coefficient followed by the OAF and DW. The exergy
destruction in the AHC could be lowered by increasing the efficiency of the AHC.
La et al. [23] show also that heat source has the largest exergy destruction coeffi-
cient. It also shows that when the regeneration temperature increases, the exergy
destruction coefficient for the AHC increases due to the increase in heat transfer
irreversibility. It is the same for the cases of DW and heat exchangers (HX1 and
HX2) and evaporative cooler (EC). On the other hand, when the reference tem-
perature increases, the exergy destruction coefficient for HC increases.

5.4.3 System Performances

Figure 5.5a shows the thermal exergetic coefficient of performance of the system.
The thermal exergetic coefficient of performance (TEXCOP) is varied with the
reference temperature, and from 0 to 22 °C, the thermal exergetic performance of
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Fig. 5.4 Exergy destruction coefficient for the developed DHVAC system components at
different regeneration temperatures (RegT) and reference temperatures (RT): a 0 °C RT; b 5 °C
RT; c 10 °C RT; d 15 °C RT; e 20 °C RT; f 25 °C RT, and; g 30 °C RT
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the system decreases, after which the performance increases. However, based on the
different regeneration temperatures, from 0 to 22 °C, the thermal exergetic per-
formance of the system decreases as the regeneration temperature increases and
suddenly changed from 22 to 30 °C. On the other hand, for the electric exergetic
performance presented in Fig. 5.5b, the trend of the electric exergetic coefficient of
performance (EEXCOP) is the same as the thermal exergetic coefficient of perfor-
mance shown in Fig. 5.5a in terms of reference temperatures. It means that
increasing the regeneration temperature also affects the electric consumption of the
system due to the increase in system internal frictional losses which resulted in the
decrease in the EEXCOP. On the other hand, the increase in the regeneration
temperature results in higher increase in the system thermal exergy destruction due
to components irreversibility and results in the decrease in the TEXCOP as

Fig. 5.5 Performances of the developed DHVAC system at different regeneration temperatures
(RegT) and reference temperatures (RT): a thermal exergetic COP with respect to different
reference temperatures (RT) and regeneration temperatures (RegT); b electric exergetic COP with
respect to different reference temperatures (RT) and regeneration temperatures (RegT); c system
exergetic COP with respect to different reference temperatures (RT) and regeneration temperatures
(RegT); and d sustainability index with respect to different reference temperatures (RT) and
regeneration temperatures (RegT)
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explained in the different components. Figure 5.5c shows the overall system
exergetic coefficient of performance (SEXCOP). It shows the same trend based on
regeneration temperature and reference temperatures. Based on the analysis of each
of the three exergetic coefficient of performances (TEXCOP, EEXCOP and
SEXCOP), the system performance decreases as the regeneration temperature
increases. Furthermore, there is a sudden decrease in the performance from 60 to
65 °C and 70 to 75 °C. Based on Fig. 5.2, the dehumidification and cooling of SA
(Point 5) are almost the same for regeneration temperatures of 65 and 70 °C. The SI
shows that as the regeneration temperature increases, the SI decreases from 0 to
22 °C and changed from 22 to 30 °C (Fig. 5.5d). The SI is related to exergy
efficiency as shown in Eq. (5.9). Hence, from Fig. 5.5c, the overall system exergy
efficiency varies as the dead state temperature changes. This is the same trend for
the case of the evaporative cooler shown by Caliskan et al. [33].

Figure 5.6a shows the reversible coefficient of performance (COPRev). It shows
that the COPRev has nothing to do with the reference temperature. As presented, the
COPRev suddenly increases from 60 °C regeneration temperature to 65 °C. The
COPRev then reduces at 70 °C and increases a little at 75 °C. This trend of COPRev
is due to the system dehumidification performance shown in Fig. 5.2. As shown in
Fig. 5.2, there is a large increase in the system dehumidification performance from
60 to 65 °C, which resulted in higher increase in COPRev, and then from 65 to 70 °
C, the dehumidification performance is not large even with this same increase in
regeneration temperature of 5 °C. In addition, from 70 to 75 °C, the increase is not
as large as from 60 to 65 °C; this resulted in lower increase in COPRev. This trend
has little increase in the dehumidification performance of the DW, resulting from
the heating of the desiccant material in the dehumidification side due to the heat
carry over from the regeneration side to dehumidification side of the DW as
observed from our previous studies [30]. The present system has higher COPRev of
4.20 at regeneration temperature of 65 °C. Lavan et al. [27] got 4.66, while
Kanoglu et al. [34] got a COPRev of 2.63 for double wheel + double evaporative
coolers of DHVAC system.

Figure 5.6b shows that the actual coefficient of performance (COPA) is higher at
regeneration temperature of 60 °C and suddenly decreases as the regeneration
increases to 75 °C. This trend of decreasing COPA as the regeneration temperature
increases is due to the non-proportional increase in the system cooling capability as
the regeneration energy supported to the system increases as the regeneration
temperature increases. As the regeneration temperature increases, the heat carry
over from the regeneration side of the DW to its dehumidification side increases
[30]. The increase in the DW temperature in the dehumidification side hampered the
adsorption capacity as the sorption process is the difference of the water vapor
pressure between the air and the desiccant surface. Also, the increase in the
regeneration temperature increases the exergy of the SA. As shown in Fig. 5.2, the
increase in the air temperature after the DW (state 3) is almost linear compared to
the increase in the dehumidification capability as the regeneration temperature
increases. Kodama et al. [28] show the same trend of result.

126 N. Enteria et al.



Figure 5.6c shows the Carnot coefficient of performance (COPC), which presents
the increasing trend as the regeneration temperature increases. The increasing trend
of the COPC is due to the increase in the regeneration temperature (T10). In addition,
as shown in this research, the return temperature (T7) and the outdoor temperature

Fig. 5.6 Performances of the developed DHVAC system at different regeneration temperatures
(RegT) and reference temperatures (RT): a reversible Carnot coefficient of performance (COP)Rev
with respect to different reference temperatures (RT) and regeneration temperatures (RegT);
b actual coefficient of performance (COP)Act with respect to different reference temperatures
(RT) and regeneration temperatures (RegT); c Carnot coefficient of performance (COP)C with
respect to different reference temperatures (RT) and regeneration temperatures (RegT); d Exergetic
efficiency I (First Definition); and e Exergetic efficiency II (second definition)
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(T7) are held constant. These values of the COPC are the possible Carnot coefficient
of performance of the heat-driven cooling system at closed-cycle equivalent.
However, open-cycle DHVAC system is not only for the temperature control but
also for the humidity control. Therefore, the actual and the reversible coefficients of
performances (COPA and COPRev) are different as explained in the above discus-
sions for the COPA and COPRev. For comparison purposes, Kanoglu et al. [34]
presented a COPC of 8.74 based on ARI conditions. In this paper, the COPC at 75 °
C is 11.65.

Figure 5.6d shows the exergetic efficiency of first definition (exergetic efficiency
I), which shows the decreasing trend as the regeneration temperature increases. The
lowest value can be seen in the regeneration temperature of 70 °C, which has also a
lower value of COPRev. It shows that at 60 °C, the exergetic efficiency I is 52.77%,
while the lowest is 9.61% at 60 °C. Figure 5.6e shows the decreasing trend of the
exergetic efficiency of the second definition (exergetic efficiency II). The negative
value of the second definition is due to the increase in the SA exergy upon increase
in the reference temperature. The exergetic efficiency of second definition decreases
as the regeneration temperature increases due to the smaller increase in the cooling
exergy capability of the system even with the increasing regeneration exergy supply
to the system. This explanation is the same to the actual coefficient of performance
(COPA). Moreover, the exergetic coefficient of performance of second definition
decreases as the reference temperature increases. It means that at higher tempera-
ture, the system exergetic performance of second definition is not as efficient as in
lower reference temperature due to the reduction in the system cooling exergy
produced. Hence, it is expensive and inefficient to operate the system at higher OA
temperature than at lower OA temperature.

5.5 Conclusions

This paper showed the exergy evaluation of the developed DHVAC system. The
developed system was evaluated based on different regeneration temperatures and
reference temperatures in which the system will be subjected to its actual operation.

• AHC, OAF and then DW contributed to high percentage of the total exergy
destruction.

• Based on the analysis of each of the three exergetic coefficient of performances
(TEXCOP, EEXCOP and SEXCOP), the system performance decreases as the
regeneration temperature increases.

• The SI shows that as the regeneration temperature increases, the SI decreases
from 0 to 22 °C and changed from 22 to 30 °C (Fig. 5.5d).

• The COPRev suddenly increases from 60 °C regeneration temperature to 65 °C.
The COPRev then reduces at 70 °C and then increases a little at 75 °C. The trend
of COPRev is due to the system dehumidification performance shown in Fig. 5.2.
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• The actual coefficient of performance (COPA) is higher at regeneration tem-
perature of 60 °C and decreases as the regeneration temperature increases to
75 °C. This trend of decreasing COPA as the regeneration temperature increases
is due to the not proportional increase in the system cooling capability as the
regeneration energy supported to the system increases as the regeneration
temperature increases.

• The increasing trend of the COPC as the regeneration temperature increases is
due to the increase in the regeneration temperature (T10). In addition, as shown
in this research, the return temperature (T7) and the outdoor temperature (T7) are
held constant.

• The exergetic efficiency offirst definition (exergetic efficiency I) shows the decreasing
trend as the regeneration temperature increases. The lowest value can be seen in the
regeneration temperature of 70 °C, which has also a lower value of COPRev.

• The exergetic efficiency of second definition decreases as the regeneration
temperature increases due to the little increase in the cooling exergy capability
of the system even with the increasing regeneration exergy supply to the system.

The exergetic evaluation is valuable in the evaluation of the DHVAC system we
developed. It shows which components with large destruction of exergy that
resulted in lowering of the system exergy efficiencies. AHC, air fans (OAF and
EAF) and DW contributed to large percentage of system exergy destruction,
resulting in large impact of the reduction in the system performance. Hence, it is
important to consider the components with high exergy destruction such as the
AHC, air fans and DW for improvement.

It was shown that the system presented in this paper which has one evaporative
cooler and two sensible heat exchangers could have better performance compared to the
typical double wheels and double evaporative coolers. For comparison purposes, the
exergetic efficiency of the liquid DHVAC system is still high (6.8%, the lowest, for the
basic system) [34, 35]; however, handling of the liquid desiccant is more complex than
solid desiccant. In the case of the solid desiccant, multi-staging will increase the
exergetic efficiency from8.2 to 18.0% [22, 23]. However,multi-staging andmaking the
air flow complex increase the fan power consumption that will affect the system per-
formance when fan exergy input is considered for our case. With respect to the
closed-cycle water–LiBr desiccant system, the open system has comparable COPA at
lower regeneration temperature to half-effect and single-effect water–LiBr desiccant
system shown by Gebreslassie et al. [36] and Kaushik and Arora [37]. For example, in
this paper, the COPA is 0.42 at 60 °C, while the water–LiBr desiccant system of half
effect has 0.458 [36].However,when converting the closed-cyclewater–LiBr system to
cool and dehumidify the air, it is expected that the COPA will be lower. With respect to
the closed-cycle, solid desiccant system, the COPA is lower but could operate at much
lower regeneration temperature. For example, at 60 °C temperature, it could have a
COP of less than 0.2 [38], which is less than the open-cycle counterpart. Askalany et al.
[39] presented some pairs of solid desiccant and refrigerant, which could have higher
COP. Hence, application of different types of desiccant-based air-conditioning system
depends on the need and specific target.Wang et al. [40] presented important guidelines
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of the desiccant-based air-conditioning system. For the case of open-cycle DHVAC
system, it offers some advantages for chemical and biological treatments of the SA to
the indoor environment [2]. Further investigation through exergoeconomic and exer-
goenvironmental analyses had been done to deepen the evaluation of the developed
DHVAC system [41, 42].
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