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Hernández), eloy@eii.uva.es (E. Velasco Gómez), richard.gaggioli@
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Abstract This paper deals with the exergy analysis of two experimental prototypes consisting of

indirect evaporative cooling systems with different constructive characteristics. Both prototypes

have been designed and manufactured in the Thermal Engineering Laboratory of the University

of Valladolid. They are made of polycarbonate hollow panels of different cross section and con-

nected into a heat recovery cycle. Each prototype has been tested at 4 levels of outdoor air volume

flow (from 125 to 400 m3�h�1) and 4 levels of dry bulb temperature (from 25 to 40 �C). For each of

the 16 different operating conditions the exergy destructed by each prototype has been calculated.

Results show that the higher the dry bulb temperature at the primary air inlet, the higher the exergy

destruction and the exergy losses. The exergy destruction increases when the wet bulb depression

temperature of the secondary air inlet decreases, leading to more inefficient configurations. The

value of the exergetic efficiency is in the order of 2–12 %. The optimum combination of operating

conditions at any inlet temperature of the primary air can be proposed as: 300 m3h�1 and 200

m3h�1. for the wide and narrow plates prototype, respectively.
� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

It is usually considered that aprox. 20%�40% of the Euro-

pean final energy consumption is associated with the building
sector. Within this sector, the main energy consumption –
around 68%– is due to thermal conditioning. Therefore, it is

not surprising that, in Europe, the building sector is considered
as the one with highest energy saving potential. In Spain, the
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Nomenclature

c specific heat, J�kg�1 K�1

d prototype width, m
e specific exergy, kJ�kg�1

_E exergy flow, kJ�h�1

h enthalpy, kJ�kg�1

H prototype height, m
L prototype length, m
‘‘N” narrow plates

s entropy, kJ�kg�1 K�1

p pressure, bar
Q volume flow, m3�h�1

R universal gas constant, kJ�kg�1 K�1

t plate thickness, mm
T temperature, �C
w specific humidity, g�kg�1

‘‘W” wide plates

Greek symbols
/ relative humidity

e exergetic efficiency

Subscripts and superscripts
0 environment
1 primary inlet

a dry air

CH chemical

D destruction
F fuel
in inlet
L loss

ma moist air
out outlet
p pressure

P product
PH physical
v vapour

w liquid water

Acronyms:
AHU Air Handling Unit
HP Heat Pump

HVAC Heating, Ventilation and Air Conditioning
IAPWS International Association for the Properties of

Water and Steam

IAQ Indoor Air Quality
IEC Indirect Evaporative Cooler
PVC Polyvinyl Chloride
WBD Wet Bulb Depression
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Ministry of Industry considers that approximately 20% of the
energy consumed in buildings could be saved.

Three proposals, in order to reduce the energy consumption

in buildings, are given by Rey et al. [1]: 1) the decrease of the
energy demand; 2) the replacement of traditional fossil energy
sources with sustainable energy sources, and 3) the optimiza-

tion of the processes energy utilization, with, for example,
residual energy recovery. This work is related to alternative
air-conditioning processes dealing with all these three proce-

dures: 1) energy demand recovery; 2) free energy resources
reutilization by means of energy recovery and evaporative
cooling systems, and 3) energy efficiency optimization of the
systems with the specification of their optimum configuration.

Evaporative cooling is a natural phenomenon that sponta-
neously occurs when water comes into contact with non-
saturated air, hence in numerous examples in nature [2] (such

as the sea breeze, after a summer storm or when sweat evapo-
rates from our skin. Consequently, systems based on this effect
are simple, energy efficient technologies. Although optimum

efficiencies can be expected under hot and dry conditions
[3,4] they are used in almost all climates [5]. Indeed, configura-
tions such as indirect evaporative cooling, particularly in heat
recovery mode, can enhance its application even in temperate

climates [6]. Besides, hybrid systems with indirect evaporative
cooling to precool air arise as a solution to achieve thermal
comfort while lessening emissions, in a framework of increas-

ing cooling demand due to a global warming situation to be
restrained [7–9].

Exergy is widely accepted as the basis for defining efficien-

cies, as inefficiencies are a consequence of destruction or loss of
available energy within the device [10]. Evaporative cooling
has been studied from an exergetic point of view by several
authors along the years. Already in 1979, Wepfer et al. [10]

presented the proper evaluation of available energy for HVAC.
Their main concepts have been applied to this work, with some
important modifications related to the definition of the exer-

getic efficiency. Bejan [11] proposed in his book a general
methodology for exergy analysis, with application to air condi-
tioning processes. Ren et al. [12] presented the principles of

exergy analysis in HVAC and the evaluation of evaporative
cooling schemes. They suggested an unusual selection of the
dead state. Some of their ideas have been applied in our paper.
Qureshi and Zubair [13] applied exergy analysis to various psy-

chrometric processes, evaporative cooling among them, to
quantify the irreversible losses. Alhazmi [14] estimate the min-
imum work required for the air conditioning process. Taufiq

et al. [15] used exergy analysis to evaluate overall and compo-
nent efficiencies and to identify thermodynamic losses in an
evaporative cooling system of a building in Malaysian climate.

Caliskan et al. [16] presented energy and exergy analyses of one
novel and three conventional types of air cooling systems for
building applications, where they analyzed the effect of dead
state temperature on specific exergy flow calculations.

Farmahini-Farahani et al. [17] applied exergy analysis to
calculate the exergy efficiency of experimental investigations
on the direct, indirect, and two stage indirect/direct evapora-

tive cooling under various weather conditions. Ratlamwala
and Dincer [18] defined energy and exergy efficiencies for evap-
orative cooling based on three different types of approaches.

Santos et al. [19] presented a study on the performance of



Fig. 1 Configuration of the prototypes.
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the evaporative cooling process in air washes using exergy
equations; they also obtained the conditions required for opti-
mum performance with minimal exergy depletion. Uckan et al.

[20] presented the exergy analysis of a novel configuration of a
desiccant based evaporative air conditioning system, where the
exergy destruction and the exergetic efficiency for all the com-

ponents of the system -an evaporative cooler among them-
were evaluated. Enteria et al. [21] developed a desiccant evap-
orative air-conditioning system and they evaluated it by an

exergetic method under controlled environmental conditions
to determine the performance of the whole system and its com-
ponents. Elgendy et al. [22] proposed three novel desiccant
evaporative cooling system configurations using direct/indirect

evaporative cooler and they compared them by both energetic
and exergetic analysis. In 2016 Ghazikhani et al. [23] per-
formed an exergy analysis of two humidification process meth-

ods (constant enthalpy humidification and constant
temperature humidification) in air conditioning systems. Sach-
deva et al. [24] presented an energy and exergy analysis of an

experimental direct evaporative cooling system. Also in 2016,
Cuce and Riffat [25] performed a state of the art review of
evaporative cooling systems for building applications, where,

according to Kanoglu et al. [26] they emphasized that an
exergy analysis needs to be considered for a through thermo-
dynamic performance analysis of evaporative cooling systems.
Some studies focus on the exergetic performance of hybrid

Indirect Evaporative Cooling (IEC) and conventional air con-
ditioning systems. Just recently, and based on mathematical
models, Rao and Datta, [27] performed an exergy analysis of

multihybrid evaporative cooling systems for different locations
across India and evaluated their exergetic efficiency. Li et al.
[28] studied an indirect evaporative cooler applied as an

exhaust air heat recovery component using an exergy transfer
model. Yang et al. [29] presented an energy and exergy analysis
of five external-cooling evaporative coolers combined with

mechanical vapor compression systems. But, it is important
to underline the lack of exergy studies on experimental evapo-
rative cooling systems in the literature.

In this paper, two experimental prototypes consisting of

indirect evaporative cooling systems of different manufactur-
ing characteristics have been analyzed through the exergy anal-
ysis methodology. Thus, with a thorough approach, we fill the

existing gap in the literature with respect to the exergetic anal-
ysis of experimental evaporative cooling systems. First, in a
previous paper [30], both prototypes were experimentally char-

acterized. The prototypes have been designed and manufac-
tured by the Thermal Engineering Group of the University
of Valladolid. These two equally-sized cross-flow heat exchan-
ger prototypes are made of polycarbonate hollow panels of dif-

ferent cross section, with a total heat exchange area of 6 m2

and 3 m2 respectively. They are connected into a heat-
recovery cycle within a whole experimental setup constructed

for the tests. Each prototype has been tested at 4 levels of out-
door air volume flow (125, 200, 300 and 400 m3�h�1) and 4
levels of dry bulb temperature (from 25 to 40 �C). Next, the

results are studied considering the influence of construction
aspects, outdoor air flow and temperature on the energy per-
formance. The exergy destructed by each prototype in the 16

different operating conditions has been calculated and the
optimum combination of operating conditions has been
proposed.
2. Materials: Experimental setup

To improve energy efficiency when supplying the required ven-
tilation demand, a plastic plate heat exchanger is designed for

energy recovery combined with evaporative cooling.
Compared to metallic materials, the use of plastic in indi-

rect evaporative coolings has the advantage of being lighter,

cheaper and, above all, corrosion resistant. Its lower thermal
conductivity can be overcome using thin plates: because ther-
mal resistance to conduction in plates is proportional to the
plate thickness and indirectly proportional to its conductivity,

small thicknesses make convection the dominating resistance
to heat transfer [31,32]. This is the reason why, since several
decades ago, many indirect evaporative coolers are being built

in plastic [33–36].
Two prototypes, called ‘‘W” (wide plates) and ‘‘N” (narrow

plates), have been built made of 15 and 28 polycarbonate hol-

low plates respectively, of two different thickness. The dimen-
sions and total heat exchange area of both prototypes can be
identified in Fig. 1 and Table 1.

As shown in Fig. 1, the prototypes have a crossflow config-
uration. Primary outdoor air flows within the plates and tra-
verses the device in the L direction, while secondary air flows
upwards inside the plates. Water is supplied inside the plates

in counterflow to air, from an upper water distributor.
A PVC structure serves as the shell of the prototypes and

enables their connection through air ducts to an Air Handling

Unit (AHU) and a climate test room, as shown in Fig. 2 and
Fig. 3. The test rig has a water circuit consisting of a water dis-
tributor, a tank, a water pump and the required ducts.

As shown in Fig. 3, the prototypes operate in a heat-
recovery mode. Primary air from the AHU flows through
the space between the plates. The AHU provides the primary

airflow in the outdoor conditions to be tested. This primary
air is cooled due to the indirect contact with the secondary,
return airflow coming from the climate test room. A heat



Table 1 Dimensions and configuration of the prototypes..

Type W Type N

Number of plates 15 28

Height H 0.62 m 0.62 m

Length L 0.18 m 0.18 m

Width d 0.23 m 0.23 m

Total exchange area 3 m2 5.6 m2

Polycarbonate wall thickness 0.1 mm 0.1 mm

Panel thickness t 9 mm 4 mm

4362 A.M. Blanco-Marigorta et al.
pump inside the climate chamber provides additional cooling
to achieve comfort, when required. 16 tests have been con-

ducted for each prototype, hence a total of 32 tests, varying
both the primary air flow and dry bulb temperature in the
AHU. Tests are performed at four levels of primary air volume

flow (125, 200, 300 and 400 m3�h�1) and four levels of dry bulb
temperature (25, 30, 35 and 40 �C). Conditions of secondary
air are those of thermal comfort maintained inside the space

(dry bulb temperature 22 ± 0.5 �C and relative humidity
between 50 and 65%). Water mass flow is supplied at a con-
stant rate of 0.14 kg/s for all tests and its temperature main-
tains at that of wet bulb of the secondary air stream

(between 18 and 19.5 �C).
During the tests, inlet air volume flow and dry bulb temper-

ature varied slightly from the set conditions. Standard devia-

tion of the measured air temperatures at the inlet ranged
from 0.15 �C to 0.37 �C, while that of the measured air volume
flow ranged from 0.9 m3/h to 6.4 m3/h.

During the tests, dry bulb temperature and relative humid-
ity have been measured at the inlet and outlet of both airflows
(Fig. 3). Temperature probes are 4-wire Pt100 (accuracy:
±0.1 �C, range: �50 to 250 ⁰C) and relative Humidity probes

are capacitive sensors (accuracy: ±2%, range: 0 to 100%).
Volume airflows are obtained through the pressure drop gen-
erated in orifice plates, measured with ultra-low differential

pressure transmitters of pressure range 0 mm to 703.1 mm
H2O and accuracy ± 2%. The orifice plates are calibrated with
an airflow nozzle.

3. Methods: Exergy analysis

The method of exergy analysis enables the cause and true magni-

tude of the inefficiencies in a process or energy system. Exergy is
Fig. 2 View of the prototype,
the maximum theoretical useful work obtainable as the system
interacts with the reference environment to equilibrium [37].
Therefore, the value assigned to the exergy of a material stream

depends upon the proper selection of the reference environment.
Once the equilibrium is achieved, the system is in the so called
dead state. The fundamental dead state is that state which would

be attained if each constituent of the substance were reduced to
complete equilibrium with the stable components in the environ-
ment [10]. At the dead state, the pressure, temperature and chem-

ical potentials of the system equals those of the environment.
There is no standard reference; the appropriate reference depends
upon the process and the system being analyzed and upon the
ambient environment.

Usually, the appropriate dead state temperature, T0, is the
ambient dry-bulb temperature. In our study the temperature of
the environment is not always the same. Four levels of dry

bulb temperature have been considered. Therefore, as the dead
state temperature we have taken the correspondent tempera-
ture of the environment for each set of experiments (from 25

to 40 �C). The dead state pressure is the barometric pressure,
in our case p0 = 92.6 kPa. Related to the reference humidity,
several options are considered in the literature: Wepfer et al.

[10] take w0 as the outdoor value at that instant; Liley [38]
established the conditions of dry air, U0 = 0; Bejan [11]
assume a standard relative humidity of U0 = 60 %; Uckan
[20] used the daily mean specific humidity ratio value of ambi-

ent air; Ren et al. [12,39] considered U0 = 100 %, since the
water vapor can diffuse into air as long as the air does not
reach the saturation at a given temperature and pressure. Tak-

ing into account that the definition of exergy assumes the inter-
action of the system with the environment to equilibrium, it
seems to be more convenient to choose the outdoor humidity

as the dead state value, that is Wepfer et al. argument. This
approach is used in this paper.

The specific exergy flow of moist-air may be defined as [10]:
ema ¼ cp;a þ wcp;v
� �

T0

T

T0

� 1� ln
T

T0

� �
þ 1þ wð ÞRaT0ln

p

p0

þ RaT0 1þ wð Þln 1þ w0ð Þ
1þ wð Þ þ w ln

w

w0

� �
ð1Þ
where the first two terms of this expression refer to the physical
exergy and the last term to the chemical exergy. In this study,

the following values of the parameters have been used: cpa = 1.
the shell and the assembly.



Fig. 3 Scheme of the experimental setup.

Exergy analysis of two indirect evaporative cooling experimental prototypes 4363
003 kJ�kg-1K�1, cpv = 1.872 kJ�kg-1K�1, Ra = 0.287 kJ�kg-1K-

1and w ¼ 1:608w.
And the specific exergy flow of liquid water is given by:

eH2O ¼ hw T; pð Þ � hw;0 T0; pw;0
� �� T0 sw T; pð Þ � sw;0 T0; pw;0

� �� 	
ð2Þ

where the corresponding enthalpy and entropy values have
been taken from [40]. This formulation takes into account that,

at the final equilibrium state, the water will be one of the con-
stituents of an ideal mixture, that is the outdoor wet air. There-
fore, both the physical and the chemical contributions to the

exergy value of liquid water, are already included in Eq. (2).
The exergetic efficiency measures the true thermodynamic

efficiency of a process. It is defined by [37]:

e ¼
_EP

_EF

ð3Þ

Where the exergy of the product, _EP, consist of the exergy of
the energy streams generated in the component plus all the
exergy increases between inlet and outlet that are in accord

with the purpose of the component. Concerning the exergy

of the fuel, _EF, it is the sum of the exergy of the energy streams
supplied to the component plus all the exergy decreases
between inlet and outlet and the exergy increases (between inlet

and outlet) that are not in accord with the purpose of the com-
ponent [41].

The purpose of our evaporative cooler with heat recovery is

to decrease the temperature of the primary air, while the
humidity of the secondary air increases and its temperature
decreases. As the heat transfer occurs below T0, exergy is

transferred in the direction opposite to the heat transfer [37].
Therefore, the exergy supplied by the water, the pump and
the secondary air stream is used to increase the exergy of the
primary stream. This means that the appropriate definitions

of exergy of the fuel and exergy of the product for this device
are following:

_EP ¼ _Eprimary; out ð4Þ
_EF ¼ D _Esupplied; H2O þ _Wpump þ _Esecondary; in ð5Þ

The exergy destruction can be obtained through the simple
balance:

_ED ¼ _EF � _EP � _EL ð6Þ

where _EL ¼ _Esecondary;out because this flow material is released

into the atmosphere.
4. Results and discussion

The results of the specific exergy flows are presented in
Table 2 for both prototypes ‘‘W” (wide-plates) and ‘‘N”

(narrow-plates). For each inlet and outlet streams of the pri-

mary and secondary air-flows, the volume flow, Q, the dry-
bulb temperature, T, the humidity, w, and the calculated
values for the physical, ePH, and the chemical exergies,
eCH, are listed.

Table 3 contains the results of the exergetic analysis for
both prototypes –wide and narrow- at the different experimen-
tal conditions: the four levels of primary air volume flow (125,

200, 300 and 400 m3�h�1) and four levels of dry bulb temper-
ature (from 25 to 40 �C). For each of the 16 tests, the exergy

of the fuel, _EF, the exergy of the product, _EP, the exergy

destruction, _ED, and the exergetic efficiency, e, have been
calculated.

At first sight, Table 3 shows that the exergetic efficiency of
this device, no matter the operation conditions, is very low (2–
12 %). The high internal irreversibilities, due to heat transfer

and diffusion, the exergy losses into the atmosphere, and the
low exergetic value of the primary outlet stream are the reason
of these low exergetic efficiency values.

Fig. 4 shows an exergy flow diagram for the prototype ‘‘N”

with a 200 m3�h�1 operating flow. The high exergy destruction
becomes evident, as well as the losses. Therefore, the exergy of

the product is very small.



Table 2 Results of the specific exergy flows for prototypes ‘‘W” and ‘‘N”.

Primary air-flow inlet Primary air-flow outlet Secondary air-flow inlet Secondary air-flow outlet

Q T w ePH eCH T w ePH eCH Q T w ePH eCH T w ePH eCH

m3�h�1 �C g�kg�1 kJ�kg�1 kJ�kg�1 �C g�kg�1 kJ�kg�1 kJ�kg�1 m3�h�1 �C g�kg�1 kJ�kg�1 kJ�kg�1 �C g�kg�1 kJ�kg�1 kJ�kg�1

Type ‘‘W”

400 40 9.07 0.000 0.000 32.2 9.07 0.119 0.000 156.1 20.7 7.0 0.680 0.036 18.9 16.02 0.809 0.308

35 8.91 0.000 0.000 29.0 8.91 0.075 0.000 187.1 21.5 8.0 0.343 0.007 18.5 15.80 0.506 0.302

30 8.12 0.000 0.000 25.5 8.12 0.042 0.000 134.2 22.4 7.3 0.110 0.006 17.4 14.57 0.293 0.285

25 8.46 0.000 0.000 22.4 8.46 0.017 0.000 127.8 22.7 7.9 0.014 0.002 17.0 14.53 0.126 0.243

300 40 9.73 0.000 0.000 31.2 9.73 0.142 0.000 133.2 21.8 8.4 0.591 0.015 18.8 16.29 0.801 0.260

35 9.01 0.000 0.000 28.0 9.01 0.088 0.000 128.0 22.3 7.9 0.284 0.011 18.1 15.56 0.505 0.272

30 8.49 0.000 0.000 24.9 8.49 0.052 0.000 129.2 23.4 7.9 0.084 0.003 17.4 14.96 0.294 0.276

25 8.67 0.000 0.000 21.9 8.67 0.021 0.000 129.5 22.7 8.1 0.013 0.002 16.8 14.36 0.132 0.211

200 40 10.09 0.000 0.000 30.2 10.09 0.174 0.000 132.9 22.0 8.8 0.576 0.013 19.1 16.68 0.778 0.256

35 9.93 0.000 0.000 27.5 9.93 0.104 0.000 139.3 22.1 9.0 0.300 0.006 18.5 16.15 0.489 0.228

30 7.52 0.000 0.000 24.2 7.52 0.062 0.000 139.9 22.1 6.8 0.114 0.005 16.3 13.57 0.333 0.269

25 7.68 0.000 0.000 21.7 7.68 0.030 0.000 131.9 22.2 7.2 0.022 0.002 16.1 13.51 0.166 0.244

125 40 8.77 0.000 0.000 28.1 8.77 0.232 0.000 130.2 23.4 7.4 0.457 0.015 17.6 14.84 0.849 0.247

35 7.95 0.000 0.000 25.4 7.95 0.156 0.000 134.2 22.7 6.9 0.257 0.010 16.5 13.69 0.594 0.238

30 7.40 0.000 0.000 23.0 7.40 0.087 0.000 138.4 22.6 6.7 0.099 0.005 16.1 13.14 0.344 0.249

25 7.50 0.000 0.000 21.2 7.50 0.030 0.000 129.3 23.7 7.2 0.005 0.001 16.9 13.66 0.125 0.275

Type ‘‘N”

400 40 8.04 0.000 0.000 34.3 8.4 0.058 0.000 28.7 21.6 6.7 0.588 0.016 23.6 22.68 0.464 1.260

35 7.38 0.000 0.000 30.7 7.7 0.035 0.000 26.6 21.6 6.4 0.319 0.009 22.2 20.81 0.292 1.138

30 7.01 0.000 0.000 27.4 7.3 0.020 0.000 25.6 21.5 6.4 0.149 0.004 20.9 19.27 0.169 0.996

25 6.69 0.000 0.000 23.3 7.0 0.008 0.000 25.3 22.4 6.4 0.017 0.001 19.2 17.36 0.069 0.799

300 40 7.97 0.000 0.000 33.6 8.2 0.079 0.000 26.1 21.6 6.8 0.604 0.013 23.9 22.60 0.467 1.269

35 7.60 0.000 0.000 30.8 7.9 0.039 0.000 24.8 21.7 6.8 0.332 0.007 23.8 22.65 0.239 1.352

30 6.72 0.000 0.000 25.8 6.9 0.042 0.000 37.1 22.3 6.2 0.123 0.003 18.5 16.36 0.260 0.680

25 6.57 0.000 0.000 22.9 6.8 0.013 0.000 26.7 22.4 6.3 0.018 0.001 19.0 16.96 0.078 0.774

200 40 7.96 0.000 0.000 31.3 8.0 0.143 0.000 34.2 21.9 6.8 0.587 0.013 21.4 18.84 0.624 0.762

35 7.29 0.000 0.000 28.0 7.4 0.100 0.000 43.9 22.3 6.4 0.308 0.009 19.0 15.25 0.477 0.462

30 7.28 0.000 0.000 24.7 7.4 0.060 0.000 45.7 22.8 6.7 0.105 0.003 17.7 14.62 0.287 0.394

25 6.71 0.000 0.000 21.3 6.9 0.027 0.000 52.2 21.2 6.4 0.028 0.001 16.3 13.29 0.139 0.340

125 40 9.41 0.000 0.000 29.2 8.9 0.222 0.000 131.7 23.7 8.0 0.487 0.015 19.2 15.83 0.786 0.258

35 8.13 0.000 0.000 26.2 7.9 0.155 0.000 85.8 21.7 7.1 0.341 0.010 17.5 14.16 0.576 0.256

30 8.00 0.000 0.000 23.9 8.0 0.067 0.000 82.6 23.3 7.4 0.081 0.003 17.3 14.04 0.288 0.256

25 7.44 0.000 0.000 21.2 7.6 0.027 0.000 77.0 21.9 7.0 0.019 0.002 16.3 13.27 0.136 0.250
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Table 3 Results of the exergy analysis for both prototypes.

Q T Type ‘‘W” Type ‘‘N”

_EF
_EP

_ED
_EL e _EF

_EP
_ED

_EL e

m3�h�1 �C kJ�h�1 kJ�h�1 kJ�h�1 kJ�h�1 % kJ�h�1 kJ�h�1 kJ�h�1 kJ�h�1 %

400 40 612.60 47.99 370.06 194.55 7.8 244.25 23.20 165.91 55.14 9,5

35 508.05 29.57 310.52 167.96 5.8 198.62 13.73 142.39 42.50 6,9

30 301.88 16.30 199.32 86.26 5.4 166.97 7.56 126.15 33.26 4,5

25 213.34 6.69 154.45 52.20 3.1 138.30 3.20 110.63 24.47 2,3

300 40 463.50 42.23 264.60 156.67 9.1 230.77 23.43 156.90 50.44 10,2

35 356.88 25.88 220.69 110.31 7.3 200.38 11.32 145.05 44.01 5,6

30 276.60 15.08 179.94 81.58 5.5 181.03 12.31 129.82 38.90 6,8

25 204.80 6.14 149.55 49.11 3.0 140.93 3.64 111.96 25.33 2,6

200 40 450.46 37.05 261.48 151.93 8.2 236.24 28.33 155.04 52.87 12,0

35 351.25 21.85 218.97 110.43 6.2 208.57 19.80 142.75 46.02 9,5

30 307.16 12.65 200.59 93.92 4.1 172.17 11.95 125.57 34.65 6,9

25 227.65 6.02 161.49 60.14 2.6 153.88 5.28 120.74 27.86 3,4

125 40 425.46 25.92 241.33 158.21 6.1 445.93 27.82 266.09 152.02 6,2

35 352.78 17.55 211.11 124.12 5.0 276.02 19.48 177.04 79.50 7,1

30 293.72 10.81 191.65 91.26 3.7 205.64 8.29 147.45 49.90 4,0

25 223.92 4.05 162.37 57.50 1.8 167.70 3.25 131.36 33.09 1,9

Fig. 4 Exergy flow diagram of the evaporative cooler, prototype ‘‘N” with a flow rate of 200m3h�1.
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Related to the trend, followed along the different experi-
ments, the available fuel exergy decreases as primary inlet tem-
perature decreases, as expected. The same trend is followed by

the exergy of the product, the exergy destruction, and the
exergy losses; as a result, the exergetic efficiency also dimin-
ishes. Primary air volume flow decrease also involves a

decrease in the exergy of the fuel and the exergy of the product
and, therefore, an exergy destruction decrease for both proto-
types. Nevertheless, this effect is not that remarkable on the
exergetic efficiency of the device. Generally, higher results

are observed in exergy destruction when doubling the heat
exchange area (facing prototype ‘‘N” to prototype ‘‘W”), but
the exergetic efficiency seems not to be affected by the size of

the panels´ hollows. A better overview of the global tendency
can be reached through the figures presented in the following
section.

4.1. Analysis of the exergetic efficiency

To perform a comparison among all the related experiments,
the relationship between the exergetic efficiency and the pri-

mary inlet temperature is presented in Fig. 5 a) for the proto-
type ‘‘W” and b) for the prototype ‘‘N”.

The exergetic efficiency values, calculated using (3) are in

the order of 2–12 %. In the prototype ‘‘W”, the exergetic effi-
ciency increases with the volume flow of the primary air,
because an increase in the outdoor air volume flow improves
the heat transfer [42]. This behavior is in agreement with the



Fig. 5 Relationship between the exergetic efficiency and the exergy destruction with the primary inlet temperature for (a) and (c)

prototype ‘‘W”, (b) and (d) prototype ‘‘N”.
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improvement of the thermal conductance when higher airflows

are tested, which could be due to convective coefficients
improvement in the heat-exchanger primary air side, as con-
cluded in a previous paper [42]. There are a couple of excep-

tions to this behavior: for example, 35 and 40 �C compared
to the tests with the highest volume flow (400 m3�h�1) at high
temperatures (35 and 40 �C) that present an exergetic efficiency
lower than expected. This could be attributed to the increase of

the inefficiencies due to turbulence. Looking at the secondary
air Qs in Table 2, the flowrates are much higher at 35 and
40 �C than those at 25 and 30 (especially when compared with

values and variations when the primary air flows are at 300,
200 and 125). So the secondary air exergy losses would be
expected to be much higher and not surprisingly the destruc-

tions could also increased. As a result, for prototype ‘‘W”,
the optimal volume flow of the primary air seems to be
300 m3�h�1.

In the prototype ‘‘N”, the highest exergetic efficiencies are

associated with the volume flow of 200 m3�h�1 for the entire
range of temperatures. For the tests related with the other vol-
ume flows, some deviations due to unidentified factors appear.

Likewise, for Type N, the secondary Qs at 300 and 35, and at
125 and 40 �C are very high, comparatively.

On the other hand, the exergetic efficiency increases as the

primary inlet temperature increases. This effect is more pro-
nounced for the prototype ‘‘N”. This can be due to the increase
in the heat transfer as a consequence of the also higher temper-

ature difference between both air streams. Just the tests related
to 35 �C-300 m3�h�1, and 40 �C-125 m3�h�1, present exceptions
to this behavior; but they can be more properly attributed to
variability in operating conditions.
4.2. Analysis of the exergy destruction

Fig. 4 also shows the relationship between the exergy destruc-
tion and the primary inlet temperature, for c) prototype ‘‘W”

and d) prototype ‘‘N”.
The figure shows that the exergy destruction with proto-

type ‘‘W” is higher than with prototype ‘‘N”. At first sight,

the higher the inlet temperature of the primary air, the higher
the exergy destruction for both prototypes. The trend fol-
lowed with the variation of the volume flow is, on the con-

trary, not that clear. The results regarding 200, 300, and
400 m3�h�1 with both prototypes show that the volume flow
of the primary air does not seem to have an important role.
There are just a couple of protrudings in this figure, with high

exergy destruction values. In prototype ‘‘W”, at 35–40 �C of
inlet temperature of the primary air and a control volume of
400 m3�h�1, a disproportionate high value of the exergy

destruction could be attributed to the increase of inefficien-
cies due to turbulence, as mentioned before. In prototype
‘‘N”, the exergy destructed when a primary air volume flow

of 125 m3�h�1 was used is clearly higher than when the other
volume flows were tested, for the whole range of tempera-
tures, and with an outstanding exergy destruction value for
40 �C. but this could be due to the instabilities observed in

this operating conditions.
Fig. 6 shows the correlation between the exergetic efficiency

and the Wet Bulb Depression (WBD) (the difference between

the dry bulb temperature and its coincident wet bulb tempera-
ture). The interest of this parameter in evaporative cooling
applications was previously appointed in the literature [43].



Fig. 6 Relationship between the exergetic efficiency and the Wet Bulb Depression for (a) prototype ‘‘W” and (b) prototype ‘‘N”.
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In our study WBD of the secondary air inlet has been
considered.

Although the dispersion of the results is high, especially for

prototype ‘‘W”, some interesting conclusions could be per-
formed. The clear tendency (represented by a straight line in
both figures) is that the lower the wet bulb depression temper-

ature, the higher the exergy destruction. This tendency agrees
with the increase in temperature drops with the WBD which
leads to more efficient situations.

5. Conclusions

In this work, two experimental indirect evaporative cooling

prototypes, made of polycarbonate hollow panels, have been
analyzed through the exergy analysis methodology. The proto-
types operate in a heat-recovery mode. Different operating
conditions have been tested: 4 levels of outdoor air volume

flow (125, 200, 300 and 400 m3�h�1) and 4 levels of dry bulb
temperature (from 25 to 40 �C).

Generally, exergy destruction increases when doubling the

heat exchange area. For both prototypes, the higher the dry
bulb temperature at the inlet of the primary air, the higher
the exergy destruction and the exergy losses. The effect of

the increase of the volume flow of the primary air is not always
that clear. In general, a primary air volume flow reduction also
implies an exergy destruction decrease for both prototypes, but
some uncertainties have been observed due to variability in the

operating conditions. It has also been appreciated that the
exergy destruction increases when the wet bulb depression tem-
perature of the secondary air inlet decreases, leading to more

inefficient configurations.
The value of the exergetic efficiency is in the order of 2–12

%, which seems to be pretty low. So, in this case, an exergy

costing analysis is highly recommended, in order to analyse
the economic performance of the device. The wider the hollow
plates, the lower the exergetic efficiency of the prototype. This

value clearly increases with the primary inlet temperature; the
trend with the volume flow of the primary air is not that obvi-
ous. It is supposed that an increase in the outdoor air volume
flow improves heat transfer and, hence, the exergetic efficiency.

This tendency is clearly followed by prototype ‘‘W”; on the
contrary, in the prototype ‘‘N”, the highest exergetic efficien-
cies are associated with the volume flow of 200 m3�h�1 for

the entire range of temperatures.
The overall results show that ‘‘N” is the most efficient pro-

totype. The optimum volume flow operating conditions for

each prototype at any inlet temperature of the primary air
can be proposed as: 300 m3�h�1. for the ‘‘W” prototype,
200 m3�h�1. for the ‘‘N prototype. The higher the outdoor tem-
perature operation conditions, the higher the efficiency for

both prototypes.
Indirect evaporative cooling can reduce the energy con-

sumed by conventional vapor compression air conditioning

systems. Further research on the global exergy efficiency of
hybrid systems can provide additional insight on the improve-
ments achieved by precooling air through IEC.
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[26] M. Kanoǧlu, M.Ö. Çarpinlioǧlu, M. Yildirim, Energy and

exergy analyses of an experimental open-cycle desiccant cooling

system, Appl. Therm. Eng. 24 (2004) 919–932, https://doi.org/

10.1016/j.applthermaleng.2003.10.003.

[27] V.V. Rao, S.P. Datta, Comprehensive exergetic, sustainability

and enviro-economic evaluation of single-stage and hybrid

evaporative coolers in India, Sustain. Energy Technol.

Assessments 47 (2021), https://doi.org/10.1016/j.

seta.2021.101403 101403.

[28] W. Li, Y. Li, W. Shi, J. Lu, Energy and exergy study on indirect

evaporative cooler used in exhaust air heat recovery, Energy 235

(2021), https://doi.org/10.1016/j.energy.2021.121319 121319.

[29] Y. Yang, C. Ren, C. Yang, M. Tu, B. Luo, J. Fu, Energy and

exergy performance comparison of conventional, dew point and

new external-cooling indirect evaporative coolers, Energy

Convers. Manag. 230 (2021), https://doi.org/10.1016/j.

enconman.2021.113824 113824.
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[42] A. Tejero-González, M. Andrés-Chicote, E. Velasco-Gómez, F.
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