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A B S T R A C T   

Evaporative cooling is an alternative cooling technology to conventional vapor-compression systems with lower 
energy use and pollution emissions. This paper presents theoretical performance comparison for three water- 
mediated evaporative coolers and provides a design guideline for choosing evaporative coolers under specific 
climates and operating boundary conditions. Theoretical solutions of counter-flow evaporative cooling are given 
and verified with maximum absolute and relative errors of 0.26 K and 1.23% respectively. The heat transfer 
coefficient of the combined heat and mass transfer is 2.72–4.95 times than the pure heat transfer process if there 
were no mass transfer. Climatic dividing lines of various technologies are affected by the design parameters of the 
system, dropping the psychrometric chart into different applicable climatic areas. The simulation results show 
that the climatic areas in psychometrics where indirect outperforms direct evaporative cooling will expand when 
increasing the air–water ratio and heat transfer coefficient, and climatic area of series indirect evaporative 
cooling shrinks when increasing temperature difference. The simplified selection method using such difference in 
merits is verified by case study, which can serve as a useful guideline for choosing the proper evaporative cooling 
technology for a wide range of geographical locations.   

1. Introduction 

With the growth of urbanization and human living standards, energy 
consumption and CO2 emissions in the building sector continue to in-
crease. As of 2018, the building sector already accounts for one-third of 
annual total energy consumption and 30% of total CO2 emissions in the 
end-use sector[1]. The growing demand for thermal comfort promotes 
the rapid spread of heating, ventilating, and air condition systems 
(HVAC) in buildings[2], which make up approximately 50% of building 
energy consumption and 20% of total consumption in the USA[3]. 
Cooling systems are one of the most substantial energy-draining facil-
ities in data centers, and reducing energy consumption for cooling sys-
tems is the key issue for the sustainable development of data centers[4]. 

Evaporative cooling technologies are used as pre-cooling or cooling 
devices to release waste heat into the environment. Compared with the 
vapor compression chiller, evaporative cooling technology has some 
principal advantages, such as substantial energy and cost savings, life- 
cycle cost effectiveness, improved indoor air quality, reduced pollu-
tion emissions, and no use of chlorofluorocarbons[5]. Evaporative 
cooling as a pre-cooling unit for a mechanical refrigerator reduced about 

75% cooling load and 55% power consumption[6]. Using evaporative 
cooling instead of mechanical refrigerators can reduce about 80% of 
energy consumption in a fresh air conditioning application[7]. 

Evaporative cooling can be divided into air-mediated and water- 
mediated according to different mediums used to transfer cooling ca-
pacity[8]. Air-mediated evaporative cooling is usually applied in small- 
scale buildings such as residential and office buildings. The common air- 
mediated evaporative cooling structures include direct evaporative 
cooling (DEC)[9], indirect evaporative cooling (IEC)[10], regenerative 
or dew-point evaporative cooling[11], Maisotsenko cycle[12], multi-
stage evaporative cooling[13], and desiccant arrangements[14]. Water- 
mediated evaporative cooling technologies wildly applied in large-scale 
centralized cooling stations are direct evaporative cooling[15], series 
indirect evaporative cooling[16], and parallel indirect evaporative 
cooling[17]. 

Experimental and simulated research on the cooling performance of 
these air-mediated and water-mediated evaporative cooling processes 
has been reported in recent years. Air-mediated and water-mediated 
direct evaporative cooling studies mainly focused on heat and mass 
transfer performance of different padding materials, such as about 95% 
of 75.37% wet-bulb efficiency of aspen fibers, 73.06% of khus fibers, 
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78.60% of coconut fibers, and 83.89% wet-bulb efficiency of palash fi-
bers[18]. Khalajzadeh et al.[19] presented a hybrid system combined 
ground heat exchanger and air-mediated classic indirect evaporative 
cooler, wet-bulb efficiency of which is 104%. A novel air-mediated dew- 
point evaporative cooling system was established to provide cooling for 
fresh air conditioning applications, which had a wet-bulb efficiency of 
92 ~ 114% and a dew-point efficiency of 58 ~ 84%[20]. Khalid et al. 
[21] reported an air-mediated cross-flow Maisotsenko cycle evaporative 
cooler, the wet-bulb and dew-point efficiency of which varied in the 
range of 92 ~ 120% and 62 ~ 85%.. Some other researchers have 
optimized the structure and size of evaporative cooling devices.[22] The 
coefficient of performance (COP, cooling energy room obtained divided 
by electricity consumption of the indirect evaporative chiller and the 
fresh air handing unit) can be dramatically enhanced by 36–92% via 
robust optimization of supply air velocity and working air ratio.[23] 
Badiei et al.[24] presented a whole building energy modeling work 
incorporating a dew point evaporative cooler, the highest dew-point 
efficiency and COP of which are 0.87 and 51.1. Chen et al.[25] pro-
posed a hybrid system combining an indirect evaporative cooler and 
humidification-dehumidification desalination cycle for simultaneous 
production of cooling and freshwater, the simulated results showed that 
the freshwater productivity and gain-output ratio are 25–125 L/h and 
1.6–2.5. 

Water-mediated indirect evaporative cooling has been widely 
applied in large-scale centralized cooling stations such as cooling 
towers, but few studies on water-mediated evaporative cooling are 
available. Xie and Jiang[17] introduced the water-mediated parallel IEC 
with a dew-point efficiency of 0.4 ~ 0.8 and a COP of 9.1. A wet-bulb 
efficiency of above 106% was obtained in a water-mediated series IEC 
experimental unit in previous work[16] Engineers cannot directly 
compare the wet-bulb or dew-point efficiencies reported in various 
pieces of research to determine which evaporative cooling technology 
performs better, because the cities, cooling system requirements, 
meteorological conditions, and designed parameters used in each 
research vary. 

The choice of the cooling medium is determined by building type and 
cooling system requirements, while an appropriate evaporative cooling 
process should be selected according to the performance comparison of 
different processes under the same conditions. The wet-bulb efficiency 

of regenerative IEC is significantly higher than that of classic IEC in the 
literature[26] in Tehran, but their cooling capacity is different. Shir-
mohammadi et al.[27] compared the cooling performance of six classic 
IEC and three DEC processes, with cross-flow IEC having the highest 
efficiency. Farmahini-Farahani et al.[28] presented experimental in-
vestigations on the air-mediated direct, indirect, and two-stage indirect/ 
direct evaporative cooling for six cities in Iran. Furthermore, DEC works 
best in temperate and dry regions, the IEC is more efficient in a hot and 
dry climate, and the IEC/DEC is a better choice for hot and semi-humid 
regions. Although this research considered the influence of meteoro-
logical conditions, it is not universal for only referring to certain 
designed parameters in six cities. Previous work[16] similarly compared 
water-mediated DEC and series IEC and showed that the DEC was more 
efficient in humid regions and the series IEC was suitable for dry cli-
mates, but no detailed climate ranges were given to guide the selection 
of appropriate evaporative cooling technologies. Many works of litera-
ture only focus on wet-bulb, dew-point, energy, or exergy efficiency and 
do not comprehensively consider the efficiency and cooling capacity 
under different climatic conditions, which is not completely fair to 
compare different cooling technologies. Moreover, conclusions are often 
limited to a specific system design and meteorological parameters, and 
engineers cannot easily apply these conclusions to other scenarios. 

The rise of cooling systems such as data centers has expanded the 
application of evaporative cooling, which makes it more difficult to 
choose the appropriate process. In this paper, the performance of water- 
mediated evaporative cooling is compared under different system 
designed and meteorological parameters, and application ranges of 
different processes are given through theoretical analysis and simula-
tion. Theoretical solutions of counter-flow evaporative cooling are given 
to simplify simulated mode. The clear climatic dividing lines of various 
evaporative cooling technologies are proposed by theoretical and 
simulated model, falling psychrometric chart into different applicable 
regions. The variations of performance partitions on the psychrometric 
chart is proposed to clearly reflect the applied climatic range of different 
processes under various design parameters. A case study illustrates how 
to use performance partitions of different evaporative cooling to select 
the appropriate process in different conditions and requirements. 

Nomenclature 

Symbols 
A transfer area (m2) 
cpa specific heat of air (kJ/(kg⋅K)) 
cpea equivalent specific heat of air (kJ/(kg⋅K)) 
cpw specific heat of water (kJ/(kg⋅K)) 
COP coefficient of performance 
DEC direct evaporative cooling 
DT, △T temperature difference (K) 
Ga inlet ambient air mass flow rate (kg/s) 
Gw inlet water mass flow rate (kg/s) 
h specific enthalpy (kJ/kg) 
H time (h) 
HVAC heating, ventilating and air condition 
IEC indirect evaporative cooling 
KA heat transfer coefficient (kW/ K) 
kd mass transfer coefficient of padding (kg/(m2⋅s)) 
kL heat transfer coefficient of SHE (kW/(m2⋅K)) 
ks heat transfer coefficient of padding (kW/(m2⋅K)) 
m heat capacity ratio of padding 
n heat capacity ratio of sensible heat exchanger 
NTU the number of transfer units 

P pressure (Pa) 
Q cooling capacity (kW) 
r0 latent heat of vaporization of water (kJ/kg) 
RH relative humidity (-) 
SHE sensible heat exchanger 
t temperature (℃) 

Greek symbols 
ω humidity ratio (g/kg dry air) 

Subscripts 
a air 
db dry-bulb 
dp dew-point 
in inlet 
out outlet 
p, pad, 2, padding 
s series 
sat saturated condition 
SHE,1 sensible heat exchanger 
w water 
wb wet-bulb  
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2. Process description 

The common water-mediated evaporative cooling technology is 
divided into direct evaporative cooling (DEC) and indirect evaporative 

cooling (IEC). The core component of direct evaporative cooling in-
cludes padding, fan, nozzles, and water collector, as shown in Fig. 1(a). 
The main occurrence of padding is a heat and mass transfer process with 
direct contact. Outdoor ambient air (state O) and returning cooling 

Fig. 1. Schematic diagrams and psychrometric charts of water-mediated evaporative chillers.  
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water (state D) are supplied to the padding to produce low-temperature 
cooling water (state F). Series and parallel connections are the two most 
popular indirect evaporative cooling processes, shown in Fig. 1(b) and 
(c). Indirect evaporative cooling processes add sensible heat exchangers 
(SHE) to pre-cool the outdoor ambient air based on direct evaporative 
cooling. Series IEC uses returning cooling water to pre-cool ambient air, 

while parallel IEC uses produced cooling water to pre-cool the air. State 
E and state A indicate the inlet water and air of padding of indirect 
evaporative cooling, and there is a mixing process between returning 
cooling water (state D) and outlet water of SHE (state C) for parallel IEC. 

The three evaporative cooling processes are represented in the psy-
chrometric chart in Fig. 1. Sensible heat exchangers cool the inlet 

Fig. 2. Theoretical model of heat and mass transfer process of padding.  
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ambient air, lowering its wet-bulb temperature, which increases the heat 
and mass transfer drive in the padding. Sensible heat exchangers give 
indirect evaporative cooling greater cooling potential but require more 
heat transfer for the same cooling capacity. Therefore, for series and 
parallel indirect evaporative cooling processes, more heat transfer area 
and inlet air flow rate are necessary to obtain lower output water tem-
perature. The theoretical minimum output water temperature for direct 
evaporative cooling is the inlet ambient air wet-bulb temperature, while 
the theoretical minimum output water temperature for indirect evapo-
rative cooling is the dew-point temperature. 

3. Theoretical analysis 

How to accurately predict the performance and choose the appro-
priate evaporative cooling process has become the most important 
problem in its application. In this section, analytical solutions of direct 
evaporative cooling and sensible heat transfer processes are given 
through theoretical analysis, and the theoretical performance boundary 
between DEC and series IEC is obtained. 

3.1. Establishment of the theoretical model 

The heat and mass transfer process of direct contact is the main 
physical phenomenon occurring in padding. Sensible heat transfer oc-
curs when there is a temperature difference between air and water, and 
moisture transfer occurs when the steam partial pressure in the air and 
the saturated wet air membrane are different. And with the moisture 
transfer, the phase transition process of water evaporation will occur at 
the interface. The temperature and partial pressure of the saturated wet 
air membrane are equal to that of the water surface. The schematic di-
agram of the two-film theoretical model of the heat and mass transfer 
process is represented in Fig. 2(a). 

Heat transfer, mass transfer, and phase transition processes occur 
simultaneously and interact with each other. The sensible heat transfer 
process affects the water and air temperature, and changes in water 
temperature lead to the different steam partial pressure of saturated wet 
air membrane, which in turn affects the mass transfer driving force. The 
mass transfer process is accompanied by a phase transition process that 
influences the temperature of air and water, affecting sensible heat 
transfer. To simplify the theoretical model of counterflow heat and mass 
transfer, the following assumptions are made.  

(1) The constant Lewis’s factor is equal to 1[29].  
(2) The latent heat of evaporation is provided by water[30].  
(3) The dry-bulb temperature of saturated wet air is linearly related 

to humidity[31]. 

For the counterflow heat and moisture exchange process between air 
and water, with the water flow in the positive direction, the theoretical 
model in Fig. 2 can be expressed as follows. Eq. (1) represents the air- 
side energy balance equation, where the change in air temperature is 
due to sensible heat transfer. Eq. (2) is the air-side moisture conservation 
equation, related to the humidity difference between the saturated wet 
air membrane in the water surface and the air. And based on the 
assumption (2), Eq. (3) represents the water-side energy balance, the 
water temperature change is the joint action of heat transfer and phase 
transition process. 

Ga⋅cpa⋅dta = − ks⋅dAp⋅(tw − ta) (1)  

Ga⋅dωa = − kd⋅dAp⋅(ωw − ωa) (2)  

Gw⋅cpw⋅dtw = − ks⋅dAp⋅(tw − ta) − r0⋅kd⋅dAp⋅(ωw − ωa) (3) 

Where Ga and Gw represent the mass flow rate of air and water; ks and 
kd are the heat and mass transfer coefficients of the padding; r0 is the 
latent heat of evaporation of water. ta and ωa are the dry-bulb 

temperature and humidity of air, and tw and ωw are the water temper-
ature and saturated humidity. cpa and cpw denote the specific heat ca-
pacity of air and water, and Ap is the heat and mass transfer area. 

Lewis factor gives an indication of relative rates of heat and mass 
transfer in an evaporative process. An analysis by Feltzin and Benton 
[32] indicated that for counterflow cooling towers a Lewis factor of 1.25 
was more appropriate, while Sutherland [33] used a Lewis factor of 0.9. 
Lewis factor is taken to be unity so that the mass transfer coefficient is 
computed from the known heat transfer coefficient in this mode, which 
can be expressed by Eq. (4). The enthalpy of wet air is related to the dry- 
bulb temperature and humidity. Eq. (5) is the enthalpy of air, and Eq. (6) 
is the enthalpy of saturated wet air membrane on the water surface. 

Le =
ks

cpa⋅kd
= 1 (4)  

ha = cpa⋅ta + r0⋅ωa (5)  

hw = cpa⋅tw + r0⋅ωw (6) 

For the evaporative cooling operating meteorological conditions, the 
humidity of saturated wet air is approximately linear with the dry bulb 
temperature, as shown in assumption (3). Then the enthalpy of air at the 
saturation line can be expressed by Eq. (8), from which a new equivalent 
air specific heat capacity cpea in Eq. (9) can be defined. 

ωsat = a⋅tsat + b (7)  

hsat = cpa⋅tsat + r0⋅ωsat =
(
cpa + r0⋅a

)
⋅tsat + r0⋅b (8)  

cpea = cpa + r0⋅a = cpa + r0
Δωsat

Δtsat
=

dhsat

dtsat
(9)  

ha = hsat = hwb,a = cpea⋅twb,a + r0⋅b (10)  

hw = cpea⋅tw + r0⋅b (11) 

Where a and b are constants relative to the defined air specific heat 
capacity, and twb,a is the air wet-bulb temperature. Substituting Eq. (5), 
(6), (10), and (11) into Eq. (1), (2) and (3), the differential equations can 
be obtained as (12) and (13). Referring to assumptions (1) and (3), the 
heat and mass transfer process in direct evaporative cooling in padding 
is simplified as a sensible heat transfer process between air wet-bulb 
temperature and water temperature. Compared with Eq. (3), the exis-
tence of the mass transfer process strengthens the sensible heat transfer 
in Eq. (13), which is equivalent to increasing the sensible heat transfer 
coefficient to cpea/cpa times of the original. 

Ga⋅cpea⋅dtwb,a = Gw⋅cpw⋅dtw (12)  

Gw⋅cpw⋅dtw =
cpea

cpa
ks⋅dAp⋅

(
twb,a − tw

)
(13) 

Fig. 3 shows the variation of the air equivalent specific heat capacity 
with different air wet-bulb temperatures. As the outdoor wet-bulb 
temperature increases, the air equivalent specific heat capacity in-
creases rapidly, while the specific heat capacity of water is substantially 
unchanged. Therefore, under the same air–water ratio, the cooling po-
tential of water-mediated evaporative cooling processes at high air wet- 
bulb temperature is significantly greater than that at low wet-bulb 
temperature. In the common operating range of evaporative cooling, 
the equivalent specific heat capacity varies from 2.79 to 5.22 kJ/kg/K, 
and variations of cpea/cpa and cpea/cpw are 2.72 ~ 4.95 and 0.67 ~ 1.25. 
When designing evaporative cooling air and water mass flow rates, it is 
necessary to fully consider the variation range of air wet-bulb temper-
ature during operation. In most cases, the designed air mass flow rate is 
greater than the water flow rate, and the recommended design value of 
the air–water ratio of water-mediated evaporative cooling is 1 ~ 1.6. In 
the process of evaporative cooling, the air wet-bulb temperature varies 
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within a small range, and its equivalent specific heat capacity is 
considered to remain unchanged in the theoretical analysis according to 
assumption (3). 

3.2. Analytical solutions and verification 

The analytical solution of output water temperature of the water- 
mediated direct evaporative cooling can be obtained according to the 
differential equations of Eq. (12) and (13), and the result is shown in Eq. 
(14). Where tw,in,pad represents the inlet water temperature, and twb,a,in, 

pad is the inlet air wet-bulb temperature. When the air flow rate, water 
flow rate and heat transfer coefficient of evaporative cooling are un-
changed, the output water temperature is only related to the inlet air 
wet-bulb temperature and inlet water temperature. 

tw,out,pad =

− Gw⋅cpw⋅tw,in.pad + Ga⋅cpea

[

twb,a,in,pad

(

e
(Ga cpea − Gw cpw)ksAp

Gacpa Gwcpw − 1
)

+ tw,in,pad

]

Ga⋅cpea⋅e
(Gacpea − Gw cpw)ks Ap

GacpaGwcpw − Gw⋅cpw

(14) 

To facilitate the calculation of analytical solutions, the number of 
transfer units of padding (NTU2) and the heat capacity ratio can be 
defined in Eq. (15) and (16), and Eq. (14) can be simply expressed as Eq. 
(17). The analytical solutions of outlet air dry-bulb temperature and 
humidity can be solved by substituting Eq. (17) into Eq. (1) and (3). 
Where tdb,a,in,pad and ωa,in,pad are the inlet air dry-bulb temperature and 
humidity, and ωsat,a,in,pad and ωw,in,pad represent inlet air and water 
saturation humidity, respectively. 

NTU2 =
ksAp

Gacpa
(15)  

m =
Gacpea

Gwcpw
(16)  

tw,out,pad =
m − 1

m⋅eNTU2(m− 1) − 1
tw,in,pad +

m
(
eNTU2(m− 1) − 1

)

m⋅eNTU2(m− 1) − 1
twb,a,in,pad (17)  

ta,out,pad =

[
eNTU2(m− 1)( cpa − m⋅cpea

)
+ r0⋅a

cpa
(
1 − m⋅eNTU2(m− 1) ) − e− NTU2 −

r0⋅a
cpa

]

twb,a,in,pad

+
eNTU2(m− 1) − 1

m⋅eNTU2(m− 1) − 1
tw,in,pad + e− NTU2 ⋅tdb,a,in,pad

(18)  

ωa,out,pad = e− NTU2 ⋅ωa,in,pad +

(

1 − e− NTU2

−
eNTU2(m− 1) − 1

meNTU2(m− 1) − 1

)

ωsat,a,in,pad +
eNTU2(m− 1) − 1

meNTU2(m− 1) − 1
ωw,in,pad (19) 

Similarly, the output air dry-bulb and water temperature of the 
sensible heat exchanger can be obtained in Eq. (22) and (23). Where kL 
and ASHE represent the heat transfer coefficient and area of the SHE, and 
Ga,SHE, and Gw,SHE are the air and water mass flow rates of SHE. NTU1 
and n are the number of transfer units and heat capacity ratio of SHE, 
and tw,in,SHE, tw,out,SHE, ta,in,SHE and ta,out,SHE represent inlet and outlet 
temperature of water and air of SHE. 

NTU1 =
kLASHE

Ga,SHEcpa
(20)  

n =
Ga,SHEcpa

Gw,SHEcpw
(21)  

tw,out,SHE =
n − 1

n⋅eNTU1(n− 1) − 1
tw,in,SHE +

n
(
eNTU1(n− 1) − 1

)

n⋅eNTU1(n− 1) − 1
ta,in,SHE (22)  

ta,out,SHE =
eNTU1(n− 1) − 1

n⋅eNTU1(n− 1) − 1
tw,in,SHE +

n⋅eNTU1(n− 1) − eNTU1(n− 1)

n⋅eNTU1(n− 1) − 1
ta,in,SHE (23) 

The experimental results obtained by previous reference [16] are 
used to verify the accuracy of analytical solutions, as shown in Fig. 4. 
The maximum absolute errors of padding and SHE output water tem-
perature between theoretical and experimental results are 0.16 K and 
0.26 K within the measuring error range of instrument, and relative 
errors are 0.99% and 1.23%. Experimental verification shows that the 
analytical solutions obtained by Eq. (17) ~ (19) and Eq. (22) ~ (23) 

Fig. 3. The equivalent specific heat capacity versus air wet-bulb temperatures.  
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have high accuracy, and can be helpful for the application of water- 
mediated evaporative cooling. Theoretical solutions to counter-flow 
evaporative cooling can directly predict cooling performance of DEC 
and IEC based on design parameters and operating conditions. 

3.3. Theoretical performance boundary 

The analytical solution can be used not only to predict the output 
temperature but also to guide the selection of the water-mediated 
evaporative cooling process. This paper presents a method for 
comparing the performance of different water-mediated evaporative 
cooling processes without considering the initial investment and oper-
ational energy consumption in detail. When cooling capacity, NTU2, air, 
and water mass flow rates are the same, it is considered that the evap-
orative cooling process with lower output temperature has better cool-
ing performance. Taking the comparison of water-mediated direct 
evaporative cooling and series indirect evaporative cooling as an 
example, the known conditions satisfied by them are shown in Eq. (24) 
~ (27). 

Qs = QDEC = Gw,DECcpw
(
tw,in,DEC − tw,out,DEC

)
= Gw,scpw

(
tw,in,s − tw,out,s

)
(24)  

Ga,s = Ga,DEC = Ga (25)  

Gw,DEC = Gw,s,pad = Gw,s,SHE = Gw (26)  

NTU2,DEC = NTU2,s = NTU2 (27) 

Where Qs and QDEC are the cooling capacities of series indirect and 
direct evaporative cooling, and NTU2,s and NTU2,DEC are the number of 
transfer units. tw,in,DEC, tw,out,DEC, tw,in,s and tw,out,s represent the inlet and 
output temperature of direct and series indirect evaporative cooling, and 
Ga,s, Ga,DEC, Gw,s and Gw,DEC represent air and water mass flow rates. 
Under the same conditions as above, indirect evaporative cooling needs 
to increase the initial investment of SHE, and energy consumption of 
fans and pumps is slightly higher than direct evaporative. This paper 
ignores the difference of initial investment and operating energy con-
sumption and compares the cooling performance of different water- 
mediated evaporative cooling processes. 

The evaporative cooling output water temperature varies continu-
ously with outdoor meteorological conditions, and different evaporative 
cooling processes will have the same output temperature under some 
outdoor conditions. After sensible heat transfer of SHE, moisture and 
dew-point temperature of air remain unchanged, while air dry-bulb and 

wet-bulb temperatures decrease. Based on assumption 3, the wet-bulb 
temperature after SHE can be expressed as Eq. (28). 

The meteorological parameter where the output water temperature 
of different water-mediated evaporative cooling processes is the same 
can be used as the performance boundary. Eq. (29) is the performance 
boundary between direct and series indirect evaporative cooling. Where 
ta,in and ta,wb are the inlet air dry-bulb and wet-bulb temperature and ΔT 
is the water temperature difference between inlet and outlet of evapo-
rative cooling. The corresponding operating condition of this curve is 
that the inlet water temperature of series indirect evaporative cooling is 
equal to the inlet air dry-bulb temperature. The performance boundary 
is related to the difference between the dry-bulb temperature and the 
wet-bulb temperature of inlet air and can be reduced to Eq. (30) for m =
1. 

ta,in,SHE − ta,out,SHE

ta,in,SHE − tdp,a,in,SHE
=

twb,a,in,SHE − twb,a,out,SHE

twb,a,in,SHE − tdp,a,in,SHE
(28)  

m
(
eNTU2(m− 1) − 1

)

meNTU2(m− 1) − 1
(
ta,in − ta,wb

)
=

Q
Gwcpw

= ΔT (29)  

NTU2

NTU2 + 1
(
ta,in − ta,wb

)
=

Q
Gwcpw

= ΔT, while m = 1 (30) 

In this paper, a validated model in the literature[16] is used to verify 
the accuracy of the performance boundary obtained from theoretical 
analysis, and lines 1 ~ 4 correspond to performance boundaries under 
different parameters as shown in Fig. 5. The relative error ranges of Line 
1–4 in Fig. 5 are 1.58–7.87%, 0.22–2.89%, 4.39–14.36% and 1.58–4%, 
respectively. The errors between theoretical and simulated results are all 
smaller than 15%, which indicates that the analytical solutions Eq. (29) 
and (30) have high accuracy. The reason for the relatively large error of 
line 3 is that when ΔT is large, the air wet-bulb temperature in evapo-
rative cooling also changes greatly. As can be seen in Fig. 3, when the air 
wet-bulb temperature changes greatly, the variation range of relative 
specific heat capacity spea is also large, and assumption 3 is not valid. 

When the humidity of inlet air is higher than that of the performance 
boundary, the output water temperature of direct evaporative cooling is 
lower than series indirect evaporative cooling. On the contrary, the 
output water temperature of series indirect evaporative cooling is lower 
than that of direct evaporative cooling when outdoor air is dry and hot. 
Therefore, the performance boundary can be applied to divide the 
psychrometric chart into two regions, with the wet side having a better 
cooling performance by direct evaporative cooling and the dry region 

Fig. 4. The comparison of theoretical and experimental results. (a) Absolute error; (b) Relative error.  
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having a better performance by series indirect evaporative cooling. 
This performance boundary can be used to select the appropriate 

evaporative cooling process when the design parameters are deter-
mined, or to select appropriate design parameters when the evaporative 
cooling process is determined. Design parameters mainly include air 
mass flowrate, water mass flowrate, cooling capacity, NTU1 and NTU2. 
Water-mediated evaporative cooling processes mainly include series 
indirect evaporative cooling, parallel indirect evaporative cooling, and 
direct evaporative cooling. Concise analytical solutions of the perfor-
mance boundary between DEC and parallel IEC and between parallel 
IEC and series IEC cannot be obtained by theoretical analysis. 

4. Performance comparison 

Common water-mediated evaporative cooling processes are direct 
evaporative cooling, series indirect evaporative cooling, and parallel 
indirect evaporative cooling. In the previous section, the performance 
boundary between DEC and series IEC has been obtained theoretically, 
and the psychrometric chart can be divided into two applicable regions 
for DEC and series IEC. Performance boundaries between DEC and 
parallel IEC and between series IEC and parallel IEC will be obtained 
using a validated model[16] in this section. In the simulation of this 
section, the SHE of parallel IEC always satisfies the equal heat capacity 
of air and water, and its value is about one-fourth of the water heat 
capacity of evaporation according to Fig. 3. Three water-mediated 
evaporative cooling processes are compared under the same cooling 
capacity. 

4.1. Performance partitions of evaporative cooling processes 

Simulation results of the performance boundary are shown in Fig. 6, 
which are the performance boundaries between DEC and series IEC, DEC 
and parallel IEC, and series IEC and parallel IEC, respectively. When the 
inlet air humidity is greater than the performance boundary between 
DEC and series IEC, the output water temperature of DEC is lower than 
that of series IEC. When the inlet air humidity is greater than the per-
formance boundary between DEC and parallel IEC, the output water 
temperature of DEC is lower than that of parallel IEC. Similarly, when 
the inlet air humidity is greater than the performance boundary between 
series IEC and parallel IEC, the output water temperature of parallel IEC 
is lower than that of series IEC. 

Three simulated performance boundaries divide the psychrometric 

chart into three regions. When the outdoor meteorological parameter is 
located in a certain zone, the output water temperature of the evapo-
rative cooling process corresponding to that zone is the lowest. For 
example, if the state point of outdoor air is in zone 1, the output water 
temperature of DEC is the lowest under this condition. It is possible to 
determine which kind of evaporative cooling process is applicable in 
different regions according to the climate range on the psychrometric 
chart. 

The performance comparison of evaporative cooling processes has 
two uses: one is to select the appropriate process under determining 
design parameters; the second is to optimize the design parameters 
under the defined evaporative cooling process. When design parameters 
of evaporative cooling are known, the appropriate process can be 
selected to refer to the proportion of meteorological points falling on 
different zones of the psychrometric chart. Engineers can also improve 
evaporative cooling performance by optimizing design parameters to 
expand the climate applicability of the selected process. Therefore, the 
variation of performance partitions under different design parameters is 
very important for the application of evaporative cooling processes. 

4.2. Influence of heat and mass transfer coefficient 

The heat and mass transfer coefficient of the padding has the greatest 
impact on performance, and also affects the performance partition of 
different evaporative cooling processes. Fig. 7(a)~(e) shows the per-
formance partitions under different NTUpadding, and constant conditions 
are that NTUSHE = 2, ΔT = 5 K and Ga/Gw = 1. Fig. 7(f) is the output 
water temperature of different water-mediated evaporative cooling 
versus NTUpadding when the outdoor dry-bulb temperature is 35℃ and 
the relative humidity is 60%. 

Under this setting and common conditions of evaporative cooling 
processes, the applicable ranges of DEC and series IEC occupy almost the 
entire psychrometric chart, and parallel IEC has little prospect of being 
used. With the improvement of the heat and mass transfer coefficient of 
the padding, the applicable climate range of parallel IEC is significantly 
increased, while the applicable range of DEC is reduced. The series IEC 
should be applied in dry regions, and the DEC is mainly used in wet 
regions. It is only possible to apply parallel IEC in some hot and humid 
regions if the padding performance is excellent. 

Under the same meteorological condition as Fig. 7(f), with the in-
crease of NTUpadding, the output water temperature of three water- 
mediated evaporative cooling processes decreases. In the NTUpadding 
range of 1.66 ~ 3.26, the series IEC has the best performance, DEC has 
the best performance when NTUpadding is lower than 1.66, and parallel 

Fig. 5. Theoretical and simulated results comparing the performance of DEC 
and series IEC.Line 1: m = 1, NTU1 = 2, NTU2 = 2, ΔT = 5 K; Line 2: m = 1.5, 
NTU1 = 2, NTU2 = 2, ΔT = 5 K; Line 3: m = 1, NTU1 = 2, NTU2 = 2, ΔT = 9 K; 
Line 4: m = 1, NTU1 = 2, NTU2 = 5, ΔT = 5 K. 

Fig. 6. Performance partitions of evaporative cooling processes.(NTUSHE = 2, 
NTUpadding = 2, ΔT = 5 K, Ga/Gw = 1). 
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IEC produces the coldest water when NTUpadding is higher than 3.26. 
To increase the evaporative cooling performance, one of the main 

optimized directions is to improve the padding performance, such as 
wettability, ripple pattern, and channel aspect ratio. When the heat and 
mass transfer performance per unit volume of padding is fixed, NTU-
padding can be increased by increasing the padding volume, such as 
increasing the height or the upwind area. With the increases in padding 

height, the wind resistance and power consumption of fans will increase, 
and it also leads to the poor effect of the water distribution at the bottom 
of the padding. Increasing the upwind area may also lead to problems 
with water distribution and wetting rate due to reducing water mass 
flow rate per unit upwind area. 

It also indicates that increasing the padding heat and mass transfer 
coefficient is more beneficial for IEC. Indirect evaporative cooling uses 

Fig. 7. Performance comparison of evaporative cooling processes under different NTUpadding. (NTUSHE = 2, ΔT = 5 K, Ga/Gw = 1).  

Fig. 8. Performance comparison of evaporative cooling processes under different NTUSHE.(NTUpadding = 2, ΔT = 5 K, Ga/Gw = 1).  
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sensible heat exchangers to pre-cool outdoor air to obtain lower 
temperature-producing water. Under the same cooling capacity, the 
heat exchange in the padding of IEC is greater than that of DEC, so IEC is 
more eager for high-performance padding. Series IEC uses inlet water to 
pre-cool outdoor air, while parallel IEC uses part of producing water to 
cool air. In most cases, the heat transfer of parallel IEC is greater than 
that of both DEC and series IEC, which requires the highest heat and 
mass transfer performance. In summary, DEC is preferred for low 
padding performance, series IEC should be used more for medium per-
formance, and parallel IEC should be considered for excellent padding 
performance. 

The heat transfer coefficient of sensible heat exchangers affects the 
pre-cooling process of air, while direct evaporative cooling does not 
have this process and equipment. Fig. 8 indicates the influence of 
NTUSHE on different performance partitions and output water temper-
atures of evaporative cooling processes. According to Eq. (29) and Fig. 8 
(a)~(e), the performance dividing line between DEC and series IEC is 
independent of NTUSHE. The heat transfer coefficient of SHE indirectly 
influents the output water temperature of evaporative cooling by 
affecting the pre-cooling process. The heat transfer coefficient of SHE 
has little influence on the selection of the evaporative cooling process 
and output water temperature, and performance partitions almost do 
not change accordingly. 

The sensible heat exchanger is a water–air non-contact heat transfer 
device composed of metal tubes and fins, the initial investment of which 
is significantly higher than that of padding under the same NTU. 
Therefore, when indirect evaporative cooling is selected, more volumes 
of high-quality padding and suitable scale sensible heat exchangers 
should be set. The appropriate NTU of SHE should be around 2 according 
to Fig. 8(f), and the selection of NTU should also consider anti-freezing 
performance requirements for some application scenarios. 

4.3. Influence of the air–water ratio 

Water-mediated evaporative cooling takes cooling water as the final 
product, and the air–water ratio is an important parameter affecting 

output temperature. Fig. 3 shows that the equivalent specific heat ca-
pacity of air is close to that of water in the process of evaporative 
cooling, which indicates that the reasonable range of air–water ratio 
should be around 1. Fig. 9 shows the performance partitions and output 
temperatures for different evaporative cooling processes at the air–-
water ratio of 0.5 to 2. 

With the increase in the air–water ratio, the performance partition of 
DEC decreases, while the applicable range of parallel IEC increases. 
Under the same meteorological condition as Fig. 9(e), the output water 
temperature decreases with the increase in air–water ratio. At a larger 
air–water ratio, the water cooled by evaporation can more easily 
approach the inlet air wet-bulb temperature, and the outlet water tem-
perature of SHE is also close to the inlet air dry-bulb temperature. 

The heat transfer of IEC is significantly greater than DEC due to the 
presence of a pre-cooling process at the same cooling capacity. And the 
heat exchange of parallel IEC, which uses product water for pre-cooling, 
is higher than that of series IEC. Therefore, the order of the total heat 
transfer from the largest to the smallest is generally parallel IEC, series 
IEC, and DEC. The larger the air mass flow rate, the more conducive to 
the transfer of heat and mass, which leads to the change in the climate 
application range of different evaporative cooling processes under 
different air–water ratios. 

No matter which water-mediated evaporative cooling process is 
applied, the increasing air–water ratio of the padding is an important 
way to optimize the cooling performance, mainly by increasing the 
frontal airspeed. The larger frontal airspeed, on the one hand, leads to 
greater wind resistance, on the other hand, promotes the water droplets 
carrying phenomenon and reduce the wetting rate. The increase in the 
air–water ratio will increase the power consumption and water con-
sumption of evaporative cooling, and more attention should be paid to 
the adverse effect on the wetting rate and the reduction of padding heat 
and mass transfer performance. 

4.4. Influence of inlet and outlet water temperature difference 

In the case of the same water mass flow rate, the temperature 

Fig. 9. Performance partitions and output temperatures versus air–water ratios.(NTUSHE = 2, NTUpadding = 2, ΔT = 5 K).  
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difference between inlet and outlet water determines the evaporative 
cooling capacity. To meet the cooling needs of different types of build-
ings due to different objects, the designed temperature difference of 
evaporative cooling is also different. For example, when the service 
object is personal, the air conditioner deals with returned air to the 
product air is usually a small temperature difference. When air condi-
tioning equipment is used to cool fresh air, it is often a large temperature 
difference process to cool fresh air from outdoor dry-bulb temperature to 
product air temperature. As the cooling system serves some devices, 
such as chips and power transformers, the operating temperature is 
relatively higher than humans, and the temperature difference is also 
greater than the common system. Therefore, for common residential and 
commercial buildings, the temperature difference between inlet and 
outlet water of evaporative cooling is usually small, while cooling for 
data center and power equipment, evaporative cooling should be 
designed with a large temperature difference. 

Fig. 10 indicates the variation of performance partitions and output 
temperatures of three water-mediated evaporative cooling processes 
under different temperature differences. Under the current design con-
ditions of NTUSHE = 2, NTUpadding = 2, and Ga/Gw = 1, the larger tem-
perature difference facilitates the application of DEC, which gradually 
expands the performance partition until it occupies almost the entire 
psychrometric chart. The increase in temperature difference means that 
the cooling capacity per unit water mass flow rate increases, so that the 
output and inlet water temperature will also increase as in Fig. 10(f). 

When the temperature difference and the cooling capacity increase, 
the inlet water temperature of series IEC may exceed the outdoor air dry- 
bulb temperature, and SHE loses the function of pre-cooling, the per-
formance of which deteriorates sharply. More cooling capacity leads to 
greater heat exchange of IEC padding, and DEC performs better than IEC 
when the heat transfer coefficient and air–water ratio are small. 

4.5. Performance partitions in the ideal case 

The previous sections simulated the effects of design parameters on 
the performance partitions and output temperatures of different water- 

mediated evaporative cooling processes. To improve evaporative cool-
ing performance in the future, increasing the padding transfer units and 
the air–water ratio is the common development direction. Increasing the 
heat transfer coefficient and area of SHE cannot significantly improve 
the IEC cooling performance and the initial investment is high, so 
NTUSHE can be maintained in the appropriate range. The temperature 
difference between inlet and output water is determined by user and 
system form. Therefore, the ideal equipment is with excellent padding 
performance and a large air–water ratio, and engineers in these condi-
tions select the appropriate water-mediated evaporative cooling process 
according to the cooling system’s designed requirements. 

Fig. 11 shows the variations of performance partitions and output 
temperatures in the ideal case under different temperature differences. 
When the temperature difference between supplied and returned water 
is small, the area of the application zone of the three evaporative cooling 
technologies is similar. As the temperature difference increases, the 
application range of DEC and parallel IEC increases, while that of series 
IEC decreases. Fig. 11 represents the applicable zone of various water- 
mediated evaporative cooling processes under ideal conditions, and 
almost the maximum applicable zone of IEC. 

5. Selection of evaporative cooling process 

It is a difficult problem for evaporative cooling technology to select 
the appropriate process in different systems with various cooling re-
quirements. For a single designed meteorological parameter point or 
meteorological parameter points that are concentrated in a certain 
performance partition, the appropriate process can be easily chosen by 
applying the above performance partitions on the psychrometric chart 
under a different system designed parameters. When meteorological 
parameters of the cooling season are distributed in different perfor-
mance zones, how do select the appropriate evaporative cooling 
process? 

Fig. 10. Performance partitions and output temperatures versus water temperature differences.(NTUSHE = 2, NTUpadding = 2, Ga/Gw = 1).  
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5.1. Method and limitation 

The common approach is to model all evaporative cooling processes, 
simulate their performance, and select the appropriate process, but it 
requires extreme expertise in evaporative cooling simulation and is not 
suitable for large-scale applications. A simple method to think about is 
proposed to select the appropriate process by using partitions of 
different evaporative cooling technologies in the psychrometric chart. 

The selection of the evaporative cooling process is influenced by 
three factors: cooling system requirements, local meteorological condi-
tions and evaporative cooling designed parameters. The anti-freezing 
requirements should be properly considered when selecting an evapo-
rative cooling process, and series IEC and parallel IEC can significantly 
reduce the labor cost, power consumption, and water consumption of 
deicing. The previous sections have analyzed the performance partitions 
of water-mediated evaporative cooling processes on the psychrometric 
chart for different designed parameters. 

First and foremost, the set of all outdoor meteorological parameter 
points needs to be collected by considering the requirements of the 
actual cooling system, eliminating parameter points that are not in 
operation and have little impact on performance. Engineers can deter-
mine which evaporative cooling performs better based on the proportion 
of meteorological parameters that fall into different performance par-
titions. When the proportion of outdoor meteorological parameter 
points falling on the performance zone of one evaporative cooling pro-
cess is significantly higher than that of the other, it indicates that the 
performance of this evaporative cooling process dominates for a longer 
time. This method can be divided into the following four steps. 

Step 1: Select the corresponding performance partition diagram ac-
cording to the evaporative cooling designed parameters. 

Step 2: Collect all the meteorological parameter points when evap-
orative cooling equipment operates. 

Step 3: Calculate the proportion of meteorological parameter points 
falling in different performance partitions. 

Step 4: Select the appropriate process according to the proportions of 
different evaporative coolers. 

This method can be used as a reference for selection in most cases, 
but it does not show that the performance of the evaporative cooling 
process with a larger proportion is always better, especially when the 
proportion difference is small. When the proportions of different evap-
orative cooling processes are close, IEC generally outperforms DEC, and 
parallel IEC generally outperforms series IEC. The proportion only re-
flects the length of time that each evaporative cooling process is at its 
optimal performance, not reflects how much lower the output water 
temperature of this process is than that of the other process. 

5.2. Case study 

A case cooling system will be presented to illustrate the applicability 
and limitation of different water-mediated evaporative cooling pro-
cesses in 16 cities around the world. Considering the future development 
of padding properties, the designed parameters of evaporative cooling in 
this paper are all under ideal conditions. The number of transfer units of 
padding is 5, the number of transfer units of SHE is 2, and the air–water 
ratio is 1.5. The meteorological data of these cities in 2020 are adopted 
as the basis for the selection of the evaporative cooling process. Three 
water-mediated evaporative cooling processes are compared under the 
same cooling capacity. 

This case presents a cooling system using evaporative cooling as the 
independent cold source to provide cooling capacity directly to users. 
The cooling water circulates between users and evaporative cooling, the 
temperature difference of which is 5 K. It is assumed that the business 
hours are 10:00 ~ 22:00 and the cooling system is turned on when the 
outdoor dry-bulb temperature exceeds 20℃, and there is no anti- 
freezing requirement. Lower output water temperature of evaporative 
cooling indicates better performance, so a performance partition dia-
gram can still guide engineers select the appropriate process. The 
meteorological parameters that meet the requirement and are during 
business hours of Beijing, Tehran, and Paris are represented in the cor-
responding performance partition diagram, as shown in Fig. 12. 

According to the distribution of meteorological parameters on the 
psychrometric chart of different cities, the proportion falling in different 

Fig. 11. Performance partitions and output temperatures versus water temperature differences in the ideal case. (NTUSHE = 2, NTUpadding = 5, Ga/Gw = 1.5).  
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performance zones can be calculated. The meteorological parameters in 
Beijing are distributed in three zones, and the proportions in DEC, series 
IEC, and parallel IEC zones are 44.30%, 26.34%, and 29.36%, respec-
tively. Similarly, Tehran has proportions of 0.58%, 97.67%, and 1.75%, 
and Paris has proportions of 14.94%, 63.59%, and 21.46%, and pro-
portions of other cities can also be calculated as shown in Fig. 13. 
Whether the evaporative cooling process with the largest proportion of 
meteorological parameters should be selected? Output water tempera-
tures of three evaporative cooling processes are simulated and also 
represented in Fig. 13, and the average output water temperature is 
calculated by the following formula where H is time. 

tw,out =

∫
tw,outdH

H
(31) 

Cities with the largest proportion of meteorological parameters 
falling into the DEC performance zone generally have higher output 
water temperature and may require vapor compression chillers to 
replenish cooling capacities, such as Beijing, Canberra, Guangzhou, 
Harbin, and Kunming. Cities with the largest proportion falling in series 
IEC zone generally have lower output water temperature, such as 
Ankara, Berlin, Brussels, London, Madrid, Moscow, Paris, San Francisco, 
Tehran, and Urumqi. The process with the highest proportion and with 
the lowest average output water temperature in different cities is shown 
in Table 1 according to Fig. 13. 

Under the premise of this case, the average output water temperature 
of the evaporative cooling process with the largest proportion of most 
cities is also the lowest. Series IEC has the best performance in most 

Fig. 12. The distribution of meteorological parameters for Beijing, Tehran, and Paris on the psychrometric chart. (NTUSHE = 2, NTUpadding = 5, Ga/Gw = 1.5, ΔT =
5 K). 

Fig. 13. Proportions of meteorological parameters and simulated average output water temperature of different evaporative cooling processes in different cities. 
(NTUSHE = 2, NTUpadding = 5, Ga/Gw = 1.5, ΔT = 5 K). 

Table 1 
The process with the largest proportion and with the lowest average output 
temperature in different cities.  

City The process with the 
largest proportion 

The process with the lowest average 
output temperature 

Ankara Series IEC Series IEC 
Beijing DEC Parallel IEC 
Berlin Series IEC Series IEC 
Brussels Series IEC Series IEC 
Canberra DEC Parallel IEC 
Guangzhou DEC DEC 
Harbin DEC Parallel IEC 
Kunming DEC DEC 
London Series IEC Series IEC 
Madrid Series IEC Series IEC 
Moscow Series IEC Series IEC 
New York Parallel IEC Parallel IEC 
Paris Series IEC Series IEC 
San 

Francisco 
Series IEC Series IEC 

Tehran Series IEC Series IEC 
Urumqi Series IEC Series IEC  
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cities and parallel IEC is selected in a few cities, and even DEC is suitable 
for fewer cities. This shows that it is feasible to select the appropriate 
process according to proportions of meteorological parameters falling in 
different performance zones with an accuracy of 81.25%, especially 
when selecting series IEC and parallel IEC such as Ankara, Berlin, 
Brussels, London, Madrid, Moscow, New York, Paris, San Francisco, 
Tehran, and Urumqi. But the average output water temperature of the 
evaporative cooling process with the largest proportion in Beijing, 
Canberra, and Harbin is even higher than other processes, which sug-
gests that this method of selecting process based on proportions does not 
work in these cities. Fig. 14 can explain why some cities have the highest 
proportion in the DEC zone, but the optimal process is not DEC. 

Fig. 14 shows the output water temperature and temperature dif-
ference of different evaporative cooling processes under various mete-
orological parameters. Fig. 14(a) is the minimum output water 
temperature of three processes, which is the output water temperature 
of the process in each performance zone. Isotherms in the DEC perfor-
mance zone coincide with the iso-wet-bulb temperature line, and iso-
therms of series IEC and parallel IEC zones are between the iso-wet-bulb 
and the iso-dew-point temperature line, and series IEC is closer to the so- 
dew-point temperature line compared with parallel IEC. 

Fig. 14(b), (c) and (d) show the output temperature differences be-
tween DEC and series IEC, DEC and parallel IEC, and series IEC and 
parallel IEC, respectively. The temperature differences between DEC and 
series IEC and DEC and parallel IEC are larger than that between series 
IEC and parallel IEC. However, the DEC performance zone is relatively 

narrow, and DEC output water temperature under meteorological con-
ditions falling in DEC performance is at most 1.87 K lower than the 
output temperature of other processes, while output temperature in 
series and parallel IEC performance zones can be 6.41 K lower than DEC. 
This is the reason why some cities have the largest proportion of 
meteorological parameters falling into the DEC performance zone, but 
DEC is not the most appropriate process. For Beijing, Canberra, and 
Harbin, the proportion of DEC is about 50% and the most suitable 
process for these cities is parallel IEC. For Guangzhou and Kunming, 
where the proportion of DEC zone exceeds 70%, DEC is still the best 
performing process. 

This case study analyzes the selection of evaporative cooling pro-
cesses for a particular cooling system in 16 global cities and illustrates 
the effectiveness of this method of selecting processes according to the 
proportions of meteorological parameter points falling in performance 
partitions. When the proportion of series or parallel IEC is maximum, it 
is the most appropriate process, while when the proportion of DEC is the 
largest, other methods should be used to further determine whether DEC 
is still selected. 

The selected process is different under various designed cooling 
system parameters, series IEC is more widely applied in this case. Ac-
cording to the performance comparison study in section 4, the range of 
DEC application increases with the decrease in air–water ratio and 
NTUpadding. To adapt to the future development direction of evaporative 
cooling, the temperature difference between returned and supplied 
water will be further increased. In this situation, DEC and parallel IEC 

Fig. 14. Output water temperature and temperature difference of DEC, series IEC, and parallel IEC. (NTUSHE = 2, NTUpadding = 5, Ga/Gw = 1.5, ΔT = 5 K) (a) the 
lowest output water temperature within each performance partition; (b) output water temperature difference of DEC and series IEC; (c) output water temperature 
difference of DEC and parallel IEC; (d) output water temperature difference of series IEC and parallel IEC. 
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will be valued, while series IEC is not suitable for these scenarios such as 
cooling for data centers, power transformers, and fresh air. 

6. Conclusions 

This paper presents a theoretical study for comparing three water- 
mediated evaporative cooling technologies: DEC, series IEC and paral-
lel IEC. By comparing the performance of various evaporative coolers 
under different system design parameters and climatic conditions, the 
following conclusions can be drawn:  

(1) Simple theoretical solutions of counter-flow evaporative cooling 
are given to reduce computational efforts. The maximum abso-
lute and relative errors of the solutions are 0.26 K and 1.23%. The 
heat transfer coefficient of the combined heat and mass transfer is 
cpea/cpa (2.72–4.95) time than the pure heat transfer process if 
there were no mass transfer.  

(2) The climatic dividing line between DEC and series IEC is derived, 
which is related to the difference between outdoor dry-bulb and 
wet-bulb temperature. This also shows that there are clear cli-
matic dividing lines between different evaporative cooling tech-
nologies only related to design parameters.  

(3) Performance partitions on the psychrometric chart of three 
water-mediated evaporative cooling are given with various 
design parameters. DEC works best in a temperate and humid 
climate, while series IEC is more efficient in a dry climate, and 
parallel IEC is the best choice for hot and semi-humid climates. 
The increase in SHE and padding heat transfer coefficients and 
air–water flowrate ratio will expand the range in the psycho-
metric chart where IECs work the best, and a greater temperature 
difference will broaden DEC and parallel IEC performance 
partitions.  

(4) A simpler method for selecting the appropriate evaporative 
cooling technology is proposed based on the proportions of 
climate parameters falling into different performance partitions 
outlined above. This method is verified by a case study of 16 
global cities with a relative error of 19.75%, which is accurate 
and feasible, particularly when selecting series IEC and parallel 
IEC. This method cannot accurately distinguish DEC and IEC, 
because the proportion of climatic parameters only reflects the 
duration performing best of each evaporative cooling, and it still 
needs to use mathematical simulation to deeply compare the 
annual performance. 

While the paper focuses on comparative studies of three water- 
mediated evaporative cooling technologies in order to guide the selec-
tion of appropriate processes in different scenarios, techno-economic 
analysis and experimental studies of the technologies investigated 
should be carried out to comprehensively display the potential and 
benefits of evaporative cooling in terms of application in different re-
gions as replacement or pre-cooling of mechanical vapor compression 
chillers. 
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