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A B S T R A C T   

Dew-point indirect evaporative coolers (DIEC) allow to significantly reduce air temperature from supply air flow 
and require a low energy consumption, so they could be an interesting alternative to conventional air-cooling 
system. In the present work, the optimal geometric design and the optimal operational parameters of DIEC 
systems to achieve cooling conditions and comply with the European ventilation regulations were determined. 
Hence, the experimental energy performance of a DIEC under different inlet air conditions was studied, and a 
detailed DIEC model based on the ε-NTU method was developed and validated. The experimental results showed 
very high DIEC dew-point effectiveness values, up to 0.87. Additionally, the numerical results obtained with the 
detailed DIEC model were in very good agreement with the experimental results, so this model can be adequately 
used to analyse and optimise DIEC systems. The optimal geometric designs and operational parameters of the 
DIEC systems depended on the type of space to be conditioned and the ventilation category. The maximum COP 
values were always obtained for low values of volumetric air flow rate, 50.26 for an office application, 44.19 for 
the restaurant application and 37.14 for the auditorium application. However, the highest compactness of the 
DIEC designs were achieved for medium and high values of volumetric air flow rate ratio, between 0.45 and 0.8. 
The results obtained could significantly help to achieve the objectives of sustainable cooling and ventilation of 
spaces in the frame of Nearly Zero Energy Buildings.   

1. Introduction 

The growing global demand for cooling in buildings and industry 
leads to an increase in energy consumption (IEA, 2018). Indirect evap-
orative cooling, IEC, technology is an efficient technique for cooling 
applications and presents an alternative solution to refrigeration vapour 
compression technology, commonly used for cooling and indoor air 
temperature control in buildings. In IEC systems, the process air stream 
is cooled at constant humidity, which is crossed by a secondary air 
stream humidified with water (Comino et al., 2018a, 2018b). 

The IEC systems can be designed in a variety of configurations: 
"classic" cross-flow exchanger, “classical” counter-flow exchanger, 

regenerative exchanger, multi-perforated regenerative exchanger, etc. 
(Pandelidis et al., 2017). One of the most effective indirect evaporative 
cooling solutions are the dew-point counter-flow cycles (Sadighi Dizaji 
et al., 2018a), such as Maisotsenko IEC (MIEC). DIEC systems have been 
studied for many applications, such as pre-cooling of a gas turbine 
(Sadighi Dizaji et al., 2019), pre-cooling of a compressor (Sohani et al., 
2017) or combined with desiccant systems (Romero-lara et al., 2021). 
Moreover, these systems cool air using 100% outside air, thus handling 
thermal loads in a space and improving indoor air quality. Therefore, 
DIEC could be an adequate solution to reduce airborne transmission risk 
related to respiratory viruses in buildings (Wang et al., 2021). 

The thermal performance of IEC systems has been studied under 
different inlet conditions in previous research works (Comino et al., 
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2020; Guilizzoni et al., 2019; Jafarian et al., 2017; Sohani et al., 2016). 
The outlet air conditions and performance of a DIEC were analysed 
experimentally and numerically (Lin et al., 2018). The supply air tem-
perature ranged between 15.9 and 23.3 ◦C, with a COP of between 8.6 
and 27. A research work on the performance of a DIEC showed that the 
cooling capacity of the system was significantly reduced when the inlet 
air humidity ratio was high (Lin et al., 2017). To address this problem, 
an air dehumidification process prior to the air-cooling process was 
proposed, improving the cooling capacity by up to 70%. Other study 
analysed experimentally a MIEC in order to develop a mathematical 
model of this system (Pandelidis and Anisimov, 2016). This study pre-
sented that the most influential input parameters on the system per-
formance were inlet air temperature, inlet air relative humidity and 
supply air flow rate. These authors also numerically analysed an MIEC 
system under moist inlet air conditions (Pandelidis et al., 2020). The 
results of this work showed that the system allowed to reduce the outlet 
air temperature below the dew point temperature, using the exhaust 
airflow of a building as secondary air stream of MIEC. An experimental 
installation with three channels (one primary and two secondary 
channel) was built to analyse different IEC configurations (Shahzad 
et al., 2019). The results showed that the vertical heat exchanger 
configuration was optimal for water distribution. The COP values of this 

system ranged between 37 and 78. 
Some geometric parameters of DIEC systems have also been analysed 

in recent works in order to improve their thermal behaviour. The cooling 
capacity of a DIEC system with different number of perforations between 
the primary and secondary channels was numerically analysed (Oh 
et al., 2019). The results showed that the configuration with single 
perforation achieved 10% more cooling capacity than two configura-
tions with four perforations. Other authors developed a mathematical 
model of MIEC to investigate its behaviour with different numbers of 
perforations (Sadighi Dizaji et al., 2018b). Two DIEC with cross flow 
configuration, one with fins and one without fins, were developed and 
analysed experimentally under different inlet air conditions (Ali et al., 
2020). The DIEC system with fins improved thermal performance up to 
37% compared to the same system without fins. Other authors analysed 
the humidification system of the secondary channels of a DIEC (Shahzad 
et al., 2021). The coefficient of performance and efficiency of the 
air-cooling system was 45 and 80%, respectively. 

Usually, DIEC units have been studied for mild climatic conditions or 
as a pre-cooling system. However, the cooling and ventilation potential 
of this technology could allow a quantitative leap in the energy effi-
ciency of air-cooling systems compared to conventional systems based 
on direct expansion units. Therefore, the main novelty of this work was 

Nomenclature 

A area [m2] 
b channel height [m] 
Ċ heat capacity rate [kg s− 1] 
CDIEC compactness of dew-point indirect evaporative cooler [W 

m− 3] 
CO2,ind indoor carbon dioxide [ppm] 
cp specific heat capacity [kJ kg− 1 K− 1] 
D hydraulic diameter [m] 
e channel width [m] 
f friction factor 
h specific enthalpy [kJ kg− 1] 
H height of the exchanger [m] 
k thermal conductivity [W m− 1 K− 1] 
L length of the exchanger [m] 
ṁ mass air flow rate [kg s− 1] 
N1-N50 experimental tests 
Nchannels number of channels 
Nu Nusselt’s number 
Q̇ heat transfer rate [W] 
R ratio of volumetric air flow rate 
Re Reynolds number 
RH relative humidity [%] 
T temperature [C] 
U overall heat transfer coefficient [W m− 2 K− 1] 
v air velocity [m s− 1] 
V̇ volumetric air flow rate [m3 h− 1] 
Vol volume [m3] 
W width of the exchanger [m] 
Ẇ electric energy consumption [W] 
X distance of sub-heat exchanger [m] 
z slope of the temperature-enthalpy saturation line [kJ kg− 1 

K− 1] 

Greek letters 
αc convective heat transfer coefficients [W m− 2 K− 1] 
αm mass transfer coefficient between working air and water 

film [kg m− 2 s− 1] 
ΔP total pressure drop [Pa] 

ΔT temperature increase [C] 
β mass transfer coefficient for water vapour [kg s− 1 m− 2] 
δ thickness of plates [m] 
ε effectiveness 
η efficiency 
μ dynamic viscosity [kg m− 1 s− 1] 
ρ density [kg m− 3] 
σ surface wetting factor 
τ minor loss coefficient 
ω humidity ratio [kg− 1] 

Subscripts 
cool cool 
DIEC dew-point indirect evaporative cooler 
dp dew point 
EA exhaust air 
f friction loss 
i number of sub-heat exchanger 
in inlet 
m minor loss 
p primary 
out outlet 
RA return air 
s secondary 
sat saturated 
SA supply air 

Acronyms 
AHU air handling unit 
CC cooling coil 
COP coefficient of performance 
DIEC dew-point indirect evaporative cooler 
EES engineering equation solver 
F fan 
HC heating coil 
IEC indirect evaporative cooler 
MIEC Maisotsenko indirect evaporative cooler 
NTU number of transfer units 
SH steam humidifier  
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to evaluate and optimize the performance and design of DIEC units to 
cool and ventilate different types of buildings according to the European 
Building Ventilation Standards. 

The main objective of this work was to determine the optimal geo-
metric design and the optimal operational parameters of a DIEC to be 
able to achieve cooling conditions and comply with the European 
ventilation regulations (EN-16798–1, 2019). To obtain this, two sec-
ondary objectives were carried out: first, to experimental study of the 
energy behaviour of the DIEC under different inlet air conditions, and 
then to develop and validate a detailed DIEC model based on the ε-NTU 
method. 

2. Methodology 

2.1. Experimental setup 

In order to analyse DIEC performance under different working con-
ditions, a test facility has been built. A schematic diagram of the DIEC 
experimental setup is shown in Fig. 1. The inlet air temperature, relative 
humidity and air flow rate of process stream were set using an AHU. The 
main technical characteristic of the experimental setup were described 
in a previous work of the authors (Comino et al., 2019). 

The DIEC system consisted of a counter-flow heat and mass 
exchanger, a water storage system at the top, a hydraulic pump and an 
outer casing. The heat and mass exchanger was manufactured of poly-
mer sheets coated with hydrophilic material on one side to retain water. 
These sheets were stacked alternately and joined together to create 
multiple air channels on the dry side and on the wet side. The heat 
exchanger was designed with three water inlets at the top of each sec-
ondary air channel and three water passages at the bottom of the sec-
ondary channels to allow the removal of excess water. The main 
technical characteristic of the DIEC are summarized in Table 1. 

The data of temperature, humidity and air flow rate were measured 
and recorded for each experimental test. The sensor locations are shown 
in Fig. 1. The measured variables in the test rig, the type of sensor and its 
accuracy are shown in Table 2. The sampling time was 5 s and the values 
were averaged every 20 min. 

2.2. Performance indexes of dew-point indirect evaporative cooler 

The experimental thermal behaviour of the DIEC was studied in 
terms of variation of process air temperature, ΔT, and dew point effec-
tiveness, εdp. These performance indexes were expressed by Eqs. (1) and 
(2), respectively. 

ΔT = Tin − TSA (1)  

εdp =
Tin − TSA

Tin − Tdp,SA
(2) 

The DIEC experimental tests were carried out under different air 
conditions, see in Table 3. The input variables were Tin, ωin, V̇in, and R, 
see Eq. (3). The tests N1-N21 were used to evaluate ΔT and εdp. On the 
other hand, the tests N1-N50 were used to validate a detailed DIEC 
mathematical model. A wide range of input conditions were experi-
mentally tested to validate the developed mathematical model. These 
ranges allowed the use of the mathematical model under different cli-
matic conditions. Tin was varied from 32 ◦C to 43 ◦C, ωin was varied from 
6 g kg− 1 to 13 g kg− 1, V̇in was varied from 3000 m3 h − 1 to 4500 m3 h − 1 

and R was varied from 0.2 to 0.8. 

R =
V̇EA

V̇ in
(3)  

2.3. Detailed dew-point indirect evaporative cooler model 

A detailed mathematical model of DIEC has been developed. The 
DIEC model was based on the effectiveness (ε) and the Number of 
Transfer Units (NTU) method, usually used to calculate the rate of heat 
transfer in heat exchangers. The developed model was modified to also 
take into account the wet surface fraction of the return air channels of 

Fig 1. Layout of the test facility of the dew-point indirect evaporative cooler.  

Table 1 
Technical characteristics of the dew-point indirect evaporative cooler.  

Description Parameter Value 

Plates material  PVC film with hydrophilic 
material 

Width of the exchanger W 1.175 m 
Length of the exchanger L 1.2 m 
Height of the exchanger H 0.75 m 
Channel width e 3.4 mm 
Channel height b 80 mm 
Thickness of plates δ 0.48 mm 
Nominal inlet volumetric flow 

rate 
V̇in 5000 m3 h− 1  

Table 2 
Technical specification of measuring devices.  

Parameter Type of sensor Accuracy 

T PT100 ±0.2 ◦C (between 0 ◦C and 50 ◦C) 
RH Capacitive ±3% (between 0 and 90%) 
V̇ Differential pressure transmitter 

±5% (at range < 500 Pa)  
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the heat exchanger. Similar detailed DIEC models have been investi-
gated in previous research work (Duan et al., 2017; Hasan, 2012). 
Therefore, a brief description of the model is reported in the present 
research. 

Main adopted assumptions of the heat exchanger were: (i) No heat 
losses to the surroundings; (ii) Negligible heat conduction along heat 
exchanger plates; (iii) Air conditions and heat and mass transfer co-
efficients are uniform inside each sub-heat exchanger; (iv) Reynolds 
analogy between heat and mass transfer is valid and Le=1; (v) Negligible 
resistance to heat transfer in the air-water interface, so that the interface 
temperature is saturated at the water film temperature. 

The ε-NTU solution can be individually applied to n sub-heat ex-
changers of a DIEC, see Fig. 2. For this study, 100 sub-heat exchangers 
were considered. The governing equations applied to the primary air 
stream (p), to the secondary air stream (s) and to the surface of the heat 
exchanger are defined through the following equations. 

The total heat transfer rate was computed with energy balance on the 
primary-side fluid: 

Q̇T = ṁp⋅
(
hp,out − hp,in

)
(4)  

The air conditions of the primary-side and secondary-side fluids entering 
and leaving each sub-heat exchanger were also obtained by an energy 
balance, see Eqs. (5) and (6). 

Q̇i = ṁp⋅
(
hp,i − hp,i− 1

)
(5)  

Q̇i = ṁs⋅
(
hs,i+1 − hs,i

)
(6)  

The outlet thermal conditions of the air flow in primary channels were 
equal to the inlet thermal conditions of air flow in secondary channels 

for the DIEC. The air humidity ratio in primary channels were constant. 
The air humidity ratio in the secondary channels, before reaching 
saturation conditions, was calculated through a mass balance, see Eq. (7) 

ṁs⋅
(
ωs,i − ωs,i+1

)
= βi⋅Ai⋅

(
ωsat,i − ωs,i

)
(7)  

Where ωsat,i is the saturated humidity ratio at water temperature; βi is 
the mass transfer coefficient for water vapour from the water film to the 
air stream, Eq (8). 

βi = αm,i⋅σ (8) 

The surface wetting factor (σ) was considered constant (0.8) Ren and 
Yang, 2006). The mass transfer coefficient between working air and 
water film (αm,i) has been calculated by Eq (9), and the local convective 
heat transfer coefficients (αc) by Eqs. (10) and ((11). 

αm,i =
αc,s,i

cpc,i
(9)  

αc,p,i =
Nup,i⋅kp,i

D
(10)  

αc,s,i =
Nus,i⋅ks,i

D
(11)  

Where cp is the specific heat capacity; k is the air thermal conductivity; D 
is the hydraulic diameter of the channels; Nu is the Nusselt’s number. Nu 
was calculated through the EES model Ductflow_n_local Klein, 2020), 
which depends on Reynold’s number (Eqs. (12) and ((13)), Prandtl 
number,xi/D, aspect ratio and relative roughness. 

Table 3 
Experimental tests.  

Test Tin[ ◦C] ωin[g kg− 1] V̇in[m3 h− 1] R[-]  Test Tin[ ◦C] ωin[g kg− 1] V̇in[m3 h− 1] R[-] 

N1 32 6 3500 0.2  N28 33 9.2 4000 0.3 
N2 32 6 3500 0.3  N29 33 9.2 4000 0.4 
N3 32 6 3500 0.4  N30 33 9.2 4000 0.5 
N4 32 6 3500 0.5  N31 43 9.2 4000 0.3 
N5 32 6 3500 0.6  N32 43 9.2 4000 0.4 
N6 32 6 3500 0.7  N33 43 9.2 4000 0.5 
N7 32 6 3500 0.8  N34 41 9.2 4400 0.3 
N8 42 6 3500 0.2  N35 41 9.2 4400 0.4 
N9 42 6 3500 0.3  N36 41 9.2 4400 0.5 
N10 42 6 3500 0.4  N37 41 9.2 3400 0.3 
N11 42 6 3500 0.5  N38 41 9.2 3400 0.4 
N12 42 6 3500 0.6  N39 41 9.2 3400 0.5 
N13 42 6 3500 0.7  N40 37.5 10 4200 0.5 
N14 42 6 3500 0.8  N41 37.5 10 4200 0.35 
N15 42 6 4500 0.2  N42 37.5 10 4100 0.7 
N16 42 6 4500 0.3  N43 37.5 8.7 3400 0.3 
N17 42 6 4500 0.4  N44 37.5 8.7 3400 0.35 
N18 42 6 4500 0.5  N45 37.5 8.7 3400 0.45 
N19 42 6 4500 0.6  N46 33 9 3400 0.3 
N20 42 6 4500 0.7  N47 33 9 3400 0.35 
N21 42 6 4500 0.8  N48 33 9 3400 0.45 
N22 39 13 3000 0.3  N49 39 12.6 4200 0.35 
N23 41 13 3000 0.4  N50 39 12.6 4200 0.65  

Fig 2. Sub-heat exchangers of a dew-point indirect evaporative cooler.  
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Repi = vp
ppiD
μpi

(12)  

Res,i = vs
ps,iD
ms,i

(13)  

The air velocities in the primary and secondary channels were obtained 
by Eqs. (14) and (15), respectively. 

vp =
mppp,i

0.5WbNchannels
(14)  

vs =
msps,i

0.5WbNchannels
(15)  

The heat capacity rates on primary-side and secondary-side within each 
sub-heat exchanger were defined by Eqs. (16) and (17). 

Cp,i = mp
cpp,i

zi
(16)  

Cs ,i = ms (17)  

Where z is the slope of the temperature-enthalpy saturation line, see Eq. 
(18). 

zi =
hsat,i − hsat,i+1

Tp,i − Tp,i+1
(18)  

The effectiveness of each sub-heat exchanger was computed by Eq. (19). 
The maximum possible heat transfer rate was the product of the mini-
mum value of Ċp,i and Ċs,i and the maximum enthalpy difference. 

εi =
Q

MIN
(
Cpi,Cs,i

)(
hsat,i − hsat,i+1

) (19)  

The number of transfer units required by each sub-heat exchanger 
(NTUi) was obtained using the ε-NTU solution for a counter-flow heat 
exchanger, implemented by the function HX in EES software (Klein, 
2020). The conductance required in each sub-heat exchanger was ob-
tained by Eq. (20). 

UiAi = NTUiMIN
(
Cp,iCs,i

)
(20) 

The overall heat transfer coefficient (Ui) was expressed in Eq. (21). 

U =
1

zi

[
1

acpi
+ δ

kwall
+ δ

kwater

]
+ 1

βi

(21) 

The values of thermal conductivity of wall (kwall) and of thermal 
conductivity of water film (kwater) and thickness of water film (δwater) 
were considered equal to 0.53 W m− 1 K− 1, 0.3 W m− 1 K− 1 and 0.3 mm, 
respectively. 

The energy consumption of a fan to overcome the load drops of the 
heat exchanger was calculated by Eq. (23). 

W =
ΔPpVp + ΔPsVs + ΔPSAVSA

η (23)  

Where ΔP is the total pressure drop (friction loss, ΔPf , and minor loss, 
ΔPm); η is the fan efficiency. Each ΔP was obtained by Eq. (24). 

ΔP = ΔPf + ΔPm = f
pv2

2D
+
∑

τ pv2

2
(24) 

The numerical DIEC model was implemented in EES software (Klein, 
2020). This model allowed to predict the outlet air conditions or obtain 
the length of the heat exchanger from pre-established inlet and outlet air 
conditions. 

2.4. Optimization of the dew-point indirect evaporative cooling system 

In the present work, the optimal geometric design and the optimal 
operational parameters of DIEC to be able to achieve cooling conditions 
and comply with the European ventilation regulations (EN-16798–1, 
2019) were studied. Three case studies were carried out for this analysis. 
The first case study was related to an office application, the second one 
to a restaurant application and the third one to an auditorium applica-
tion. Each case study was carried out for an occupancy ratio and three 
ventilation categories (I, II and III). The values of occupancy ratio and 
volumetric air flow rate for each ventilation category were taken from 
the European ventilation standard (EN-16798–1, 2019; EN-16798–2, 
2019). The ventilation air flow rate requirements for the DIEC system 
are shown in Table 4. 

The type of space to be air-conditioned, the outdoor air conditions 
and the supply air conditions of the DIEC system were set constant to 
carry out the case studies. These parameters are summarized in Table 5. 
Other case studies with different outdoor air conditions and different 
supply air conditions were also carried out. Nevertheless, the optimal 
design and performance of the DIEC were similar to those shown in the 
present work, so these results were not included for reasons of clarity 
and space in the paper. The values of area ratio, person ratio and CO2 
generation rate were given by the European ventilation standard 
(EN-16798–1, 2019; EN-16798–2, 2019). 

The optimal geometric design and optimal operational parameters 
were evaluated in terms of the compactness of the DIEC system, CDIEC, 
and coefficient of performance, COP. Such ratios were defined by Eqs. 
(25) and (26), respectively. CDIEC was analysed with a ratio, in order to 
evaluate the cooling capacity, Q̇cool, that led the lowest volume, Vol, of 
the DIEC system. Q̇cool represents the sensible energy delivered by the 
DIEC system and Vol was obtained with the length, width and height of 
the exchange module. 

CDIEC =
Q̇cool

Vol
(25)  

COP =
Q̇cool

Ẇ
(26)  

3. Results 

3.1. Experimental results 

The experimental tests N1-N21 were used to evaluate the variation of 
process air temperature, ΔT, and of dew point effectiveness, εdp, by 
varying Tin and V̇in under different R values. The results of ΔT and εdp for 
two inlet air temperature values, 32 ◦C and 42 ◦C, two inlet air flow rate, 
3500 m3 h− 1 and 4500 m3 h− 1, and seven R values, 0.2 to 0.8, are shown 
in Fig. 3. It can be observed than the values of ΔT and εdp increased when 
the R values were raised. In addition, asymptotic trends of ΔT and εdp are 
shown as R increased, regardless of the variation of Tin and V̇in. The 
highest values of ΔT and εdp were obtained for R equal to 0.8 and the 
lowest values of ΔT and εdp were obtained for R equal to 0.2, see Fig. 3. 

Regarding Tin, the ΔT values were always higher for Tin equal to 42 
◦C with respect to Tin equal to 32 ◦C, see Fig. 3a. The εdp values were also 

Table 4 
Case studies.  

Occupancy ratio 
[person m− 2] 

Ventilation requirements according to the European 
ventilation standard. Volumetric air flow rate [m3 h− 1] 
Category I(20 l 
s− 1 person− 1) 

Category II(14 l 
s− 1 person− 1) 

Category III(8 l 
s− 1 person− 1) 

0.1 (Office) 720 504 288 
0.7 (Restaurant) 5040 3528 2016 
1.4 (Auditorium) 108,000 7560 4320  
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higher for Tin equal to 42 ◦C and low R values, see Fig. 3b. Nevertheless, 
the εdp values were similar for both Tin and medium and high R values. 
The maximum values of ΔT and εdp were 32.8 ◦C and 0.87, respectively, 
for Tin equal to 42 ◦C and R equal to 0.8. 

The trend of the inlet air flow rate, V̇in, with respect to different R 
values has also been analysed in terms of ΔT and εdp, as shown in Fig. 3. 
Comparing the results obtained for both air flow rate values, it can be 
seen than the values of ΔT and εdp were always higher for V̇in equal to 
3500 m3 h− 1 than those for V̇in equal to 4500 m3 h− 1. The variation of ΔT 
and εdp for both V̇in values was maximum when the R value was 
increased, 7 ◦C and 0.1, respectively, for R equal to 0.8. The εdp uncer-
tainty values of some case studies were within other εdp uncertainty 
values. So, the εdp differences for the case studies with the same R value 
was not always guaranteed, see Fig. 3b. 

Table 5 
Characteristics of the building, the outdoor air conditions and the 
supply air conditions.  

Building Value 

Area 100 m2 

Area ratio 0.7 l s− 1 m− 2 

Person ratio 7 l s− 1 person− 1 

CO2 generation rate 20 l h− 1 person− 1 

Outdoor air conditions  
Temperature 40 ◦C 
Humidity ratio 9 g kg− 1 

CO2 concentration 400 ppm 
Supply air conditions  
Temperature 18 ◦C 
Humidity ratio 9 g kg− 1  

Fig 3. Variation of process air temperature and of dew point effectiveness for the experimental tests N1-N21.  

Fig 4. Parity plot of the experimental and numerical ΔT results of the dew-point indirect evaporative cooler.  
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These experimental results show that for a R value of 0.8 and a low 
air flow rate of 3500 m3 h− 1, the studied air-cooling system allowed to 
achieve supply air conditions very close to dew point conditions, 
regardless of the Tin value. 

3.2. Validation of the detailed mathematical model 

The experimental results obtained from tests N1-N50, see Table 3, 
have been compared with the numerical results obtained with the 
mathematical DIEC model described in Section 2.3. The values of vari-
ation of process air temperature, ΔT, were used for this comparative 
analysis. As shown in Fig. 4, there was a very good agreement between 
numerical and experimental process air temperature variation, being the 
deviation always within 0.7 ◦C, and a R2 value equal to 0.994. Therefore, 
this detailed mathematical model can be used to analyse DIEC. 

3.3. Analysis of design and performance 

In the present work, the optimal geometric design and the optimal 
operational parameters of DIEC to be able to achieve cooling conditions 
and comply with the European ventilation regulations (EN-16798–1, 
2019) were studied. 

3.3.1. Analysis of length and the energy consumption 
The trends of the length, LDIEC, and the energy consumption, Ẇ, of 

DIEC have been preliminary analysed by varying V̇SA, and R, in order to 
obtain a deeper understanding of the behaviour of the DIEC, see Fig. 5- 
Fig. 6. 

In Fig. 5, the remaining input variables were fixed at constant values: 
Tin=40 ◦C; ωin=9 g kg− 1; R = 0.5. The values of supply air temperature 
and humidity ratio were also fixed at constant values, 18 ◦C and 9 g 
kg− 1, as described in Section 2.4. The supply air flow rate, V̇SA, was 
directly related to the cooling capacity, Q̇cool, because the inlet and 
outlet air conditions were set constant. It can be observed than the LDIEC 

values increased when the V̇SA value was raised, since Q̇cool must also be 
greater. The length trend obtained was linear. In addition, the increase 
in V̇SA caused the inlet and exhaust air flow rates (V̇in and V̇EA) to also 
increase, thus increasing the air velocities in the channels. The increase 
in air velocity and length caused an increase in Ẇ, see Fig. 5, mainly due 
to the increase in pressure drop in the channels. The Ẇ output was not 
linear when varying V̇SA. 

The results of LDIEC and Ẇ of DIEC for different R values are shown in 
Fig. 6. The inlet air conditions for this case study were set at: Tin=40 ◦C; 
ωin=9 g kg− 1; V̇in=5000 m3 h− 1. It is highlighted that the higher R, the 
higher percentage of air flow rate was exhausted. In addition, the higher 
R, the lower Q̇cool, since the supply air flow rate, V̇SA, decreased and the 
inlet and outlet air conditions were set constant in this analysis. This 
trend was inverse to that reached in Fig. 5. 

In Fig. 6, it can be observed than the LDIEC value decreased to reach 
the required supply air conditions when the R values increased, because 
V̇SA decreased. The LDIEC variation was more significant for low R values, 
where V̇SA was higher and, therefore, Q̇cool was also higher. This trend 
was due to the fact that the length was related to the value of the air 
velocity squared. 

The W trend show in Fig. 6 was due to the pressure drops generated 
in the primary channels, in the secondary channels and in the air supply. 
These pressure drops are represented in Fig. 7. The total pressure drop of 
DIEC was the sum of these three. The pressure drop in the primary 
channels, ΔPp, was always constant for different R values. The pressure 
drop of the air supply, ΔPSA, increased and the pressure drop of the 
secondary channels decreased, ΔPs, when the R value was reduced, see 
Fig. 7. However, the ΔPSA value outweighed the ΔPs value, reaching an 
increase in W for low R values, as shown in Fig. 6. These trends were 
mainly due to supply and return air velocities. For high R values the 
trends of pressure drops and W were inverse, see Fig. 6-Fig. 7. The 
maximum W value was reached for R equal to 0.2, as shown in Fig. 6, 
and the minimum W value coincided at the equilibrium point of the 
curves of ΔPSA and ΔPs. 

3.3.2. Analysis of the case studies 
Three case studies were carried out in order to analyse the optimal 

design and performance of DIEC, as discussed in Section 2.4: office 
application, restaurant application and auditorium application. The case 
studies were carried out for different operation modes, analysing CDIEC, 
and COP.  

• Office application (occupancy ratio= 0.1 person m− 2) 

The results of CDIEC and COP for the office application are shown in 
Fig. 8. These results were obtained for different values of R and V̇SA (or 
CO2,ind). It can be observed than the trend of CDIEC was parabolic, when 
V̇SA remained constant, see Fig. 8a. The highest compactness of the 

Fig 5. Length and the energy consumption of the dew-point indirect evaporative cooler for different values of supply air flow rate (constant values: Tin=40 ◦C; ωin=9 
g kg− 1; R = 0.5). 
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device was achieved for R values equal to 0.45, 16,632 W m− 3 for values 
of Q̇cool and Vol of 4974 W and 0.3 m3, respectively. However, the 
compactness was reduced for R values lower and higher than this in-
flection point, achieving a minimum CDIEC value for R equal to 0.2. CDIEC 
increased up to 76% when using an R value of 0.45 instead of an R value 
of 0.2. Regarding V̇SA, both Q̇cool and Vol increased when V̇SA increased 
and R remained constant, however, the increase in Q̇cool was slightly 
larger than the increase in Vol, see Eq. (25). Therefore, the CDIEC values 
increased slightly when V̇SA was increased, see Fig. 8a. 

The COP values increased when R was reduced and V̇SA remained 
constant, see Fig. 8b. This fact was due to the reduction of V̇EA and Ẇ. On 
the other hand, for constant R values, COP was slightly reduced when 
V̇SA was increased, see Fig. 8b. Therefore, the increase in Ẇwas greater 
than that of Q̇cool. The maximum COP value was 50.26 for R equal to 0.2 
and V̇SA equal to 288 m3 h− 1. The COP value increased up to 75% when 
using an R value of 0.2 instead of an R value of 0.8. Furthermore, it can 
be seen that the optimal CDIEC and COP values were obtained for 
different working conditions, so a detailed analysis of the optimal con-
ditions was carried out at the end of Section 3.3.2.  

• Restaurant application (occupancy ratio= 0.7 person m− 2) 

The results of the restaurant application are shown in Fig. 9. A dif-
ference between this case study and the office application was the V̇SA 
values, which were significantly higher to reach the ventilation cate-
gories I, II and III, see Table 4. 

It can be observed that the trends of CDIEC and COP reported in Fig. 9 
for low V̇SA values were similar to those of the office application. The 
CDIEC values increased significantly when V̇SA increased and the R values 
were high and remained constant, see Fig. 9a. This trend was due to the 
increase in Q̇cool.and the reduction in Vol. The trend of CDIEC was 
different when V̇SA increased and the R values were low and remained 
constant, since the variation of Q̇cool and Vol was similar. The maximum 
CDIEC value was achieved for values of R and V̇SA equal to 0.75 and 5040 
m3 h− 1, respectively, 25,195 W m− 3, see Fig. 9a. Therefore, the optimal 
DIEC design for the considered conditions was achieved for high values 
of V̇SA and R. 

Regarding COP, it can be seen that the DIEC system increased its 
performance for low R values, V̇SA remained constant, see Fig. 9b. The 
COP value increased up to 87% when using an R value of 0.2 instead of 

Fig 6. Length and the energy consumption of the dew-point indirect evaporative cooler for different values of R (constant values: Tin=40 ◦C; ωin=9 g kg− 1; V̇in=5000 
m3 h− 1). 

Fig 7. Pressure drops of the dew-point indirect evaporative cooler (constant values: Tin=40 ◦C; ωin=9 g kg− 1; V̇in=5000 m3 h− 1).  
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an R value of 0.8. COP also improved for low V̇SA values, mainly due to 
the reduction of Ẇ with low V̇SA values, achieving a maximum COP 
value of 44.19 for R and V̇SA equal to 0.2 and 2016 m3 h− 1, respectively.  

• Auditorium (Occupancy ratio: 1.4 person m− 2) 

The trends of CDIEC and COP for the auditorium application were 
similar to those of the restaurant application, see Fig. 10. It is high-
lighted that for low R values, a higher variation of CDIEC and COP was 
obtained when V̇SA was modified, due to a higher ventilation require-
ment to reach categories I, II and III. 

For the three case studies, the optimal design and performance of 
DIEC were achieved in different operating states, even in opposite states 
as shown in Fig. 9 and Fig. 10. Therefore, an optimal DIEC design could 
be considered when the maximum values of CDIEC and COP are obtained 
at the same time for a considered operating condition. These operating 
states where both ratios intersect for the three applications were rep-
resented in Fig. 11. For example, for the restaurant application 

(occupancy ratio= 0.7 person m− 2) with a flow rate of 5040 m3/h 
(Category I), the maximum values of CDIEC and COP were obtained for an 
R value of 0.75 and 0.2, respectively, see Fig. 9. Therefore, the optimal 
values of both parameters were obtained for different R values. With the 
methodology described, the optimal DIEC design was found for the R 
value where the values of CDIEC and COP intersected in the surface curve. 
In this case, an R value of 0.31 was found for a COP of 29.7 and CDIEC of 
15,728 W m− 3. 

In Fig. 11, it can be observed that the operating states of DIEC for the 
office application (0.1 person m− 2) were always obtained for a R value 
close to 0.35, regardless of the variation of V̇SA. The COP values were 
approximately 46 and the CDIEC values were approximately 16,580 W 
m− 3 for all states. For the restaurant application (0.7 person m− 2), the 
operating states were obtained for R values between 0.3 and 0.37. These 
operating states were reduced from Category III to Category I, i.e., when 
V̇SA increased, see Fig. 11. For this case study, the CDIEC values varied 
from 15,728 W m− 3 (category I) to 16,799 W m− 3 (category III). Finally, 
for the auditorium application (1.4 person m− 2), the operating states of 
DIEC varied with R, between 0.2 and 0.4, for each category, see Fig. 11. 

Fig. 8. Results of compactness and coefficient of performance of the DIEC system for the office application.  

Fig 9. Results of compactness and coefficient of performance of the DIEC system for the restaurant application.  
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The COP values varied between 14.5 and 27.5 and the CDIEC values 
varied between 12,757 W m− 3 and 17,048 W m− 3 for the auditorium 
application. 

The results showed that an DIEC with high COP values and a compact 
geometric design can be obtained for buildings with different applica-
tions, achieving indoor cooling conditions and complying with the Eu-
ropean ventilation regulations (EN-16798–1, 2019). 

3.4. Limitations of this study 

Based on the results shown, a wide range of performance values and 
optimal designs have been obtained. The results obtained are valid for 
the dimensions and materials of the channels shown in Table 1. On the 
other side, in the studied range of operating conditions, the mathe-
matical model developed adequately predicts the experimental oper-
ating conditions of DIEC units. A new validation study would be 
necessary for operational conditions outside this range. Moreover, the 

mathematical model of DIEC is valid under five assumptions, which 
were indicated in Section 2.3. 

4. Conclusions 

In the present work, dew-point indirect evaporative cooling, DIEC, 
systems were analysed experimentally and numerically. The optimal 
geometric design and operational parameters of DIEC systems to achieve 
cooling conditions and comply with the European ventilation regula-
tions were obtained for three case studies: office application, restaurant 
application and auditorium application. 

The experimental results showed that for high R (ratio of exhaust air 
flow rate to inlet air flow rate) values and low inlet air flow rates, the 
DIEC system allowed to achieve supply air conditions very close to dew- 
point conditions, regardless of the inlet air temperature value. 

The results of the optimal geometric design and operational param-
eters of DIEC depended on the type of space to be air-conditioned and 

Fig 10. Results of compactness and coefficient of performance of the DIEC system for the auditorium application.  

Fig 11. Operating states where compactness and coefficient of performance intersect.  
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the ventilation category indicated in the EN 16,798 European Standard. 
For the office application, the optimal DIEC design was always obtained 
for R values equal to 0.45 for the three ventilation categories. However, 
for the restaurant and auditorium applications, the optimal design var-
ied for different R values, between 0.45 and 0.8, depending on the 
ventilation category. 

The optimal DIEC performance was always obtained for low R 
values, 0.2, for the three ventilation categories, with COP values up to 
50.26 for the office application, 44.19 for the restaurant application and 
37.14 for the auditorium application. This fact was mainly due to the 
reduction of energy consumption of the DIEC systems when they work 
with low R values. 

These results showed that an DIEC with high performance values and 
a compact geometric design can be obtained for buildings with different 
applications, achieving indoor cooling conditions and complying with 
the European ventilation regulations. 
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