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ARTICLE INFO ABSTRACT
Keywords: Evaporative-cooling technology is a promising alternative to conventional air-cooling systems that are based on
Coefficient of performance using direct expansion units in terms of energy efficiency. Seasonal energy efficiency ratio (SEER) calculation

Energy efficiency

Experimental tests

Indirect evaporative cooling
Seasonal Energy Efficiency Ratio

methodologies and standards for these air-cooling systems remain limited. Therefore, the objective of this study
is to develop a novel simplified method for calculating the SEER for regenerative indirect evaporative coolers
(RIEC). Experimental tests were performed to obtain energy efficiency ratio models of four RIEC systems. Five
climate zones in the Mediterranean region were considered for calculation of the SEER values. A detailed
calculation method based on annual energy simulations was employed, and the results of the seasonal index were
compared with those of a simplified calculation method based on the steady-state operation at four specific test
points. The relative error between the SEER calculation methods was 4.6% for all the RIEC systems and climate
zones. The highest SEER values of 5.8 and 5.5 were achieved for the Cairo and Madrid weather conditions,
respectively. This study can serve as a reference for research on the seasonal performance and life-cycle analysis
of RIEC based on an efficient counterflow heat exchanger with a wide range of airflow and cooling capacities.

coolers (RIEC) [9,10]. IEC systems are classified as plate-type crossflows
[11], plate-type counterflows [12], tube types [13], and heat pipes [14].
The counterflow arrangement has been found to be more energy-
efficient than the crossflow arrangement [15]. The optimal opera-
tional parameters and geometric design of the DIEC according to the
European ventilation regulations were determined in another study
[16], wherein the maximum EER values were obtained at low volu-
metric airflow rates. These high EER values were approximately 37.1
and 50.2 for the auditorium and office applications, respectively.
Table 1 summarises each indirect evaporative cooling technology (IEC,
DIEC, MIEC, and RIEC) as well as the working conditions and the cor-
responding EER values.

Different plastic materials, such as polyethylene terephthalate (PET)
and PET/cellulose composite materials, have been used in the con-
struction of IEC systems [21]. It should be noted that several studies
have developed the application of porous materials for [EC of plate-type
geometry [22-24]. These studies reported that low evaporation, owing
to poor wettability of the channel wet surface, significantly reduced the
cooling performance.

Several studies have focused on the difference in EER values between

1. Introduction

Evaporative-cooling technology is a potential alternative to con-
ventional heating, ventilation, and air conditioning (HVAC) systems in
terms of energy savings. There are two main types of evaporative
coolers—direct evaporative coolers (DEC) and indirect evaporative
coolers (IEC). In DEC systems, the inlet airflow and 100% outdoor air are
in direct contact with water. Water evaporation and air temperature
reduction occurs simultaneously with the addition of moisture to the
supply air of the DEC system. In IEC systems, the inlet airflow and water
are separated by alternating wet and dry channels, while maintaining a
constant inlet humidity ratio [1]. IEC systems have also been combined
with other technologies, such as desiccant systems [2,3], to obtain high
energy performance.

Previous studies have examined the influence of the IEC design and
configuration on energy performance, as well as the different types of
IEC configurations. They include traditional IEC [4], dew-point indirect
evaporative coolers (DIEC) [5,6], Maisotsenko cycle-based indirect
evaporative coolers (MIEC) [7,8], and regenerative indirect evaporative
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Nomenclature SEER seasonal energy efficiency ratio [-]
T temperature [°C]
b estimated parameter TRNSYS transient system simulation
CDD cooling degree-days \Y% volumetric airflow rate [m3-h!]
DIEC dew-point indirect evaporative cooler w energy consumption [kKWh]
DOE design of experiments W power consumption [kW]
DX direct expansion unit X input variable
EER Energy efficiency ratio [-] s estimated output value
f fan
h air specific enthalpy [kJ-kg™'] Greek letters
H hours > sum
HDD heating degree-days p density [kg-m 3]
HVAC  heating, ventilation, and air conditioning ® humidity ratio [g-kg~']
IEC indirect evaporative cooler
MAE mean absolute error Subscripts
MIEC Maisotsenko cycle-based indirect evaporative cooler A Experimental test point A
p pump avg average .
P pressure drop [Pa] B Experimental test point B
PLF partial load factor [-] C Experimental test point C
0 thermal energy [KWh] D Experimefltal test point D
Q thermal power [kW] EA exha}lst air
R rate [-] nom nominal .
R? coefficient of determination [-] OA outdoor :’aur
RE relative error [%] ok supply air
RH relative humidity [%] wb wet bulb
RIEC regenerative indirect evaporative cooler
used for model validation [27]. The results of these tests showed that the
EER value increased by 135% compared to that of traditional exhaust-air
gz:}ri:ry of IEC technologies and EER values. heat pumps. According to the outdoor-air conditions, other experi-
mental tests in an RIEC showed that the EER value varied between 10.6
IEC . Working conditions EER [] Reference and 19.7. The lowest EER value (10.6) was obtained for high values of
configuration the outdoor-air humidity ratio and low values of outdoor-air tempera-
IEC Inlet temperature = 6-16 _ [17] ture. By contrast, the highest EER value (19.7) was obtained for a low
Izrfl;f'ieol:ﬁve umidity = (Experimental model) outdoor air humidity ratio and high outdoor air temperature [28].
35-65% Another study on the energy behaviour of an MIEC under different
Volumetric flow rates = working conditions was conducted [29], wherein the maximum EER
600-1050 m>h~" value of approximately 19 was obtained for high outdoor air tempera-
DIEC Inlet temperature = Up to 60 (18] ture values (43-45 °C) and low outdoor air humidity values (approxi-
iﬁ;ﬁe]:ﬁve humidity = (Statistical model) mately 10 g-kg™1). A recent study concluded that the EER of a DIEC
12.5-50% significantly reduces when outdoor-air humidity increases. Therefore,
Air velocity = 0.3-3.3 the DIEC system exhibits higher energy performance values in hot arid
ms! areas [30]. This study also reported that a newly patented DIEC, with
MIEC Inlet temperature = Up to 130 (19] parallel ducts for handling product air and energy recovery modes,
25-40 °C (Mathematical model) . j . 1. .
Inlet relative humidity — could be applied to hot and medium-to-high humidity climate zones.
30-70% Variations in inlet air temperature and humidity influence the energy
Mass flow rates = performance of cooling systems. Therefore, the EER value at a particular
0.1-0.26 kg-s ™! ) point does not indicate the seasonal performance of a cooling system.
RIEC Iznzl_e;_t;: girgmre - (Zﬁi;:i‘rsnemal model) 1201 Several studies have employed mathematical models in conjunction
Inlet humidity ratio — with energy-simulation tools to compare the annual energy performance
9.3-19.4 gkg ! of different air-cooling systems. In one such study, an RIEC system
Air Yflocity =1.58-2.83 exhibited energy consumption values three to four times lower than
m-s

IEC and traditional HVAC systems, and the influence of outdoor-air
conditions. One study demonstrated that IEC technology for air
handling units (AHU) improved the EER by 67% compared to that
without IEC. In an IEC system, the EER value increased from 4.3 to 7.2
[25]. An assessment of an MIEC in terms of the coefficient of perfor-
mance revealed that the EER value improved by 26% compared to
conventional air-cooling systems [26]. In this novel system, an exhaust-
air heat pump with an IEC recovery and four modes of operation was

those of a conventional air-cooling system for the same energy demand
in the severe climates of Lampedusa and Seville [31]. Other studies have
calculated the seasonal energy efficiency ratio (SEER) value in evapo-
rative coolers during summer periods; for example, from 1 June to 31
August [32-34]. The main finding of these studies was that the use of
IEC technology increased the SEER by 35-50% compared to conven-
tional HVAC systems. Annual energy simulations or experimental data
are necessary to obtain SEER values in IEC systems, because standard
regulations pertaining to these values have not been developed. The
Eurovent Certita Certification specifies the test point positions to obtain
the wet bulb effectiveness value in IEC systems [35], but it does not
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Fig. 1. Schematic of the heat exchanger in the RIEC system.

provide a methodology for calculating the SEER value in IEC. Other
standards and regulations specify the test points and SEER calculation
method for heat pumps and chillers [36,37]. Several studies have per-
formed seasonal energy analyses of heat pumps [38-40]. However, most
studies on IEC technologies have focused on the instantaneous perfor-
mance [41,42]. Another study developed a ‘seasonal utilizability factor’,
but an energy simulation was necessary to complete this study [43].
Currently, a seasonal performance value/SEER is required for the IEC to
calculate renewable cooling energy according to the recent Delegated
Regulation (EU) 2022/759 of the Commission document [44].

To address the research gap regarding seasonal energy performance
indices for evaporative-cooling systems without the need for energy
simulations or annual experimental data, this study developed a novel
simplified method for calculating the SEER for RIEC. To achieve this
objective, several experimental tests were performed to obtain empirical
RIEC models for the EER in European climates. The proposed SEER
calculation method was then compared with the traditional method.

2. Methodology
2.1. Constructive and operational characteristics of RIEC systems

Four regenerative IECs, RIEC-1, RIEC-2, RIEC-3, and RIEC-4 were
experimentally analysed in this study. The RIEC systems were mainly
composed of a counterflow heat exchanger, process fan, coarse 60%
category filter located between the process fan and the heat exchanger,
and fine filter (ePM; 65%) according to the European Standard EN
16890-1 [45], on the supply air side. The working principle of heat
exchangers is that a single inlet air stream where 100% outdoor air (OA)
enters each RIEC system and is divided into two air streams: exhaust air
(EA) and supply air (SA). This nomenclature was adopted in accordance
with the European Standard EN 16798-3 [46]. All the heat exchangers
consisted of alternating wet and dry channels separated by thin plates.
OA circulated through the dry channels and exchanged heat with the
wet channels. The primary OA stream was cooled with no added mois-
ture and was supplied to the building. In the secondary air stream, a
fraction of the OA entered the wet channels and was humidified by
water evaporation, whereafter it exhausted outside as EA. The

0.75m
Table 2
Main characteristics of the selected RIEC systems.
RIEC 4 SAnom Qo oling, w Dimensions (Long x Cores
nomenclature m3h™'1  om nom Wide x High) [-]
[kwW] [kW] [m]
RIEC-1 2880 18 1.5 2.33 x 1.23 x 1.61 2
RIEC-2 3960 24 1.8 2.33 x 1.83 x 1.29 3
RIEC-3 23,040 59 10 4.47 x 2.31 x 2.55 16
RIEC-4* 46,080 118 20 6.00 x 4.62 x 5.10 32

* The RIEC-4 system is equivalent to a set of two RIEC-3 systems in parallel.

relationship between the EA and OA flow is defined by the exhaust-air

rate (REA) as shown in Eq. (1).

REA = @ @
0A

Based on the constructive characteristics of these RIEC systems, the
walls of the heat exchanger were composed of PVC film with a hydro-
philic material. The main geometrical features of the common heat ex-
changers in the four RIEC systems are shown in Fig. 1.

The RIEC systems considered in this study have the same working
principles and are commercially available. However, these RIEC systems
have different numbers of heat-exchange cores arranged in parallel.
Thus, the four RIEC systems had different nominal airflow rates, cooling
capacities, input powers, and dimensions (see Table 2).

2.2. Experimental setup

An experimental facility was built to analyse the RIEC-1 performance
under different working conditions (see Fig. 2). The OA temperature,
outdoor-air humidity ratio, and outdoor volumetric airflow in each
experimental test were adjusted using an AHU. The exhaust-air rate
(Rga) was adjusted for each experimental test, according to Eq. (1).

Several sensors for air temperature (T) and relative humidity (RH)
for each air stream (OA, EA, and SA), pressure drop (P) at the outlet of
RIEC-1, volumetric air flow (V), and electrical power consumption W)
were used to register the RIEC-1 working conditions. The locations of the
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RIEC: Regenerative indirect evaporative cooler
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Fig. 2. Schematic of the experimental setup.

Table 3
Types and accuracies of sensors used in the experimental setup.
Variable  Type of sensor Accuracy
T PT100 +0.2 °C (range of 0 to 50 °C)
RH Capacitive +3% (range of 0 to 90%)
P Piezo-resistive +0.05 hPa (range of —150 to 150 hPa)
v Differential pressure
. +5% (range < 500 Pa)
transmitter
A 3-ph:
w phase +1% measurement (range of 0.01 to
9.99 kW)
Table 4
Input variables for the design of experiments for the four RIEC systems.
Input variable Values Unit
Outdoor-air temperature, Toa 29.0-35.5-43.0 °C
Outdoor-air humidity ratio, woa 8.9-10.9-12.6 g-kg’1
Exhaust-air rate, Rgq 0.3-0.5-0.7 -
Outdoor volumetric air flow, V o4 3019-3692-4587 mh~!

sensors in the experimental facility are illustrated in Fig. 2. The types
and accuracies of these sensors are listed in Table 3.

2.3. Experimental tests conditions

Experimental tests under different working conditions were per-
formed to develop empirical models of the four RIEC systems to obtain
the cooling capacity, Q cooling, €lectrical power consumption, W, and
energy efficiency ratio (EER) for each experimental test, performed for a
steady-state period of 30 min. The experimental tests were based on the
statistical technique of the ’design of experiments’; specifically, the
Box-Behnken design. The design consists of 27 experimental tests with
three central points. The input parameters of the experimental tests were
the outdoor air temperature (Tpa), outdoor air humidity ratio (wpa),
outdoor volumetric airflow (V ga), and Rga. The ranges of the input
parameter values are listed in Table 4.

A summary of the OA conditions and value of the Rgs for each

experimental test is shown in Table 5.

The experimental tests were performed in RIEC-1 by the authors,
while the RIEC-2, RIEC-3, and RIEC-4 experimental tests were per-
formed by the manufacturer [47].

2.4. Empirical RIEC models

The energy behaviour of the RIEC system was analysed using the
following instantaneous performance indices: cooling capacity (Q cool-
ing)» electrical power consumption (W), and EER. The performance of the
four RIEC systems was evaluated by analysing the results of 27 experi-
mental tests, as indicated in Table 5.

The cooling capacities of the RIEC systems in each experimental test
were calculated using Eq. (2):

QL’()(;[ing = /’airA’SAA'(hOA — hsa) (2

where pg;r is the air density [kg-m 2], V g4 is the supply volumetric
airflow [m3-s*1], hoa is the OA specific enthalpy [kJ -kg’l], and hg, is
the supply air specific enthalpy [kJ-kg'].

The electrical power consumed in each RIEC system (W) was
calculated for each experimental test. It was obtained by considering the
sum of the electrical power consumed by the process fan (Wf) and that
consumed by the pump (Wp), as shown in Eq. (3).

W =Wf + Wp (3)
The EER was calculated for each experimental test using Eq. (4).

_ Qconling

EER @

Second-order polynomial equations were used to obtain the rela-
tionship between the input parameters and instantaneous performance
indices, as shown in Eq. (5), where Y is the instantaneous performance
index (Q coolings W, and EER); X represents the input parameters (Tpa,
®oa, V oa, and Rga); bo is the average response in each model; and b;, bj;,
and b;; are the estimated parameters of the linear, quadratic, and second-
order terms, respectively.
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Table 5

Summary of experimental test conditions for empirical RIECs models.
Test Toa woa Voa Rea Test Toa woa Voa Rea

[°C] [g-kg ™' [m*h™'] [-] [°cl [gkg '] [m*>h~'] [

N1 29.0 8.9 3692 0.5 N15 29.0 10.9 4587 0.5
N2 35.5 8.9 3692 0.7 N16 29.0 10.9 3019 0.5
N3 35.5 8.9 3692 0.3 N17 29.0 10.9 3692 0.3
N4 43.0 8.9 3692 0.5 N18 29.0 10.9 3692 0.7
N5 35.5 8.9 4587 0.5 N19 29.0 12.6 3692 0.5
N6 35.5 8.9 3019 0.5 N20 35.5 12.6 3692 0.3
N7 43.0 10.9 4587 0.5 N21 35.5 12.6 3692 0.7
N8 43.0 10.9 3692 0.7 N22 43.0 12.6 3692 0.5
N9 43.0 10.9 3692 0.3 N23 35.5 12.6 3019 0.5
N10 43.0 10.9 3019 0.5 N24 35.5 12.6 4587 0.5
N11 35.5 10.9 3019 0.3 N25 35.5 10.9 3692 0.5
N12 35.5 10.9 3019 0.7 N26 35.5 10.9 3692 0.5
N13 35.5 10.9 4587 0.7 N27 35.5 10.9 3692 0.5
N14 35.5 10.9 4587 0.3

@ Tests N25, N26, and N27 were central points of the design of experiments.

. . . . . . . . . . . . . . . 0.05

Ton=33°C; wo, = 11.5 gkg’! 10.045
Toa=28 °C ; wp, = 11.5 g'kg!
Toa=23°C; wo, = 11.5 g-kg!
Toa=18°C; wy,=11.5 g'kg!

10.04

cow>

10.025

10.02

10.015

10.01

Outdoor air humidity ratio, moa [kg-kg™]

10.005

L n L L I L L L L " L L 1 1 I O
6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Outdoor air temperature, To, [°C]

Fig. 3. Specific OA conditions at the four experimental test points.
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Table 6
Summary of experimental test conditions and PLF for the simplified SEER
method.

Test Toa @oa Vs A nom PLF
[°cl [gkg 1 [%] [
A 33 11.5 100 1.00
B 28 11.5 83 0.83
C 23 11.5 67 0.67
D 18 11.5 50 0.50

Y= b+ Xk:pr,: + zk:b,-,--Xf + Az:]: Xk: byA-X;A-X; 5)
P P

=1 i~2goi
2.5. Seasonal energy efficiency ratio (SEER)

The SEER expresses the seasonal behaviour of the RIEC system in
terms of energy performance. This seasonal index was calculated for the
cooling period, which was defined as the number of hours during which
the outdoor air temperature exceeded 18 °C. Two different calculation
methods were established to obtain the SEER value in the RIEC systems:
(i) a simplified SEER calculation method and (ii) a detailed SEER
calculation method.

2.5.1. Simplified SEER calculation method

This simplified method of testing and calculating the SEER in RIEC
systems consisted of conducting four experimental tests (A, B, C, and D)
under specific OA conditions, following an approach similar to that
described in the European Standard EN 14825:2018 [36] for ’other’
HVAC systems. Different OA temperatures and supply volumetric air-
flows were considered to obtain the values of Q coolings W, and EER in
Tests A, B, C, and D. The value of the outdoor-air humidity ratio was
constant for the four experimental tests (11.5 g-kg!). This humidity was
the average value calculated for the five climate zones selected from the
Mediterranean climate region. The maximum Tps value for the five
selected climate zones in the Mediterranean climate region was 33 °C.
Therefore, the range of Tps values for the four experimental tests was
18-33 °C, with a difference of 5 °C between the experimental tests. The

SEER:impI[ﬂed =

Oeooiing AAPLEsA-Hy + Q,opiing sAPLFsA-Hy + Q. ppiing A PLFCA-He + Qpppiing pA-PLFpA-Hpy

Applied Thermal Engineering 220 (2023) 119710

| SEER calculation methods ‘

v
v v
Detailed Simplified
(traditional) (proposed)
v

Definition of 4 experimental tests (partial loads):

A TOA =33°C~ Qcooling,A; WA
- B: TUA = 28 OC - Qcooling,B; "B
. C: TOA = 23 OC - Qcooling,c; . C
“D: Ty, =18°C - Q

cooling period:
Toa > 18°C

cooling,D*> "' D

v
Energy simulations Number of hours and PLF value:
(DOE + TRNSYS) *Hy: T >33 °C; PLF, =1.00

- Hp: 33°C <T,, < 28 °C; PLF; = 0.83
- He: 28°C < T, <23 °C; PLF.. = 0.67
- Hp: 23°C < T, < 18 °C; PLF}, = 0.50

v

Qcooling SEER . . . _ Z Qcculing,i - PLF; - H;
SEERdelailed = T plified = iw ST
. 3

v

RE [%] = SEERqcaited - SEERsimgliﬁed

SEERdetailed

Fig. 5. Scheme of methodologies for calculating the SEER value in RIEC.

equal to 28 °C in partial load test B, 67% of their nominal airflow for Tpa
equal to 23 °C in partial load test C, and 50% of their nominal airflow for
Toa equal to 18 °C in partial load test D. If the Tps value was below
18 °C, no cooling-energy demand was considered; however, the fan
continued to operate at 50%, as shown in Fig. 4.

The number of hours at each partial load (A, B, C, and D) was
calculated for different ranges of OA temperatures for each Mediterra-
nean climate zone. The number of hours of RIEC work at partial loads A
(Hp), B (Hp), C (He), and D (Hp) was the sum of the hours when Tpg
exceeded 33 °C, or was between 28 and 33 °C, 23-28 °C, and 18-23 °C,
respectively. The simplified SEER value was calculated using Eq. (6).

(6)

four experimental tests performed using the simplified method to obtain
the SEER values is shown in Fig. 3.

Controlling the cooling capacity by temperature manipulation was
established in the RIEC system. The control was based on four different
percentages of the RIEC nominal airflow obtained according to the OA
temperature, as shown in Fig. 4. This control strategy was based on the
European Standard EN 14825:2018 for the calculation of SEER in air
conditioners, chillers, and heat pumps [36]. For each test (A, B, C, and
D), a partial load factor (PLF) was used to calculate the SEER value using
the simplified method. The PLF values were established from 0 to 1, with
a determined range for each PLF according to the European Standard
[36]. However, these ranges must be adjusted to minimise the SEER
calculation error between the proposed and traditional methodologies
based on energy simulations. These PLF values were constant for the
four RIEC systems and five climate zones (see Table 6).

The airflow rate of the RIEC system was adjusted from 50 to 100% of
the nominal volumetric airflow, according to the OA temperature in the
range of 18-33 °C, as shown in Fig. 4.

The RIEC systems worked at 100% of their nominal airflow for Tps
equal to 33 °C in partial load test A, 83% of their nominal airflow for Tpa

WaA-PLFyA-H, + WyA-PLFyA-Hy + WcA-PLF-A-He + WpA-PLFpA-Hp

Here, for each RIEC, Q cooling and W are the integrated energy-cooling
capacity and integrated electrical power consumption, respectively, for
the four OA conditions tested (see Table 6). The number of hours for
each partial load (H) was a characteristic value for each climate zone.
The Hp, Hp, Hc, and Hp results for each Mediterranean climate zone
were obtained using the ‘'meteonorm’ data [48].

2.5.2. Detailed SEER calculation method

The total cooling capacity and energy consumption during a seasonal
period can be calculated by collecting long-term data or by using energy-
simulation tools. In this study, seasonal energy simulations were per-
formed using the empirical models of Q coolings W, and EER to obtain
detailed SEER values. Annual energy simulations were performed using
the TRNSYS17 software [49], with a time step of 2.4 min. The weather
conditions were generated using ‘meteonorm’ data. For the detailed
method, the SEER values were calculated using Eq. (7):

Z Qu(}()ling _ Qmol[ng
zw w

SEER getaitea = )
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Table 7
Selected climatic zones in the Mediterranean region.
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CDD" and HDD®

City Koppen-Geiger Climate definition Toa,avg WoA,avg Cooling period [h]
(Country) [°Cl] [gkg™']
Cairo BWh B: arid 25.0 10.0 5850.2 3500 < CDD < 5000
(Egypt) W: desert
h: hot arid
Murcia BSk B: arid 22.6 10.1 3817.2 CDD < 3500
(Spain) S: steppe HDD < 2000
k: cold arid
Pescara Cfb C: warm temperate 229 11.6 2955.0 CDD < 3500
(Italy) f: fully humid HDD < 2000
b: warm summer
Napoli Csa C: warm temperate 23.1 12.1 3441.0 CDD < 3500
(Italy) s: summer dry HDD < 2000
a: hot summer
Madrid Csb C: warm temperate 24.0 9.9 2740.0 CDD < 3500
(Spain) s: summer dry 2000 < HDD
b: warm summer <3000

3 Thase = 10 °C for cooling degree-days; ® Tpase = 18 °C for heating degree-days.

BWh BSk Cfb Csa Csh

1 A\l

| \

2

Fig. 6. Map of the Mediterranean region according to the Koppen-Geiger climate classification.

where Qcooiing and W represent the annual cooling energy and energy
consumption of the RIEC system, respectively. The cooling capacity
control strategy is similar to that used in the simplified method, as
shown in Fig. 4. The results of both the SEER calculation methods were
compared with the relative error (RE), as shown in Eq. (8). A summary
scheme of both the SEER calculation methods is shown in Fig. 5.

RE = SEERdetailed - SEERsimplified
B SEERdetuiled

(€))

2.6. Climate zones of Mediterranean region

The SEER values, SEERgetiled; and SEERgimplified for the four RIEC
systems were calculated and analysed for the five climate zones in the
Mediterranean region. The Koppen-Geiger climate -classification
method was used to select cities that represented these climate zone
[50]. The mean values of the outdoor-air temperature (Tosayg) and
outdoor-air humidity ratio (@oa,avg) during the respective cooling pe-
riods are listed in Table 7. The cooling degree-days, CDD, heating
degree-days, HDD, and number of hours during the cooling period for
each city are also listed in Table 7. It can be observed that typical
Mediterranean climate zones include cities with cold arid to hot summer
climates, according to the corresponding variation in average Toa, ayg
and woa,qg of each climate zone. A map of these climate zones in the
Mediterranean region is shown in Fig. 6.

3. Results and analysis

In this study, the EER and SEER were analysed for the four RIEC
systems. Several empirical RIEC models have been used to develop both
parameters. SEER values were obtained using two simplified and
detailed calculation methods, as shown in Fig. 5.

3.1. Experimental results of EER

A set of experimental tests were carried out for the RIEC-1 system to
obtain values of Q coolings W, and EER under different working conditions
(N1-N27), as shown in Table 5 and the results of these indices were
obtained using Egs. (2), (3), and (4), respectively. The values of these
output parameters and the uncertainty for each experimental test are
summarised in Table 8. The uncertainty was calculated according to the
‘Guide to the Expression of Uncertainty in Measurement’ (GUM) [51].
The range of the results of Q coolings W, and EER were from 4.0 to 17.2 kW,
0.4 to 1.2 kW and 6.0 to 26.6 kW, respectively. The minimum EER value
of 6.0 was obtained for test N18, with the minimum value of Tpa
(29.0 °C), and the maximum value of Rga (0.7). The minimum Q cooling
value was obtained for this test. The maximum EER value was achieved
under the operating conditions of test N10 (26.6), with a maximum Ty
value of 43 °C and a minimum V o4 value of 3019 m>h~L. The lowest
and highest W values of 0.4 kW and 1.2 kW, respectively, were achieved
when RIEC-1 was operating with inlet air flow rates of 3019 and 4587
m~3h7}, respectively.
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Table 8
Experimental results of the RIEC-1 system.
Test Q cooling w EER Test Q cooling w EER
[kW] [kW] [-] [kw] [kW] [-]
N1 8.4 + 0.7 + 12.0 £ N15 7.7 + 1.2 + 6.5 +
0.7 0.007 0.9 0.8 0.012 0.7
N2 7.5+ 0.7 + 11.3 £ N16 53+ 0.4 + 131 £
0.4 0.007 0.6 0.5 0.004 1.3
N3 14.2 + 0.7 + 20.7 + N17 8.7 + 0.7 + 12.7 £
0.9 0.007 1.3 0.9 0.007 1.3
N4 15.0 £ 0.7 + 21.4 + N18 4.0 + 0.7 £ 6.0 +
0.7 0.007 1.0 0.4 0.007 0.6
N5 14.2 + 1.2+ 12.0 £ N19 4.4 + 0.7 + 6.2 +
0.8 0.012 0.7 0.7 0.007 0.9
N6 9.1+ 0.4 + 22.4 + N20 10.4 £ 0.7 £ 15.1 £
0.5 0.004 1.4 0.9 0.007 1.4
N7 16.0 + 1.2+ 13.5+ N21 4.4 + 0.7 + 6.6 +
0.8 0.012 0.7 0.4 0.007 0.6
N8 8.4+ 0.7 + 12.6 + N22 11.2+ 0.7 + 159 +
0.4 0.007 0.6 0.7 0.007 1.0
N9 17.2 £ 0.7 + 25.1 + N23 6.2 + 0.4 £+ 15.3 £
0.9 0.007 1.4 0.5 0.004 1.4
N10 10.8 + 0.4 + 26.6 + N24 8.5+ 1.2+ 7.1+
0.6 0.004 1.4 0.8 0.012 0.7
N11 10.2 £ 0.4 + 25.5 + N25 10.4 + 0.7 + 14.8 +
0.8 0.004 1.9 0.7 0.007 0.9
N12 4.9 + 0.4 + 123 £ N26 10.4 £ 0.7 £ 14.7 £
0.3 0.004 0.9 0.7 0.007 0.9
N13 7.2+ 1.1+ 6.4 + N27 10.4 + 0.7 + 14.8 +
0.5 0.011 0.4 0.7 0.007 0.9
N14 15.0 £ 1.2+ 12.7 £
1.1 0.012 1.0

The experimental results of Q coolings W, and EER in RIEC-1 varied
under different OA conditions. N2 and N21 were performed with the
same Toa, V o4, and Rga values, but with different wps values. An in-
crease of 3.7 g-kg ™! in wp, reduced the EER value from 11.3 to 6.6. N8
and N18 were performed under the same values of woa, V 04, and Rga,
but with different Tpa values. An increase of 14 °C in the Tp, increased
the EER value from 6 to 12.6. N12 and N13 were performed under the
same Tpa, Woa, and Rga values, but with different V o4 values. The in-
crease of 1568 m>-h™! in V g4 reduced the EER value by 5.9 between
tests N12-N16, owing to the increase in electrical-energy consumption
of the fan. N17 and N18 were performed under the same Toa, woa, and V
oa values, but with different Rgs values. An increase of 0.4 in Rga
reduced the EER value by 6.7 in tests N17-N18, because the value of V 54
was reduced when Ry, increased; therefore, Q cooling Was also reduced.

A summary of the influence of each input parameter on the EER value
for RIEC-1 is shown in Fig. 7. The V o4 and Rga values were set to the
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Fig. 7. Gradient plot of the EER for RIEC-1. Function of: (a) Tps and woa; (b) 1% oa and Rga.
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mean values of the DOE ranges to show the influence of outdoor con-
ditions on the EER, as shown in Fig. 7a. The Tp4 and wps values were
also set to the mean values of the DOE ranges to show the influence of
airflow values on the EER, as shown in Fig. 7b. It can be observed that
the EER value was higher when the Tp, value increased and the wog
value decreased (see Fig. 7a). Fig. 7b shows that the EER value increased
when both the V o4 and Rg, values reduced.

Experimental data from the same manufacturers of the RIEC-2, RIEC-
3, and RIEC-4 systems (see Table 13 in the Supplementary Material
section) were used to obtain the respective Q cooling and w empirical
models. A set of nine test points was considered to compare the energy
performance of the four RIEC systems. These points (S1-S9) were
defined as a combination of three Tp4 and wpa values (see Table 4). The
respective nominal V g4 values of each RIEC system were considered at
test points S1-S9. The EER values for the four RIEC systems under
different OA conditions, Tpa, ®oa, and nominal airflow rates are shown
in Fig. 8. The trend of the EER values for the RIEC-2, RIEC-3, and RIEC-4
systems was similar to that of the EER values described above for RIEC-1,
according to the variation in the Tps and wpa values (see Fig. 8). It was
observed that the experimental EER values for the RIEC-3 and RIEC-4
were the same for the nine points. The RIEC-3 and RIEC-4 systems
exhibited the same energy behaviour because RIEC-4 was equal to the
set of two RIEC-3 in parallel (see Table 2). This behaviour was because
the SA temperature value was the same. However, as the supply airflow
in RIEC-4 was double that in RIEC-3, the cooling capacity and power
consumption doubled. The highest values of EER for these RIEC systems
were reached at points S3, S6, and S9 when the Tps value was maxi-
mised in the range of 43 °C. The maximum EER values were found when
woa was the lowest value in the studied range (8.9 g-kg 1), as shown in
Fig. 8.

3.2. Correlation of empirical models

Empirical models were developed to predict the Q coolings W, and EER
values of RIEC-1 under various operating conditions. The DOE results
were used to fit the models. The values of the regression coefficients for
each input variable, coefficients of determination, R?, standard de-
viations of the residuals, and mean absolute errors (MAE) of the Q coolings
W, and EER models for RIEC-1 are listed in Table 9. High R? values for Q
coolings W, and EER of 0.9991, 0.9997, and 0.9973, were obtained,
respectively (see Table 9).

Empirical models of Q cooling and W were also obtained for RIEC-2,
RIEC-3, and RIEC-4 (see Table 10). These linear-regression models
showed slightly lower R? values than those of the RIEC-1 system,
although they were in good agreement, with R? values greater than 0.95.

0.53 ‘ o ER[]
—
049 i 0
1
045 B—
18
7
0.41 §
—
037 —
0.33 §
029 &, ‘ ‘ ‘ ‘ ‘ g
3000 3300 3600 3900 4200 4500 4800
Vou [m3h7]

(b)



M.J. Romero-Lara et al.

Applied Thermal Engineering 220 (2023) 119710

0.04

r — EERpgca[-]
— EERpgc[-]
L EERgiec.384[-]

i —— e}t

10.035
yd

0.03
10.025

10.02

3241

Outdoor air humidity ratio, @pa [kg/kg]

_— i oy S
-l " — = 10015
— — .
//// \;*\\:></f: S7 ol %° 7 S8 e 57] T s9 —QJ S,f /‘
L ///// / sS4 \: 5.0 8] S5 ¢ |31 o] S6 : 11.2/| 135 — 1001
- \7/><\;;i// s1 6.8 | 8.1 S2 °15, 1 $3 *[150] 142
F el T 10.005
e T T
T e o
20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Table 9

Qutdoor air temperature, Tpa [°C]

Fig. 8. EER values for the four RIEC systems according to the OA conditions.

Estimated parameters and statistical indices of the RIEC-1 empirical models.

Estimated Estimated Output value Input

Parameter: R R riabl
arameters 0 cotng W EER Variables

bo —69468.500 —576.091 —12.288 -

by 834.281 2.450 2.942 Toa

by 5079.290 10.601 3.533 ®oA

bz 13.204 0.046 —0.015 \%4 oA

by 39435.300 907.679 —-8.761 Rga

bs ~7.040 -0.034 —0.009 Toa

be —213.368 —0.491 —0.297 w4

by —0.001 6.413E-05 1.376E-06 V32,

bg —18754.300 —655.992 —16.675 R%s

b 3.438 - - Toa - ®oa

bio 0.132 - —2.870E-04  Ton-Von

b1 —756.924 - —1.055 Toa - Rea

b1z —0.507 - 3.580E-04 @, - Vou

b1z 433.399 - - ©oa - Rea

big —3.965 —0.084 0.011 \4 oa - Rea

R2[-] 0.9991 0.9997 0.9973

Std. dev. [-] 0.374 1.031 0.112

MAE [-] 81.720 3.325 0.265

3.3. Results of SEER

3.3.1. Simplified calculation method

The annual performances of the four RIEC systems were evaluated
using the proposed simplified calculation method and the SEERgmpiified
values were calculated using Eq. (6). The number of hours of each partial
load and climate zone was obtained to perform the simplified SEER

calculation method using the temperature ranges listed in Table 6. Fig. 9
shows the Hy, Hp, H¢, and Hp values for each selected city.

The five climate zones with the longest (5850.2 h) to shortest
(2740.0 h) cooling periods were Cairo, Murcia, Napoli, Pescara, and
Madrid in order. Different values of Ha, Hg, Hc, and Hp were obtained
for the climate zones owing to different climate severities, as shown in
Fig. 9. The cities from the highest Hy value (242.0 h) to the lowest Hx
value (3.5 h) were Cairo, Madrid, Pescara, Napoli, and Murcia in turn.

The results of Q cooling and W for each experimental test (A, B, C, and
D) in each RIEC were obtained using empirical models of the RIEC
systems. Table 6 shows the values of the OA conditions and percentage
of V sa considered in the respective adjusted models. The wpa values
considered in the four experimental tests were 11.5 g-kg* and Fig. 10
shows the contributions of each term described in Eq. (6). The results of
the product of Q cooling and w by PLF and H for each RIEC system and
partial load in the five selected climates are shown in Fig. 10.

It was observed that the distribution of the values of Qcoing and W for
all RIEC systems were similar, see Fig. 10. These values were also used to
calculate the SEERgimplifieq Tesults according to Eq. (6), for each RIEC
system in each climate zone (see Table 11), where each RIEC system
showed similar SEER;;mpiifies values in all climate zones. The four RIEC
systems showed the highest values of SEERmplified for Cairo and Madrid;
that is, the climate zones with the highest Hy values. However, the RIEC
systems showed the lowest value of SEERgmpified for Murcia weather
conditions, the city with the lowest climate severity in terms of Tpx; that
is, with the lowest values of H4 and Hp during its cooling period. The
SEERimplified Tesults for RIEC-3 and RIEC-4 were the same because the
RIEC-4 system was equal to the set of two RIEC-3 systems in parallel, as
shown in Table 2. Similar SEERimpiified Values were obtained for each
RIEC for the Murcia, Pescara, and Napoli weather conditions. These

Table 10

Estimated parameters and statistical indices of the RIEC-2, RIEC-3, and RIEC-4 models.
Estimated Estimated Output value Input
Parameters RIEG-2 RIEC-3 RIEGA4 Variables

w Q cooling w Q cooling w Q cooling

bo —1074.00 —15533.27 —2491.00 —91061.53 —4982.00 —182123.06 -
b, —4.65E 1108.59 ~5.19E 6372.59 —~1.04E"3 12745.18 Toa
by 1.9913 —~990.05 —2.43E"3 —5647.43 —4.87E13 ~11294.86 Toa,wb
bs 0.74 4.17 0.52 4.04 0.52 4.04 Vsa
R2[-] 0.9670 0.9612 0.9683 0.9515 0.9683 0.9515
Std. dev. [-] 1.215 19.101 5.842 128.253 11.682 256.567
MAE [-] 200.282 1013.692 351.582 6763.316 703.165 13526.633
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Fig. 10. Distribution of cooling capacity and energy consumption according to RIEC working at partial loads (experimental test points A, B, C, and D).

The EER value also increased when the Tpy value increased, according to
the EER empirical model of the RIEC systems (see Fig. 8).

cities showed similar low climate severity in terms of Toaqyg with
average values of approximately 23 °C (see Table 7). The main finding
was that the SEERsimpiified value increased when the Hy value increased.
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Table 11
SEER results based on the simplified calculation method.

Climate zone SEERGimplified SEERsimplified SEERSimplified

RIEC-1 [-] RIEC-2 [-] RIEC-3&4 [-]
Cairo 4.1 6.3 5.7
Murcia 3.9 5.9 4.8
Pescara 4.0 6.0 5.0
Napoli 4.0 5.9 4.9
Madrid 4.1 6.4 5.6

3.3.2. Detailed calculation method

Regression models of Q cooling and W were integrated into the TRNSYS
tool. Detailed energy simulations were performed to calculate the
SEER getqited Values for each RIEC system and the five selected climate
zones in the Mediterranean region. The results of the annual cooling
capacity and electrical-energy consumption for RIEC-1, RIEC-2, RIEC-3,
and RIEC-4 in each selected climate zone are shown in Fig. 11. The
climate zones with the highest annual cooling capacity and electrical-
energy consumption were Cairo, Murcia, Napoli, Pescara, and Madrid;
that is, the cities with the highest number of hours in the cooling period.
The number of hours of each cooling period listed in Table 7 is directly
related to the SEER results. Despite the longer cooling period of Pescara
than that of Madrid, all RIEC systems showed increased values of total Q
cooling and total W for Madrid weather conditions (see Fig. 11). This was
because the average Tps value was higher in Madrid than that of Pes-
cara, and the average wpa value was lower in Madrid than that of Pes-
cara (see Table 7).

Based on these results, the SEER getiteq €Xpression in Eq. (7) obtained
its values for all combinations of the RIEC systems and the
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representative cities of the Mediterranean climate region (see Table 12).
The values of SEERjetileq for the RIEC-3 and RIEC-4 systems were the
same values for all cities because the RIEC-4 system was equal to the set
of two RIEC-3 systems in parallel (see the technical characteristics
indicated in Table 2). Each RIEC system showed similar SEER jeqgiled
values for all climate zones. The highest values of SEER getgileq for the four
RIEC systems were obtained for the weather conditions of Cairo, Murcia,
and Madrid (see Table 12). The average wpa value in these three cities
was the minimum value of the range shown in Table 7, which was
approximately 10 g-kg™! during the respective cooling periods. How-
ever, the climate zones of Pescara and Napoli showed maximum average
woa values in the range of approximately 12 g-kg ! and minimum
average Tpa values in the range of approximately 23 °C (see Table 7).
These two cities showed the lowest SEER getqileq Values for all RIEC sys-
tems (see Table 12). Therefore, the behaviours of the EER and SEER with
respect to the OA conditions, Tps and wpa, were similar.

A comparative analysis of both the SEER calculation methods was
performed. The SEERginpiified and SEER gerailed Tesults were used to obtain
the RE according to Eq. (8). The RE values and the average relative error

Table 12
SEER results based on the detailed calculation method.
Climate zone SEER detailed SEERgetailed SEER(etailed
RIEC-1 [-] RIEC-2 [-] RIEC-3&4 [-]
Cairo 4.0 6.3 5.8
Murcia 4.3 6.4 5.3
Pescara 3.9 5.5 4.7
Napoli 4.1 6.1 5.1
Madrid 4.3 6.2 5.5
(b) RIEC-2
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Fig. 11. Annual cooling capacity and electrical-energy consumption in each city.
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Fig. 12. RE between SEER gergiteq and SEERSimpliﬁed values.

(REqyy) for all RIEC systems and climate zones are shown in Fig. 12.

Cairo and Madrid climate zones showed the lowest RE values, being
the cities with the highest climate severity according to Tps. However,
the RIEC systems for the weather conditions of Murcia and Pescara
exhibited the highest RE values because of the higher values of oscilla-
tion in wpa. Napoli showed an RE value below 4.5% for all the RIEC
systems. The global RE,,, value between the detailed and simplified
SEER calculation methods for the RIEC systems in the Mediterranean
climate region was 4.6%.

4. Limitations of this study

The technical aspects of the four RIEC systems investigated in this
study were composed of an efficient counterflow heat exchanger whose
PVC film with hydrophilic material and channel sizes were the same for
all RIEC systems; only the number of heat exchanger cores varied. The
ranges of nominal airflow and cooling capacity of the analysed RIEC
systems were wide: 2880-46080 m>-h~! and 18-118 kW. Based on the
weather conditions, five cities were selected to represent the climate
zones of the Mediterranean area because of their severe climatic con-
ditions, particularly during the summer season. For other configurations
of IEC, air flows, cooling capacities, climate conditions, and cooling
capacity control strategies, the SEER results obtained using the simpli-
fied method proposed herein may not be valid.

5. Conclusions

In this study, a new testing and calculation method for the SEER of
RIEC was developed. The experimental data of four RIEC systems were
collected to obtain several empirical models, namely cooling capacity, Q
coolings POWET consumption, W, and EER. Different input parameters were
considered in the DOE—Top, ®oa, V o4, and Rgs. Two methods for
calculating the SEER were compared for four regenerative IEC systems
and five different climate zones in the Mediterranean region (Cairo,
Murcia, Pescara, Napoli, and Madrid). The detailed SEER calculation
method for RIEC simulated the annual energies using the TRNSYS
software. An alternative simplified methodology was developed for
calculating the SEER in RIEC. This method is based on a regenerative
indirect evaporative cooler study at four specific test points (A, B, C, and
D).

The following conclusions are drawn based on the findings of this
study.

12

e The results indicated that the simplified SEER calculation method for
RIEC systems in the Mediterranean climate region proposed in this
study could be an effective method for calculating SEER without the
need to use annual energy simulations or measurements. Four load
factors (PLFa, PLFg, PLF;, and PLFp) were used to minimise the
calculation error between the SEER calculation methodologies. The
mean RE with respect to the detailed SEER calculation method based
on annual energy simulations was 4.6%.

o The SEER had a strong influence on weather conditions. The highest
SEER getailed Values were achieved for the Cairo and Madrid weather
conditions of 5.8 and 5.5, respectively. These cities showed the
highest T, ayg and lowest wog, avg values of approximately 25 °C and
10 g-kg™!, respectively. The four RIEC systems also reached the
highest values of SEER;impiifieq for Cairo and Madrid of 5.7 and 5.6,
respectively. These climate zones yielded the highest Hy values; that
is, the highest number of hours in which the Tp exceeded 33 °C.

The findings can guide future studies focusing on seasonal perfor-
mance and sustainable environments. The proposed methodology for
calculating the SEER for RIEC can be used to obtain the carbon footprint
and perform life-cycle analysis.
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Appendix A. Supplementary data
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