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Abstract: Previous studies have shown that the amount of energy consumed by mechanical cooling
can be significantly reduced by the indirect evaporative cooling (IEC) process. By increasing the heat
recovery efficiency of air handling units (AHUs), sensible cooling performance can be achieved with
the IEC process for a significant part of the cooling season. This study determined the sensible cooling
performance under which outdoor air conditions can be achieved. With IEC, the indoor humidity
load cannot be adequately managed and must be solved by a supplementary cooling system, which
may require additional cooling energy. This study shows the effect of the set indoor humidity on
the amount of cooling energy required. The increase in energy consumption of the supplementary
cooling system has been determined by simulation and for which indoor air conditions the amount
of cooling energy used can be optimized if only IEC cooling is used in the air handling unit.

Keywords: indirect evaporative cooling; evaporative cooling; air handling unit; cooling system;
cooling energy; heat recovery

1. Introduction

With ever-increasing outdoor peak temperatures and energy prices, system solutions
that increase cooling efficiency are becoming essential. Direct evaporative cooling (DEC)
has been used for a long time in industrial refrigeration systems [1]. The cooling process
is also often used to improve the operating conditions of the cooling circuit [2,3]. For
outdoor, or semi-open areas, DEC is also ideal [4]. The direct evaporative cooling process
in dry hot climates is also suitable for treating higher-quality comfort areas [5]. Higher
comfort requirements are difficult to achieve in regions with a humid climate with DEC [6].
DEC cooling solutions have a limitation in comfort areas as the evaporated water vapor
influences the sense of comfort [7]. Keeping the relative humidity in the comfort space
within a given zone limits the maximum cooling capacity of DEC systems compared to the
cooling capacity that can potentially be achieved [8]. In recent years, several studies have
investigated the potential of indirect evaporative air cooling [9]. With indirect evaporative
cooling (IEC), the treated air is not directly supplied to the comfort space and therefore does
not affect it [10]. One of the most common applications of indirect evaporative cooling is to
cool the air exhausted by air handling units [11]. Using a heat recovery unit, it is possible
to pre-cool the outdoor air without mass transfer [9]. Due to the efficiency of the IEC
process, the cooling demand of air handling units produced by the refrigeration circuit can
be significantly reduced, saving a significant amount of energy [12]. With the increase in
heat recovery efficiencies, it is now possible to achieve isothermal inflow or sensible cooling
power input using only IEC cooling methods, which creates an opportunity to review the
technical design of building mechanical systems. As the efficiency of the indirect cooling
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process depends on several parameters, a complex assessment is required to determine
the energy savings that can be expected using IEC alone and the operating range at which
sensible cooling performance or isothermal inflow can be achieved [13]. Determination of
isothermal inflow boundary parameters helps to design predictive control of supplementary
cooling systems. If the outdoor weather conditions do not reach the isothermal inflow
threshold for the whole cooling season, it is possible to treat the air with IEC only [14]. In
this case, however, it must be considered that the humidity of the external air cannot always
be treated properly by the IEC procedure. The humidity level of the external air may exceed
the level that should be maintained indoors, so the management of the humidity level falls
to the low-temperature supplementary cooling system. The humidity level of the external
air may exceed the level that should be maintained indoors, leaving the task of managing
the humidity level to the low-temperature supplementary cooling system. A good example
of this is where the air handling unit supplies 100% fresh air to the occupied zone and the
premises are cooled by low-temperature supplementary cooling systems (VRF, fan-coil,
etc.). The additional cooling energy demand due to humidity load should be considered
when designing the supplementary cooling system [15].

This study presents the theoretical basis of the DEC and IEC processes. It will show
how to define the operating zone in which the sensible cooling performance of the IEC
process can be achieved. The performance of an air handling unit using only IEC cooling
was investigated under laboratory conditions when the supplementary cooling energy was
provided by a fan-coil system for high-quality comfort space. Based on several years of
meteorological data, it was simulated how much cooling energy can be saved by using the
IEC procedure and how much the additional cooling system varies the amount of cooling
energy depending on the amount of humidity load from the external environment.

2. Materials and Methods

When designing office comfort areas, the primary aim is to create ideal working
conditions. Employee well-being is necessary for effective work [16]. Many factors affect
human comfort, a major part of which is influenced by the ventilation system. The air
handling unit, which is part of the air handling system, influences the air temperature,
humidity, and air quality in the comfort space. A significant amount of energy is used to set
and maintain these comfort parameters [17]. The air distribution system associated with air
handling units influences the movement of air in the occupied zone and the variability of
air movement [18]. The sizing of air handling systems in practice is carried out according
to several standards (ISO 7730:2006; CR 1752:2000; ASHRAE 55) [19–21]. The standards
contain several methods for determining the amount of fresh air. The required volumetric
flow rate of fresh air can be determined, for example, based on the headcount method,
where the amount of necessary fresh air is determined by the performed activities and the
number of workers [20]. Another method is the coverage method, where the minimum air
volume required to flush the room is determined [20]. Calculating the amount of fresh air
needed to dilute pollutant concentration is another option for determining the minimum
fresh air requirement (in offices, this usually means measuring CO2 concentration) [22].
According to standard recommendations, by selecting the highest value from the minimum
fresh air requirements determined using the methods for determining the amount of
fresh air, we can serve the treated area with an adequate amount of fresh air from all
aspects. Treating fresh air during the cooling season results in significant cooling energy
consumption, which is usually provided by chillers and heat pumps [23]. The cooling
solutions employed have a significant impact on the extent of peak summer electricity
consumption [24]. By employing direct and indirect evaporative cooling solutions, we can
significantly reduce the consumption of cooling systems [25]. In sizing the air handling
system, optimizing between energy and comfort considerations is of immense importance.
Increasing the amount of fresh air is advantageous from a comfort perspective but requires
additional energy investment from an energy perspective. Additionally, the desired indoor
air conditions significantly influence the cooling energy requirements of the room. When
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designing internal air conditions, it is important to examine what level of comfort provides
adequate comfort for people while keeping the cooling energy demand low [26]. In
our study, we present our calculations for an indoor target temperature of 25 ◦C, which,
according to standards, can provide high-quality comfort during the summer season [21].
The sizing steps presented can be applied to other indoor design air conditions as well.

2.1. Calculation Methods

Heat recovery units have been used in air handlers for a long time for the pre-treatment
of outdoor air. With the help of heat recovery units, the relative cooling energy of the
exhaust air can be used to pre-cool the outdoor air. The efficiency of heat recovery can be
described by the ratio of the enthalpy change between the inlet and outlet points of the heat
exchanger. If the temperature of the exhaust air from the indoor space is higher than the
dew point temperature of the outdoor air, no condensation will occur during heat recovery.
In this case, the efficiency of heat recovery can be determined from the temperature change
(assuming that the mass flow rates on both sides are equal) [27].

ηrec. =
hrs − hi
hx − h0

=
hx − hre

hx − h0

∼
=

Tx − Tre

Tx − To
(1)

In direct evaporative cooling, the air is forced to flow through a wetting pad. Heat
and mass transfer occur simultaneously between the moving air mass and the large water
film. The energy required for evaporation comes from the medium adjacent to the water
surface (air), so the temperature of the air decreases depending on the amount of water
evaporated. The energy taken from the medium returns to the gaseous mixture along with
the evaporating material, so during the process, the enthalpy of the water vapor–air mixture
changes only slightly [28]. If no external heat is added or removed from the system during
the process, meaning that the process occurs adiabatically, the enthalpy of the medium
increases with the enthalpy of the evaporated water vapor [29]:

∆h = ∆x × cpv × tv[kJ/kg] (2)

Practical calculation methods disregard the change in the enthalpy of the medium
since its magnitude and effect are negligible compared to the absolute enthalpy value of
the system. In the following, we calculate taking into account the above simplification.
If we consider the enthalpy of the air–water vapor mixture to be constant (h ≈ constant)
during the process, the resulting air temperature after the procedure can be expressed as
a function of the initial air state (temperature, humidity) and the amount of evaporated
water using Equation (3):

te =
−r × ∆x

cpa + cpv × ∆x
+ tx[

◦C] (3)

The amount of evaporable water depends on the state of the treated air and the
efficiency of the evaporative cooling system.

ε =
Tin − Tout

Tin − Twb out
[−] (4)

If the initial air state is known, it is possible to determine the required evaporative
cooling efficiency to achieve a given amount of moisture uptake. The table shows that, in
addition to the initial temperature, the relative humidity greatly influences the amount of
water that can be evaporated.

The achievable evaporative efficiency greatly depends on the method of humidifi-
cation. The formation of a large free water surface required for adiabatic humidification
can be achieved in several ways: water spray, cooling pad technology, etc. [30,31]. Our
measurements were performed using cellulose cooling pads. Previous research has shown
that the efficiency of evaporative cooling with cellulose-based filters ranges from around
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60 to 90% depending on the thickness of the filter and the flow rate [32]. Taking this into
account, the amount of evaporated water corresponding to the highlighted efficiency value
in Table 1 is expected to depend on the internal air condition.

Table 1. Required evaporative efficiency in function of added water vapor (in several relative
humidity cases).

Handled Air Starting Parameters ∆x Added Evaporated Water (g/kg)

25 ◦C 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50
30 RH% 6% 12% 18% 23% 29% 35% 41% 47% 52% 58% 64% 70% 76% 81%
40 RH% 7% 14% 21% 28% 35% 42% 49% 56% 63% 70% 77% 84% 91% 98%
50 RH% 9% 17% 26% 34% 43% 52% 60% 69% 77% 86% 95% - - -
60 RH% 11% 22% 33% 44% 55% 66% 77% 88% 99% - - - - -
70 RH% 15% 30% 45% 60% 75% 90% - - - - - - - -
80 RH% 23% 46% 68% 91% - - - - - - - - - -

As a function of the evaporating water, the treated air cools and becomes more humid,
which results in an increase in the cooling performance of the heat recovery system (see
Figure 1). With the help of this process, the treated outdoor air can be cooled below room
temperature. The boundary value of the external temperature for isothermal supply air can
be derived from (5)–(7).

ti − ts = 0 [◦C] (5)

ti − [to,limit − η(t0,limit − te)] = 0 [◦C] (6)

to,limit =
ti − ηte
1 − η

=
ti − η

[
−r∆x

cpa+cpv∆x + ti

]
1 − η

= ti −
η
[

−r∆x
cpa+cpv∆x

]
1 − η

[◦C] (7)
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with IEC.

If the outdoor temperature is lower than the calculated limit, then with indirect
evaporative cooling, we can achieve a supply air temperature lower than the indoor
temperature, which means that we can introduce a sensible cooling performance into the
room with the cooling process, provided that the absolute humidity of the external air
does not reach the condensation limit. Based on the above, we also need to determine an
absolute humidity limit in addition to the temperature limit to write the operating range of
indirect evaporative cooling. The humidity limit is the saturated humidity corresponding
to the air state after the evaporative cooling. If the air at the temperature limit contains more
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humidity than this limit, then the condensation heat of this humidity will be higher than
that of the air cooled by the evaporative path involved in the heat exchange. This results in
condensation, and its energy requirement reduces the temperature difference created. To
determine the humidity limit, we need to determine the saturation vapor pressure of the
air after evaporative cooling, which can be determined using the Antoine equation [33]:

pws = e(23.752+ −4134.9088
238.5104+te ) [Pa] (8)

Given the knowledge of saturation vapor pressure and atmospheric pressure, the limit
of absolute humidity can be determined as a function of the temperature that occurs after
evaporative cooling.

xo,limit = 0.622
pws

p0 − pws
[kg/kg] (9)

If we assume that p0 is equal to the normal atmospheric pressure (101,325 Pa), and the
relationship derived from the Antoine equation is inserted, then:

xo,limit = 0.622
e(23.752+ −4134.9088

238.5104+te )

101325 − e(23.752+ −4134.9088
238.5104+te )

[kg/kg] (10)

The equation can be used to determine the air temperature after evaporative cooling as
a function of the initial air temperature and the amount of evaporated water, according to
Equation (3), which can be inserted into Equation (10) to obtain the following relationship:

xo,limit = 0.622
e

(
23.752+ −4134.9088

238.5104+[ −r∆x
cpa+cpv∆x +ti ]

)

101325 − e

(
23.752+ −4134.9088

238.5104+[ −r∆x
cpa+cpv∆x +ti ]

) [kg/kg] (11)

If the humidity level of the external air is higher than the critical humidity level,
condensation occurs during heat exchange. The enthalpy line of the air state determined
by the critical temperature and critical humidity represents the limit where the air can be
cooled down to the indoor air state.

ho,limit = cpato,limit + xo,limit
(
r + cpvto,limit

)
[kJ/kg] (12)

ho,limit = cpa

ti −
η
[

−r0∆x
cpa+cpv∆x

]
1 − η

+ 0.622
e

(
23.752+ −4134.9088

238.5104+[ −r∆x
cpa+cpv∆x +ti ]

)

101325 − e

(
23.752+ −4134.9088

238.5104+[ −r∆x
cpa+cpv∆x +ti ]

)
r + cpv

ti −
η
[

−r∆x
cpa+cpv∆x

]
1 − η


 (13)

The limit values t0,limit, x0,limit, and h0,limit determine the operating range using Equations (7),
(11) and (13), where the treated air has a dry bulb temperature equal to or lower than
the indoor air temperature after indirect evaporative air cooling. The boundaries of the
operating zone can be determined based on the indoor air temperature, the amount of
evaporated water, and the heat recovery efficiency. For example, assuming a heat recovery
efficiency of 80% and an indoor air state of 25 ◦C and 40% RH, the operating range
varies depending on the amount of evaporated water, as shown in Figure 2. Using the
above formulas, it can be analyzed whether the indirect cooling process can be applied
independently for air treatment based on the desired internal comfort level and the degree
of evaporation.
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Figure 2. Operating range depends on the additional water vapor by IEC to reach sensible cooling
performance.

If the outdoor air condition does not cross the determined boundary during the
summer season, the perceptible cooling effect can be achieved with the supplied air. If the
outdoor air condition is at the boundary, isothermic supply can be realized. For example, by
adiabatic evaporation of 1.5 g/kg water from the air extracted from the room during the IEC
process, at 80% heat recovery efficiency, it is possible to reach a supplied air temperature
below 25 ◦C up to 39.8 ◦C and an absolute humidity of 15.9 g/kg. If the outdoor air
humidity exceeds the value of 15.9 g/kg, then the boundary is defined by the enthalpy line
corresponding to the air condition of 39.8 ◦C and 15.9 g/kg humidity (83.1 kJ/kg). Taking
into account the indoor air condition and the meteorological data of the installation area,
it can be assessed whether the IEC process can be applied independently in air treatment
equipment. This question is particularly relevant in the case of building renovations.
Numerous office buildings are constructed so that an air handling system takes care of the
treatment of fresh air and its introduction into the occupied zones, while a separate heat
emitter system takes care of the supply of cooling and heating energy (e.g., fan-coil, VRF
systems). These cooling systems generally have low–medium temperatures, which allow
for handling of moisture load in the rooms.

2.2. Measuring Methods

A unique measuring system was set up in the air conditioning laboratory of the
Building Services and Building Engineering Department at the University of Debrecen
to investigate the effect of indirect evaporative cooling on the energy consumption of the
air conditioning system. A unique direct evaporative cooling unit (DEC) was installed in
the laboratory’s air conditioning system as can be seen in Figure 3, creating a dry IEC air
handling unit.
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The evaporative cooling unit was connected to the drinking water network. The water
level in the unit is regulated by a float valve. A distribution network with a pump is
responsible for wetting the evaporative cooling pad. The size of the evaporative cooling
pad is 0.89 × 0.72 m with a thickness of 100 mm. During the operation of the system, the
evaporative efficiency was calculated according to Equation (4). The DEC unit is connected
to the exhaust branch of the air handling unit. The air conditioning system was designed
according to Figure 4.
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Figure 4. (a) Scheme of the laboratory measurement (b) Direct evaporative air cooler unit applied to
the AHU exhaust branch (without insulation).

We closed off the exhaust branches connected to the air handling system, and air was
only extracted from the interior through the evaporative cooling unit. The air handling
system delivers 100% fresh air to the laboratory and does not have a recirculation branch.
During the measurements, balanced ventilation was implemented. A volumetric flow rate
of 1000 m3h−1 was set during the measurements. A rotary heat recovery unit was installed
in the air handling system.

The measurements were carried out between 26 July and 17 September 2021 and were
conducted for 19 days (2592 observations). During the measurement period, close attention
was paid to time intervals lasting from 12 to 16 h, which were the most critical periods
considering the outdoor temperature. The measurements started with a room temperature
of 25 ◦C, and the room temperature was maintained using the laboratory fan-coil system.
During the measurement period, there were summer [Figure A1], hot [Figure A2], and
torrid days [Figure A3] (Table 2) at the installation site, which therefore enabled us to
analyze the system’s operation for all outdoor air conditions that occurred during the
cooling season.

Table 2. Categories of days during the measurements.

Summer Days
30 ◦C > tmax > 25 ◦C

Hot Days
35 ◦C > tmax ≥ 30 ◦C

Torrid Days
tmax ≥ 35 ◦C

Number of days (pc) 10 7 2

The measurements were carried out using the Testo Saversis Monitoring system
(Figure 5). The central unit of the system communicates with the sensors via radio frequency.
If the sensors go out of range or become shaded during data collection, their own memory
is capable of collecting data, and when the radio frequency connection is restored, the data
stored in the sensors are downloaded to the central unit.
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Figure 5. (a) The positions of the instruments (b) Scheme of the Testo Saveris measurements system.
S1—Testo Saveris H3 D-2 sensor (T.S.s.); Measured area: air extracted from the room. S2—T.S.s.; air
extracted from the room treated with evaporative cooling. S3—T.S.s.; air extracted from the room
after passing through the heat recovery unit. S4—T.S.s.; external air. S5—T.S.s.; external air after
passing through the heat recovery unit.

The capabilities of the measurement system allowed us to place the sensors inside the
air handling unit. At the end of each measurement cycle, the sensors that were shaded by
the unit body were able to connect to the central unit by opening the service doors, so it
could summarize the measured results at the end of each measurement cycle.

Control measurements were conducted to verify if there is a significant transfer of
substances that would modify the moisture content of the treated fresh air from outside
while maintaining appropriate indoor air conditions for the external and office areas during
summer. As none of the media involved in heat exchange reached the dew point of the
other medium during the entire measurement series, the observed changes in moisture
content could be a consequence of measurement error and substance transfer occurring
through the regenerative heat exchanger.

Based on the measured data, as can be seen in Figure 6, a slight material transfer was
observed; however, considering the margin of error of the instruments (Table 3), the result
was not significant.
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Table 3. Main properties of the instruments.

Measuring Instruments Measured Parameter Range Accuracy Resolution

Hygro-thermometer
(T.S.s. H3 D-2)

Temperature
Relative humidity

−20 . . . + 50 ◦C
0 . . . 100% RH

+/−0.5 ◦C
+/−3% RH

0.1 ◦C
0.1%

Digital differential pressure
manometer
(Testo 400)

Pressure drop −100 . . . + 200 hPa +/−0.3 Pa 0.001 hPa

2.3. Presentation of Daily Measurements

The daily measurements were started simultaneously with the operation of the air
handling unit and the evaporative cooling unit. The results of the measurement method
are presented for the day of 26 July 2021, and the general data of that day are included in
the Appendix A [Figure A2]. The measurements were carried out in the same way every
day of measurement. The figure shows the changes in temperature and humidity during
the measurement period. Since the indoor air state changed only slightly, its treatment
with DEC resulted in almost the same air temperature, with little variability. The fresh air
treated with the IEC procedure resulted in a lower supply air temperature than the indoor
air temperature (Figure 7), so the HVAC system provided sensible cooling performance in
the room throughout the measurement period.

Buildings 2023, 13, x FOR PEER REVIEW 9 of 18 
 

  
(a) (b) 

Figure 6. (a) Normal probability test of the air leakage (b) Histogram of the absolute air humidity 

difference (before and after the heat recovery unit). 

Table 3. Main properties of the instruments. 

Measuring Instruments Measured Parameter Range Accuracy Resolution 

Hygro-thermometer 

(T.S.s. H3 D-2) 

Temperature 

Relative humidity 

−20… + 50 °C 

0…100% RH 

+/−0.5 °C 

+/−3%RH 

0.1 °C 

0.1% 

Digital differential pressure 

manometer 

(Testo 400) 

Pressure drop −100… + 200 hPa +/−0.3 Pa 0.001 hPa 

2.3. Presentation of Daily Measurements 

The daily measurements were started simultaneously with the operation of the air 

handling unit and the evaporative cooling unit. The results of the measurement method 

are presented for the day of 26 July 2021, and the general data of that day are included in 

the Appendix A [Figure A2]. The measurements were carried out in the same way every 

day of measurement. The figure shows the changes in temperature and humidity during 

the measurement period. Since the indoor air state changed only slightly, its treatment 

with DEC resulted in almost the same air temperature, with little variability. The fresh air 

treated with the IEC procedure resulted in a lower supply air temperature than the indoor 

air temperature (Figure 7), so the HVAC system provided sensible cooling performance 

in the room throughout the measurement period. 

  
(a) (b) 

Figure 7. (a) Measured temperatures (b) Measured absolute humidity on 26 July 2021.

Figure 8 demonstrates how the heat recovery and evaporative cooling efficiency (1)
build up after the start of the equipment until the quasi-stationary state of the system
components is reached. The outlier data points shown in the box plot were also generated
during the start-up and ramp-up phases. On the presented measurement day (26 July 2021),
the median value of the heat recovery efficiency of the air handling unit was 82.3%, and the
median value of the efficiency of the DEC process (4) was 75.1%.

The total and sensible cooling performance values achievable by the IEC procedure
can be determined with the help of the measured results. Based on the results of the
measurements taken on a given day, the median value of the total cooling performance
was 3.18 kW, while the median value of the sensible cooling performance was 0.76 kW
(Figure 9).

2.4. The Conclusions of the Measurement Series

The above measurements were carried out in the same way on every measurement
day. Based on the combined results of the measurement days (Figure 10), the median
value of the evaporative efficiency (4) was 0.737 throughout the entire measurement series
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(19 measurement days). The measured results are consistent with the expected efficiency
value according to the literature examined when using cellulose cooling pads [32]. Since
the outdoor air conditions have no influence on the DEC, and only the indoor air conditions
affect the DEC, these can be combined into one figure (see Figure 10). Similarly, the heat
recovery efficiency primarily depends on the technical design of the air handling unit
(AHU) and is only slightly affected by the external and internal air conditions. The outlier
data points shown in the box plot as mentioned earlier in this paper were generated during
the start-up and ramp-up phases of the measurements.
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Figure 9. (a) Measured total and sensible cooling performance of the AHU by IEC (b) Box plots of
measured values on 26 July 2021.

The heat recovery efficiency of the air handling unit was determined using Equation (1).
Throughout the entire test period, the median value of the heat recovery efficiency was
0.824. The measured heat recovery efficiency meets the expectations of modern times, so
the results of the laboratory tests can be extended to real air handling units. During the
measurements, the aim was to examine whether the air handling unit is capable of properly
treating the fresh air using only indirect evaporative air cooling. During the measurement
period, the total and sensible cooling performance of the heat recovery was examined under
the assumption of the same heat recovery efficiency, with an airflow rate of 1000 m3h−1, in
both conventional and IEC applications.
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units 26 July–17 September 2021. Measurements were conducted for 19 days (2592 observations).

Based on the results, significant total cooling performance can be achieved in both
cases, but significant sensible cooling performance could only be achieved with the use
of the IEC as can be seen in Figure 11. It is important to note that the outdoor absolute
humidity load affects the room if the outdoor air humidity is higher than the desired indoor
value. The IEC procedure is not capable of handling this humidity load. It is necessary to
handle the extra humidity load, which can be achieved either with a built-in condensation
temperature below the surface temperature of the cooling coil or with a low-temperature
cooling system in the room (fan-coil, VRF systems). With the use of the IEC, the total
cooling energy demand of the building is significantly reduced. However, when used
alone, the cooling energy required to handle the humidity load must be provided by
the supplementary cooling system, which can increase the energy consumption of the
supplementary cooling system. Based on the above, there are both reducing and increasing
effects on the energy consumption of the supplementary cooling system, so how much
cooling energy the supplementary cooling system needs to provide with the use of the IEC
cannot be determined simply. This can be examined by using real meteorological data and
regulating indoor air conditions.
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Figure 11. (a) Measured total cooling performance by IEC and calculated total cooling performance
by original heat recovery unit (without IEC) (b) Measured sensible cooling performance by IEC and
calculated sensible cooling performance by original heat recovery unit (without IEC).
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3. Simulation

The aim of this study was to determine at what internal moisture content unchanged
supplementary cooling energy consumption with the application of IEC can be achieved.
The results largely depend on the meteorological conditions of the installation area. The
investigation was carried out using data from the accredited Agricultural Meteorological
Station of the University of Debrecen for the period between 2019 and 2021, from 1 May to
30 September. During the examined periods, the operation of IEC was simulated taking
into account the measured data, determining the amount of extra energy required if the
indoor target temperature is 25 ◦C and the allowable maximum indoor relative humidity is
30, 40, 50, 60, 70, 80 RH%. In the calculations, a 0.737 evaporative efficiency was assumed,
which determines the amount of evaporated water, and a 0.824 heat recovery efficiency,
which can determine the achievable supply air temperature and the felt cooling capacity
inside the building.

During the simulation, the calculations were performed while the air handling unit
was providing a volume flow rate of 1000 m3h−1, ensuring balanced ventilation. The
total cooling energy generated by the IEC during the investigated period (EIEC tot.) was
determined, as well as the sensible cooling energy (EIEC sens.). The difference between the
extra drying energy demand caused by the supplied air (Edehum.) and the sensible cooling
performance determines how much the cooling energy requirement of the additional
cooling system changes (∆Eadd.c).

∆Eadd.c. = EIEC sens. − Edehum. (14)

The change in the cooling energy used by the supplementary cooling system and
the difference between the total cooling energy generated by the IEC determine the total
cooling energy that does not need to be covered by any other mechanical cooling when
using the IEC (Etot).

Etot = EIEC tot. − ∆Eadd.c. (15)

The simulated results are summarized in Tables 4–6. The highlighted values in the
table represent the most favorable values for each column, while the bolded row shows
the results corresponding to the indoor air state with the smallest difference between the
sensible cooling and dehumidification energy generated by the IEC.

Table 4. 1 May 2019–30 September 2019, Debrecen, Hungary simulation values.

Indoor Air
Condition EIEC tot. [kWh] EIEC sens. [kWh] Edehum. [kWh] ∆Eadd.c. [kWh] Etot [kWh]

25 ◦C 30 RH% 1492.16 954.03 1605.26 651.23 840.93
25 ◦C 40 RH% 1337.44 794.67 845.43 50.76 1286.68
25 ◦C 50 RH% 1185.62 638.30 305.33 −332.97 1518.59
25 ◦C 60 RH% 1036.79 485.00 47.77 −437.23 1474.02
25 ◦C 70 RH% 891.01 334.84 0.81 −334.03 1225.04
25 ◦C 80 RH% 748.36 187.92 0.00 −187.92 936.28

Table 5. 1 May 2020–30 September 2020, Debrecen, Hungary simulation values.

Indoor Air
Condition EIEC tot. [kWh] EIEC sens. [kWh] Edehum. [kWh] ∆Eadd.c. [kWh] Etot [kWh]

25 ◦C 30 RH% 1831.45 1202.00 3587.29 2385.29 −553.84
25 ◦C 40 RH% 1637.80 1002.55 2515.63 1513.08 124.72
25 ◦C 50 RH% 1447.79 806.84 1507.97 701.13 746.66
25 ◦C 60 RH% 1261.51 614.97 672.28 57.31 1204.20
25 ◦C 70 RH% 1079.05 427.04 166.95 −260.09 1339.14
25 ◦C 80 RH% 900.52 243.15 16.69 −226.46 1126.98
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Table 6. 1 May 2021–30 September 2021, Debrecen, Hungary simulation values.

Indoor Air
Condition EIEC tot. [kWh] EIEC sens. [kWh] Edehum. [kWh] ∆Eadd.c. [kWh] Etot [kWh]

25 ◦C 30 RH% 2449.92 1418.84 4026.32 2608.32 −158.4
25 ◦C 40 RH% 2213.70 1175.53 2724.89 1549.36 664.34
25 ◦C 50 RH% 1981.90 936.79 1558.38 621.59 1360.31
25 ◦C 60 RH% 1754.66 702.72 675.18 −81.12 1835.78
25 ◦C 70 RH% 1532.08 473.47 169.39 −303.61 1835.69
25 ◦C 80 RH% 1314.30 249.15 13.17 −235.98 1550.28

If the set relative humidity is low in indoor environments, the cooling energy that can
be extracted by the IEC process increases because the indoor air, at a given evaporative
efficiency, can absorb more moisture. Therefore, in the examined cases, EIEC tot. and EIEC sens.
are at their maximum at 25 ◦C and 30% RH. However, the lower the maximum relative
humidity set in the indoor environment, the higher the moisture load introduced by the
outdoor air, which increases the cooling energy demand of the additional cooling systems
due to the increased energy required for dehumidification. In terms of minimizing the
energy devoted to managing the moisture load (Edehum.), the most favorable indoor air
condition among the examined cases is at a maximum allowable condition of 25 ◦C and
80% RH for the purpose of minimizing the energy devoted to managing the moisture load.

Since the energy devoted to managing the moisture load is at a maximum at 25 ◦C
and 30% RH, the largest decrease in cooling energy with the application of the IEC (Etot)
does not necessarily coincide with the maximum value of EIEC tot. Based on the simulation
results, it can be seen that the maximum Etot is at 25 ◦C and 50% RH in 2019, 25 ◦C and 70%
RH in 2020, and 25 ◦C and 60% RH in 2021.

According to the simulated results, based on the results of the years 2019, 2020, and
2021, if the acceptable maximum humidity inside is 60RH%, the excess dehumidification
energy and the IEC-induced sensible cooling energy input almost balance each other during
the cooling season. In this study, at the examined 25 ◦C indoor temperature, the 60RH% air
condition is at the limit and falls into the acceptable range under office conditions (0.5 clo;
1.1 met, 0.1 m/s) [21]. The maximum relative humidity inside was determined by the above
simulation, so the simulated limit air condition can only be considered as an upper limit.

Based on the above simulation, the acceptable hottest and most humid indoor air
condition in this case is 25 ◦C 60 RH%. For this indoor air condition, it is necessary
to examine which outdoor air conditions can be efficiently handled only using the IEC
procedure in the air handling unit (Figure 12). Knowing the indoor air condition (25 ◦C,
60 RH%), the evaporative efficiency (0.737), and the heat recovery efficiency (0.824), the
isotherm or the sub-isotherm inlet temperature working field can be determined using
Equations (6), (10) and (12), as can be seen in Figure 12.
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Based on the determined limit values and operational parameters, it can be concluded
that, considering the examined meteorological data, the air handling unit is capable of
achieving sensible cooling performance solely by utilizing the IEC throughout the entire
cooling season at the installation site.

4. Conclusions

By using IEC (Indirect Evaporative Cooling), the cooling demand of air handling units
can be significantly reduced. With the increase in heat recovery efficiency of air handling
units, it has become possible to achieve supply air temperatures lower than the indoor air
temperature and achieve sensible cooling performance during a significant part or even the
entire cooling season, exclusively through the application of IEC.

With the help of the presented connections in this study, it is possible to determine the
operating range where sensible cooling performance can be achieved exclusively through
the application of IEC, considering the specific equipment characteristics and desired
indoor air conditions. Based on the measurements and taking into account meteorological
data, it can be stated that in the investigated area with a continental European climate,
significant cooling performance can be achieved throughout the entire cooling season. The
presented diagnostic and computational method can be extended and implemented in any
installation location.

The fact that sensible cooling performance can be achieved over a wide operational
range with the IEC procedure does not necessarily mean that the cooling energy generated
by supplementary cooling systems decreases, as the moisture load from the outdoor envi-
ronment cannot be fully or partially managed with the IEC procedure. It is recommended
to combine the IEC procedure with supplementary cooling systems operating below the
dew point temperature to serve high-quality comfort spaces.

Under conditions of equilibrium absolute humidity corresponding to the given supply
air volume flow rate, the HVAC system does not cause changes in cooling energy from the
perspective of supplementary cooling systems serving the indoor space (the cooling energy
demand of the air handling unit decreases significantly).

If we want to maintain absolute humidity in the indoor environment lower than
the equilibrium state, efforts should be made to minimize the quantity of fresh air and
the associated moisture load for reducing the cooling energy demand. However, if the
acceptable absolute humidity in the indoor environment is above the equilibrium state,
increasing the airflow managed by the IEC can reduce the energy demand of supplementary
cooling systems.

Based on the examined meteorological data, it has been determined at what indoor air
conditions the additional energy required for dehumidification and the decreased cooling
energy demand due to the sensible cooling performance of the IEC procedure balance each
other, considering a given airflow rate. In the studied case, the near-equilibrium state can
be achieved with a maximum allowable indoor air condition of 25 ◦C and 60% relative
humidity, resulting in acceptable comfort conditions in an office environment.
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Abbreviations

List of symbols
cpa specific heat of the air at constant pressure [kJ kg−1K−1]
cpv specific heat of the water vapor at constant pressure [kJ kg−1K−1]
E cooling energy [kJ; kWh]
h enthalpy [kJ kg−1]
T temperature [◦C]
Twb wet-bulb temperature [◦C]
x humidity ratio of air [kgv/kga]
r latent heat of vaporization [kJ kg−1]
Q cooling performance [kW]
Greek symbols
η effectiveness of heat recovery unit [%]
ε effectiveness of direct evaporative cooling [%]
∆ the sum of differences [-]
Abbreviations
DEC direct evaporative air cooling
IEC indirect evaporative air cooling
RH relative humidity
Subscripts
add. c value of the additional cooling system
dehum dehumidification value
e after evaporative cooling
i indoor
in input value
o outdoor
o, limit limit of the outdoor value
out output value
rs recovery unit, supply side
re recovery unit, exhaust side
s supply
sens sensible
x extract
out wb wet-bulb value of the output value
v water vapor
tot total
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