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Abstract

The doctoral dissertation is based on a series of articles devoted, in the most general sense, to
evaporative cooling. Initial theoretical studies focused on refrigerants have shown that water (R-718)
and air (R-729) are promising in terms of application in cooling. This is related to the pursuit of using
refrigerants with the least negative impact on the environment.

The literature review allowed for the identification of current trends in evaporative cooling. It was
shown that one of the directions of development of evaporative cooling technology is the use of porous
materials for the construction of exchangers or for covering their surfaces. These materials, due to their
ability to store water in their structure, allow for the introduction of non continuous water supply to
the exchanger. Thanks to this phenomenon, intermittent water spraying of the exchanger was
introduced to evaporative cooling, which allows for reducing the operating time of the water supply
system. However, the result of the literature review turned out to be a research gap - the use of
intermittent water spraying on non-porous exchangers.

The experimental part, which allowed for providing results filling the research gap, was carried out
on a test rig prepared for these purposes. The first part of the research focused on the operation of the
non-porous Dewpoint Indirect Evaporative Cooler (DIEC) after stopping the water supply. In this way,
the drying phases of the exchanger were determined. In addition to the experiment, a mathematical
description was also proposed using non-linear regression. It was shown that immediately after turning
off the spraying, a period of 4—6 minutes occurs, during which an increase in cooling power was noted
(due to the drop in the temperature of the treated air). Therefore, an experiment was planned in which,
with a spraying break of 7 minutes, 3 spraying times (30, 60, 90 seconds) were used, as well as
continuous spraying. In order to compare the effect of the application of time to continuous spraying
of the non-porous exchanger, the effect was described using the cooling power and the Coefficient Of
Performance (COP) indicator.

The results of the work are supplemented by a description of the microbiological hazard occurring
in evaporative coolers. This is an inherent problem that occurs in these devices due to the use of water
and air as refrigerants.

The results of the work allowed us to state that it is possible to use timed spraying on non-porous
evaporative heat exchangers (DIEC). By limiting the operating time of the water supply system, the
consumption of electricity was reduced. The effect of using such a spraying strategy is not only the
improvement of its efficiency, but also an increase in cooling power.



Streszczenie

Rozprawa doktorska oparta jest na cyklu artykutéw poswieconych, w najbardziej ogdlnym
rozumieniu, chtfodzeniu wyparnemu. Wstepne badania teoretyczne skupione wokét czynnikéw
chtodniczych wykazaty, ze woda (R-718) i powietrze (R-729) sg obiecujgce w kwestii wykorzystania ich
w obszarze chtodzenia. Zwigzane jest to z dazeniem do stosowania czynnikéw chtodniczych o jak
najmniejszym negatywnym wptywie na srodowisko.

Przeglad literaturowy pozwolit na identyfikacje obecnych trendéw w chtodzeniu wyparnym.
Wykazano, ze jednym z kierunkdw rozwoju technologii chtodzenia wyparnego jest zastosowanie
materiatéw porowatych do konstrukcji wymiennikéw lub do pokrywania ich powierzchni. Materiaty te
poprzez zdolno$¢ do magazynowania wody w swojej strukturze pozwalajg na wprowadzenie
nieciggtego dostarczania wody do wymiennika. Dzieki temu zjawisku, do chtodzenia wyparnego zostato
wprowadzone czasowe zraszanie wymiennika, ktdre pozwala ograniczyé czas pracy uktadu
dostarczajgcego wode. Jednak wynikiem przegladu literaturowego okazata sie luka badawcza —
zastosowanie czasowego zraszania na wymiennikach nieporowatych.

Czes¢ eksperymentalna, ktéra pozwolita na dostarczenie wynikéw uzupetniajgcych luke badawczg,
zostata wykonana na stanowisku badawczym przygotowanym do tych celdw. Pierwsza czes¢ badan
skupita sie wokdt zachowania chtodnicy wyparnej punktu rosy (DIEC) o powierzchni nieporowatej po
zatrzymaniu dostarczania wody. W ten sposdb okreslono fazy wysychania wymiennika. Oproécz
eksperymentu zaproponowano takze opis matematyczny przy uzyciu regresji nieliniowej. Wykazano, ze
tuz po wyltgczeniu zraszania, nastepuje okres 4—6 minut, w ktérym odnotowano wzrost mocy
chtodniczej (na skutek spadku temperatury powietrza uzdatnianego). Dlatego zaplanowano
eksperyment, w ktérym przy czasie przerwy zraszania 7 minut, zastosowano 3 czasy zraszania (30, 60,
90 sekund), a takze zraszanie ciggte. W celu poréwnania efektu zastosowania czasowego do ciggtego
zraszania wymiennika nieporowatego opisano efekt przy pomocy mocy chtodniczej oraz wskaznika
Coefficient Of Performance (COP).

Uzupetnieniem wynikdw pracy jest opis zagrozenia mikrobiologicznego wystepujacego
w chtodnicach wyparnych. Jest to nieodtgczny problem, ktéry wystepuje w tych urzadzeniach
w zwigzku z uzyciem wody i powietrza jako czynnikéw chtodniczych.

Wyniki pracy pozwolity na stwierdzenie, ze istnieje mozliwos¢ zastosowania czasowego zraszania
na nieporowatych wymiennikach wyparnych (DIEC). Poprzez ograniczenie czasu pracy systemu
dostarczania wody, ograniczone zostato zuzycie energii elektrycznej. Efektem zastosowania takiej
strategii zraszania jest nie tylko poprawa jego sprawnosci, ale takze zwiekszenie mocy chtodniczej.
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| Introduction

1. Introduction

With the inevitable global climate change, the time of the year in which cooling systems are used
is increasing [1,2]. At the same time, climate policy is forcing the implementation of technologies that
are consistent with the idea of sustainable development, underlining aspect of cooling [3]. The pursuit
to reduce the impact of refrigerants used in refrigeration and cooling systems on climate change is
causing an increase in interest in refrigerants with a low impact on the atmosphere. The development
of this demand will follow in two directions. In countries where there is already a high demand for
cooling, existing air conditioning systems will be increasingly expanded. On the other hand, in regions
that have not previously required cooling, air conditioning systems will need to be built from the very
beginning. The mentioned situation is presented in Figure 1, where the disparities between different
regions of world in AC use in households is clearly visible.
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Figure 1. Percentage of households equipped with AC in selected countries [4]

Compressor refrigeration units are often used for air conditioning solutions, which are able to
provide cooling coil surface temperature lower than the dew point temperature of the ambient air. The
use of such units allows both the reduction of the air temperature (cooling) and moisture content
(condensate dehumidification). However, the compressor units that are available and popular in the
market commonly use gaseous refrigerants in their working cycle, which can have a negative impact on
the environment and increase the greenhouse effect [5].

1.1. Ventilation and air conditioning systems — functions

Ventilation is usually called the exchange of indoor state air to fresh outside air which can be
provided by natural or mechanical way. This process is responsible for supplying the appropriate
amount of fresh air which can guarantee proper indoor air quality. This fresh air replaces the stale air
that has become contaminated with pollutants. As an effect indoor contaminants are removed from



rooms. Ventilation can be natural, mechanical or hybrid. Natural ventilation occurs in the building as
there is always an air exchange through buildings’ envelopes. It is due to wind force and gravitational
pressure (difference in density between indoor and ambient air.

Ventilation, as defined by ASHRAE [6], is “the process of supplying air to or removing air from
a space for the purpose of controlling air contaminant levels, humidity, or temperature within the
space. Such air may or may not have been conditioned”. In practice, a ventilation system draws outdoor
air through intake dampers and filters, uses fans to overcome system resistance, and distributes or
exhausts the air via ductwork. By exchanging or diluting indoor air, these systems are primarily used
for maintaining acceptable indoor air quality (IAQ) and provide a basic level of pollutants, thermal, and
moisture control.

The system that allows more complex control of air parameters is comfort air conditioning.
According to ASHRAE [7] and Petech [8] comfort air conditioning is “treating air to control its
temperature, relative humidity, cleanliness, and distribution to meet the comfort requirements of the
occupants of the conditioned space”. The devices that may be included into the system are: cooling
coils, heating coils, heat recovery exchangers, humidifiers, and dehumidifiers.

1.2. Evaporative cooling

Evaporative cooling (EC) is an old concept that has found ingenious applications in modern,
environmentally friendly engineering. At its core, it capitalizes on the simple principle that, when
transitioning from a liquid to a gas, water absorbs heat from its surrounding. The heat exchange
between water and the air in contact with its surface takes place in two ways: either by convection, or
simultaneously with mass transfer i.e., concurrently with the evaporation of water or the condensation
of vapor from the air whereby the air gains the latent heat of evaporation or loses the latent heat of
condensation of the water vapor deposited on the water’s surface. Water can be supplied from the
water supply system continuously or can be stored in a water tank and circulate in a closed circuit with
the water refilling system.

This mechanism is currently widely investigated to create a sustainable and energy-efficient
cooling solution for the increasingly demanding building sector [9,10]. This type of cooling became an
alternative to traditional air conditioning devices. As these are mainly based on a compressor cycle
with gaseous refrigerants, they are not perceived as a sustainable solution for the future, especially in
terms of the aspect of global warming [5].

1.2.1. Fundamentals

The EC technology can be divided into two main types: Direct Evaporative Cooling (DEC) (air is
in direct contact with water) and Indirect Evaporative Cooling (IEC) (wet and dry channel are part of
heat exchanger). IEC can be further divided into regular IEC and Dewpoint Indirect Evaporative Cooling
(DIEC) (where part of supply air is returned to the wet channels by perforation in heat exchanger walls).
Schemes of all types of EC technology are shown in (Figure 2).

In DEC inlet air (1) is directly in contact with water therefore the outlet air (2) is cooled and can
be humidified if the water temperature is the same as air wet bulb temperature. It means that water
is in the closed circuit without any additional treatment. Therefore, this type of cooling is limited to
the wet bulb temperature. In IEC and DIEC inlet air (1) is cooled by indirect contact with water. There
are separated wat and dry channels. Heat transfer occurs through the heat exchanger wall. However,
in IEC the outlet air (2) is cooled without moisture addition and cooling is limited to the wet bulb



temperature. In DIEC part of outlet air is returned to the wet channel. Therefore, cooling is limited to
the dewpoint temperature.
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Figure 2. Types of EC technology (DEC, IEC, DIEC) schemes, working principles, and psychometric representation
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1.2.2. Key considerations

Ambient air parameters, in which the device is working, play a crucial role in the effectiveness
of evaporative cooling (which is mainly dependent on a meteorological parameters [11]). In dry or semi-
arid regions, where the air contains less moisture than in humid climate, DEC systems are often used
because the additional moisture they introduce is insignificant [12]. The significant temperature
difference between dry-bulb and wet-bulb temperature in these areas greatly enhances the cooling
potential. In contrast, in humid climates, DEC is problematic because direct contact of air and water
generate direct moisture increase. Thus, IEC or DIEC systems are better choice since they cool the air
indirectly, thereby preserving a comfortable indoor environment without significantly increasing
moisture content [13]. This is with the exception of situation when in DEC, water used for spraying has
lower dewpoint temperature that the cooled air.

One of the greatest advantages of evaporative cooling is its high energy efficiency and minimal
environmental impact. Unlike conventional air conditioning systems, which uses compressors and
additional components such as pumps and condensers for refrigerant, evaporative coolers simply spray
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water into the airflow. The only energy used is the energy required to pump water (the refrigerant
side). As a result, operating costs remain low (especially in large scale or continuously running
installations), and greenhouse gas emissions are significantly reduced. Moreover, because no high GWP
refrigerants are used, evaporative cooling offers a much cleaner, more environmentally friendly
alternative to traditional compressor based systems.

The complexity of the system is another important factor when selecting the right evaporative
cooling solution. DEC systems are generally simply and cheap to install, though their inherent moisture
addition may not suit every environment. In contrast, IEC and DIEC systems involve more complex
components, such as heat exchangers and additional air ducting. The best system choice depends on
the specific application an location of evaporative cooler. Direct evaporative cooling (DEC) may serve
as an ideal solution for cooling the refrigerant on the high-pressure side, for example through the use
of open cooling towers. Whereas IEC and DIEC systems are better suited for cooling supply air delivered
to indoor spaces such as offices or data centers.

Water, as the most important part of both evaporative cooling devices and human environment
(as it is necessary to live), must be used wisely and responsibly. This is crucial in regions with limited
water resources. Therefore, most projects aim to minimize water consumption while ensuring high
cooling performance [14]. By managing water use carefully, these systems become both cost-effective
and environmentally sustainable [12], reducing waste and diminishing the need for additional water
treatment as even seawater can be used instead of freshwater [15].

Long-term reliability also depends on proper maintenance and operation. Since water is a key
element in these systems, regular maintenance is necessary to prevent issues such as mineral buildup
or microbial growth that could degrade performance [16]. Routine cleaning and preventive
maintenance are crucial for sustaining efficiency, and many modern systems use real-time monitoring
and control features to detect and address potential problems early, thereby extending the lifespan of
the equipment and reducing overall maintenance costs.

1.2.3. Water supply

As the device discussed in this dissertation is a DIEC, water supply will be described with regards
to this type of device. Water can be delivered to the heat exchanger with the pumping system, in
gravitational way or by wicking. When system is equipped with pumps the water is circulating in
a closed circuit and it is refilled when needed. Distribution system is based on pumps that transport
water to the nozzles, which distribute the water onto the heat exchanger. Generally, the system works
in a continuous way, so the heat exchanger is sprayed all the time. In case of gravitational water supply
or wetting by wicking, there is no need for the pumps presence in the device. Still, water must be
somehow delivered to the water supply system.

Nozzle based systems atomize water into fine droplets, forming a water film on heat exchanger
walls. Water is supplied to the nozzles by pumps that delivers water from the water tank which is most
commonly a part of cooler itself. For gravitational systems water is stored in an upper water tank and
distributed via gravity through channels or drippers. As the pumps are eliminated from the system, the
energy consumption is lowered, when compared to system with pumps. In case of wicking systems
porous membranes or fabrics (which are the material that the heat exchanger is made of) transport
water via capillary action, ensuring uniform distribution without pumps.

The other topic of consideration is the water temperature that is supplied to the heat exchanger.
Air of parameters A can be cooled with constant enthalpy when water temperature is equal to the air
(A) wet bulb temperature (tuws). Sector 1 represents the situation when water temperature has the
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temperature between wet bulb and dewpoint temperature (tgp) of the treated air (A) (the enthalpy and
temperature decreases but the moisture content increases). Further, when water is of the tq, of the
treated air (A), the cooling occurs without moisture content change. Eventually, Sector 2 represents the
situation when water has lower temperature than tq, and the air can be dehumidified while cooling.

Figure 3. Air and water contact process direction

1.2.4. The idea of intermittent water spraying of the evaporative heat exchanger

Intermittent spraying in evaporative cooling is described in literature for IEC and DIEC. It involves
the controlled supply of water to the cooling system in an intermittent manner, rather than
continuously. It can reduce water consumption, which is crucial in areas with limited water resources.
Third, intermittent spraying can increase cooling efficiency because it provides more uniform water
evaporation, which can lead to more effective temperature reduction.

It is also worth noting that intermittent spraying can be used in existing evaporative cooling systems
(only water system can be upgraded to intermittent control). The key here is to properly design the
control system to adjust the frequency and intensity of water spraying to the current operating
conditions of the system and the cooling requirements.

1.2.5. The operating time in intermittent water spraying systems

Based on the literature review concerning the applied spray intervals of air-cooling evaporative
heat exchangers, a comparison was made of the pump and evaporative exchanger operating times
without spraying.

As presented in Figure 4, the spraying time ranges from 1 second to 6 minutes. On the other
hand, the pause time ranges from 1 second to just over 100 minutes. This discrepancy may result from
the fact that all the publications (beside publication K) cited in the Figure 3 concern porous heat
exchangers with different sprayed surfaces. The spraying time, therefore, depends on the ability of the
given material from which the wet channel is made to absorb moisture. The operating time without
spraying is related to the ability of the given material to store water. The more water is stored in the
material, the longer the exchanger can operate without further spraying. Generalizing the results, it is
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worth noting that the ratio of pause time to operating time ranges from 1:1 to 20:1. The effect is to
limit the operating time of the sprinkler system even to 3 minutes per hour of operation of the device.
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Figure 4. Water system operation intervals for publications: A [17], B [18], C [19], D [20], E [21], F [22], G [23], H [24], | [25], J
[26], K [27], L [28], M [29], N [30]; [31]

A short summary of the objective and scope is presented graphically in Figure 5. Evaporative
cooling (EC) broadly refers to temperature-lowering technology but is limited by added moisture.
Indirect evaporative coolers (IEC) address this by separating air streams, cooling without introducing
humidity, though they cannot surpass the outside air’s wet bulb temperature. To enhance efficiency,
dewpoint indirect evaporative cooling (DIEC) was developed. Unlike IEC, DIEC uses pre-cooled air in wet
channels to enable both sensible and latent heat transfer, allowing supply air temperatures to drop
below the wet bulb threshold, significantly improving performance. In every type of EC, the porous and
non-porous heat exchanger surfaces were investigated. However, in DIEC type intermittent water
supply was firstly coupled with porous surfaces. The non-porous type combined with intermittent
water spraying has been skipped. Thus, it is a branch underlined in red in Figure 5, that has been
identified to be missing in research.
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Figure 5. Evaporative cooling development with its limitations and research gaps [32]

2. Aim and research question

Based on the previously presented research the aim and thesis for the doctoral dissertation was
formulated.

2.1. Aim

Determination of the energy effect of intermittent water spraying in the non-porous dewpoint
indirect evaporative cooler.
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2.2.Thesis
Use of intermittent water spraying in the non-porous indirect evaporative cooler allows to increase
its efficiency.

3. Methods

As the articles included in this doctoral series vary in type and focus, the methodological details
are presented within each individual article where relevant. A separate, unified methods section is
therefore not provided, and readers are encouraged to refer to the specific articles for detailed
descriptions of the methods used.

4. Test rig development

In order to investigate the thesis, the tests were done on the existing test rig, which photos and
diagram are shown in Figure 6. The test rig were in need of underwent series of modifications
fundamental to the proper experimental part.

4.1. First version
The first part of modification was the air ducting. Part of the outlet air is returned to the heat
exchanger as a returned air. It can be seen that outlet air flows through a tee made of rectangular to
round transition. Due to very close distance to the heat exchanger, stratification of temperature of
outlet air was observed. Due to that, returned air and outlet air parameters were significantly different.
Therefore the tee for returned air needed to be placed further from the heat exchanger.

Connection of returned air with heat exchanger also needed to be modified due to the space
restrictions (test rig was to high to place it in the final position). In first version it was made out of
rectangular to round transition and rectangular reducer. Eventually, it needed to be replaced with one
piece of duct. The first version of the test rig is presented in Figure 7.

DIEC heat
exchanger

Figure 6. Existing Test rig (before modification and measurements)
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4.2.Second version
The first version of the test rig is presented in Figure 7. Air ducting was improved as
described earlier. The tee that splits outlet and returned air was placed further from the heat
exchanger. The connection of the returned air duct with the heat exchanger was replaced with one
rectangular to round transition. The water distribution system was also fitted to the new ducting piece
including power supply for water pumps. At this stage it was possible to connect the device with
existing ventilation system. Further work focused on measuring sensors installation.

01 o P00 OO 1
X i i oy

Returned air to heat e
exchanger connection

AV

e

Returned air tee
replacement
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Figure 7. Test rig after first modifications of air ducting

4.3. Third version

Test rig connected to the existing system, with installed measuring devices, and pumping system is
presented in Figure 8. There is a visible change in tee for returned air position. It was necessary to
relocate it as far as possible from the heat exchanger as the temperature stratification was still
observed. At the same time flexible ducts were replaced with insulated flexible ducts in order to reduce
heat exchange between induct air and the environment.

The effect of above modifications is visible in Figure 9, where (a) represents the measured
temperatures of outlet and returned air for test rig as in Figure 7. There is a steady difference between
those values (around 2K). While for the third version of the test rig, the differences do not exceed 0.5K
as visible in Figure 9 (b). At this stage the aim was achieved and no more further modifications to the
construction of air ducts were done.
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Returned air tee
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Figure 8. Complete test rig
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Figure 9. Outlet air and returned air temperature for: (a) second version of test rig; (b) third version of test rig

4.4 Final version

The last version of the test rig is presented in Figure 10. The main change is that it is fully insulated.
In order to control inlet air parameters two modifications were implemented. Firstly, humidifier was
added to keep humidity ratio at a constant level during the experiments.
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Figure 10. Test rig final version with detailed photo of pumps power supply and controller

Secondly, the existing heater control system was modified. The original control system consist of
a heater, control module, and a temperature sensor. However, as the heater is of relatively high power
5 kW (to the air streams that were investigated), when operating the hysteresis was exceeding 2K. This
is why the new control system has to be implemented. As the heater consist of 5 coils, each coil was
separated electrically by switch (as visible in Figure 11. Therefore, manual control was possible to keep
the inlet air temperature at the constant level with significantly lower hysteresis. Test rig also consist
of cooling coil, however it was not used during the experiments.
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Figure 11. Heater with modified control switches

Figure 10 presents also the detail photo of pumps power supply and controller. As the pumps operate
at 24 V the separate power supply was needed. It is directly connected with the control module that
allows to program the time of pump operation and pause time. It was necessary to evaluate the
intermittent water spraying as manual turning on and off of pumps could results in non precise time

periods.

Once the test rig was completed, the schematic configuration was prepared and it is presented in Figure
12. Temperature (T), relative humidity (H) and volumetric flow (V) are measured in the places specified
in Figure 12. Additionally, pressure drop was measured manually for the heat exchanger (P) with
instrument nozzles and impulse lines installed in points (P). Fans inverters are marked as (F) and
adjustable timer for pumps control system as (CZ).
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Figure 12. Schematic diagram of the test rig
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6. Key findings of the dissertation

This dissertation consist of six papers. They are presenting both, the general knowledge on the topic
and the path towards finding the answer for the thesis. All of them are connected to the evaporative
cooling. The papers are assigned by the symbols from P1 to P6. Please find graphical summary of the
dissertation below.

Intermittent water spray in non-porous dewpoint indirect evaporative cooler

Pl

P Refrigerants used in HVAC systems identification

P Metrics on refrigerant impact on the environment evaluation
P Refrigerants impact on the environment assessment

P Switch towards natural refrigerants with low environmental impact

Pre-research

P Water (R-718) and air (R-729) as latest generation of refrigerants

P2 P3

» Recent innovations in evaporative P Intermittent water spraying in non-porous

cooling identification DIEC research gap identification

» Nanofluids as spraying fluid P Spray-pause time regime evaluation in
implementation evaluation intermittent water spraying cases

P Porous surfaces in wet channels P Water delivery and spraying control

evaluation strategies discussion

P5 P6

P DIEC operation after water spraying P Three spraying times (30, 60, 90s) and
turn off investigation pause (420s) experimentally tested

P Supply air temperature drop (5.9-11.1 K) P Enhanced effectiveness due to intermittent
after water spraying turn off water spraying

Experiment

P Supply air temperature and relative P 2-5 times higher Coefficient Of Performance
humidity regression model P 6-85% cooling power increase

P4

P Evaporative cooling poses microbial risks comparable to vapor

compression systems

P Porous materials in wet channels influences microbial
contamination in evaporative coolers

P Standard maintenance guidelines for evaporative coolers
are insufficient

P Legionella sp. is well-researched, but other microbial risks need

more attention

Complementary research




6.1. Global Warming Potential of New Gaseous Refrigerants Used in Chillers in
HVAC Systems — P1

Results were published in S. Szcze$niak and t. Stefaniak. “Global Warming Potential of New Gaseous
Refrigerants Used in Chillers in HVAC Systems”. In: Energies 2022, vol. 15, no. 16, art. 5999, p. 1-20.,
DOI: 10.3390/en15165999.

The paper focuses on the refrigerants used in HVAC systems. The evaluation is made not only based on
the impact that the specific refrigerants can have on the environment, but also how long are they
present in the atmosphere once released.

The article underscores the global shift toward sustainable refrigerants in HVAC systems, driven by
mounting environmental concerns and stringent international regulations aimed at mitigating climate
change and ozone depletion. Historically, refrigerants such as chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs) were phased out under the Montreal Protocol due to their high
ozone-depleting potential (ODP). Subsequent generations, including hydrofluorocarbons (HFCs) like
R134a and R410A, emerged as alternatives but were later scrutinized for their high global warming
potential (GWP). This led to the Kyoto Protocol, which emphasized reducing greenhouse gas emissions,
prompting the development of newer, low-GWP refrigerants such as hydrofluoroolefins (HFOs),
hydrocarbons (e.g., R290), and natural refrigerants (e.g., CO,, ammonia). These advancements align
with global climate goals, emphasizing the need to transition from environmentally harmful substances
to sustainable alternatives.

GWP that is mainly given and discussed in international policy is GWP 100 which means that the time
horizon of the described impact on the environment is in 100 years. On the other hand, there is also
GWP 20 (with time horizon of 20 years), that is more likely to be used in case of refrigerants that do
not stay in the atmosphere for 100 years but much shorter. Lately GWP* has been introduced as it does
not only represent equivalent of CO, but rather CO, warming equivalent that is suitable for short-lived
climate pollutants.

The push for sustainable refrigerants is connected to their reduced direct environmental impact. Newer
refrigerants, such as R1234ze, R513A, and R454B, have significantly lower GWP values compared to
their predecessors. For instance, R1234ze has a GWP 100 of 1, contrasting with R134a
(GWP 100 = 1360) or R410A (GWP 100 = 2100). Natural refrigerants like propane (R290) and CO, (R744)
offer even greater sustainability, with negligible GWP and ODP. However, their adoption involves some
trade-offs. R290, while environmentally benign (GWP 100 = 1), is highly flammable (A3 safety class),
necessitating robust safety protocols in system design. Similarly, ammonia (R717), though efficient and
non-ozone-depleting, is toxic, limiting its application to industrial settings. These examples highlight
the balance required between environmental benefits and practical implementation challenges.

Regulatory frameworks and industry standards have been pivotal in driving this transition. The
European Union’s F-Gas Regulation and the Kigali Amendment to the Montreal Protocol mandate the
phasedown of high-GWP HFCs, accelerating the adoption of alternatives. Manufacturers now prioritize
refrigerants with lower GWP, such as R32 (GWP 100 = 704) and R454B (GWP 100 = 490), which serve
as "drop-in" replacements for older systems. However, the article cautions that some substitutes, like
R513A, are mixtures containing legacy refrigerants (e.g., R134a), which may undermine long-term
sustainability goals. This underscores the importance of holistic evaluations that consider not only GWP
but also factors like atmospheric lifetime, toxicity, and flammability.

The study emphasizes that sustainable refrigerants must be assessed in two ways: short-term (GWP
20) and long-term (GWP 100) climate impacts (Figure 13). While newer refrigerants reduces cumulative

21



emissions over centuries (GWP 100), their short-term effects (GWP 20) can be significant. For example,
R1234ze’s GWP 20 is four times its GWP 100, reflecting its rapid atmospheric degradation but
concentrated near-term impact. Similarly, R32 and R454B exhibit GWP 20 values 3.5 times higher than
their GWP 100, illustrating the trade-offs between immediate and delayed climate effects. These
findings favor for policies that integrate both metrics, ensuring that refrigerant choices address both
urgent and protracted environmental challenges.
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Figure 13. GWP 20 and GWP 100 index values for selected refrigerants and their components

Despite progress, barriers to widespread adoption persist. Flammable or toxic refrigerants require
enhanced safety measures, increasing installation and maintenance costs. System retrofitting,
particularly for natural refrigerants like CO,, demands specialized equipment due to higher operating
pressures. Additionally, the lack of standardized data on practical concentration limits for newer
refrigerants complicates risk assessments. The article stresses the need for updated safety standards,
such as ASHRAE 34 and ISO 817, to address these gaps and foster confidence in sustainable alternatives.

Multidimensional approach to refrigerant sustainability should be the main focus in future. Life cycle
climate performance (LCCP) metrics, which account for direct emissions and indirect energy-related
CO; output, should complement GWP evaluations. Furthermore, emerging indices like GWP*, which
link cumulative CO, emissions to short-lived pollutants, could refine climate impact assessments.
Policymakers are urged to mandate transparent reporting of GWP 20 and GWP 100 values, enabling
informed decision-making.

In conclusion, the trend is directed towards refrigerants with negligible environmental impact. Some
of the recently used refrigerants fit into the trend. However, they have some restrictions like
flammability or toxicity. Air and water also have some limitations, but they are generally not perceived
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as a refrigerants itself. Due to their lack of negative impact on the environment, they can become
a promising alternative for the future.
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6.2. Przeglad zastosowania nanoptynéw oraz materiatéw porowatych w posrednim
chtodzeniu wyparnym (A review of nanofluids and porous materials application

for indirect evaporative cooling) — P2
Results were published in t. Stefaniak, K. Rajski, J. Danielewicz. ,Przeglad zastosowania nanoptyndéw
oraz materiatéw porowatych w posrednim chtodzeniu wyparnym”. In: Ciepfownictwo, Ogrzewnictwo,
Wentylacja 2023, vol. 54, no. 12, p. 33-40, DOI: 10.15199/9.2023.12.5.

This paper focuses on recent advances in evaporative cooling. The use of nanofluids and porous
materials in wet channel were identified to be the recent paths of development in this topic. Each was
discussed in the details. Both approaches aim to make the heat-and-mass transfer more efficient, so
the cooler can deliver more cold air for the same amount of energy.

Nanofluids, composed of water with suspended nanoparticles such as Al,0s, TiO,, CuQ, SiO,,
or hybrid and ternary combinations, enhance thermal conductivity by 1.6% to 32.3%, depending on
nanoparticle type and concentration. These fluids improve evaporative cooling through a three-phase
process: initial evaporation dominated by water, a critical phase where nanoparticles boost heat flux
due to their high thermal conductivity, and a final phase leaving a nanoparticle residue. Numerical
studies on cross-flow (CrF) and counter-flow (CoF) heat exchangers demonstrate performance
improvements. For instance, at higher inlet air temperatures (e.g., 35°C), performance enhancement
ratios (PER) reach tens of percent. Hybrid and ternary nanofluids, such as CuO-MgO, show marginal
gains in exergetic efficiency but face challenges in preparation complexity and cost. However, the lack
of experimental validation for these numerical results raises questions about real-world applicability,
particularly regarding long-term stability and nanoparticle accumulation in systems.

The second innovation involves modifying wet channel surfaces with porous materials to
ensure uniform, thin water films and reduce thermal resistance. Four material categories are evaluated:
porous ceramics, natural fibers, polymer fibers, and textile fibers. Porous ceramics increases water
retention and extended air-water contact but suffer from brittleness. Natural fibers, like those derived
from pineapple leaves or hemp, are cost-effective but prone to delamination and microbial growth.
Polymer fibers, often used in composites with materials like polystyrene or polypropylene, offer
corrosion resistance and structural flexibility, enabling compact, lightweight heat exchangers. Textile
fibers, while highly absorbent, require rigid construction due to their low durability. Commercial
applications, such as Seeley’s Coolerado HMX (polymer-based) and AOLAN’s Wind Domination
(cellulose-paper composite), highlight practical implementations, with reported cooling capacity
increases of up to 20% and reduced pump operation.

The study concludes that porous materials should be prioritized in new heat exchanger designs due
to their structural impact and immediate performance benefits, while nanofluids offer retrofit potential
for existing systems. Both innovations align with global sustainability goals by minimizing carbon
footprints and energy use. Indirect evaporative cooling’s simplicity, combined with these
advancements, positions it as a viable complement to conventional HVAC systems, particularly in
regions transitioning to drier climates. However, challenges remain, including the need for
experimental validation of nanofluids, optimization of material durability, and adaptation to local
environmental conditions. Overall, the paper underscores the ecological and economic potential of
these innovations, advocating for continued exploration to address current limitations and maximize
their contribution to sustainable cooling solutions.
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6.3. Enhancing Dewpoint Indirect Evaporative Cooling with Intermittent Water

Spraying and Advanced Materials: A Review — P3
Results were published in t. Stefaniak, A. Grabka, J. Walaszczyk, K. Rajski, J. Danielewicz, W. Jaskdta, M.
Wochniak, W. Zyta. ,Enhancing Dewpoint Indirect Evaporative Cooling with Intermittent Water
Spraying and Advanced Materials: A Review” In: Energies 2025, vol. 18, no. 9, art. 2296, p. 1-24., DOI:
10.3390/en18092296.

This paper offers a review focused directly on intermittent water spraying in DIEC. Previously
the topic has not been discussed. Thus, the review tackles also the topic of materials that the heat
exchanger is made of, and evaluates to what extent it can limit the use of intermittent water spraying.

Continuous-spray systems are achieving impressive energy savings and the researchers
investigate various variables influencing the effectiveness of those coolers. Consequently, researchers
have begun investigating intermittent spraying, in which water is cycled on and off at set intervals.
However, most work to date has explored this only in porous heat exchangers that store water between
sprays, leaving conventional finned-tube or plate exchangers largely unexamined. This review therefore
spotlights both porous and non-porous surfaces under intermittent operation, aiming to chart a path
toward retrofit-friendly, water-efficient DIEC units .

In case of intermittent spraying, the choice of material is crucial. Porous ceramics, fiber mats
and hydrophilic coatings can absorb and hold water in their microstructure, releasing it steadily during
spray pauses. For example, a cellulose/PET fiber medium demonstrated an evaporation rate of
4.34 x 107* kg/(m?-s) and supported non-spray cooling periods up to 1=2410 seconds, reducing pump
runtime by over 95 % compared to continuous flow. Likewise, a bilayer structure combining hydrogel
and SiO, aerogel extended cooling duration eleven-fold versus a single layer, showing that material
design can dramatically boost water use efficiency under cyclical spraying.

Water delivery itself varies from nozzle-based atomization to passive, nozzle-free schemes.
Gravity-fed systems, using an elevated reservoir to drip water via wicking channels, eliminate pumps
altogether and halve water consumption, but with lower peak cooling capacity (when compared to
nozzle based systems). Equally critical are the control strategies governing spray timing. Continuous
spraying delivers steady output but at high water and pump energy cost. Intermittent modes, where
spray and pause durations are preset, can reduce water use significantly, yet demand reliable timing
control. Adaptive approaches, triggered by real-time temperature or humidity feedback, promise the
best balance, dynamically matching water to cooling needs and further optimizing the water-energy
trade-off.

Beyond core spray mechanics, practical deployments must consider water quality, source and
regulatory context. Scale buildup can be mitigated with softeners, while reclaimed or rainwater
harvesting can supply spray pumps in water-stressed locations. Studies show feed-water temperature
has minimal effect on performance, and connecting to existing air-handler condensate can vyield
additional savings. Nonetheless, local water scarcity and legislation may still limit adoption,
underscoring the value of systems that maximize rainwater use or integrate greywater harvesting.

Looking ahead, four priorities were identified for bringing intermittent spray DIEC to market
readiness: (1) rigorously evaluating spray—pause dynamics on non-porous exchangers to enable
retrofits without full hardware replacement; (2) developing next-generation coatings and composites
that combine high wettability with long-term stability and low microbial risk; (3) refining adaptive
control algorithms that link environmental sensors to spray cycles across diverse exchanger geometries;
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and (4) assessing alternative water sources alongside renewable energy integration, such as
solar-powered pumps, to align DIEC systems with broader sustainability goals.
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6.4. Challenges and future directions in evaporative cooling: balancing sustainable

cooling with microbial safety — P4
Results were published in L. Stefaniak, S. Szczesniak, J. Walaszczyk, K. Rajski, K. Piekarska, J. Danielewicz.
,Challenges and future directions in evaporative cooling: balancing sustainable cooling with microbial
safety”. In: Building and Environment 2025, vol. 267, Pt. A, art. 112292, p. 1-12, DOl
10.1016/j.buildenv.2024.112292.

This article is a complementary part of any evaporative cooling technology. It touches the risk
of microbial risk in evaporative coolers. This is crucial in terms of safety of usage in wide spectrum of
application.

The study addresses the dual challenges of promoting evaporative cooling (EC) as a sustainable
alternative to traditional vapor compression systems while mitigating microbial risks. However, its
reliance on air-water interaction creates moist environments conducive to microbial growth, posing
significant health risks. While Legionella pneumophila is the most studied pathogen in these systems,
the article emphasizes the need to address broader microbial threats, including fungi, molds, and other
bacteria, which are often overlooked in guidelines and research.

Direct evaporative cooling (DEC), where air directly contacts water, poses the highest risk due
to potential contamination of supply air. IEC and DIEC reduce this risk by separating wet and dry
channels via division to wet and dry channels, though air leakage between channels remains a concern.
The study highlights that microbial contamination can originate from outdoor air, water sources, or
biofilm formation on heat exchanger surfaces. Biofilms, composed of bacteria, fungi, or protozoa, thrive
on materials with moderate hydrophobicity and can detach into aerosols, contaminating indoor air.

The choice of heat exchanger materials significantly influences microbial safety. Porous
materials like metal wicks or ceramics enhance water distribution but risk biofilm formation due to
concealed pores. Non-porous materials, while easier to clean, may reduce cooling efficiency. Recent
advancements focus on surface modifications, such as hydrophilic or hydrophobic coatings, to balance
performance and safety. For instance, superhydrophilic surfaces reduce bacterial adhesion but require
precise engineering to maintain thermal efficiency. The study critiques current maintenance practices,
which often prioritize Legionella spp. control while neglecting other pathogens. Inadequate drainage,
irregular cleaning, and insufficient monitoring exacerbate risks, particularly in systems using alternative
water sources like rainwater or greywater.

Mitigation strategies include UV water treatment, biocides (e.g., bronopol), and operational
adjustments such as maintaining water temperatures below 20°C to inhibit Legionella spp. growth. UV
treatment effectively reduces microbial loads but requires integration with filtration to address
symbiotic organisms like amoebae. The article also explores alternative water sources to address
freshwater scarcity, noting that rainwater and greywater, when treated, can be viable but may
introduce contaminants if improperly managed. Saline water, though abundant, risks corrosion and
scaling. Condensate water, a byproduct of dehumidification, emerges as a promising supplement due
to its low contamination risk.

In conclusion, the article positions EC as a sustainable solution with untapped potential, contingent
on improved microbial safety measures. Key recommendations include adopting UV treatment,
optimizing heat exchanger materials, and expanding maintenance guidelines to encompass non-
Legionella pathogens. By addressing these challenges, any EC system can achieve a balance between
energy efficiency and public health safety, aligning with global sustainability goals. Future research
should focus on long-term material performance, hybrid systems integrating dehumidification, and
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standardized protocols for alternative water use, ensuring EC’s viability in diverse climatic and
operational contexts.
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6.5. The possibility of intermittent water spray implementation in a non-porous

indirect evaporative cooler — P5
Results were published in t. Stefaniak, J. Walaszczyk, M. Karpuk, K. Rajski, J. Danielewicz. ,The
possibility of intermittent water spray implementation in a non-porous indirect evaporative cooler”. In:
Energies 2025, vol. 18, no. 4, art. 882, DOI: 10.3390/en18040882.

This study evaluates the very first test on the performance of the DIEC under intermittent water
spraying. The investigation focused on the long period of time (over 40 minutes) without spraying to
see how the system will work. It provides an original results that allow to provide a mathematical model
on the behavior of the investigated DIEC.

DIEC enhance performance by recirculating precooled air. However, prior research has
predominantly focused on porous heat exchanger surfaces for intermittent water spraying, leaving non-
porous materials unexplored. This study bridges this gap by investigating the feasibility of intermittent
water spray in non-porous IEC systems, aiming to optimize energy efficiency and cooling performance
without structural modifications.

The experimental setup involved a cross-flow DIEC system with a non-porous polymer plate
heat exchanger comprising 115 plates (500 x 500 mm dimensions, 2 mm channel height). Airflow
parameters were regulated using adjustable dampers, cooling coils, heaters, and humidifiers. Water
was sprayed via BETE WL-Y% 120 BSP nozzles and recirculated from a reservoir. Temperature, humidity,
and flow rates were monitored using Sensirion SHT25 sensors and flow meters, ensuring steady-state
conditions (1% temperature and +5% humidity stability over 5 minutes). Tests were conducted across
three inlet air temperatures (20, 25, 30 °C) and relative humidities (40, 45, 50 %), reflecting temperate
European climates. After achieving steady-state cooling with continuous spraying, the water supply was
stopped, and system performance was tracked for over 40 minutes. A regression model combining
exponential decay (for initial temperature drop) and logistic functions (for subsequent temperature
rise) was developed to predict outlet air temperature (T2) and relative humidity (RH2) as functions of
time (1), inlet temperature (T1), and humidity (RH1). The model demonstrated high accuracy, with
determination coefficients R?=0.980 for T2 and R?=0.907 for RH2, validated by statistically significant
parameters.

Key findings revealed distinct temperature dynamics after water shut-off: T2 initially dropped
sharply (5.9-11.1 K reduction), stabilized at a minimum value within 4—6 minutes, and gradually
returned to pre-shutoff levels. The main finding for exemplary parameters is presented in Figure 14. It
can be divided by 4 points:

Turnoff of the water system;
Lowest T2 value is achieved;
T2 value starts to increase;
T2isequaltothe T2int=0s.
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Figure 14. Supply air temperature after water system turnoff, example for inlet air temperature 25 °C and inlet air relative
humidity 45%

This transient phase significantly enhanced cooling capacity. For instance, at T1=30°C and RH1=40%,
the maximum cooling capacity (Q2) reached 1100 W, surpassing the steady-state capacity (Q1=800W).
The average cooling capacity (Q3) during the drying phase consistently exceeded Q1, underscoring the
potential of intermittent spraying. Notably, non-porous surfaces, despite lacking the water retention of
porous materials, enabled effective intermittent operation, reducing pump operation time.

The study introduces a novel operational strategy for optimizing existing IEC systems through
intermittent water management rather than structural changes. By identifying a 4—6 minute pause
interval after achieving minimum T2, energy savings and cooling efficiency can be maximized. The
regression model serves as a predictive tool for T2 and RH2 under varying conditions, aiding in system
control optimization. Additionally, non-porous materials offer reduced microbial risks compared to
porous alternatives, aligning with HVAC safety standards.

In conclusion, this research validates intermittent water spraying in non-porous IEC systems as a viable
pathway toward energy-efficient cooling. Future directions include developing adaptive control
systems for automated spray cycles, exploring hybrid systems integrating desiccants or renewable
energy, and assessing long-term material durability. By bridging the gap between porous and non-
porous material research, this work expands the applicability of evaporative cooling, offering a scalable
solution to reduce HVAC energy demand across diverse climates.
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6.6. Experimental performance analysis of non-porous indirect evaporative coolers

under intermittent water spraying conditions — P6
Results were published in t. Stefaniak, J. Walaszczyk, J. Danielewicz, K. Rajski. ,Experimental
performance analysis of non-porous indirect evaporative coolers under intermittent water spraying
conditions”. In: Journal of Building Engineering 2025, vol. 105, art. 112585, p. 1-16, DOI:
10.1016/j.jobe.2025.112585.

This paper is a continuation of the P5. As previously the intermittent water spray was proved
to be applicable in examined DIEC, the experiment was done for set up spraying and pause times.

Prior research has predominantly explored porous heat exchangers with intermittent water
spraying, demonstrating significant energy savings and improved coefficients of performance (COP).
Non-porous systems, however, remain understudied despite their advantages, including reduced
susceptibility to bacterial growth and lower manufacturing complexity. This study experimentally
evaluates the performance of a non-porous DIEC system under intermittent water spraying conditions,
testing three spray intervals 1t (30 s, 60 s, and 90 s with 420 s pauses) and varying inlet air velocities
v (1.6, 2.0, and 2.5 m/s). The objective is to optimize water management strategies to enhance energy
efficiency without compromising cooling capacity, thereby advancing sustainable cooling technologies.

The experimental setup was the same as in the P5. Key performance metrics evaluated
included wet bulb effectiveness, dew point effectiveness, COP, and cooling power. Steady-state
conditions were ensured by stabilizing temperature (+1%) and humidity (+5%) fluctuations, with
uncertainty analysis following BIPM guidelines, yielding standard deviations of 2.6-3.7% for
effectiveness metrics and 5.3—10.4% for COP.

Results revealed that intermittent spraying significantly enhanced cooling performance
compared to constant operation. For instance, at an air velocity of 2.0 m/s, the average outlet
temperature drop reached 10.4 K with 30 s spraying, surpassing the 8.5 K achieved under constant
spraying. Cooling power for intermittent modes ranged from 937-1289 W, consistently exceeding the
598-1215 W observed in constant operation. Dew point effectiveness values for intermittent spraying
(0.59-0.72) outperformed constant operation (<0.60), while wet bulb effectiveness peaked at 1.04 (30
s spraying) versus 0.85 for continuous spraying. Energy efficiency gains were particularly striking: COP
values for intermittent spraying (50-107) were 2-5 times higher than those for constant operation,
with the shortest spray interval (30 s) yielding the highest COP due to minimized pump runtime
(4-10.5 minutes per hour). The most informative findings are presented in Figure 15. These
improvements stemmed from reduced pump energy use and optimized heat transfer during dry
intervals, where latent cooling dominated. Air velocity also played a role, with higher velocities (2.5
m/s) reducing effectiveness but maintaining competitive cooling power, aligning with literature
recommendations to limit velocities to <2.5 m/s.
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Figure 15. COP and the pump operation time per hour for dry channel air velocity 1.6, 2.0, 2.5 m/s

The discussion emphasizes that intermittent spraying mitigates key limitations of non-porous
systems, such as excessive water film thickness and elevated water temperatures. During dry intervals,
secondary air absorbs latent heat more efficiently, enhancing the temperature gradient between dry
and wet channels. This contrasts with constant spraying, where continuous water flow increases
thermal resistance and pump energy consumption. The findings align with those from porous systems
but underscore the viability of non-porous designs, which avoid microbial risks associated with porous
materials and simplify manufacturing.

In conclusion, the study demonstrates that intermittent water spraying in non-porous DIEC systems
markedly improves energy efficiency and cooling performance. Key implications include electrical
consumption reductions exceeding 80%, COP values up to 107, and avoidance of microbial growth risks.
The proposed strategy requires minimal retrofitting, focusing solely on optimizing water pump control.
While the study’s scope was limited to specific inlet conditions (30°C, 40% RH) and a single heat
exchanger design, the findings provide a foundational framework for advancing DIEC technology.
Future research should explore diverse climatic conditions, materials, and spray algorithms to further
validate and refine these systems. Ultimately, this work highlights the potential of optimized water
management in non-porous DIEC systems to meet escalating cooling demands sustainably.
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Abstract: Due to the global warming and resulting problems, atbention has been paid to greenhouse
gases released into the atmosphere since the 1980s and 19905, For this reason, the Montreal Protocol
arud the Kyoto Protocol have tightened regulations on the use of gaseous refrigerants in both 1VAC
systems and industrial refrigeration. Gradually, new generations of saseous refrigerants, that theoret-
ically have much less negative environmental impact than their predecessors, are introduced into the
market, The key parameter describing environmental impact is the GWP index, which is most often
detined on a time horizon of 100 years, The long-term use of new generations of gaseous refrigerants
in HVAC svsterns reduces COs emissions into the atmoesphere; however, miven that new generation
pases often have a short lifetime, it seems that the adopted assessment may not be applicable. The
aim of the article was to show how emissions of COg equivalent to the atmosphere differs in the short
andd long time horizon, The article presents the results of calculations of equivalent COy ermissions
to the atmosphere caused by the operation of compressor cooling devices used in HVAC systems,
where cooling is done with the use of water or a water-glycuol solution. The analysis was carrded out
for 28 commonly used devices on the world market. The analyred devices work with refrigerants:
R5134, R454B, R290, R1234ze, R32, R134a, R410A, The equivalent emissions values for GWI 100
and GWE 20 were analysed in relation to the unit power of the devices depends on refrigerant masy
and number of fans. The study showed that in the case of new peneration refrigerants with a very
short litetime, the use of GWT 100 indicators is misleading and does not fully reflect the effects of
environmental impact, especially in the area of refrigeration equipment applicabion. The article shows
that the unit value of the cooling load related to the number of fans or the unit would be helpful in
assessing the enviroromental impact of a cooling device,

Keywords: Global Warming Potential (CW ), Ozone Depletion Potential (Q11); air cooling air
pollutant; CO» equivalent; climate change; sustainable development

1. Introducton
1.1, The Iden of Determining the Inpact of Different Substances on the Climate

There has been a debate [1-9] about the impact of pollutants emitted into the atmo-
sphere for decades about when changes in typical weather patterns began to be noticed.
Substances that are able to retain the Sun’s energy within the Earth’s atmosphere as a
result of their physical and chemical properties are called greenhouse gases. They havea
direct impact on the temperature rise observed on the globe, as they absorb the infrared
radiation emitted from our planet. Because it cannot be released into space, the resulting
energy enters the atmosphere, causing its temperature to rise, which in turn increases
the temperature of the Earth's surface. Greenhouse gases include: water vapor, carbon
dioxide (COy), CTCs, refrigerant gases (HCFCs, HFCs), halons, methane (CH,), nitrous
oxide (N20), ozone (O], and various industrial gases {e.g., perfluorocarbons (FECs)). One
of the primary pollutants that have a great impact on the increase in the temperature of the
Earth’s surface and atmosphere are gaseous refrigerants [10-16].
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It was not until the 1970s that an attempt was made to determine to what extent green-
house gases of different chemical compositions affected the temperature of the atmosphere
and thus the Harth's surface. The use of refrigerants with the potential to destroy the ozone
layer (OL) and create the greenhouse effect has been done in the nineteenth contury [17].
Figure 1 shows the development of refrigerants in a historical context. Refrigerants are
illustrated here with reference to their successive generations from 1 to 5. The introduction
of each successive generation of refrigerants is related to a reduction in COs equivalent
emissicns into the atmosphere.
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Figure 1. Historical development of refrigerants [17].

The growing awarcness of environmental issues has led the World Meteorological
Organization (WKO) to conduct an international assessment of the OL on a global scale [12].
Az a rosult, the need arose o organize measures to protect the Earth by protecting the
OL. Tt was established in 1985 in the Vienna Convention, which dealt with the issue of
protectmy the OL. The Convention was signed by 28 countries at the ime and currently
has 198 members | 15]. The convention resulted in the Montreal Protocol on substances that
contribute to the so-called depletion of the O, which entered into force in 1989, According
to the idea of protecting the OL, & substances with a high Ozone Depletion Potential
{ODT) were controlled [14]. The gaseous refrigerants were then divided into two groups:
chlorofluorocarbons (group I) and halons {group 1), This breakdown is shown in Table 1.
This was also the time when the next third generation of refrigerants appeared, for which
the ODP index takes the value of 0 {group Il—refrigerants analyzed in the paper).

Table 1. Controlled substances with ODF values based on Ammex A of the Montreal Protocol [14] and
analyzed refrigerants,

Group Substance Ozone Depletion Potential

k1l 1.0
R12 1.0
I+ K113 (L5
R114 10
Rl15 0.6
CFIBRCI {halon-1211) a0

I CE2BR {halon-1301) 10.0

C2F4Br2? (halon-2402) A R
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Table 1. Coni.

Group Substance Ozone Depletion Potential

32
E134a
R290
R717
R744
. R1Z347e
m B407C o
R4104
4548
R513A
R125
RIZ34yf
*Groups implemented by Montreal Protocol. ** Value assomed under the Decstons of the Meetings of the Parties
to the Montreal Frotocol—Decision [/9: ODP for halon 2402 [19]. % Analyred refrigerants.

The second study that indicated that anthropogenic factors affect not only the OL but
also climate change was a report published in 1990 by the Intergovernmental Pancl on
Climate Change (IPCC) [10]. The purpase of the report was to assess the negative impact
of human activitics on the climate [10,20]. In response to the results of this assessment, the
United Nations Framework Convention on Climate Change was adopted in 1992 [16]. The
maost important protocol of this convention became the Kyoto Protocol, negotiated in 1997,
which introduced specific provisiens on, among other things, the emissicen of greenhouse
gases, mcluding gaseous refrigerants, into the atmosphere [15]. This protocol did not enter
inte force until 2005 and with it the next fourth generation of refrigerants is presented in
Figure 1. Article 5 of the Kvoto Protocol uses the Global Warming Potential (GWTF) value
introduced in 1990 by the IPCC. The use of the GWP index was to allow the determination
of the impact of various greenhouse gases on the climate in relation to the equivalent of
carbon dioxide accumulated in the atmosphere [140,21],

1.2, Indicators for Assessing the mpact of Different Refriverarts on Climate

Une of the most popular indicators of environmental pollutants is the Global Warming
Potential (CWP). The use of the GWP index was to allow determination of the impact of
various greenhouse gases on the climate in relation to the equivalent of carbon dioxide
accumulated in the atmosphere [10,21]. The GWP index describes the change in the quotient
of the global mean surface temperatire for a given time horizon (TH) after a number of
years caused by the emission of the substance related to the reference substance. The
introduction of the GWT index was innovative and interesting because it takes into account
baoth global mean Radiative Forcing (RF), a so-called disturbance in the radiation balance
of the Earth's climate system [22], and the length of time that a substance remains in
the atmosphere [111]. It has become the default measure for converting the emissions of
different gases into an equivalent emission value of a reference gas (usually CO;) into the
atmosphere [22]. The following periods have been established by default as TT: 500, 100 or
20 years [22]. The GWP index relating to the equivalent emission of CO; in the atmosphere
was introduced in 19%] and was already considered in terms of climate policy on a 100-vear
timer horizon, which was written as GW P 100 [23]. The IPCC [10] indicated that long tme
horizons arc adequate for evaluating sea level rise, while for terrestrial arcas, where the
effects of changes in energy emissions from the atmosphere are much faster, short time
horizons are much more important. For gaseous refrigerants with a long atmospheric life, it
was reasonable to consider GWT 100 [21]. Meanwhile, with the introduction to the market
of gaseous refrigerants with a short life (V51.} in the atmosphere (with a life of less than a
month [11]), the use of GWT 100 is no lenger justified.

This lomg time period (TH = 1000 ignores the fact that it has an effect on KE disturbance
at short intervals [24], especially at the local scale. Effective mixing with air at a global level
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for refrigerants of short lifetime is impossible, and thus their distribution in the troposphere
is uneven. As a result, one needs to consider the real three-dimensional distribution of
refrigerants in the atmosphere at the local level. Combining this knowledge with the
infrared absorplion value for a given refrigerant makes it possible to calculate the GWTP
in the local area. These data depend, among other things, on the composition of the
atmosphere in the emission arca at a given time [21] and are not popularized and casily
accessible, making it difficult to standardize them on a global scale. However, it is certain
that global GWF values for short-lived refrigerants will be significantly lower compared to
those with long-life refrigerants, because, despite the local impact, this index has a global
reference. Therefore, the article attempts to determine the actual differences in these values
of CO; equivalent emissions for cooling devices filled with stock refrigerants,

Due to the need to assess the risk of global warming and the more commonly used
substances with a very short life, a new approach to GWP was presented in 2008 [25].
Crucial is that in 2016 [7] and in 2019 [26] it was mentioned that the long-term GWT index
does not relate cumulative CO» emissions b date with the corrent rate of emission of
short-lived climate pollutants (SLCPs). Allen [7] proposed a new, broader GWT index,
designated as GWP* It relates the COy emissions accumulated so far to the current
stream of refrigerants with a short lifetime. Studies [25-27] confirmed that the new idea of
GWT™ is better on assessing the impact on the climate in both long- and short-term modes.
Therefore, it is suitable to show the effect of greenhouse gas emissions on radiative forcing
and temperature for long- and short-lived refrigerants in the atmosphere [23,27]. This also
applies to the refrigerants used in compressor svstems, Potentially, the GWP* values will
be presented in the Sixth IPCC Report of 2022, which already exists but cannot be cited and
distributed. The part that is possible to cite does not contain any GWP* values, thus no
further consideration of GWT* is performed. Nevertheless, the article compares the values
of CO: equivalent emissions for GWP 100 and GWI 20

Climate reports and scientific articles include alternative indicators of the impact of
greenhouse gases on climate, Shortly after the GWT, in 1991, the Total Equivalent Warming
Impact (TEWI) index was proposed [25]. 1t is a measure of the direct and indirect cffects of
the dewvice during operation and later during storage and processing [29]. It also includes
fossil fuels energy used during device operation. The TEWI is dedicated for installations or
systems and depends on the GWT index value, the annual percentage rate of leakage from
the system, the lifebime of the system and the energy consumed during the year, equivalent
of emission COs (g CO: kWh 1) and system uplime [20]. Due to the fact that the TEWI
index does not take into account the emissions related to the production of refrigerants
and refrigeration cquipment, in 1999, the United Nations Environment Program (UNEP)
presented the Life Cycle Climate Performance Index (LCCP) [31]. Tt takes both direct and
indirect emissions during the life cycle of the device and its components into account.

In summary, the GWT index is used to evaluate the environmental impact of e.2.,
refrigerants used in HYAC devices in a glabal meaning. To determine the environmental
impact of refrigeration systems or installations, the TEWI and LCCD indicators are more
applicable. This is due to considering not only the influence of the refrigerant emitted to
the atmosphere, but also, c.g., energy consumplion in the working cyele [30,32,33]. No
indicators take the environmental impact caused by the use of various materials in the
production process, c.g., metals, into account,

1.3. Refrigerants Used in Afr Conditioning and Space Cooling

The increasing quality of life has forced the widespread use of air conditioning systems
in both Europe and the United States, in which cold air or cold surfaces in Thermally
Activated Building Systems (TABS) are obtained through the operation of direct or indirect
cooling devices, The common denominator for these devices, installabions, and systems is
always a gaseous refrigerant, which have a crucial influence on the climate of the Earth.
They are one of the basic factors that contribute to climate change. In the case of single-
component refrigerants, the entire mass of substances undergoes the same processes and
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cycles of changes in the atmosphere. In the case of multicomponent mixtures, the behavior
of each component in the atmosphere should be considered individually.

The introduction of substitutes is, of course, aimed at reducing the negative impact
of emissions on the climate. [t should be related to an environmentally and encrgetically
ratinnal and justified decision. As understood by the widely used GWT 100, the introduced
substitutes significantly reduce threats to the human environment. When switching from
RA10A with a GWT 100 of 2100 to R454B with a GWT 100 of 490, the decrease in GWT 100
is 1670, For comparison, the change of the R134a refrigerant with GWP 100 = 1360 to
R513A, for which GWT 100 = 600, the decrease is 760, Although this is a good direction
of change in terms of cimate policy, the opposite is bue for the transformation processes
of the constituent substances in the atmosphere. For example, as mentioned, by changing
refrigerant R134a to R513A, both components (R134a and R1234yf) are decomposed, among
others, into Trifluoroacetic acid (TFA). After decomposition in the atmosphere, up to
92-100% of R1234vf mass emissions will become TFA, and for R134a this percentage is only
720% of mass [29]. In the case of 12347, the formation of TEA does not ocour [34].

There are a number of replacements for old generation refrigerants (because of high
GW P and ODP). There is a visible tendency to change refrigerants in the AT class to other
refrigerants that are more dangerous in terms of flamumnability. This is directly related to the
shorter decay time in the atmosphere. Tt allows to obtain a lower GWT index, but at the
same Hme promotes casicr decomposition in contact with ignition sounces [29,35], Table 2
presents the substitutes for selected refrigerants commonly used in air conditioning svstems
and compressor refrigeration devices with their safety classes, For those substances, all
calculations were done in this article (excluding R123, R22, R404A and R307). Table
presents the method of classification of refrigerants in terms of flammability and toxicity

according to ASHRAE Standard 34 [36] and IS0 817:2014 [27],

Table 2. Substitutes for sclected refrigerants commonly used in air-conditioning systems and in
compressor refrigeration devices with their safeby classes |335,39].

Substitute Current Refrigerant
RE13A (A1) R134a (A1)
[R4548 (A21) R410A [AT)
R32 (A2ZL) R410A [AT)
R1234ze (A1) R134a [(AT), R123 (B1)
R290(A3) R22 (A1), R404A (AT), REOT (A1)

Table 3. Satety classes for refrigerants according to ASHEAE Standard 34 [36] and 15O 8172014 |37].

Flammability Lower Toxicity Higher Toxicity
Higher Flammabilily A3 B3
. . AZ G2
Loweer Flarmmability ATL® RO *
Ma Flame Propagation Al Bl

* Relrigeranls wilh maximum burning velocity of <10 cm,fs.

1.4, Which GWP Index Shouwld Be Used fo Assess e Real Impact on Local aind
CGlobal Enmireinent

As can be seen from the above considerations, it seemed that a better alternative
tor the TiHl-year period is the 20-year period, for which GWP 20 is considered [41]. [t
should be neted that the use of shorter time periods results in an increase of GWT value
of gases with a short lifetime 10 the atmosphere [41] and 1 a decrease of safety classes.
For gascs with a long atmospheric lifelime, such a treatment reduces the GWP value and
provides greater toxic safety. This is closely related to the uniformity of the distribution of
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the comeentration of a given refrigerant in a narrow emission area and a wide spreading
area. This observation is widely used in the refrigeration equipment and plant market.
Unfortunately, there is no clear indication of which time horizon GWP index should be
used and for what purpases [42,43]. This choice should depend on the negative short-term
or long-term effects on the environment that are to be shown, GWF 201 is suitable for use in
understanding climate policy, where the timescale covers the next decades, not centuries.
Using GWT 20 together with GWP 100 can give a broader view of the environmental
impact of greenhouse gases (especially short-lived ones) [44] with regard to short-term and
long-term effects. It seems that a balance should be struck with regard to both short-term
and lomg-term impact.

To illustrate differences in the lifetime of cach refrigerant and to emphasize where
the discussion on their local accumulation in the atmosphere came from, in Figure 2, the
lifetime of selected gascous refrigerants are shown,
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Figure 2. Lifetime in the atmosphere of selected refrigerants [29],

The graph shows how significantly different lifetimes of the next generations of
gaseous refrigerants are. The longest-lived refrigerant is R125 (component R407C and
R410A) with an atmospheric life of 31 vears, For the shortest time, live R717 (less than
7 days) and R1234yf (1.5 davs). Therefore, considering the GWT 100 index for refrigerants
that remain in the atmosphere for several or several dozen vears has logical justifications.
However, for refrigerants that are degraded in the atmosphere in several days or even
hours, such a long time horizon is no longer relevant.

Despite all criticism and discussions around the GWP index [1-9] it is continuously
used in the field of climate policy [45] and in trade. The assumed time horizon is crucial, as
it is always considered over a 100-year time horizon, Recent studics indicate uncertaintics
in the GWP 10} value of the order of £50% for methane and short-lived gases in the
atmosphere and +40% for non-CO; gascs with a longer lifetime (in particular, this applics to
gases with a lifetime of more than 20 vears) [46]. Despite these discrepancies, It remains the
primary kool for reporting emissions within the meaning of the United Nations Framework
Convention on Climate Change.

Ome must remember that 100 year ime horizon affects at least one generation, thus
values of the CWP index are mainly based on calculations and simulations instead of
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experimental data. Taking the rapid growth of cooling systems in warm or moderate
climate and illegal refrigerant markets into account, an examination of the GWT index is
needed in terms of short and long me horizons.

The literature and policy review in the article present recent data on the GWTE index
and its assumptions that are crucial for understanding the implementation of the GWT
index and which are not widely presented in the literature, Results based on theoretical
review reveal that, along with placing new gaseous refrigerants with V5L on the market, it
requires Tevision and update of the approach to emissions reports.

1.5. The Basic Framevork of Worl

In this paper, we present a significant difference in GWP 100 and GWP 20 values
and further influence on actual COs equivalent emissions to the atmosphere by the im-
plementation of GWT 20/GWP 100 index. Actual masses of COy equivalent emissions
have been calculated with reference to data of compressor cooling devices used in HVAC
systems. Both short and long time horizons have been considered. The article reveals
major disproportions while reporting COs equivalent emissions for 100 and 20 yvear time
horizons for chosen compressor refrigeration units used in Europe and the United States.
The purpose of this article is to indicate whether the selection of a cooling device operating
with a specific refrigerant has similar consequences for the climate. 1f not, on what those
differences depend. Due to the above, in the article the equivalent of kg of CO; emission
into the atmosphere was determined using the GWP 100 and CWP 20 indexes. No rescarch
has been done in the field of GWT index values related to the load of refrigerants in cooling
devices. Therefore, in the paper, a broad description of the GWP index itself was provided
to fully present the dependent variables and assumptions. Along with the calculation
of the CO; equivalent and the establishment of the GWT 20/ GWP 100 index, the paper
represents a new approach to climate policy regulations in the context of new refrigerants
that are implemented in the market.

2. Materials and Methods

To assess the impact of various refrigeration devices on the climatic conditions in terms
of the new refrigerants introduced, Al devices (commonly used in HYAC systems) wene
selected from 12 leading companies. The list of devices is presented in Table 4. Eventually,
devices working with seven different refrigerants were accepted for analysis: R5134, R454B,
R290, R1234z¢, R32, R134a, R410A. This choice was made because the refrigerants under
consideration are currently in use in existing devices, belong to generations 3-6, i.e., those
that were created by the chimate policy referred to in this paper (Figure 1), The determining
factor was also the availability and completeness of the cooling device catalog data. Due
to the different method of presenting data in catalogs, as well as technological differences
related to the design of devices, and above all heat exchangers, all the considered data are
presented in relation to the unit power of the cooling module (KW /n).

The unit power of the cooling module (kW /n) where the reference unit was an
exchanger cooled with a single fan was calculated from the formula:

o= == (1)

where (), is the cooling power; KW, it is the number of fans.
The unit power of the refrigerant fill weight (kW /kg) was calculated from the formula:

=

i

i 2)

where (J; is the cooling power; kW, m s the refrigerant charge; kg
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Table 4. List of devices wilh the scope of the declared power, the number of fans, and a refrigerant load.

Refrigerant Producer Model Qe min Q¢ max My min My v No. Fans
Carricr IUEE 47 380 kv 362 1-&
Swegon Zeta SKY 46 238 1.1 188 2-3
K32 Daikin EWAL-B-55 a1 665 100 Q0.0 1-11
Carrier 30RBF 172 943 173 648 =12
Swegon Tetris SKY 200 335 190 500 -3
Swegon Kappa 5KY 255 1343 38.0 165.0 22
R134a Swegon Kappa EEV 307 1542 39.0 1660 h-22
TRANE Sintesis 404 1758 FrT 2558 10-28
Carner RIAAY 492 1758 3.0 268.0 822
Skadec VG 63 365 5.0 240 65
R2Y() Hiterma PRE 85 278 130 260 2~
Skadec VOGY 252 646 180 360 -8
Swegon Kappa SKY 134 1063 29.0 142.0 5-18
Adrdale Turbo Chill 2401 100 TT0LL 22510 4-24
Swegon Kappa Hev 2401 1020 el 135.0) 5-15
Rlzze Flakt FGAC 353 1463 A3 218100 H=20
THAMNK CWAF X0 453 1243 14510 280000 1424
TRANK RITAF H5E 741 1618 1380} 2220} 124
Carrier Aqua Snap SURADP 38 327 38 5.2 -1
Swegon Bela Rev 40 233 a7 210 24
TRANE COAM 70 457 136 B 2-10
Ra10A Swegon TETRIS 2 108 a13 11.5 ] 212
Daikin Trailblazer 109 47 127 100.7 4-14
TRANE Ascend 497 A0R 514 9410 512
Flakt FCAC DG 40 A66 1338 2708 4-12
RA>45 Swegon Zeta SKY 42 233 124 842 22—
. Swegon Kappa Sky 243 1260 38.0 165.0 522
KAT3A Flakt FGAC AE2 479 1697 o0 288.0 620

All dewices considered in the analysis below are equipped with the Microchannel Heat
Exchanger (MCITX). Due to the lack of detailed data and a much smaller number of devices
with lamella exchangers and a small power range, they were not included in the analysis.
Figure 3 shows the refrigeration unit capacity for the selected gaseous refrigerants as a
funchiom of the unit cooling capacity for the seven selected refrigerants.

In the range of 3-30 KW/ n, devices filled with refrigerant 410A and R32 dominate. In
turn, from 40 kW /n to more than 85 kW /n, the R1234ve, R134a, R45413, RA13A, and R290)
refrigerants dominate, The largest charge (load greater than 100 kg) is found in devices
with R313A, R1234ze, and R134a, with R1234ze dominating with loads exceeding 300 kg.
Charges not exceeding 100 kg refer to the refrigerants R4548, R32, R290, and R410A. 1tis
worth paying attention to the small loads (<50 kg) of refrigerants throughout the range of
the KW /n ratio for R29(1
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Figure 3. Dependence of the refrigerant mass in the device on kW /n for the selected refrigerants.

For (/mr ratio, the highest values are for R290 (6.5-18 kW ki), RA10A (5-13 kW Skg)
and R134a (3-11 kKW /kg). As a result, higher charges for similar power are required for
other investigated refrigerants. The lowest ratios are observed for RA13A and R32.

To calculate CO5 equivalent emissions for refrigerants, it is necessary fo know the GWP
index for each refrigerant and for a specific time horizon. Therefore, in Figure 4, GWT* 20
and CWP 100 index values for selected refrigerants and their components are presented,
S5
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Figure 4. GWPF 20 and GWT 100 index values for selected refrigerants and their components [29],

The CO emission equivalent for each homogeneous refrigerant was calculated based

on the formula; . :
kg COe THY — GWP'm (3)
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where: i—time horizon (20 and 100 years); GWPM—GWP index specified for the 20 and
100-vear time hotizon, t—refrigerant charge, kg

Ag shown in Figure 4, the GWP index is defined for a homogeneous substance. Cur-
rently, heterogencous substances are usually used as substitutes for the so-called old
generation. Composition of selected refrigerants is shown in Figure 5. For example, RA134A
refrigerant is a substitute for installations using R134a refrigerant. The R513A refrigerant
atill contains R134a (44%) while the dopant is R1234yf (56%). Replacement for R410A is
currently 4545, The R410A refrigerant included R32 (3000} and R125 (50%:). The R45413
refrigerant contains more R32 (69%), while R1234vf (31%) was introduced instead of R125.
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Figure 5. Percentage composition of selected refrigerants [249].

Therefore, the equivalent of CO2 emission must be determined for each component
separately. For nonhomogenecus refrigerants, the CO; equivalent emission value was
determined based on the percentage composition and the GWE value for the homogenenus
substance. The calculations were made based on the fellowing formula:

kg COue TH — Y= GWFlm, @)

where: CWP—GWP index defined for the time horizon i and the homogencous substance f;
n—loading mass of a homogencous substance, kg f—defined homogencous refrigerant,
i—time horizon,

3. Results and Discussion

The article compares the value of equivalent CO» emissions for two time horizons of
100 and 20 years. The relative values of GWP 20 with respect to the values of GW P 100 are
shown in Table 5 and Figure 6.
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Table 5. Relative values of CWP 100t and GWT 20 wilh respect to the reference value of GWF 1iN).

Refrigerant 1 = GWP 100/GWP 100 I = GWP 20/GWT 100
E717 -t -t
290 1.00 1.00
K744 1.00 1.00

R12347: 1.00 4400
1234% T 1.00 1.00
k4545 1.00 347
H313A 1.00 2K3

K32 1.00 359
R134a 1.00 280
R407C 1.00 241
R410A 1.00 209
R125 1.00 1.52

T Mol presented because GWE 20 and GWI 100 equals O

4.0 =

15 —

3.0 4

na
in
|

GWP20/GWP100
w5
| 1

1.0

0.0

R289

A744 R123dze 12340F R454E RI13A
Refrigerant type

R32

Figure 6. Kelative values of CWI* 20 with respect to values of GWIP TiKL

Rl3da R407C R410A  RI123

Toillustrate the actual envitommental impact of refrigerants of various generabions,
the refrigerant masses presented in Figure 3 were converted into COz equivalent (kg COhe)
released into the atmoesphere for the GWEF 100 and GWP 20 indexes. Due to the differences
in CWP values (both for the 20 and 100 vears period) and the large range of masses of
refrigerants used in the devices, it was decided to present the results in graphs for the
following ranges specified in Table 6,

45



Eneigies 2022, 17, 994

1200 20

Table 6. Ranges used for presenting the values of CCk equivalent released Lo the atmosphere for
GWPF 100 and GWP 20,

Range GWP 100 COse (kg) GWP 20 COe (kg)
T <1000 <10,000
i <100,000 <2501,0001
i} 100,000 250,000

This division makes it easier to compare refrigerants in terms of their actual impact on
climate in a 100- and 20-wear time horizon, taking the total mass of the refrigerant contained
in the device into account. This is crucial in terms of the GWT index, which is kg of COs
equivalent to 1 kg of a given substance. Therefore, when analyzing the choice of a given
refrigerant, it is not possible to consider only its GWT, because it does not inform about
the actual impact of a given device or system on climate. Only comsidering GWE taking
the mass of the refrigerant into account gives a real picture of the emission of pollutants

into the atmosphere. The results of the caleulations of the equivalent CO2 emissions to the

atmosphere for the time horizon of TH = 100 and TH = 20, respectively, for the devices

analyzed as a function of the unit thermal power of the module are presented in Figure 7.
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The lowest equivalent kg COze values were obtained in a 100-vear time horizon
for R290 and R1234ze. For E290), the emission values are almost uniform with a slight

increase towards higher unit powers of the module, In the ranges of 30 < 40 kW,/n
and 33 + 75 kW /n, these values are similar. For the unit power of the 580 kW/n mod-
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ule, the kg COve values for the R290 and R1234ze refrigerants are similar and are 36 kg
and 46 kg COxze, respectively. Despite the use of a large mass of R1234ze refrigerant
{29 kg = 525 kg), as shown in Figure 3, the kg COse index for this refrigerant is in the
range I for GCWP 100 and amounts to a maximum of 525 kg COzc. Howoewver, Figure 7a
presents a wide range of kg COze values (from 29 kg C0Ose to more than 525 kg COse). The
CWP 100 index for both R290 and R12347¢ is 1. Such a large range of values is the result of
differences in the design and construction of refrigerating units, as well as thermodynamic
and chemical parameters. In the case of R290, a small mass of the medium (5 = 36 kg)
proportionally translates into negligible walues of kg COze (5 + 36 kg) as shown in Figure 7a.
Howaever, it should be remembered that this refrigerant contributes to the formation of
summer smog [47].

Higher values of kg CObe in a 100-year time horizon were obtained for the R454B and
R32 refrigerants (visible in Figure 7h), for which the GWP 100 indexes are 490 kg COze and
704 kg COxe, respectively. There are no devices with RF13A refrigerant in this range, with a
GWP 100 index of 600, which is lower than that of R32. Importantly, the R5313A refrigerant
is a replacement for R134a. The lowest of the kg COqe value for the range II was achieved
by devices filled with K454 (3400 kg COue + 51,500 kg COue). Shightly higher values of
this index apply to devices filled with R32 refrigerant (2600 kg COze < 63,400 kg COze).
The highest values for R4548 and R32 were obtained in the range of 55 + 79 KW /n. Bevond
and above this range of the unit power of the module, the equivalent of carbon dioxide
emission for the atmosphere was significantly lower. This is again influenced by the design
and construclon of the individual units and the thermodynamic and chemical parameters
of the refrigerants.

Ag shown Figure 7¢, the highest ke COae values were obtained in a 100-year time frame
for R513A refrigerants and withdrawn R134a and R410A, Values of the GWT 100 index for
these refrigerants are, respectively, 600, 1360 and 2100, The lowest values for the range 11
were achicved by devices filled with R513A (22,800 kg COqe 172,300 ke COze). Higher
values are noticeable for unit power of the madule within the range of 78 + 85 KW /n, while
lower walues are noted for the ranges of 48 © 55 kW /nand 74 < 78 kW /n, Higher values of
this index apply to devices filled with R410A refrigerant (7700 kg COze < 209,200 kg COqe).
It should be noted that for this refrigerant, units achieved unit power for the module
in the range of 5 =+ 35 kW /n, with the highest equivalent CO;e obtained for the unit
power of the maodule in the tange of 10 < 15 kW /n. The most negative impact on the
environment is caused by devices filled with R134a, for which the maximum COse values
are 224,400 kg COxe, while the minimum values are 51,680 kg COse.

Comparing the values of COq equivalent emissions to the atmosphere related to the
cooling devices for which the analysis was carried out, on a 20-year time horizon and a
M0-year time horizon, it can be noticed that despite completely different values of GWIP 20
compared to GWI 100, the devices were again in the range I group filled with E2% and
R123dwe. For R290, kg COwe values were exactly the same as the values determined for
the time horizon TH = 100, This is due to the equal values of GWD 100 = GWI 20 =1,
Therefore, both short- and long-term effects are the same.

Range Il includes R32 and R454B, for which the values of the GWP 20 index are
respectively 35%% and 347% higher than the GWTP 100 index (Table 6). In the range III
there are 5134, R134a and R410A again, The increase in equivalent GOy cmissions into
the atmosphere is 263% (R513A), 280% (R134a), and 209% (R4104A), respectively (Table 6).
Here, a dependence appears where the increase in equivalent COs emissions is smaller in
percentage for refrigerants with higher GWT 100 values. The exception is R32, for which
this increase is higher (359%) compared to RB13A (283%,).

The equivalent kg of CO emissions for the least harmiful refrigerants presented in
Figure 7d clearly show a significant difference in the emission values related to the use of
R290 (C0qe =10 + 36 kg) and R1234ze (COze = 116 < 2100 kg). 1t should be noted that for
R290 the values are similar across the entire power range of the unit. On the other hand, for
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R12347e, the highest values were obtained for unit powers in the middle range, i, from
40 = o0 KW /n.

For refrigerants R4541 (COze = 12,2000 5 18800 kg) and K32 (COe = Y40 < 227,700 kg,
the highest values of equivalent CO; emissions to the atmosphere were ohtained for the
highest unit power, &} + 80 kW /n (Figure 7e). THowever, for the R32 refrigerant in the range
of maximum unit power, the equivalent value is significantly lower, This also depends on
the device’s construction.

In the range (11, where refrigerants have the greatest impact on the environment,
R410A (COqe = 16,230 + 443,600 kg), R134a (COze = 144,800 + 628,600 kg) and R513A
(CO0e = 63,700 = 483,000 kg) were again found (Figure 7). Among them, the K134a refrig-
crant has the highest values of CO; equivalent emissions to the atmosphere. Howoever, it
should be noted that the difference in the maximum values related to individual refrigerants
increased significantly compared to the values related to GWP 100, In this case, the effect
of the R134a refrigerant is significantly worse compared to R513A and R410A. TTowever, it
is worth paying attention to the fact that for R410A (6-34 kW /n) the unit power range is
incomparable to the range obtained for R134a (50-76 KW /n) and R513A (45-86 kW /n).

Toshow how the changes into next-generation refrigerants, Figure 8 presents graphs of
kg COyze emissions into the atmosphere for both time horizons, i.e., TH = 20 and TH = 100,
for selected substitutes for refrigerants. It is essential to understand that some of the new
refrigerants arc simply mixtures of some old refrigerants. Therefore, Figure 4 together
with Figure 5 presents the composition and GWP index values of investigated refrigerants.
Those comprise basic information that is required to understand the overall idea of the
GWT 20 and GWT 1{0 comparison. Replacement for R410A a mixture of R32 (30%) and
K125 (30%:) is K454, which containg K32 (39%) and 1234y {41'%) (according to Figure 5).
The second substitute is R32, which is homogeneous, The placement on the market of a
substitute in the form of the R4341 refrigerant significantly reduces the equivalent emission
of COy into the atmosphere compared to R410A. However, it should be noted that the
unit power obtained in devices that work with R410A and R454B is completely different.
Comparison of R32 and R454B does not vield such obvious conclusions. In this case, the
values of CO; equivalent emissions are similar across the entire range of unit capacity.
Substitutes for R134a are: K313A made of R13da (44%) and R1234vf (536') and R12347e,
which is hemogeneous, as shown in Figure 5. As can be seen, bringing R1234ze to market
yields disproportionately better results compared to RA13A refrigerant. CO equivalent
cmissions to the atmosphere are negligible for R1234ze and significantly high for R513.A
and R134a, respectively. Tt should also be noted that the unit power of the module obtained
for devices filled with R1234ze is ina much wider range than for R313A and R134a. There
i5 also a substantial difference in the values obtained for the 20- and 1N-year time horizons
in both refrigerants that are decommissioned from the market.

Figure 9 presents the results of the values of the equivalent CO; emissions as a
function of the unit power of the refrigerant charge (kW /kg). Only for R290, the val-
ues of equivalent CO; emissions to the atmosphere, both in the 20 and 100-year time
horizon, are at the same level (Figure 9¢). For other refrigerants, values calculated for
a shorter time horizon arc always of a higher value than for a longer time horizon.
The higher the CQc/m value, the lower the refrigerant mass used in the systerm. As
shown in Figure 9, higher powcers with less filling are obtained for the R290, R4104A,
and R134A refrigerants, When selecting cooling devices, we should follow the unit cooling
power for which, with the required cooling power, the lowest possible emission values
are obtained, ie., for R32 0, /m =32 + 34 kW /kg, dla R134A . /=85 + 9.0 kW kg
orar (J/m=10+11.0kW/ kg, dla RA0A Q. /m =120+ 140kW kg, dla 45418
Sm=45 F 75kW/ ke, dla R313A Qu/m = 625 + 675 kW/ ke, dla R123dzc
(2 /m=75=90kW kg

Along with the enviromunental impact, chosen propertics of R4104A, R134a and their
constituents are shown in Tables 7 and &.

48



Eneigies 2022, 17, 994

15120
Table 7. Transport and physical properties for R410A and ils substiluenls.
Transport Properties * Physical Properiies
Refri " Density Viscosily Thermal Conductivity  Critical Temp. Evaporation Condensation
elngeran [kg/m3] [uPa-s] [Wim-K]| [*C] Temp. [*C] Temp. [*C]
E410A 1062 11% (L0880 72 —51 43
R454B 9H5 115 (L1055 7 —51 47
R3z ] 114 (112549 78 —52 42
*Saturated liquid at 25 #C.
Table 8. Transport and physical prapertics for R134a and its substtuents.
Transport Properties * Physical Properties
Refrieerant Densily Viscosity Thermal Conductivity  Critical Temp. Evaporation Condensation
Elrigeran [kg.’mJJ [uPa-s] [w/m-K] ["Cl Temp. ["C] Temp. [*C]
K134a 1206 200 (LIR30 11 26 el
E513A 1171 166 (1065 a7 =30 7
R1234ze 1163 190 (L.0742 110 —14 oz
*Sahurated liquid af 25 2.
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Figure 8. Equivalent of kg COge released to the atmosphere for selected refrigerants and their
substitutes for: (a) RA10A, TH = 20 (B R410A TH = 100, o) R134a ' TH = 20, (d) R13da 'TH = 1X).
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In both cases physical properties are similar however, R410A and its substituents have
almost identical physical propertics, It is strictly connected to the use of some refrigerants
as drop-in replacement, so they must share similar physical properties. Nevertheless, one
must take into consideration the change in bransport properties as well. The comparison of
the density and viscosity values in Table ¥ dees not reveal significant differences between
refrigerants. Itis worth to note that thermal conductivity values are higher by 20% (R410A
to R4548 comparison) and by 43% (R410A to R32 comparison), The use of refrigerants with
higher thermal conductivity values may result in improved heat transfer characteristics
in heat exchangers. R134a substituents have 10-20% lower thermal conductivity and
similar densities. However, there is a substantial drop of viscosity value for R513A as a
replacement, those may result in reduced viscous losses within compressor system and
further on reduce, e.g., pressure drop.

It should be remembered that not only the GWP index but also the toxicity and
practical limit of concentration are factors that determine the environmental impact of a
given refrigerant. Table ¥ lists all refrigerants spoken in this article with their respective
CWP 20/CWP 100 ratio, safety class, and practical concentration limit.
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Table 9. Comparison between the GWE 20,/GWF 100 ralio, safety class, and practical concenlralion
limit for refrigerants commonly used in air-condifioning svstems.

Transporl Properties

Practical Concentration

Refrigerant GWP 20/GWT 100 Safety Classes Limit [kg/m?]

Homogeneous substances

R3z 3.59 AZL 0061
R134A 24 Al 025
290 1 A3 0008
R7F17 - B2 0.00035
R741 1 Al 007
R1234ze 4 Al N/iA*
Heterogeneous substances
R407C 241 Al 031
Edl04 2,00 Al 044
R454D 347 AL N/A
R5134 283 Al 03>

Mot presented because GWTP 20 and GWT 100 equals 0L % W /A the data is not vet available.

Data in Table 9 reveal that only homogeneous refrigerants such as R290, R717 and
R744 have the same impact on global warming regardless of the time horizon. Each one
has however the lowest practical concentration limit; thus, its implementation requires
additional cffort like mechanical ventilation, In addition, they have low safety classes
{beside R744). R1234ze and R32 have the greatest environmental impact in a short time
horizon. Furthermore, K32 also requites a mechanical ventilation system due to the low
practical concentration level. R1234ze is not toxic and there are no data of the practical
concentration limit vet; nevertheless, additional safety systems are also requited.

4. Conclusions

In most cases, placing to market new generation refrigerants to replace the older ones
allows to reduce their impact on the greenhouse effect observed on Earth. This is true for
bioth the GWT 100 and the GWT 20 indexes. For shorter time horizons, the reduction of the
negative impact on the atmosphers 1% not as strong as for long time horizons. In the shorter
time horizons, the differences are much lower, and the environmental impact is starting to
be significant also for new generations of refrigerants. Tt can be safely assumed that for very
short Hme horizons, it may turn out that the use of older but single component refrigerants
may be safer with regard to local climate change. Tt has been proved by comparison
of GWP 20 and GWP 100. However, still in the global and long-term perspechive, new
refrigerants that replace older ones are much less harmful in terms of COhe emissions.
Therefore, with the gradual shift to low-GWEP refrigerants and with a short or very short
lifetime, the way of considering the effects generated by emissions of these refrigerants
must also be changed. More attention should be paid to the analysis of the harmfulness of
these refrigerants in relation to a climate of local scope.

It should be noted that for all three considered ranges of COse emissions to the
atmosphere, there are always ranges of minimum and maximum values and they do
not directly depend on the unit power value of the module as well as on the power
value of ndividual devices. [t means that in all cases the design and construction of the
cooling device, including the air flows used to cocl the condensers, which are different
for individual devices, have an impact on the cooling values. The thermodymamic and
chemical values of individual refrigerants are also important,
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Furthermore, the values of COge emissions to the atmosphere are closely related to the
refrigerant charge. It is necessary to consider the determination and evaluation of cooling
devices in terms of the unit capacities obtained the so that, as a result, the greenhouse effect
is actually and realistically reduced.

Another factor ensuring the reduction of harmfulness of the refrigerants used is the

use of homogeneous gases, or mixtures with regard to their composition. It is important
especially in relation to their decomposition into individual chemical compounds, including
acids such as, for example, trifluorcacetic acid (TFA), which is a decomposition product of
R134a and R1234ze, which are components of the mixture that forms R513A.

The thermodymamic parameters of the introduced refrigerants are also important
aspects as they determine the possibility of obtaining adequate cooling with the use of
electrical power supplied to compressors and fans.

Catalogue data for refrigerants and cooling devices typically provide values for GWP
100 only. The results of the research carried out suggest that the values for GWP 20 should
also be obligatory. [t would allow to select devices with more awareness in terms of
environment protection.

Future work should focus on both the global and local impact of greenhouse gases
expressed in a simple index so that the tool for reporting emissions will be applicable to
new types of refrigerants. Ttis possible to obtain by GWP* index implementaticn. Currently,
no data are available to use and insufficient rescarch and discussion have been done to
clearly assess GWP* index.
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Przeglad zastosowania nanoptynow oraz
materiatow porowatych w posrednim chtodzeniu
wyparnym

A Review of Nanofluids and Porous Materials Application
for Indirect Evaporative Cooling

Stowa Klucaawe: wyireiane ciegela © masy, aanoczgatl, noafural-
ne covanikl cfdodniize, posrednie cifodzenle wiparae

Streszeeenie

Posrednie chiodzenie wyparne staje sie coraz bardziej popularne
7o wzeledu na wvkorzystanic przyjaznyeh dla srodowiska czyn-
ki chitodnicevch: powietrea (R-729) 1 woddy (R-T18). 1slolg
procesu jest wyimiana ciepta | masy, ktora zachodzi w svimienni-
ku, Opracowania sagranicens szeroko opisujy nowaceesne lech-
nolagie wapamagajpee len proces, podesas mly polskojescana
litcratura nic porusza zagadnicnia nicmalze w ogole. W artyvkule
skupiong sie na dwioch glhwnveh innowacjach wymkajacyeh
7 przegladu lteramry (od 2000 roku): wprewadzenin nanopdy-
niw opartych na wodzie o caslosesanio maleriahve: porows-
Tych ma powierschn kanahy mokrego. Preeanaliaowano kloceowe
parametry stosowans do opisu urzadzen do chlodzenia wwpame-
o fakae juk sprawnwesel; fermomeiry mokrego, punklio rosy oraz
egzergetyezng, widajnost chlodnicza, EER oraz COP Przed-
stawiono wyniki badan nanoplynow jedno-, dwo- i treysklad-
mkowveh. Anahea wykarsata poprawe parametrow charaloery-
zujacyveh posrednie urzadzenia wyparne wynoszace od killu do
kilkudeivsigein provent prey soslosowaniu nanophyndw w eales-
neaci od temperatury powietrza na wlocie. Dokonano preeglada
stosowanych matcrialdow porowatych stanowigeveh powicrzeh-
me kanahe mokrego, Wydsielong cotery gldwne typy stosowa-
nveh materialéns: porowate ceramiczne oraz wiokna naruralne,
polimerowe 1 leksivine, Zestawiono wady oraz zalely slosowania
Tych materiabvw wowomennmikach podrednich w celu wlatwienia
wyboru rodzaju materialu, Okreslono, ze sposréd dwich oma-
wiznveh modylikaen w pierwsee) kolepnoser naleey skumdé sig
na aplikacii materiafésr porowatych, jake 7e sa ane zwigzane
berpodrednio @ konstrukeja wymicnnika. Matominst nanophay
moena wastosowad w ursndeeniach stnigjgeych. W opodsumowa-
niu stwicrdzone. zo rozwo] technologii podredniczo chiodzenia
WYPAIMeE0 Mo slmowic islolmne orne chologicene veupetnicnic
abeenie stosowanyeh sprezarkowyeh systemow chfodzenia.
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Keywards: hea! and moss transfin, nonopaedicles, aefarad re-
Srtgreraniy, indiree! evaporative cooling

Abstract

Indirect evaporative cooling is becoming increasingly popu-
lar duc to the use of environmentally friicndly refrizscrants: air
IR-7297 and water (R-7TRL The main idea of the process is the
heat and mass transfer that takes place in the exchanger. Foreign
sludivs extensively deseribe modem lechnolowices supporting
this procesa, while the Polish-language literatore does nol cover
the issuc almost at all. The article focuscs on two main innova-
tions resulting from the Hilerature review (as ol 20010): the intro-
duction of water-based nanofinids and the use of porous materi-
als o the surface of the wet channel, Main parimeters vsed 1o
describe evaporative conlng devices include wetl thermomeler,
dew point, and cxergetic cfficiencics, cooling capacity. EER. and
COP. Resulls for single-, eo-, and three-componen! nanofuids
are presented. The analysis showed performance impravements
for indircet cvaporative units of scveral to tens of percent with
nanolluids, depending an the inlet air temperature. The applied
porcus materials nsed on the surface of the wet channel were
revicwed, Four main ypes of malerials vsed have been distin-
puished: porons ceramic and nataral fibers, polvmer fibers, and
fabric fibers. The advantages and disadvantages of using these
miaterials in indirect heal exchangers were summarized o facili-
tate the choice of material type. It was determined that of the
two modifications discussed, the ypplication of porous oo lerials
should be locused on Orsl, since they are directly related (o the
construction of the heat exchanger. In contrast, nanofluids can
b applicd e easting devices, Eventually, il was poinfed out
that the development of indirect evaporative cooling technology
eyn be an important and ceolowical complement e the comently
usel cotnpressor syslerms.

£ 2006-2023 Wivdawnictwo SIOMA-NOT Sp. £ 0.0,
All Tight reserved
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1. Wstep

Clhlodeenie wypame w lileralurae obeojeayceng) ponow-
nie ayskuje na popularmodel. Zwiaranc jest o » poscukiwa-
miem Lechnologii, kiore sy prevjaene Srodowisku oras ogra-
sy supotrachowanic na cnergly dostarczana do syslemiw
HWAC. Syslemy, kldre majg capownié komlorl 1 wymaganc
warunki wewnglre budvnkdw 1 pomicscoeen lechnicenyeh
(chtodzemie 1 klimatyaacja) g wysoee energochlonne dlate-
2o Lok poscukuje sic modliwoscel wdrosenia do takich syste-
méw chlodzenia wyparnego [39].

Wyrdénic moina dwa glowne typy chiodzenia wyparne-
g0 — bezpodrednie oraz podrednie. W plerwszym powietrze
ochiadzane ma bezpodredni kontakt z woda zraszajacs.
W odrugim powietrze ochtadzane oddzielone jest Sclankami
wymniennika od kanatéw mokrveh (rvs. 1) Powlietrze destar-
czane do wyvmiennika (3) oddaje cieplo do kanalu mokre-
2o, gdzie zachodzi jego odbidr (odparowanie wody). W ten
sposdb powietrze dostarczane do pomieszczenia (41 jest
ochtadzane, W mwiazla 7 tym. Ze w syatemis posrednim nie
dochodzi do zwigkszenia zawartoscl wilgocl w powietrzu
ochiadzanym jest ono czescie) stosowane na potrzeby chio-
dzenia pomieszezen [517,

Dlatego awtorzy artvkulu skupili sie na rechnologii po-
Sredniego chlodzenia wypamego w ujgeiu zastosowania
innowac]l, ktore nie sy opisywane w literaturze lkrajowe,
a moga pozviywnie wplynaé na rozwd| stosowania poired-
niego chlodzenia wyparnego w Polsce, gdzie klimat staje
sig corz hardzie) suchy, Na rysunku 2 preedstawiono prey-
kladowy wymiennik stosowany w postednim chiodzeniu
WYTHTITYIT.

Punkt 1 dotyvezy amiany crynnika sraszajacego = widy
na nanophyny oparte na wodzie, ldea ta wynika 7 dazenia
do Fintensyfikowania procesu wymiany ciepta pomigdzy
kanatem suchym 1 mokrym, Zastosowanie tego tvpu in-
nowac) zostato reanalizowane w crterech opracowa-
niach [21]. [22], [45], [46]. Uwrglednione parametry to
sprawnosel: punkly rosy. lermomelru mokrego orte cgaer-
pelverma, a lukie COP EER orar wydajnosd chiodnicea.
W kamdym preypadku wykacano poprawe badancgo para-
metre wozakresic od kilku do kilkudeiesiceiu procent w po-
rownaniu do wynikow £ easlosowanicm wody bee dodatku
nanocagslek.

Punkt 2 skupia si¢ na modylikacy powierschn kanalu
mokrego. Ideg jest wapewnienie rownomicrnego rozkiadu
wody po powicrachni sraseancy. Dodatkowo managasmowi-
nie wody na materiale porowatym skutkuje brakiem koniecz-
noscl clagley pracy pompy wody zraszajace]. Zastosowanie

Kanat mokry
T =

Temperatura termometru suchego

Rys. Z. Schemat podredniegn wymiennika do chledzenia wyparmegn
preykiad

Fig. 2. Diagram of indirect evaporaiive cooling heat exchanger

canmple

i

ma tu najezeicie] bawelna, jednal w literaturze znalezé
mozna badania nad pozvskiwaniem wldkien z lisci ananasa,
szczmieln biatego lub gabezaka walcowatego [43]. Zapew-
nienie polaryeia wodg calej powierzchni po stronie kanakow
mokrych jest istome, poniewaz w artykutach numeryeznych,
lctdre s najbardziej popularne w temacie chiodzenia wpar-
nego, prawlie zawsze wystepule zalozenie o rownomiernym
poleryvein powierzehni kanaly filmem wodnym. Jedynie opra-
cowanie Zhu i in. [54] nie ma takiego zalozenia, a w dodatlu
wynikl potwierdzajg, 7e ma to snaczacy wphew na wynika
analiz numeryeznych. Rerultatem, rastosowamia warsbay
porowata) na powierzchni kanahy mokrego w pordeamanin do
warstwy nieporowaate] jest wearost wydginodel chladnicre)
o okoto 20% [47].

Wispomaganic procesy asymiany ciepla wowymienmikach
ciepla preez zastosowanmie micszanin phmow 1 cial stabyeh
nie jest mmowacks. Badama nad zawicszaniem w plymie crg-
stek o rormiarze od mikrometra do milimetra zostaby pod-
Jute juez 30 lal temu [2-4]. Ze wegledu na dwse roemiary a-
wieszanyeh clat stabych nie wostaly podjele proby dulsecgo
wilradania 1) wehnologin. Dopicro w latach 900 do badan
wprawadzone sostahy nanoczastki (o sredoey mnigjsey) niz
LOH nmy [13], [14], [18), [25]), [31]. Schemal struklury na-
nopdynu wostal pokasany na rys. 30 Rowewd) badan wyrainic
dieli i na dwie deicdeiny. Plerwsey jest rodeyy plynu ba-
wovwego, Swsowane plyny oowoda, oleg 1 glikol ewylenowy
[33], [38]. Drugs deicdeing jest malerial wykoreystanyeh na-
noczgstele. Moga byvé one wykonane ze zlota lub srebra [37],
tytamu [21]. miedzi [29], cynku [53], aluminiom lub krzemu
[31], MWCNT (AMduftiwall Car-
hon Nanoinbes) 1 innyeh meta-
licznyceh, niemetalicziyeh 1 po-
limerowych  materialéw  [9],
[12]. Wraz z rozwojemn idel sto-
sowania nanopiyndw  zinten-
svlilcowano badania nad samy-
mi nanoczasteczkami. Oprocz
wylcorzystania jednolitych sub-
stancji w  publikagjach  (od
2011 roku) pojawily sig takze
wamianki o nanoczastecrkach
hybrvdowyeh [327. [40]. [41]

Fawartodd wilgocd
’ e

# -

Rys. 1. Uprosrerony schemat podredniegn wymiennika wyparnego wraz 7 interpretacja na wykresie i-x
Fig, I. Indirect e\'a]ml'aﬂve cooler s1m|1liiied scheme with ]_M;I\-'clwmeﬂ'i:: neprewntaliou
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oraz  trojskbadnikowych  [1],
[197, [50].
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Manacegstka
10100 nrm

Plyn bazawy

1-1ir%

a0-99% | abjgtodc

Kaolejnym parametrem jest sprawnoid punk-
oy (Lew Podni Effecriveness (0,00, Jedy-
na rdanica woodniesicniu do obliceenia «,; jest
Anana w mignowniku, Zamiast lemperalury
termometrt mokrego wiyle jest lemperatira
punkiu rosy: g, wykorayshywana jest do oce-
ny procesow, w kldryeh powichee moze zoslad
schtodzone poniie] lemperalury  lermometru
mokrege powiclraa na wlocie:

Il:.-'s_ 3. Struktura nanupJ}'lm
Fig, 3. Manefluid siructure

2. Cel

Przeglad skupia sig na prezentacji innowacjl wprowadza-
nych do techoologil chiodzenia wyparnege od roku 2010,
Dokonano rozréznienia na zastosewanie nanoplvndw, kidre
maja ha celu poprawe wymiany ciepla przez zastosowanie
wowodzle zraszajgee] nancczasteczek subsiancii poprawia-
jacych przewodzenie ciepla. Drugim poruszonym obsza-
rem jest modyfikowanie powierzchni zraszang] przez apli-
kagje materialdw porowatych. Zmiany te majg za zadanie
zapewni¢ rownomieme rozprowadzenie wody na cianach
wymiennika po stronie mokrej, a takre rapewnié najciensza
maozliwg warstwg wody, ktora nie bgdzie stanowila dodatlko-
Wego opori cleplnego.

Woartvkule prredstawiono zardwno przeglad zastoso-
wanych nanoplyndw oraz materialdw do modyfikacji po-
wigrzehm rraszane), jak tez wiyniki badan prowadzonyeh dla
wyhranvch rmian. Technologia chiodzenia wypamego wini-
suje sie w obeene tendencje dotyergee ochrony drodowiska,
osrerodnode energil oraz Fasobow, Dlatego rorwd) tech-
nologii, ktore rwigkszajs mozliwoic wykorzystania takich
urradzen jest istotny wooheenyveh realiach energetyernyeh
oraz polityki klimatyverne),

3. Metody

Woarlykule omowiono wybrane mody likacje wprowadeane
do echnologi posrednicee chtodrena wypamegzo. Analiza
obeymuje okres od roku 2010 do chwili obeency. Ka podsta-
wie preceladu literatury analizie poddano najbardeaie) popu-
larne (mnodylikacia powicrachn po stronie kanalu mokrego)
orar najbardeie] innowacyine (saslosowanic nanoptyndw
do eraseania wymicnnika) roowigeanic. W polskojesyeaneg
litergluree mlonmag)e na len lemal nic wyslopujy nicmalic
w ogdle — dlatego zdecydowano sie preedstawic przeglad in-
nowac)l Z tego zakresu,

Wozwigzku 2 tvm, Ze nie wszysikie badane parametry sg
opisane w literaturze polskojezyezne|, ponize] preedatawio-
no wzory do ich obliczed dla analizy nancoplyndw. Jednym
z najbardzie) popularnyeh wslkaznikow jest sprawnoic ter-
mometrn mokrego (Wet Bulb Effectiveness (&,,1). Jest ona
definiowana jako iloraz réznicy temperatury powietrza na
wlocle (1), ) [ wylocie (1), ) 2 wymiennika do roinicy tem-
peratury powietrza na wlocie (T, ) oraz jego temperatury
termometru mokrego (7T, )

Tm..s' B Tmn
S A 1)
wr Tcu,:’ - wa.l' ()

Wartosci moga przelraczac 100% poniewaZz powietrze
moFe byé schlodzone ponize] temperatury termometrn mao-
krego przy minimalnym zwigkszeniu zawartoscl wilgoci.
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Teai = Tou
Fgow = T -7 (2

il el
Ostatnim ze wakaznikéw jest efekiywnosé epzergetyezna
[Lxeryy Efficiency (£.)). Jest obliczana jako iloraz rdznicy
egzerpll w powlelrzu na wylocie (£x, ) 1 wlocie (Ex )
do rdinicy epzerpll powlietrza na wlecie (£x, ) | wylocie
(Lx,,.) po stronie mokrej powigkszone) o egzergie filinu

wodnego (Ex ) [28]:
Ex-:a.n - Exm,t'

i3)

Fux Exwa.i - H-‘-‘wn.a + waf

Opracowania  dofyczace  zastosowania  nanophmow
w chlodzeniv wyparnym bazuja na wodzie. THatego ter
w analizach wyniki zostaly prredstawione w postaci wspol-
czynnika popravwy wydajnoscl (Pevformance Enhancement
Ratio (PER)). Jest on definiowany jako iloraz roéznicy warto-
sci danego parametru (1) | wartosel dla wody (1) do war-
todci dla wody (V) ):

¥, —
PER =%-1{m% i4)

4. Wyniki
4.1. Nanopdyny w chilodzenio wyparnym

Aby w pehn rrozumice deg zastosowania nanophyu ey
procesach, ktdre opieraja sie na parowaniu, preedstraiona
ey parowuania oray wysychama kropli nanopdyno (ryvs. ).
Wocabym procesic wyrdamiono 3 isloine ey [15]. Faea 1,
w ktdre] dominue parowanic phynu bazowego (wody ). Caly
proces prechicga wostahych warunkach lermicenyeh, kiore
parametrami <blizone sa do same] wody, Zawicssone nano-
vegslecckl na Ly clapic nic wplywajy amuaccaco na proces
wttiany ciepla 1 masy. Fava [ o clap wysychania kroplic
Domimuje w nigj elckl casiosowania nanocegsick, a obje-
Lose wody jost Juz ammiggszona. Na skulek wysokic) prec-
wodnoscl cleplne] nanoczgstek, obserwuje sig chwilowy,
owallowny wzrost temperatury oraz strumienia preekazy-
wanego ciepla. Wlasnie ten etap jest kluczowy dla procesu
parowania. W pordwnaniu do kropli wody, czas od spadnig-
cia na powierzchnie do powrotu do stanu sprzed zraszania
Jest znacznie kedtszy, W fazie [ powstaje juz tylko osad

Fazal Faza Il Faza Il

- ':. hd '.n' . o A o el
P
L

Rys_d_ Schemat parowamnia oraz wysychania manophynuo | 15]
F‘ig_ 4. ManaHuid et':lpo'raﬂon and ﬂl'lellll‘ scheme |15)
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nanoczastek na badane] powierzchni, Nalesy swrocic . TABELA 1. fwiekszenie przewodnosci cieplnej (4) nanoplynu
uwage, 2o na skulek wykorzystania nanocegsick, dred- w stosunku do wody

mea kropll w trakeie parowania oras wysyehania jest  TABLE 1. Increase in thermal conductivity (4) of nanofluid relative
jednakowa. Nie dochoda waem do emnicjscenia po- e waler

wictzchni kunlulklu wody 1 powiclrza, na kuore) zachodi 0 e Nano Stosunek | oo
Proces PartaswidTing. crasthi llh,il,‘hl!it'i. a LY Leg T

Jedymie ““““th'“}' oparle na wodeie wykoraystywa-  Laong | Chandrascar cral, (1) | AL0. 0,33-3,11 1,6-9,7
ne sy w chlodeeniu wyparnym dlategeo s dalsan cegse 3010 | Yergamehs et al[32] D . -
vpranicza sig tlko do lepo rodeaju nanoplyniow, Wana- || ot E ']_' = ~ - -
lizowanym okresic badane w publikacjach nanocegst- 2901 | Lesetal. [26] Sic 30 n.2
ki o tenek glinu (ALO.), nanodiament (WD), weglik | 2002 | Khodkar cral | 23) i) 1073 55323
krzemm (SiC) tenek miedzi (Culh), ditdenek krezemu 016 | amin el S0 0 1.0
(S10;). miedz (Cu). tlenek tytanu (TiO,) | denek magne- 1) e 04 CudTiO, | 002006 |30250:10-150
zu (MgO) W otabeli 1 przedstawiono rodzaj badamych

. ' . 17 T, 2

nanoczastek zawieszonyeh w wodzie wraz ze stosun- 2018 [ leonzeral [27] CuTio, A 2.8
kiem objetosci oraz zwigkszenle przewodnodcl cieplnej | 2021 | Muww et al [35] Culd-Maid 1.3 14,11
(A0 W zaleinodel od rodzaju oraz stosunku objetosel
nanoczgstek zmierzone zwickszenie przewodnosci clepl- Analizie poddano kelejno parametry: sprawnosé termoime-

ney (A) wynosi od kilka do nawet kilkudziesigemn procent.  tru mokrego, sprawnosc punkiu rosy, LER oraz wydajnose

Samo zFwiclszenie przewodnoscl cieplng] nie stanowi chlodnicza. Wynilki PER takse wahaja sie w zakresie kilku
a przydatnosei do zastosowania nanophynow w chlodzeniv - do killudziesigciu procent. Jednak w preypadku kardega
wypamym. Dlatego teZ pod wwage wzigto badania 7z udzia-  z parametrow widoczny jest wzrost 'ER wraz ze wzrostem
fem nanoplyndw przeprowadzone na wymisnnikach wypar-  temperatury powistrza na wlocie do wymiennilka. Wyniki sa
nych, krzyzowym (CrF) [45] oraz preeciwpradowym (CoF)  zaprezentowane w funlceji temperatury powistrza na wlocie
[46]. W analizie wymiennika krzyzowezo wykorzystane  do wymiennika na rys. 3,

Jednoskladnikowe nanoplyny z domieszka ALOD, Tid., Oprécz nanoplyndw jednoskiadnikowych, badaniom pod-

Cul, W wymienniku przeciwpradowym zastosowano jedy-  dano takre nanoplyny hybrydeowe trdjsldadnikowe [22] oraz

nig nanoplyn z zawiesing Al hybrydowe [2]. Oba eksperymenty przeprowadzone zostaby

7. wyvkorzystanicm tego samepo

a) Irh rodzaju wymienmiku CoF. Jed-

o o makowe byly tak?e wanmki te-

¥ Cut} (Cak) stovas tfemperatura  wermometns
= o e o sl ISEFT

= AL, (CoF; 5 suchego na wlocie 353°C, wilgot-

?1:1— ALLL Ry L 15 nost wroledna powictrza 33%;,

2 o 3 preephyw objgtodeiowy na wlocie

Ew . 0,28 m¥s, W opreypadku zastoso-

E i wania kardepo 7 nanophmow wi-

E E _— dovenu Just pupnm-a.uz}-ﬂk_anych

451 _ % 54 — paramelrow w pordownanin do

E —— & widdy, Popraws la nie preckracea

e jednak kilku procent, co prey na-

M@ e 2 A A M I W a1 41 4 e T kladae prac ewiacanyeh « pray-

Temperatura powietrea na wlocie, “C Temperatura powietrza na wiocie, °C

golowanicm  nanoplyniow [168],
0 d moFEe nie prevnosié wymicrnych
eleklow. Majwicksee rodnice mig-

nédw dla sprawnescl punkin rosy
araz COP (rvs. 6 a), a’), by, b))
Jale  wykazano  samo  zasto-
sowanie  nanoczgsteczek  jest
a0 i":'. z't ﬂ'xi 'Ss JIIJ ":2 3'4 Slti 8 !:I\.'I -1'2 44 -e'ﬁ n z".'. 2'; zlr. 1|< 3'|| _':a 3'4 3'r. ] :.::l 4'2 4:1 .'s- 1spome “‘j" pracesie l.‘l('lpl'_fl‘lﬁ"}" “'-1_"-'
Temperatura powietrza na wlocke, “C Temperstura powictrea na whode, “C miany ClEl,‘IiEI. PrEes Z‘.K’IQ:I{SZ{!U[E
przewaodnoscl cieplnel, 72 punk-
Rys. 5. Wskadnik PER przy wykorzystanin rinych nanoczastek w nanoplimach opartych na wodzie 1 widzenia tego opracowania
wnit-mimniku CoF i CrTw I'unlse_iil.em!mra[urydum wlocie: n}sprnwnaéf termometrn mokrego, bl spraw- istotny jesT takse fakt, 7e proces
nosé punkiu rosy, ¢f LER: 4 wydajoosd chloduicen [45]. [46] dparowania o iest 7
Fig. 5. PER due to use of different nanoparticles in water based nanofluids for CoF and CrF exchanger a l.El\ll‘ZWh ld nanopiy ]_lll- I|ES_ Z10-
(as a function of inlet air temperature): a) wet bulh effectiveness, by dew point effectiveness. o) FER, I-El‘.lSth(‘l‘-'r'ﬂnj-' W OO A do
d} eolling capacity [45]. [46] wody, Wozwiazln z tvm istnigje

] P . dey eastosowaniem hybred Lrog-

> 1 o~ 4 nikowveh 1 hwvbry -

. L . - ktadnikowyeh 1§ hyvbryd zauwa

i 3 = Zy¢ mona w sprawnescl egzerge-

E E w0 tycznej (rys. 6 ¢) i ¢')). Matomiast

& - ) §25' - pordwoyvwalny  PER osiagany

E“ . e ! jest w obu rodzajach nanoply-
= ——

=
"\.
Wdajneid chi

1]
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moFliwose zastosowania nanophyniw w procesic podrednie- 4.2, Modyfikacja powicrzchmi

o ehtodeenia wypamega. W preywoltanych opracowaniach

wykasano poprawe wybranych paramelrow wymicnnikdw Istotnym celem mody (ikowania powiercchm Scianck wy-

weywanyeh w procesic chlodecnia wyparnego. micnnika po stronie mokre] jest sapownmcnic rownomicrne]
Malezy swrdend uwage na brak ckspervmentalnych badan 1 modliwie clenkiy] warstwy [ilmu wodnego na caly) po-

waslosowania nanophynow w chlodeenio wyparmym. Wyniki  wicrechnl craseanci. W pracwacyn wreadeeniu moze dojée

numeryeene, bee polwicrdeenia na uregdzeniach modelo-  do syluac)i, gdy lylko cecdd Setany po stronic mokrej jest po-

wyeh lub recceywistyeh mogy snuacenic odbiegad od wyni- kryla flilmem wodnym, co ogranicra powierzchng, » kioreg

kiw doswiadesalnyeh. worda odparowwje. Polengjal procesu chlodaenia wypamego

jesl wolen sposob limitowany. Su-
mej wody na $ciankach nie moie
byé takie zbwi duzo. Woda, ze
a) a7 wzgledu na duze cieplo wlasciwe,
staje sig dodathowvim izolatorem
na drodze wymiany ciepla migdzy
kanatem suchyin | mokrvin, Sche-
1 mat problemdw z filmem wod-
nym po stronie mokeego kanalu
1ues pokazano na rvs. 7. Naleky takée
berwzglednie wriad pod unwage
— rodzaj materiatu. ktory wykorzy-
stany jest do wylkonania samego
wymiennika, Nig kazdy z materia-
tow stosowanyeh do polaywania
£ seian kanalu mokrego jest wodo-
E odporny. A to wilasnie wodood-

parnoss i zapewnienie setvwnoscl
b b kanstrukeji jest wymagane od ma-
teriatu, 7 ktdrego wymicnnik jest
zhudewany,  Obeenie  stosowane
a8 Solany 7 pworzyw setucenych,
ktore sa atrakevine pod wegledem
'FI]'l‘£l1‘.|.‘\il|:'I‘\A"ll.-"ITI.L A AATAZCMm 7‘£1].1C’“’I'Ii<'1-
ja setywnose konstrukeji. Cresto
spotyka sig roramies aluminium,
B o 15 ktore ma bardao  dobre  wladei-
wodcl preewodzenia ciepta {mig-
ey kanatem suchyim 1 mokrym).

Trajsktadniliowe nanoceastki hybrydowe Nanocegstki hvbrydowe

i 5
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:

:

Spriwno puidcu raay FER, %
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&

Sprawnosd purdktu ros

s DT L | || |
: N .

AL L 210% o

151 15045 -

:

LI o
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e a0, 4

;“% £ F _f} £ F ...E'k g oF & 53‘ f {}:hv;:uuic W Iﬂ(m.‘i?]’letjil 1:.\‘}-1111'4:11-

£ ;53' ;’ ] ;;' & & F O£ S F 5 mika dyiy sic do jak najeicnseych

i ;"é_* 5 c;?' & F # dcian o dure] preewodnesen ciepl-

ail TR N 5" ney T wysokie] cwilzalnosel po stro-

¢} ) me kanahy mokrego. Ma w ghow-
(s 6 e wpbyw na wymiary uregdeen
;m gm'-s- do podrednicgo eblodeenia wy-
E £ parncgo. Bospowscechnicnic sto-
Euw gsm&- sowania te] technologii wymaga
E'm 2o budowy kompalkiowych wzadzed.
B Charalderystyezng  cechg  po-

go.m 'épr-:s.- srednich  wymiennikéw wypar-
o el n;«_'ch jest zageszezenie kmmié_w.
Iie pozostaje zatem zbyt wie-

oo L8 s le przestrzeni na pokevele Scian
& & {f £ sf Qf Qf S; R_:'% 3{9" i ;f wymiennika dodatkows warstwa
O Q; ‘f ¢ g £ ¥ ¥ ¥ F g materialu. Poza niewielky eru-

& 5 = Q'E J boscia pokrycia wymagane jest

B tak¥e to, aby material byl hwdro-

filowy i pozwalal na latwe odpa-
Rys. 6. Wskainik PER pray wylorzystaniu nanoczastek hybrydowyeh avaz frajskiadniliowych w na-  rowanie wody z jego powierzchni.
nophvach opartveh va wodzie w wvmiennilu Col” w Tunkeji temperaury na wlocie: a3 i a”) sprawnosé W literaturze wyrd#nia sie czfery
punkiu rosv: by L LYY COP: ) i o) spravwnesd epeergeliycena [21]. [22) o L I
Fig. b PER due to use of hvbrid and ternary naneparticles in water based nanofluids for CoF exchanger gl’{’“’_ne l.lls”lJEEllEl.l}' dD palcr}"muua
(a5 a function of inlet air temperature): a) and a’) dew point effectiveness; b} and b*) COP: ) and j_.'l('l\'-'r'lEl'ZC].Illl kanaléw lllel'j-'Ch:
c") exergy effectiveness |21], [22] Ceramiczny porowaty oraz frEy
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rodzaje wlokien: naturalne, polimerowe 1 tekstylne. Zesta-
wivno widy, sulely orae arodia heraturowe dla kaddego
maleriabu (labela 2. Wiskamno lakie, cay dany matenat jest
prevdainy do stosowania () oray coy MA on ograniceeniy
prey zaslosownin w eldodecniu wypamym (+).

Zuslosowanie malerialidw porowalyeh wynika « dyienia
do ograniceenia ceasu pracy pomp wody srascajgec]. Wosy-
Luacyi, kiedy na deianach kanatn mokrego woda bedsie ama-
pasynowany, o nie ma koniceenosed cigglego joj doslarcea-
mia precs pompy. Wocelekeie ogranica sig sapolrachowanic
na energie elekiryezng. a tyim samym bilans energii dostar-
czonej do ukladu staje sig korzysiniejszy.

Porowate materialy ceramiczne cenlone sg za mozliwosd
magazynowania znaczacyeh ilogel wody w swoich porach.
Ich zageszezenie pozwala takie wydhluizyd czas kontakin
preephywajgeego powietiza z filmem wodnvin, lednak wraz
z¢ wEroslem porowatosel, pogorsza sie wytrzymaltoscé mate-
riatu i staje sig on kruchy 1 podatny na nszkodzenia. Zasto-
sowanie takich materialdw w uldadach posrediiego chlodze-
nia wyparmego nie wymaga jednak osiggania maksymalnych
wlasciwosel magazynowania wody w materiale ceramicz-
nym, W zwigzky z tym istnigle mozliwosc bezpiecznego
stosowania tezo rodzaju materiatu [44].

Wldkna naturalne z kolei sa latwe oraz niedrogie w pozy-
skaniv i prevgotowaniv do uzvtku. Natomiast w wigkszoscé
tych materialéw kontakt z woda powoduje rozwarstwienie
ich wldékien. Dodatkowo warstwa whdlden w krdtlkim okresie
pokrywa sie plesnig. Wystepuja gatunki rodlin, ktére maja
wigksza odpommose na plesn, lecr me elimmuje to proble-
mu catkowicie [5]. W celu srersregn mastosowania takich
materiahiw nalefatoby rorwazye wrywanic Kompozytow
7 wlokien naturalnyeh oraz polimerdw, jednak nalezy weind
pod uwapge moFliwoscl oraz wymagania procesu produke)i
takich kompozytow [ 30].

Whikna polimerowe shuzg cresto do pokryeia Seian kana-
ow aluminiowyeh lub wykonanyeh = tworeyw sztucrnveh,
Whalma te sa odpome na korozjg oraz osadzanie sic kamieni
a wodnega, a jednoceesénic cechujy sic modlivodely maga-
eynowania wody, Jednak bardsic) popularme staje sig lwo-
reenie membran komposylowych opartych ng tworey wach
selucenyeh (polistyren, polipropylen, policlylen ey PET)
[30]. Zaletami e lechnelogin jest produkeja maleniatu, kio-
v umozlivi skensiruowanie lekkicgo, mnicjszego 1 irwate-
o wymicnmika. Dodatkowo w procesic produkeji materiatu
w talwy sposob modng weyskad flisly lub zebrowany kselabl
wocclu wwickszoma powicrachn wymiany ciepla [30].

Whakna tekstylne, pomimo najlepszyveh wlasciwosel pod
wzgledem chiodzenia wyparnego
{absorpevinosd oraz  odparowanie
wody), majg najgorsze whasciwodel
wylrzvinalosciowe, Konieczne jest
stosowanie tego typu materiabdw

and applicability [30]

byt gruby
fileny wodny

Biwenomierny
filen wodn}-

Eanal suchy
Kanat mokeyr

£
T

Ciprandczende
wymiany ciepta

Ogrankezerie
parcwania

Kys. 7. Pokryeie powierzehni wymicnnika po stronie mokrej filmem
wodnym
Fig. 7. Water filn coverage on the wet ¢channel surface

masowo  produkowanyeh wymiennikdw ze porowatvini
strulcrurami powierzehni wymiany ciepla przedstawiono na
rvs. 8, W przypadlou firmy SEELEY w wymienniku Coole-
rado HMX stosowany jest polimer. Natomiast w produkeie
Wind Domination firmy AOLAN jest to kompozyt celulozo-
Wi papierowy,

5. Wnioski

Przedstawione wyniki wskazuja na korzystne cechy na-
nophynow opartyeh na wodzie stosowanveh wowypamych
wyniermikach ciepta. Wyniki badan potwierdraja snacrng
popraws prrewodneded eieplneg] nanophymndny, prey covm wy-
nost oma odn 16% do 25,0%,, Jednoczednic wskazano na sku-
tecFnoss Fastosowania nanophmow w procesach chiodzenia
wypamego, mdrie w zalegmosel od temperatury powictrza na
wloeie do wymiennila poprawa wybranyeh parametiw sig-
gata kilkudmesigeiu procent.

Nie nalesy rapominad o wrrastajaeym sterenin wszystkich
substanegi toepusacconyeh wowodae srascajaee), klory jest
skutkicm jej odparowsmia, Dolveay o lakie wspomnianych
nanophyndw, kiore sy roctworem nanoceastek 1 wody, Prey
doborze rodzaju materialu nanocegsiek nalezy brad pod wwagg
WY TMIEAZAN A procesOw preygolowania dancgo nanoplynu, kldme
mogg byénie ylko kosalowne, ale lakie energo- 1 caasochionne.

Wehdr maleriatu na kovstrukejg wymicnmika ot do po-
kryein powicrachni kanafdow mokryveh powinien byd wyni-
ke analizy wladciwosel [Layemyeh danego materiaho, Zada-
niern konstrukeji jest zapewnienie trealosel oraz zapewnienia

TABELA 2. Wady i zalety oraz przydatnoesé wybranyveh materialiw porowatych stoso-
wanych w chiodzenin wyparnyvm |30

TABLE 2. Porous materials used in evaporative cooling disadvantazes and advantages

na sztywnyeh oraz wodoodpornyeh

o ’ . ' Materia Wady Lalety Frivdta Preydatnogé
sclanach w;elmeumkﬂ. _“ Lyin pray- Ceramiceny kruchingé porowalog, Thamrnel 1 an. (2001450200 -
padku moga byl takie stosowane | porowars ' magazrynowania wody | Chen i in, (2021]11]
membrany kompozytowe oparte na :

. ’ pozyt P Wiitkna S — L h“’“; ) Lard in, (20213 |30
whiknach tekstylnych. ktére czg- nislurloe e d] plesod koniecznosci . Sollo 1 in (2022 [42] =
dciowo eliminujy problemy spowo- | dodatkowych "l:“’h“k { - .
dowane nickorzvstnymi wlasciwo- | Wiskna kosal, Byczenie | antykorozyjnosd, Achari T, (2010 [£]
L . o olimerowe 7 materiatarn rhipnmnhc na Velagoo Gomer | in. (2002 +
sciami fizyeznymi [30], r Y| wodosdpornymi | osadeanie sie komienia | [48]

W przeciwienstwie do nanoplv- FI— 011 |3

) P i l. b Wiitkna ) y plastycznogs, \1:,nm\_u.~. Iqm. [_‘111_;’;] Bt
néw, struktury porowate s szeroko | o iniglkkodc S, Dwan Din (2016)[17] 1

X E slylne un by looriseynaosd . 5 N
apisywane w literaturze. Przyklady RS il
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Rys. 8, Preyklad zastosowania: a) materialu polimerewege w wymien-
niku Coolernde IIMX firmy SEELLEY [42], b) kempoeyiu celulozewo-
-papicrowegs w wymicnniku Wind Domination firmy AQLAN |7]

Fig. . Example of application: a) polymer material in Conlerado HMX
by SEELEY [42], h) wood pulp paper tiber composite in Wind Domina-
tion by ADLAN [T]

szezelnodel miedzy czedcia suchy 1 mokry. Natomiast materia-
by porewate, kidre sg obecnie preedmiotem badaf, maja za-
pewnié réwnomierne powstawanie mozliwie cienkiego filom
wodnego na calej powierzehni kanatu mokrego oraz zmaga-
zynowad wodg, Lfekiem jest zwiekszenie wydajnosci nawet
a 20% oraz skrdcenie czasu pracy pomp wody zraszajace).

W ostatnich latach temat chlodzenia wyparnego coraz cze-
sclg] pojawia sig w literaturze, a poniewaz chiodzenie to nie
ma negatywnegoe wphnwu na srodowisko, to proces fen staje
sle popularny i coraz czescie] stosowany, Gldwnym ogra-
niczeniem stosowania chlodzenia wyparnego jest panujacy
klimat i hezposrednl kontakt powietrza z woda {zagrozenie
balteriologiczne). Obecny rozwd| technologii posredniego
chlodzenia wyparnego oraz innowacje omdwione w artykule
poraslagg wninskowad, Fo ta technologia chlodzema powie-
trea na potrzeby klimatyrac)i bodzie stawata sig popularna
riwnic? poza ohszarami kliman suchego,

6. Podsumowanie

Opisane woartykule inmowacje wprowadzane do techno-
logn posredniego chlodzemia wypamepgo Swiadera o mozh-
wodel wykorzystania tepo typu urradzen nie tyllko do celdw
preemysfowyeh, ale lakze na cele chlodecma obickiow wiyl-
kaowyeh 1 micsekalnyeh, Woswigeku 2 duwiy saleimosely wy-
dagnodei uregdecnia od paramelrdw powiclra zewnglene-
po, nalery rozpatrywad lechnologic chtodeenia wyparnego
woaspekeie wrsadeen wapdpracwacych se slandardowymi,
sprozarkowymi uktadam chlodnicaymi.

Korewsing cechy eblodeenia wyparnego jest bruk nega-
Lywnego wpbywu na srodowisko. W oym wypadko coymmbka-
mi chiodniceymi sq: powiclrae (R-72Y) orax woda (R-T1H),
ktérveh wavwanie nie powoduje bezpodredniej emisji CO..
Dodatkowym atutem technelogii jest prostota konstrukeji
wrzadzen | niewielkie zuiveie energii elekirvezne] do napedu
pomp i wentylatordw,

Warlo zatem rozwazy¢ wprowadzenie nanophlvndw czy
powierzchni porowatych do podrednich wymiennikdw wy-
parnych. W plerwszej kolejnodel nalezy zatem rozwazaé
maodyfikacje powlerzchni zraszanej, kidra jest bezposrednio
Zwilgzana z procesem produkeji wyimiennika, Dopiero w dal-
szvm efapie aplikacja nanoplyndéw jest nzasadniona, ponie-
wai moze to zostaé wykonane hez koniecznoicl ingerencji
w konstruke)g samego urzgdzenia,

Dodatkowo za zastosowaniem powierzehni porowatych
przemawia fakt, ze 53 one ogdlnie stosowane w produkowa-
nych ohecnie urzgdzeniach do posredniego chiodzenia wypar-
nego. nanophmow jest jedynie opisane w literaturze, a wyniki
nie a7 poparte wynikami badai urzadzen rzeczywistych,
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Abstract: Dewpeint indirect evaporative cooling (DIEC) offers an energy-efficient, eco-
friendly alternative to conventional air conditioning by using water and air to lower
temperatures. With the rising demand for sustainable cooling solutions—aspecially in
regions facing water scarcitv and high energy costs—optimizing these systems for real-
world conditions is more important than ever. One major challenge is ensuring that DIEC
systems perform well when water is supplicd intermittently rather than continuously. In
this review, we examine how intermittent water supply affects the cooling performance
and overall efficiency of DIEC systems. We discuss recent studies that highlight the
importance of key factors such as the propertics of heat exchanger materials, design
modifications, and control strategies, Our analysis reveals that while innovative materials
like hyvdrophilic membranes and adaptive design features can improve performance, their
widespread usc is often limited by cost and scalability, We also point out critical rescarch
gaps, particularly in applying intermittent water spraying to non-porous heat exchangers.
Owverall, our findmgs underscore the need for integrated water management strategies
in DIEC design. We advocate a cross-disciplinary approach—bridging fluid dynamics,
material science, and environmental engineering—to develop more resilient and sustainable
couling technologies.

Keywords: natural refrigeranty; air conditioming; sustainable cooling; energy efficiency

1. Introduction

Energy consumption for air conditioning {AC) has increased dramatically over recent
decades due to Improvements in living standards [1,2], urbanization [3,4], and climate
change |5[. The reliance on AC systems to maintain thermal comiort has led to signifi-
cant respurce depletion and increased carbon emissions [6]. Globally, buildings account
for approximately 30-40'% of total energy consumption and a comparable share of CO,
emissions |7]. Among the various contributors, Heating, Ventilation, and Air Conditioning
(HVAC) systems consume nearly half of a building’s total energy use [5].

With the global population spending more time indoors, the demand for efficient
and sustainable cooling solutions is increasing significantly, This is especially true in
rapidly developing regions such as China, where conling-related electricity demand in
non-residential buildings is projected to rise from 166 TWh in 2015 to 564 TWh in 2050 [9].
The Middle East and Morth Africa (MENA) region faces increasing cooling demands, with
space cooling energy use growing by 396% from 1990 to 2016 [10]. Also, in the ULS,, research
indicates that rising temperatures and humidity levels are projected to increase cooling
needs by up to 8-15% with 1.5-2.0 °C of global warming |11].

Lheigies 2025, 14, 2296
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However, the challenge of space cooling is multifaceted. It is not only the increasing
temperatures and humidity [12] that pose a problem but also the rising costs of energy. If
immediate action is not taken, global energy consumption for cooling is projected to more
than double by 2050, putting immense pressure on power grids and increasing greenhouse
gas emissions | 13].

Tor address these challenges, cooling solutions can be categorized into passive and
active methods, as illustrated in Figure 1. Passive cooling techniques focus on reducing
indeor temperatures without the use of mechanical systems. These methods are often
integrated into the initial design of buildings and urban landscapes to create naturally cooler
environments. These methods, when implemented correctly, can significantly minimize
the reliance on active cooling |14-16]. As thev do not consume energy during the building
lifetime, they should be implemented as the fivst option. However, sometimes, this is
impossible due o existing architecture or other spatial or policy restrictions. Then, active
cooling solutions (the right side of the figure) can be implemented. They involve mechanical
and technological systems that actively regulate mdoor temperatures by removing heat
from buildings, These systems bypically require clectricity or other energy inputs, making
them more resource-intensive than passive solutions. However, they provide precise
thermal comtrol and are widely used in various climates and building types. Among those,
conventional vapor compression refrigeration systems dominate the AC market, duc to
their long history of development, reliable performance, and widespread availability.
These svstems, however, depend heavily on electricity and envirommentally harmful
refrigerants |17]. Alternative technelogies, such as absorption and adsorption cooling
systems, have been explored but often face challenges such as high costs, complexity, and
low efficiency when compared to conventional vapor compressor systems [15].

PASSIVE COOLING SOLUTIONS | ACTIVE COOLING SOLUTIONS

i
green and blue spaces | fans
i
]
]
1
1
district layout i air conditioning E
1
i — Q
= S
building orientation = g i = district cooling
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n | [ ]
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Q) evaporalive cooling d Q
T=F 0
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] g

I o renewable ENETEY S0Urces

shading thermal energy storage,”
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Figure 1. Passive and active couling selutions examples.

2. Evaporative Cooling Technology
In this context, evaporative cooling (EC) technologies appear as energy-efficient,
refrigerant-free alternatives to other mechanical cooling systems. By using the effect of
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just water evaporation, EC requires up to 80% less clectricity than conventional HVAC
systems [19].

2.1, Choermeie

As a principle, EC relies on the latent heat of vaporization. As water evaporates,
it absorbs heat from the surrounding ain, lowering the temperature. In practice, warm
air is passed over a wetted or water-saturated surface, where sensible heat is used in
the liquid-to-vapor phase change. This cooling effect is more pronounced under lower
humidity conditions.

Consequently, EC systems are more sustainable than traditional vapor compression
refrigeration, as they consume less energy, lower greenhouse gas emissions, and avoid high
global warming potential refrigerants. Their simple design also reduces both initial capital
and maintenance costs, making them suitable for sustainable development, especially in
arid regions with access to water,

Integration with rencwable encrgy sources further enhances the environmental ben-
efits. For instance, coupling evaporative coolers with solar-powered fans can create seli-
sustaining cooling systemns [20,21].

Evaporative cooling technologics have demonstrated significant potential for im-
proving energy efficiency in cooling systems compared to traditional vapor compression
systems. Studies have shown that evaporative cooling can enhance the energy efficiency
ratio (EER) of chillers by up to 63% when using cooling towers and improve the EER of
air handling units by 67% with indirect evaporative cooling (IEC) |22]. EC hybrid and
multi-stage designs have shown the best performance, reaching coefficient of performance
{COP) values as high as 3% [23]. Evaporative-cooled condensers can increase the COP
by arcund 50% and decrease power consumption by up to 20% compared to air-cooled
condensers [24]. TEC systems have demonstrated very high COPs in hot, dry, and humid
climates, requiring cnergy only for fans and a small amount of water [25], Experimental
studies have shown that evaporative cooling can increase the COP by up to 44% and
decrease power consumption by 20% in split airconditioning systems [26].

Owerall, EC technology is promising. Howoever, it faces challenges in humid envi-
ronments or where water access is restricted. Still, recent research and development aim
to overcome these himitabions, potentially increasing 1ECs market share m the coming
decades and reducing energy consumption and carbon feotprint in the building sectar [27].

2.2, Fundamentils

Evaporative cooling has been used by people for a long time now [28-30], as the tech-
nology is simple and affordable [31]. The progression from direct evaporative cooling (12EC)
to indirect evaporative cooling (IEC) is illustrated in Figure 2, highlighting advancements
in cooling performance and control over humidity. While DEC reduces air temperature
through direct contact between aiv and water, it results in an increased humidity ratio of
the treated air, [EC improves upen this by preventing a humidity increase in the treated air
but is constrained by the wet-bulb termnperature as the cooling limit. DIEC overcomes these
limitations by achieving air temperatures below the wet-bulb temperature, approaching
the dewpoint, One of the latest development paths integrates an intermittent water spray
system into DIEC to enhance energy and water efficiency, further advancing the sustainabil-
ity of the technology. The evolution of EC technology with a short description is presented
in Figure 2.
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Direct evaporative cooling decreases the treated air
DEC temperature by direct contact of water and air, causing
increase in humidity ratio of the treated air

<. Indirect evaporative cooling ensure no increase
TEC |in humidity ratio of the treated air but the
cooling potential is limited to the wet bulb temperature

<‘ Dewpoint indirect evaporative cooling allows to cool
DIEC |the treated air below wet bulb temperature but it is
limited to the dewpoint temperatire

% Intermittent water supply as a development of DIEC
to reduce electric encrgy and water consumption

Figure 2. Evolution of evaporative cooling technologies toward 1IEC.

Im order to clearly state the differences and the limitations that occur in BC, a schematic
representation of the device and channel arrangement with a psychometlric representation
is presented in Figure 3. As a supplement, Table 1 presents a comparison of the system in a
comdensed way, consisting of crucial aspects in three evaporative cooling technology types.

Wetbulb temperature

Water film  Treated air
| 1

I[EC ———>"1 -

i Water film Wet channe
|- | |
‘-'f - 1 T P 3
A e :
]
.d.)i [
@ 1 2 -4 1
,.é ¢ E e SUESNEALE WE A o d i
Dy channel L - /
@ - ]'Jt-‘:wpmnt temnperature
DIEC mnmmnen
/T j TL"'-"atelr film Wet channel
i @ ! P T S
T =l ¢ | - - ! -
(BN P — >4
@ E ~ - ,.;'J?_, « B ]
P 2% 1 ; _
=3 W s W | i s -
I N s - ! " " = - ! 2}5@ Dr}"ﬂ'l'r.'l.[lﬁé
Dy channel EAAY . /
@ - D&vammt I'efmperahrre

Figure 3. Operational principles and thermodynamic interpretation of DEC, TEC, and DIRC.
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Table 1. Performance and efficiency comparison of DEC, TEC, and DIEC.

Parameter DEC

IEC

DIEC

Untreated air passes over a
waler film, leading to direct
evaporation and Cuuling.

Process

Air passes through
separate dry and wet
channels; heat is
transferred from the dry
channel to the wet channel,

Builds on TEC with part of
cooled air relumed into
wet channels.

Adr is conled but gains
humidity, following a
constant wet-bulb
temperatire line,

Result

Air is cooled without
increasing humidity

Achieves cooling below the
wet-bulb temperature.

Performance is limited by
increased humidity,
making it less effective in
humid climates.

Thermodynamic
Limitations

Separates air streams for
humidity centrol but still
limited by wet-bulb
temperature.

Partly returned cooled air
canlead to approaching the
dewpoint temperature
limit.

Energy-efficient but
dependent on ambient
humidiby; less effective in
humid regions [32,33].

Efficiency and
Applicability

More efficient than DEC
and suitable for dry
climates | 34,33].

Highest efficiency; suitable
for both dry and hurmid
climates [36].

Fan, wetted surface, and

Typical Components water supply systemm.

Fan, heat exchanger, and
water distribution system.

Fan(s), heat exchanger, and
water distribution system.

High energy savings, low
greenhouse gas emissions,
and simple design.

Advantages

Increase in treated air

Limitations . .
humidity ratio.

Maintains humidity
control; more effective than
DEC in dry climates.

Cooling limited to
wet-bulb temperature.

Achioves the lowest
temperatures; is highly
energy-efficient and
adaptable to various
climates,

More complex design.

3. Research Gap and Scope

Recent review articles on the topic of EC have been presented by the authors in Table 2.
Omly recent reviews have been chosen from last three years. Recent advances in evaporative
cooling technologies have been investigated across multiple research domains. Tach paper
is described with a short summary. Together, these works demonstrate the growing
scientific interest in evaporative cooling in many different directions and applications.
Hardly any of the recent reviews taclde the water management system or heat exchanger
gurface modification in a comprehensive way.

Table 2. Recent research reviews on evaporative cooling,

Source Summary

Critical review of the thermodynamics and kinetic theories behind liquid-vapor
transitions in evaporative cooling, comparing models like Kirchhoff-type and
Hertz—Enudsen formulas to improve efficiency and design.

2025 [37

Comprehensive overview of the cumrent techniques vsed for evaporative cooling
systems for photovoltaic (PV) modules, highlighting their petential to improve the
overall performance of PV systems, especially in hot and dry climates,

2024 [35]
Review of advances made in evaporative cooling technologies and their potential as a

promising alternative to conventional mechanical cooling systems for providing indoor
thermal comfort.

2024 [19]
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Table 2. Coni.

Year

Source

Summary

2024

2023

[36]

Comprehemsive review of dewpoint evaporative cooling (DPEC) technology, including
its principles, performance improvements, mathematical modeling, and integrated
applications in kath hot and dry as well as hot and humid regions,

Conceptual review of evaporative coeling technologies, including their working
principles, types, and advantages over conventional HYAC systems in terms of encrgy
efficiency and environmental friendliness.

2023

022

2022

[41]

[41]

[32]

Comprehensive review of the current literature on ditect evaporative cooling (12EC)
systems, focusing on the different approaches adopted to model and predict the
performance of these systoms,

Review of the different types of evaporative cooling technologies and their applications
in providing energy-efficient and envirommentally friendly cooling.

Comprehensive overview of dewpoint evaporative cooling (DI'EC) techniques,
including their current applications, limitations, and future research directions to
support carbon-neutral development,
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3.1, Research Gap

Ther authors identify the research gap in this section. As presented in Fgure 2, the
development of EC technology is moving toward IEC and even further to DIEC. As it is
the most developed configuration, ideas on further development were presented by the
researchers. One of the main methods was to reduce water pump energy consumption,
adeopting the idea of using porous materials that can store water within the heat exchanger.,
The results are visible in Table 3, which presents basic data on studies that evaluated
intermittent water spraying (coefficient of performance (COP), wet-bulbh effectiveness
(&) and dewpoint effectiveness (£g,) are also presented). Only one work investigated
intermittent water spraying in a non-porous heat exchanger. As a supplementary but
crucial part, the spray Hme and pause lime are presented in Figure 4.

As a principle, intermittent water spraying should be analyzed on regular, non-porous
heat exchangers to evaluate the operation of such devices [13].
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Figure 4. Water system operation intervals for publications: A [44], B [45], C [46], D [47], E [48], F [49],
G[50], L (510 1 [52], ) [53]). K [54]. L [55], M [56]), and N [57].
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Table 3. Studics on intermittent water spraying,
Porous Heat Inlet Adre
Year Source Type Fxchanger Surface Surface Typu Cungﬁmns Cor fh Edp
o
2017 XKoot al, [44] E Yos TFabric 78217 525 114 .73
iy Wang ctal. [43] C Y Ceramics RN 44 0r.40-0.42 -
) Sumn et al. [40] E s Ceramics M40/53 - 07108 -
2011 Elahi et al. [47] E Yes Wood fibers 2541730 454 [L50 -
o = = r
2021 Chun ct al. [48] C Yos Flant fiber—polymer 30.4-35/71-48 ; 1.24 095
compesile
2z Shi et al, [44] TR Y Slaindess steel +sintered oy oy oy qga3 - (63
prorous nickel
2022 i et al, [30] E Yes Stainless stoel ) sinterid o, 054, 173 068 -
porous nicke]
2023 Shi ct al. |51 s Stuinless steel + sintered 24 36740 225 )
prorous nickel
2023 Chenel al, [52] Yes Fiber abric 3300 - - -
23 Chenetal [52] E Y Ti0 /510 nano-coated 22 f6l1—id a - -
pulypropylene
2023 Jinet al. [34] T/C MNo Tin-plate aluminum A5445 - - -
£ 4 T ~coate .
2024 Chen el al. [55] E Yes Til /510 nano-cuated 35445 - .51 -
rolvpropylene
2024 Khanetal. [54] r Yo Superkool cellulase 3 34/35 75 252 0.85 080
coolitg pad
2z Shim et al. [37] F Yes Aluminum-layered 3076 - - -

double hydroxiades

+ I—'—experimen[al, |—theoretical.

3.2, Scope

Considering the identified research gap, the authors decided to focus on very narmow
and yet not described topics. In terms of intermittent water spraving in IRC/DIEC-type
devices, the scope must tackle only the heat exchanger material and water supply system.
These are the only factors that may affect the possibility of intermittent water spraying
applications in non-porous IEC/DIEC devices.

4. Heat Exchanger Surface Modification

An important goal of modifying the surface of wet-side exchanger walls is ko ensure
an cven and thin layer of water film on the entire sprayed surface. In an operating device,
a situation may occur when only part of the wall on the wet side is covered with a water
film, which limits the surface area from which water evaporates [27,545]. The potential of
the evaporative cooling process is thus limited. There cannot be too much water on the
walls either. Due to its high specific heat, water becomes an additional insulator in the heat
exchange path between the dry and wet channels [539].

A keyv challenge in the design of these heat exchangers arises when water supply is
intermittent. Under such conditions, the ability of the heat exchanger material to absorb
and store water becomes important. The selection of materials for comstructing these heat
exchangers is therefore driven by a range of propertics (the most important factors are
presented as a graph in Figure 5):

o Wettability—A measure of how casily a liquid spreads over a surface, High wettability
ensires even water distribution, which is essential during short water spray cycles,

*  Water Storage Capacity—The ability of a material to hold water—often a fune-
tion of its porosity and capillary structure—which becomes crucial when water is
supplied intermittently.

«  Application Versabilibv—Materials may be used as standalone sbructures or as sur-
face coatings on substrates. Their mechanical strength and adhesion characteristics
determine their suitability in either role.
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s  Bacterial Risk—Extended water refention can lead to biofilm formation and microbial
growth. Hence, antibacterial properties or the ability to undergo surface treatments is
a significant factor,

s Thermal Performance—The efficiency of heat transfer, which is largely governed by the
material’s thermal conductivity and surface area, directly impacts cooling performance.

CRITICAL ATTRIBUTES FOR HEAT
EXCHANGER MATERIAL SELECTION

Wettability

Thermal
Performance

Water Storage
Capacity

Bacterial

Figure 5 Crucial factors in material selection,

4.1, Wettability

Wettability is an important factor of materials in evaporative cooling systems, with
higher wettability zenerally leading to improved performance [61]. Studies have shown that
hydrophilic surfaces, characterized by low contact angles, promote better water spreading
and heat transfer [1,62]. Recently, polymeric foam materials have been investigated for
evaporative cooling applicabions [63,64].

The study by Caruana et al. [60] found that surfaces with higher wettability, charac-
terized by lower contact angles, enhance cooling efficiency by promoting uniform water
distribution, Among the tested surfaces, the hydrophilic lacquer (HPHI) had the lowest
static contact angle {average 697), followed by the standard epoxy coating (STD) at 75, and
the uncoated aluminum (AL) at 397,

Further experiments by Caruana ct al. [62] showed that the hydrophilic lacquer {HPHI)
surface demonstrated the lowest contact angle {median: 507), confirming its great wettahil-
ity, while aluminum (AL) and standard epoxy-coated (STD) surfaces had contact angles of
75" and 817, respectively. The presence of limescale altered wettability, with HPHI and AL
showing improved wetting behavior, while STD experienced reduced wettability.

Choi et al. [61] provide more universal and general results. Wettability significantly
influecnees the heat transfer performance of evaporative cooling devices by affecting the
contact angle and fluid distribution on surfaces. A lower contact angle, indicating higher
wettability, enhances heat transfer by promoting uniform liquid spreading and reducing
thermal resistance. Studics show that hydrophilic surfaces improve evaporation rates due
to larger heat transfer areas and thinner liquid films, leading to higher cocling efficiency.

The study by Castillo-Gonzalez et al. [64] showed that foam materials proaduced at
a low flow rate exhibit enhanced wettability, which is beneficial for evaporative cool-
ing. Under optimized conditions, the foam demonstrated a static contact angle of about
727 + 3%, alongside a 25014 increase in water absorption and a capillary rise of 120 mm. In

conlrast, foams processed at higher flow rates had a higher contact angle (approximately
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807 + 47), lower water uptake, and reduced capillary rise of 90 mm, indicating diminished
cooling performance.

When water is supplied intermittently, the time to fully saturate the whole area of the
wet channels is relatively short. Therefore, the better the wettability, the greater the chanece
to fully wet the channel surfaces within a shorter spray time.

4.2, Water Skorage Capacity

Porous materials can become a reservoir for water within their microstructure. This
stored water can contimue to evaporate during the intervals bebween sprays, thereby
maintaining cooling performance [65

. Therefore, it is a crucial factor in terms of a non-
constant water supply to the svstem.

Ther high water storage capacity of a heat exchanger material examined by Shietal. [49]
shows that a porous indirect evaporative cooler can maintain cooling for a maximum non-
spraying duration of 2410 s, reducing water pump operation time by 95.2% compared to
continuous spraving. This ability is strictly connected with the water retention capacity
of porous media, which allows for intermittent spraying strategies, significantly lowering
EI]ETg}' L‘[]ﬂHUTI1P‘ti[]TI.

A similar approach was presented by Duan ct al. [66], where the results show that cellu-
lose/PET fiber achieved the highest permeability-to-effective-pore-radius ratio, increasing
its ability to retain and distribute water for prolonged cooling. Moreover, Coolmax and
cellulose/PET fibers demonstrated significant water evaporation rates, with cellulose /PET
achieving an average evaporation rate of 4.34 = 10 4 kg/ (m2 -5), contributing to improved
cooling efficiency.

A study at a smaller scale is provided by Tang et al. [67]. The study highlights a bilaver
structure (BLS) composed of a bottom hydrogel layer and an upper microporeus aerogel
layer, which significantly enhances water retention. With a 2 mm thick 50 acrogel, the
evaporalive cooling time span is extended by 11 imes compared to a single hvdrogel laver,
ensuring prolonged cooling even in arid conditions.

Materials with lower porosity may require the addition of surface coatings that im-
prowe water absorption, Polymer composites, for instance, can be engineered with embed-
ded hydrophilic particles to enhance their overall water storage ability [68].

Water storage capacity is a crucial fackor for mtermittent water spraying implementa-
tion. The longer a material can store water for evapaoration, the shorter the Hme required
for water tn be supplied; so, the pump operation time and energy consumption is lower.

4.3, Slandalove Malerialz and Coalings

The design of evaporative cooling systems may call for materials that serve as either the
primary structural clement or as a functional coating applied to an underlying substrate [69].
Standalone materials such as monolithic porous ceramics are advantageous due to their
water tetemtion ability and durability. However, they may be heavier or more brittle
compared o metals or composites [70,71], Wicking metal plates, particularly aluminum,
have been identified as suitable for indirect evaporative cooling due to their shape formation
ability and durability [72]. Fibrous materials like cellulose/ PET fiber and Coolmax fabric
have shown promising wicking and evaporation performance, outperforming wood pulp
paper [&0].

Beside popular materials, new natural materials are investigated. Geopolymers, made
from industrial and agricultural waste, have been proposed as green alternatives for
evaporative cooling [73]. Those experimental studies on novel organic materials for direct
evaporative conling in hot—dry climates have revealed eucalyptus fibers and ceramic pipes

as the most effective, with cooling effectiveness ranging from 72 to 33% and from 68 to
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26%, respectively, atb air velocitics between 0.1 and 1.2 m/s. Yellow stone also showed
competitive performance, while dry bulrush basket and Cyprus marble exhibited relatively
poor results [74].

In contrast, coatings—for example, hydrophilic layers on aluminum fins—aodffer flox-
ibility by combining the high thermal conductivity of metals with the favorable surface
properties of advanced coatings [75]. The key challenges in coating applications are ensur-
ing robust adhesion under cyclic wetting/ drying conditions and maintaining long-term
stability without degradation of wettability or water storage capability.

Hydrophilic coatings, such as Ti() and graphene, have been shown to improve the
efficiency and coefficient of performance of indirect evaporative coolers. The study by You
et al. [76] compared hydrophilic coatings applied to an IEC system. Their esults showed
that the TiQs-coated 1EC improved enthalpy efficiency by 5.33%, wet-bulb efficiency by
9.91%, and the COP by 3.22 compared to uncoated surfaces. The graphene-coated [EC
increased the performance even more, with enthalpy efficiency increasing by 14.75%,
wet-bulb efficiency by 12.07%, and the COP by 7.69 compared to the uncoated [EC.

Another study provides results of more advanced coating applications, Fathi ct al. [77]
investigated the effects of a dual-scale hierarchically porous aluminum coating (AL-HPC),
created by brazing aluminum powders of different particle sives omto a flat aluminum
plate, Their experimental results showed that coated surfaces exhibil superior wickability
compared to plain aluminum, with larger particle sizes (114 um) achieving a 6% higher
wicking height than smaller ones (27 pm). The coating also significantly mcreases the
dryout heat flux, with the 114 pm particle size achieving 8.1 KW/ mi—3.4 times higher
than that of the smallest particle size tested. Additionally, coating thickness plavs a critical
role, with the thickest coating (1200 pm) achieving a dryout heat flux of 10.6 kW /m?
and a maximum heat transfer coefficient of 251 W/m2K, 13 times higher than that of a
plain surface.

For intermittemt water spraying, there is no significant difference regarvdless of whether
the material is standalone or coated (in terms of heat exchanger construction}. The impor-
tant part is that it can store water for a certain amount of time. Thus, it opens the possibility
for further development and investigation into materials for intermittent water spraying,

4.4, Microlial Risk

The topic of microbial risk in EC is not discussed widely and is mainly connected with
Legionella [78,79] and rarely with, for example, fungi [80,51]. Thus, this section is mainly
based on previous work by the authors that elaborated on all kinds of microbial risk in
EC |82

The selection of heat exchanger materials in evaporative cooling systems is crucial
due to the risk of biofilm formation, which can significantly impact both efficiency and
hygiene, Biofilms, composed of bacteria, fungi, and other microorganisms, can develop on
heat exchanger surfaces when water is constantly present. These biofilms pose potential
health risks, especially in systems where air and water interact, leading to indoor air
contamination |85-55], Despite the fact that porous and hydrophilic surfaces are beneficial
for water retention and distribution, they can at the same time cause microbial colonization
if proper maintenance is neglected,

The hydrophobic and superhydrophilic coatings discussed earlier can become poten-
tial solutions for controlling water behavior on heat exchanger surfaces. Superhvdrophilic
coatings allow water o spread evenly, forming a thin film that enhances evaporation and
prevents localized stagnation, thereby reducing microbial growth [55]. On the other hand,
hydrophobic surfaces repel water, limiting moisture retention and making it difficult for
biofilms to cstablish,
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Howoever, any material needs to be discussed in torms of microbial risk, The se-
lection of materials for heat exchangers must balance factors such as water resistance,
structural rigidity, and microbial safety. Many EC systems utilize plastics due to their
cost-cffectivencss and durability, though they must be carctully engincered to support
effective water evaporation. 5till, bacterial adhesion remains a concern, particularly for
textile-based surfaces where the interaction between hydrophilic and hydrophobic fibers is
still debated. Rescarch suggests that both superhydrophilic and superhydrophobic surfaces
reduce bacterial attachiment, whereas moderately hydrophobic materials exhibit the highest
microbial adhesion.

In terms of intermittent water sprayving, it can be concluded that a lack of standing
water and thick water films should improve safety. 5till, proper maintenance is needed.

4.5, Discussion and Surumry

(wverall, the literature indicates that an integrated approach—where material selection
is closcly aligned with operational strategics (such as waler spray Hming and How rates)—
can lead to significant improvements in evaporative cooling performance. Future work
should continue to refine these materials, focusing on advanced surface treatments and
compaosite formulations that can mect the dual demands of high thermal performance and
effective water management under intermittent supply conditions.

For ease of use, the above details are summarized and presented in Table 4.

Table 4. Surmmary of material types.

Material Type

Water Storage

Wettability

Capacity

Standalone/Coating

Bacterial Risk

Porous Ceramics

Metal
Foams/Terforated
MWetals

Polymer
Composites

High wettability
{contact angles
typically < 20°)

Moderate to high (may

need surface
modification for
optimal wettability)

Variable; often
improved via
incorporation of
hydrophilic fillers

High porosity (pore
volume often in the
40-70% rangc)

Moderate water
storage duc to
engineered pore
structure
Typically lower than
ceramics; can be
enhanced with
additives

Often used as
standalorne elements

Can serve as both
standalone and
substrate for coatings

Commonly used as
coatings or
integrated in
composite panels

Moderate risk; may
require antibacterial
freatments
Lower risk due to
smoother surfaces;
still requires
monitoring

Risk depends on
formulation;
additives can reduce
biofilm formation

Hybrid /Coated
Systems

Designed for high
wettability; surface
treatments lower
contact angles
significantly

Dependent on the
coating’s porosity and
struchure; tailored for

water retention

Primarily used as
coatings on
thermally conductive
subskrates

Formulated to
minimize bacterial
adhesion through
biocidal additives

5. Water Supply System

In this paragraph, the authors focus om advancements in water spraying systems for
indirect evaporative coolers (IECs), emphasizing design parameters that optimize cooling
performance while balancing energy and water consumption. The goal of this section is to
provide a comprehensive understanding of how water spraying systems can be optimized
to enthance cooling performance while minimizing energy and water consumption. The
basic water spraying system division and critical factors are presented in Tigure &
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WATER SPRAYING SYSTEM
/ N\

SYSTEM NOZZLE-BASED SYSTEM NOZLZLE-FREE
NOZZLE TYPE NOZZLE POSITION
NOZZLE ARRANGEMENT
— WATER FLOW RATE

er—r SPRAYING CONTROL METHODS
— COMSTRUCTION OF IEC DEVICES

Figure 6. Division of the water spraving svstems and their coucial factors,

5.1, Nozzle-Based Systems

Nozzle-based water spraying svstemns are widely used in IECs to enhance cooling
efficiency. These systems rely on novzles to atomize water into fine droplets, which are
then distributed over the heat exchanger surface, The primary function of nozzles is to
create a uniform water film on the heat exchanger surface, ensuring efficient heat and
mass transfer.

Resecarch has focused on optimizing nozzle bypes, arrangements, and spray strategics
to improve water distribution and overall performance. Spiral neezles have shown superior
coverage and uniformity [46], while optimal nozzle arrangements can increase system
COP by up to 16% [86]. CFD simulations have revealed that top-side nozzle configurations
paired with air—water counter-flow can significantly improve water film coverage and
temperature drop [57]. Additionally, hydrophilic and fiber coatings can further enhance
water film coverage and the COT' |87]. However, modeling [EC systems remains challenging
due to the complexity of boundary conditions and operating parameters, such as nozzle
orientations and water flow rates [88]. Despite these challenges, nozzle-based systems
continue to be the most commeon water spraying method in IECs due to their effectiveness
and potential for optimization.

As nozzles are an important factor affecting the overall performance of the device,
they are described in depth in the following sections.

3.1.1. Nozzle Tvpe

A study by Sun et al. [16] experimentally evaluated five common spray nozzles:
spiral, comical, square, sector, and target impact types. The target impact nozzle provides
the highest coverage (89.2%) and best uniformity but delivers too little water volume,
making it unsuitable for [EC applications, though effective for spray chambers requiring
fine droplets. The spiral nozzle offers the second-best coverage (78.4%:) and uniformity
{1.35), with a balanced water distribution, making it the most suitable choice for IEC
applications. Conical and sector nozzles have the lowest coverage and uniformity, while the
square nozzle performs moderately with a 68.4% coverage ratio. Yang et al. [R9] provided
a study on a gas-liquid two-phase swirling atomizing nozzle that uses bubble cutting
technology to produce micron-sized, evenly distributed droplets with a stable spray at
0.2-0.6 MPa and a liquid flow rate of 2-8 kg /h, [t features a simple, casy-to-clean threaded
design, interchangeable nozzle styles, and low energy consumption (7,59 W /kg), making
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it highly efficient for spray cooling applications, Generalized nozzle-type characteristics
are presented in Table 5.

Table 5. Nozzle-type characteristics.

Nozzle Type Coverage Ratin Uniformity Water Consumption Remarks
Cas-Ligquid Two-IPhase . B Low High atomization quality
Swirling Atomizing even with small water flow
. . . . . Best performance, high
Target Iimpact High High High rater use
Spiral MMedium Medium Medium Optimal balance
Square Medium Medium hedium Moderate performance
Comical Low Laywe [Low Less efficient
Sector Low Low Low Least efficient

5.1.2. Nozele Position

Nozzle placement can be categorized based on the mounting capability as upper, mid-
dle, or lower configurations. The upper configuration, suitable for mest IEC setups, gener-
ates counter-flow water streams against secondary airflow (when air is blown upward).
The middle configuration, though challenging to install, provides effoctive water distribu-
tion across large exchanger blocks. The lower configuration, ideal for space-censtrained
installations, produces concurrent water streams aligned with secondary airflow [28]. Most
studies spray water into wet channels using top-mounted nozzles [43,90]. Experiments
with top-mounted nozzles and downward airflow demonstrated higher wet-bulb effective-
ness in counter-tlow configurations [$1]. Other researchers confirm that secondary airflow
and water spray should gencrally opposc cach other [92]. A general division of nozzle
position is presented in Figure 7.

UPPER NOZZLE

ATR FLOW

(COUNTER-FLOW)

P

EXTERMNAL NOZZLES

MIDDLE NOZZLE MNozzles spray water on
(COUNTER-FLOW) the cuter surface of the
heat exchanger
LOWER NOZZLE )
(CONCURRENT FLOW)
HEAT EXCHANGER TNTERWAL NOZZLES

HORTZOMNTAL FLOW

Adrflow —

Water Spray —

Heal Exchanger Surface

VERTICAT. FTLOW

Airflow T
Water Spra}-‘ 1

Heat Exchanger Surface

- — ] ——————————— - - -

Mozzles spray water
directly into the channels
of the heat exchanger

MIXED NOZZLES

Combines external and
internal nozzles for
optimal water distribution
and o(_m'ling pﬂ'furr‘n ance

Figure 7. Spray nozzle position (arrosws show the direction of the water and air flow).

A study by Al-Zubaydi and Hong [493] evaluated the impact of three different water
spraying modes—external, internal, and mixed—on the performance of an I[EC system,
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The mixed spraying mode was better than the other bwo, achieving a maximum wet-bull
efficiency of 76%, compared to 72,9% for the internal mode and 70% for the external mode,
The cooling capacity was also highest in the mixed mode, reaching 1.8 kW at an inlet
temperature of 37.2 *C, while the internal and external modes achieved 1.59 kW and
1.4 KW, respectively. The coefficient of performance (COT') followed a similar trend, with
the mixed mode reaching a peak COF of 174, which is higher than the internal (15.5) and
external (14.25) modes. Additionally, at lower primary air velocities, the temperature drop
was more significant, improving cocling effectiveness. Increasing secondary air velocity
enhanced the systemn’s overall performance, leading to an 11% merease in COP in the mixed
mode. The study concluded that optimizing water spraving configurations, particularly
using a mixed mode, can significantly enhance IEC performance.

Ther study by Yang et al. [89] analyzed the effect of a spray evaporative cooling
svstem on the performance of an air-cooled chiller, comparing horizontal and wertical spray
modes. The results showed that applying the spray system increased the coefficient of
performance {COF} by 3.78-8.33%, with the highest improvement observed at a water
flow rate of 20 kg /h. Vertical spraving was more effective than horizontal spraving, with
a COP increase of (1.28-1.94 due to better evaporation and greater air cooling efficiency.
At an ambient temperature of 40 ©C, the COP increase ranged from 6% to 9%, while at
25 *C, the increase was only around 2%, indicating that the system is more beneficial in
hotter climates. Total electricity consumption was reduced by 2.37-13.53%, demonstrating
significant energy savings. The optimized spray system, using gas—liquid bwo-phase swirl
nozzles, achieved high atomization quality with minimal power consumption of 7.59 W kg,
The study suggests that adjusting spray water flow rates based on cooling capacity can
further enhance performance and prevent water waste.

Ma et al. [27] analyzed the effect of different nozzle configurations on the performance
of an indirect evaporative cooler (IEC) using CFD modeling. The best performance was
observed with the top-side norzzle arrangement and counter-flow air—water configuration,
achieving a 39.2% increase in water film coverage and a 27.4% temperature drop compared
to the bottom configuration at a water supply rate of 65 L/s. The study also found that
further increasing the water flow rate beyond 65 L/s did not provide any gains, primarily
increasing pump power consuwmption.

Nozzle placement plays a crucial role in the performance of evaporative cooling
systems, with top-mounted and counter-flow configurations generally providing the best
efficiency. Studies indicate that mixed spraying modes and vertical spray patterns enhance
cooling effectiveness, energy savings, and overall system performance. Optimizing nozzle
arrangements improves water distribution and heat transfer.

A.1.3. Nowrle Arrangement

Ma et al. [56] examined an IEC with a 400 = 400 mm spray area and 330 mun nozzle
height. For single-nnzzle setups, a 457 spray cone angle and 307 inclination angle were
optimal. The best performance was achieved with a centerling nozzle arrangement spaced
160 mm apart, which improved spray uniformity to a coefficient of 0.74 and increased the
coverage ratio to (.72, Compared to the original single-line nozzle setup, this optimized
arrangement cnhanced surface wettability, raising the wettabiliby factor from 0,48 to 0,89, As
a result, the optimized IEC design achieved a 16% increase In the coefficient of performance
{COP} and improved cooling efficiency. The temperature drop of the primary air was
grealter in the oplimized sctup, reaching 26.1 “C compared to 27.4 “C in the original
design. Additionally, energy efficiency improved due te better water distribution, leading

to reduced overall power consumption.

76



Eunergics 2025, 15, 2256

150124

Another study by De Antonellis [91] found that a four-nozzle configuration slightly
outperformed an eight-nozzle setup, as it reduced water droplet collisions with exchanger
walls. The conclusion drawn from the experiments indicate that it is the water flow that
has the strongest impact and not the type and number of nozzles,

Still, there are a limited number of experiments that evaluate nozzle arrangement in
evaporative conling. Those which are presented differ in results. Thus, it is difficult to state
what impact nozzle arrangement has on performance.

5.2 Nozzle-Free Systents

Systems without nozzles rely on passive mechanisms such as capillary action or
gravity to distribute water over the heat exchanger surface. These systems are gaining
popularity due to their simplicity and lower energy requirements. In nozzle-free systems,
water is distributed through porous materials or gravity-fed channels, eliminating the need
for pumps and nozzles. Nozzle-free systems are highly efficient in water use, making them
suitable for arid regions; also, no pumps or nozzles arc required, reducing energy use.
These systems are simpler to design and maintain.

5.2.1. Wicking Systems

Wicking systems use porous membranes to transport water via capillary pressure.
For example, Zhou et al. [94] examined the effect of using a porous membrane for water
transport via capillary pressure in a dewpeint evaperative cooling device, The membrane's
automatic wicking capability ensured uniform water distribution, eliminating the need for
pumps and reducing energy comsumption. The system achieved a maximum temperature
drop of 14.8 *C, with cooling capacities ranging from 13 to 150 W/m* under optimal
conditions. Higher air velocities (0.5-2.5 m/'s) led toa 3.1 "C rise in product air temperature,
reducing wet-bulk and dewpoint efficiencies by 25.1% and 17.5%, respectively, Therefore,
it can be stated that a system without nezzles reacts similarly at higher air velocities
as a system with nozzles. The study found that the best performance oceurred in high-
temperature, low-humidity environments, with an optimal air-to-water volume ratio of 0.5.
Long-term tests confirmed the system's stability, with product air temperature fluctuations
limited to (.6 “C. This design reduces water consumption by 50% compared to nozzle-based
systems, making it ideal for water-scarce regions. These findings suggest that automatic
wicking membranes can enhance cooling efficiency while minimizing energy use.

The study by Duan et al. [66] provides data on different materials used in wicking
and evaporation performance testing. Among the tested materials, cellulose/PET fiber
exhibited the highest permeability and capillary rise, ensuring efficient water distribution,
Coolmax fabric demonstrated similar high evaporation rates, outperforming wood pulp
paper in water transport cfficiency, The study found that wicking performance is primarily
influenced by the permeability-to-effective pore radius ratio, with cellulose /PET fiber
showing the best results. Experimental validation confirmed that water evaporation rates
increase with surface lemperature and airflow velocily, improving cooling efficiency. The
optimized wicking system maintained stable water distribution, reducing evaporation
resistance and enhancing mass transfer.

Guo ot al. [95] investigated the impact of wicking systems on water transport and
evaporation performance in thin porous media using Dutch Twill Weave (DTW) screens.
Experimental results showed that the evaporative wicking process significantly influences
heat and mass transfer, with the temperature drop caused by evaporation improving
covling efficiency. The study found that evaporative conling reduces liquid viscosity and
alters evaporation rates, affecting wicking height and thermal performance. [gnoring
the evaporative cooling effect led to an overestimation of wicking height by up to 12%
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and an underestimation of evaporation rate by 14%, The results emphasize the need to
consider local thermal non-equilibrium effects when designing efficient wicking-based
cooling systems.

Another investigation by Abada etal. [96] evaluated the impact of wicking systems on
water transport and evaporative cooling performance in different fabric materials. Tabrics
with high capillary rise, such as fiber-based textiles, demonstrated superior moisture-
wicking ability, improving water distribution and evaporation efficiency, Compared to
Kralt paper, the best performing fabrics showed 160% to 355% higher absorbency, leading
to enhanced cooling effects. The vertical wicking height of certain fabrics reached up to
278 cm within 120 min, ensuring continuous moisture supply to the evaporative surface.
Faster moisture diffusion rates prevented dry spots, while optimized evaporation properties
emhanced conling capacity. The study comcludied that fiber fabrics with high capillary action
and diffusion properties are ideal for evaporative cooling systems.

7.2.2. Gravity-Fed Systems

Gravity-fed systems are based on water stored in an upper reservoir and dripped into
distributors which evenly spread the water across the heat exchanger surface. The study
by Duan ct al. [97] examined the performance of a counter-flow regencralive cvaporative
cocler using a gravitv-based water transport system. The results showed that wet-bulb
effectiveness ranged from (1.55 to 1.06, while the energy efficency ratio (EER) varied
between 2.8 and 155 Water evaporation rate was found to accelerate with higher inlet air
velocity, improving overall cooling efficiency. Teed water temperature had a negligible
impact, with effectiveness decreasing by only 5% when the temperature increased from
189 =C to 23.1 “C. As a waler pump in this system is used just to fransport water to the
upper reservoir, energy consumption is significantly lowered.

5.3, Water Flowe Rate

Diring water system design, the water flow rate is the first parameter to consider, as
1EC performance depends primarily on flow rate and only marginally on nozzle number
and size |91]. A higher water flow increases the wetted heat exchanger area. This leads toa
larger amount of evaporated water and to a higher cooling capacity [Y8]. Similar results
were presented by Sun et al. [46], where the coverage ratio improved with increased waler
flow, regardless of the types of nozzles.

The relation betwesm coverage ratio and water flow 1s more timportant at lower flow
rates [4a]. IEC performance is particularly sensitive to water flow rate variabions at low flow
rates [#2]. Tor example, heat exchangers coated with a novel hydrophilic lacquer demon-
strated higher wet-bulb effectiveness compared ke those with standard epoxy coatings,
cspecially at low flow rates [99],

These results suggest that increasing water flow improves cooling performance up to
a point. Beyond, further increases do not sigmiticantly enhance cooling capacity and maxy
lead to unnecessary energy consumplion by the water pumyp (if present in the system),

In terms of non-constant water spraying, the water flow must also be adjusted to the

inlet air parameters, device comsbruction, and the desired result.

5.4, Spraying Control Methods

Water can be supplicd to the system in a continuous, intermittent, or adaptive way.
Centinuous spraying is the most pepular as it dees not require any control system. The
water is supplied during operation with the set flow rate. In the case of intermittent water
spraying, the topic is presented in Figure 4, The operation of the water system is cvelic and
there is a set time for spraving and pausing. In the other case, the next spraying cycle can
be trigrzered by a predefined temperature threshold (e, +0.5 7C) [49,51]. This can become

78



Eunergics 2025, 15, 2296 17 o1 24

an adaptive method for spraying the heat exchanger using real-time feedback from the
device. A general division is described in Table &.

Table &. Division of spraving control methods.

Method Description Advantages Limitations
Continuous Uninterrupted water spray. Stable cooling output. High waker/ pump cnergy usc.
Intermittent C‘}_kjhc operation {sE_'rra}'mg Reduces water use. Complex co[tdrol systems

time and pause time). requited.
. Lnntl‘ql l;rascd on real-time Optimizes water—energy Requires advanced

Adaphve humidity ftemperature -

trade-offs. sensors/ sofbware,

feedback.

In sumnmary, non-constant water spraying should be further investigated as a promis-
ing way to reduce energy and water consumption and to increase the overall performance

of evaporative cooling devices.

A8, Other Considerations

Techniques like rolling dot matrix twills, groove lines, or supplementary water dis-
tribution grids enhance water retention [25]. In order to supply water of required quality,
waler softeners are proposed to prevent scale buildup in long-term spray svstems [89].
Water sources used for spraying can be connected to tap water |89] but also te some
alternatives like condensed water from existing air handling units, which can result n
additional water savings [100]. Khalid et al. [101] tested ice-cooled feed water and found
that wet-bulb and dewpoint effectiveness decreased by less than 5% as water temperature
rose from 20 °C to 24 7C. Consequently, it can be stated that feed water temperature mini-
mally impacts wet-bullr or dewpaoint cffectivencss [97]. While evaporative cooling relics
on significant amounts of water [102], regional water scarcity and local legislation may
limit its adoption [28], espedally in terms of the impact of chimate change on water supply
systems |103,104]. However, there is a promising way to gather rainwater [105,106] that
can be used in EC systems [107,1058].

Table 7 compares factors like water use, energy use, carbon footprint, and water
scarcity impact between IEC systems and traditienal HVAC [ 28,100,102,

Table 7. Comparison of IEC syslems and tradilional HYAC,

Factor IEC Systems Traditional HVAC
Water Use Medium to High Low
Energy Use Liyw High
Carbon Footprint Low High
Water Scarcity lmpact High in Arid Regions Low

6. Future Directions

s« Optimization of inkermittent spraying in non-porous heat exchangers. Although re-
scarch has started exploring intermittent water spraying, most investigations have
focused on porous heat exchangers (Figure 4). Future work should (a) evaluate the
dynamic behavior of intermittent spraying on nom-porons surfaces, (b) optimize spray—
pause cycles under various ambient and operaticnal conditions, and (¢} compare
performance metrics—such as COP and wet-bulb effectiveness—uwith those in porous
configurations. This will help validate if minor modifications in the water supply strat-
egy can vield significant energy savings without replacement of the heat exchanger.
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¢ Integration with advanced material and coating technologics. The carlier sections
highlighted the importance of surface wettability and water storage capacity in main-
taining an effective water film (as discussed in Section 4}, Further research is needed
to {a) develop and test novel materials or coatings that combine high wettability with
prolonged water retention, (b) ensure long-term stability under intermittent spray
conditions, and (¢} mitigate microbial risks through surface treatments. These studies
should provide evidence and data to create heat exchangers that can sustain efficient
cooling during the spray-off intervals,

s Adaptive control strategies based on real-time feedback. As discussed in Section 5.4,
adaptive water spraying modes offer promising avenues for optimizing encrgy and
water consumption. Future research should {a) refine sensor-based control systems
that dynamically adjust spraying cycles in response to real-ime temperature and
humidity changes, (b) simulate the relation between adaptive strategics and different
heat exchanger geometries, and (c} validate these models in full-scale systems. This
approach will integrate the operational strategies with material performance, ensuring
that the cooling system responds to varying environmental conditions.

+  Utilization of alternative water sources and sustainable energy integration. In light of
the discussions in Section 3.5 about the environmental impacts and challenges related
to waler scarcity, future rescarch should (a) assess the feasibility and performance
implications of using alternative water sources such as rainwater or reclaimed water,
and (k) explore the imtegration of renewable energgy—such as solar power—to sus-
tainably run water pumps and control systems. This research direction will align the
technological advancements with broader sustainability goals.

In summary, researchers have made good progress in making evaporative conling
systems more efficient and environmentally friendly, but there is still a lot of potential
for further improvement. By focusing on smarter water spraying, better materials, and
renewable energy, the next generation of cooling systems can save even more energy and
watcr. This will not only help meet the growing need for effective cooling solutions but
will also support wider efforts to reduce energy use and protect our water resources.

7. Conclusions

This review examines indirect evaporative cooling svstems, especially when they use
intermittent water spraving instead of a constant flow. The findings show that using water
in short timed intervals can save both energy and water while keeping the cooling effective.
This method helps reduce the amount of Hme the water pumyp needs to run, which cuts
down on power use. For instance, studies have shown that intermittent spraying can
reduce water pump operation time by up to 95.2% compared to continuous spraying while
maintaining cooling efficiency.

The heat exchanger material has a great impact on overall performance. Materials
that easily spread water and hold onto it help form a thin, even layer of water on the
surface, This thin film is key to making the cooling process work well. Studics indicate that
hydrophilic coatings, such as TiCk and graphene, improve wet-bulb efficiency by 9.91%
and 12.07%, respectively, while enhancing the coefficient of performance (COF) by up to
7.6%%. If these materials can keep water for longer period of time, the cooling effect lasks
even during the off periods when the spray stops. For example, porous heat exchanger
materials allow for extended non-spraying durations of up to 2410 s, further optimizing
cooling performance.

Another important point is the need to balance good cooling with keeping the system
clean. While a very wet surface can improve cooling, it can also encourage the growth of
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bacteria if the system is not properly maintained, Coatings that help stop bacteria from
sticking te the surface could be a solution.

The way water is sprayed also has a big impact. Whether the systemn uses traditional
nozzles, gravity-fed water, or materials that pull water along by themselves, cach method
affects how evenly the water is spread and how well the system cools. Well-designed
spray patterns can help drop the air ternperature faster and make the system work more
cfficiently, while some alternative methods mav use even less energy. Studics have shown
that using optimized nozzle configurations can increase system CODP by up to 16%.

The most important finding considers water use. Implementing intermittent water
spraying can lower water consumption, This is a promising atfordable cooling technology
that will not use excess water in regions with water scarcitv.

Owerall, this review shows that although current evaporative cooling systems are
alrcady more cco-friendly alternatives to traditional air conditioning, there is still great
potential for improvement. By combining smart, timed water spraying with improved heat

exchanger materials, these systermns can become even more efficient and cost-effective.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Adr Conditioning

AL Aluminum

BLS Bilaver Structure

CED Computational Fluid Dynamics
(O Carbon Dioxide

cop Coetficient of Performance

DEC Direct Evaporative Cooling

DIEC Dewpoint Indirect Evaporative Cooling
DTW Dutch Twill Weave

EC Evaporative Cooling

EER Energy Efficicney Ratio

HPC Hierarchically Porous Coaling,

HPHI  Hydrophilic Lacquer

HVAL  Healing, Ventilation, and Air Condilioning

TEC Tndirect Evaporative Caaling
MENA  Middle Fast and North Africa
I'E'L Polvethylene Terephthalate
5112 Standard Epoxy Coating
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ARTICLE IKFO ABSTRACT

Keywards: Evaporatve cooling systems are gaining popularity due oo their environmental benefits, pardeularly in reducing

Liquid coaling energy constmprlon and willizing ale (L7290 and water [R-718]) as relvlgecants, However, these systems are
2 -

Legiomeii &p. susceplible o microbial contamination, posing significant health riskes, especially in environments where air is in

Conling pads material

dircct contact with water. The article provides an in-depth analysis of the microbial risks associated with
evapnracive conling sysrams, focusing on bacteria such as Leginnella preumaphila, fungi, and other pathngens

Tiotiln
Wt cam proliferate in e moist envirenments (hese systems ereale, While Legionells contamination is well-

documented and frequentdy sddressed, this study hizhlights the need for more comprehensive evaluation of
other microbial risks. The research compares the microbial safety of evaporative cooling systems wich thar of
traditional wapor compresion conling and examines the eole of coaling pad materials and warer quality in
prometing mictoldal growth, [ also underseores the limitatons of corrent maintenance proclices, which oflen
overlook non-Legionclls risks. To improve microbial safety, the paper proposes soveral midgation strategies.
including U warer treatment and heat exchanger surface modifications, to reduce microbial conmamination.
Additionally, e study calls for more detailed and consistent maintemnce guidelines that cover a broader
spectrum of mivrobial threats beyond Legionella, ss well as regular monitoring of indeor air guality o ensure the
safe operation of these systems in human-cocupied spaces.

Ulrimarely, the findings emphasize that, with improved micrabial safery pratocols and regular mainrenance,
evipurative couling systems can become o sustainable ond safe alternative e conventional cooling technologics
in various cnvironments.

1. Introduction

Evaporative cooling (EC), an old concept thal has found ingenious
applications in modern, environmentally friendly engineering. Ar its
wore, it capitalizes on the simple principle thal, when transilioning from
a liquid to a zas, water absorbs heat from its swrroundings, This mech
anism i currently widely investigaled (o creste a sustainable and
energv-efficient cooling solution for the increasingly demanding build-
ing seetor [1,2]. This tvpe of conling became an allernative o traditional
air conditiening devices, As these are mainly based on a compressor
wyele with gaseous refrigerants, they are not pereeived as a sustainable
solution for the future, especially o terms of the aspect of zlobal
warming [3].

Along with the great elfort towards sustainable development, EC
technology has been implemented in various sectors in the bnilt

* Corresponding author.

F-nrail address: Tokaszarefaniak vroedi] . Srefaniakl.

hrt Fdolorg 10 10164, build:

2024112292

environment. The IT sectors [4-6], agricdlture [7=9], and the indoor
thermal comfort sectors |8 10] are widely supported by EC technolo-
gies. Fiy. | presents the application of EC in the built environment with a
short descriprion of the range of use, The popularity of EC technology is
alser seen o the publication activity (Fig. 23 Evaporalive coaling is a
highly developed and investizated branch of HVAC technologies,
However, this sustainable techmology faces o challenge in addressing
microbial risk (due te air-water contact), which [z not adequately
desieribed in the literature and guidelines [10-12] as should be. e 2
confirms that the topie is discussed moere than ten times less than the
technology itself. However, it should be noted thar in recent vears, the
nuwnber of publications on the relationship between EC and microbio-
logical contamination has increased.

It should be noted that the ventlation and air conditioning system
and the Air Handling Units (AHU) are contaminated even without the EG

Meceived 2% August 2024; Neceived in revised form 17 Ocroher 2024; Aceepted 7 November 2024

Availahle nnline 12 Mavemher 2024
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patt. Researchers provide evidence for existing primary air pollution,
but also that there are internal sowrces of contamination [L2.14].
Furthermare, cooling systems based on vapar compressor type devices,
due o the ease of condensation achievement, are vulnerable to bacterial
anel fungal contamination [15,16].

Cvaporative cooling techmology is widely used [or a varlety ol ap-
plications. Some FEC methods can be used in air handling units to cool
supply air and can aflect microbial salely and, ulbmately, indoor mi-
crobial safety. Other EC methods are used in evaporative condensers or
cooling towers, usually localed ouwside buildings. The evaporadve
condenser uses evaporative cooling to cool the refrigerant {on the hot
side), which has g negative impact only on outdoor air microbial safcely
[[iz. 31, In the caze of cooling towers, there are two ways to use the EC
method (Fig. 30 Closed-circwit coaling wwers use cireulalion water and
ambient air to cool the worling mediwm, which is contained in closed
pipes. This solution has an impact on the safety of bacteria only in the
outdoor air, The open-cireuit cooling tower cools the worling water by
spraying it and directly contacting the ambient air, This causes
contamination of both the outdeor air and the worldng water, However,
inside: the building, this chilled water is piped and does not come inta
concact with the air that people inhale, The typical locations of evapo-
rative cooling applications are shown in Fig. 5 The BC deviee and
cooling coll e AU are showi oo a dotted liee to emphasise that
they can be used separately or in hyhrid systems, which is very impor-
ant when considering evaporative cooling as an alternative to energy-
intensive compressor cooling,

The licerature provides a weallh of arlicles on (he construction,
operation, and performance of the EC device, buc little on the risk of
microbial or bivacrosol. Review articles from last 5 years thal tackle the
evaporative cooling which is used to prepare cooled air that is supplied
o cooled spaces are briefly described in Talle 1. The focus and key
finding were indicated. Also the microbial aspect is listed, but any of the
reviews discusses the problem with microbial aspect.

Other articles that link construction, operation, and microbiclogical
hazards are mainly conling tewers or evaporative condensers [17-20]. 1t
showld be emphasized that these devices do not conibure directly to
indoor air pollution, only outdoor air (see Figo 3). Health problems
related to EC were extensively described by Johnston et al. [117]. Case
smudies were discussed in derail, and there is no more recent research to
discuss. However, there is a lack ol research on correlation between the
type of BC and its influence on the quality of the supply air and, even-
tually, on the guality of the ndoor air. The regearch would help to
choose the proper EC system regarding the mierobial quality of the
supply air. The selection of eflfeclive cosling with minimal microbio-
logical risk should be a key aspect of the design and operation of these
devices.

Thus, this article concentrates strictly on air conditicning svstems,
with BG units, that supmly cmdoed air divecdy o the room. I analyees EC
technology as a factor of potential influence negatively on the indoor air
quality. It summarizes the aspeel of microbial risk in terms of heat
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Fig, 2, Mumber of publications concerning tags evaporadve cooling and bac-
teria, based on SCOPUS daca basa.

exchanger surface materials, Finally, mitigation and prevention strate-
gies are discussed as the most important in creating a sustainable and
effoetive ennling system that iy safe for users and durable and environ-
mentally [riendly.

2. Background

EC technology can be divided inlo two main Lypes: Direct Evapora-
tive Coaling (DEC) (air is in direet contact with warer) and Indirece
Evaporalive Cooling (IEC) (wel and dry channel are divided by heat
exchanger walls), IEC can be further divided into regular IEC and
Dewpoint Indirect Evaporalive Cooling (DIEC) (where part of supply air
is returned to the wet channels by perforation in heat exchanger walls
(2EC (a1} or by ventilaton ducts (DIEG (b)), Schemes are shown in
(Tiz. 4], Each type presents a unique approach to cooling outdoor air for
mdoor cnvironments, The specific deseription with working principles,
psvchometric representation, and a short microbial risk note are pre
sentex] in Table 2 A& red wamning tiangle indicates a place at risk for
microbiological contamination,

Each technology presented in Fig. 4 is a development of the previons
ane with respect to microbial safety and the pursuit af the highest
passible performance, DEC offers direct coaling but poses a significant
microbial risk, [EC mitigates this cisk with an indirect approach, but
sacrifices some performance, and DIEC seeks to balance performance
and contamination risk through nnovative conligurations. Each tech-
nalogy presents distiner advantages and disadvantages that must he
considered in the conlext of specilic requirements and constraints.

Agriculture

I

Spaces used in agriculture, breeding
food processing and storage

Evaporative
Cooling

IT

Spaces with rigorous indoor air conditions
(evaporative cooling + compressar cooling)

People

Spaces with thermal comfort conditions
[residential, commercial, industrial)

Fig- 1. Evaporative cooaling applicatlon in huilt environment,
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Table 1
Driel description of mecenl review arlicles on evaporalive cosling lechoology,

Lource £ Year Year Facws Ly findlng Miccokal aspect
Wang el &AL 21 20149 Enhanced evaparative cwling technologies Pra-treal anbiend i by debamidilfeation wing membrmes and Menticned, 1ol
dessicants increases cooling ellleiency discussed
vang el al. [22] 2021 Lisdirect evaparative eooling pesfonnance Porous niaterials ave ainticipated o be applied in evaporative conling Mentioued, ot
enbancement and macerlals for wet channel followed by intermitrent warer apraylng as the water storage capacity ls diseusaed
surface with high wemability inereased
Cui o al, [23] 2021 Desw peint cvaporates eesling tn cRergy, The dew point cvaporative conling sysrem could have G0-50% higher No
eeanamic, and enviremmental aspect COP rempared oo the tradidional AC onit,
T pral. [24] anz21 Trafitect pwnparasive coeling — noraus miterinls Flest irmel rmiess transster of poraas materinls are crorial in tesms of the i
e ing effect, and the process is wsmally smplified in
5 1l vever is promising and can help
Lo i models
Tejero-fromeales and 2021 Welled parows media Tor evaporative cooling Whien applying porows matecial anto the wet channel sarlace e balano: Mo
Frauneo Salas [25] et aatuwration effectveness and presuce diop must be oprimized
Salad et al [26] Q041 Operating condinons and application of ndlrect tator deslgn parametess are ldentified (sysvem configucatlon, lnlet No
cvaporarive eooling airflow condirions, channe] geometry, and evapaerarve materiall
Zhueral, [27] 022 Diewr point cvaparasve cooling applications in [emand-side and supply-side application of dew point cvaporative N
demand and supply side conling
Abcdullah ot al. [73] el bl Diehumidifcation systems integraced with Feaparative coaling svstems can be need in hoet and humid conditions Hin
wperative coaling hrvwrwer, memhrane dehumi N s maeled
Hiawr amal Lin 129] 2024 Dewe pinl evapamitive conling inlegrslion with Rfaterialy amed coaling are disvoesed, vehich aim o pramaste fnll contsel i

nillzer synlenns

Lietwreen veater and air o improve the parlormance of the device.

3. Analysis and discussion
3.1, Indeor air contamination

The air chat is treated and supplied to the indoor space mav become
contaminated in g primary amd secondary way. Three main poings of
possible contamination are presented in Fiz, 5 and described below:
primary air contamination due to bioaerosels already existing in out-
door microbial contamination inside the EC device: and
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contamination related to the product air,

First, bivacrosols including bacteria and fungi can be simply trans-
ferred from the outdoor air, which is already contaminated. Air fileers
can he applicd to minimize the problem. However, it is not a specific
problem of EC, but of any ventilation or air conditioning system [14],
When discussing EC technology alone, it should not be an argument
against its usage, Water can also be primarily contaminated, When no
addition treatment 15 applied, microorganisms can be transferred with
air to the wet channel.



i. Shefuniak ol

Bwilcling e Tnvirnment 267 (21025) 112292

DEC ]

@ @ @ Outside air
,'"'_) ' ' —1> e @ Supphy air
: @ Exhaust air

" Cocled space
5 A
2N :
=i 11—
; Ly
5 3
: ®:
z .
© DIEC (b) I
- Q7| JOF
=z T
L

Fip. 4. Types of EC weehnology (DEC, [EC, DIEC) schemes,

Second, microbial contaminalion can oceur in the device ilsell, like
in a warer tank or in a heat exchanger. Microorganisms that are already
present in the air can reproduce on dry channel walls, which can be
made of different materials, The material itself can support or resist
reproduction, as discussed in Section 520 Inthe wet channel, bath mi-
croorganisms can reproduce from primary water and air contamination.
In theoretical papers, rescarchers neglect air leakape
dry channels for the purpose of models and equations | 35,29 ], However,
in experimental articles, researchers poing out that there is a problem of
air leakage between div and wet channels, as is visible in the results on
psvchametric chares where the process lines desviate and some of the
moisture is added to the dry channel [ |. T limit the possibilicy of
air leakage, the proper construction of an BC deviee is needed, The wet
channels should be placed on the suction side of the fan and the dry
channel on the pressure side of the fan, Air leaks can he a source of
Lransport of microorganisms between air handling units and devices
seetions [40],

bubween wel and

Eventually, the supplied air is lransporled o the cooled space
through ventilation ducts, In this case, some of the present microor-
wanizms can disperse through the ventilation syslem and setle on the
surface of the ducts [411,12]. Part of the air that is returned to the wet
chanmnel can increase the presence of microoreanisms in these channals,

Advances in EC technology are intended to enhance cooling effi
cieney and mitigate the palendal for bislogical contamination. The
latest IEC and DIEC svstems are more efficient in terms of performance
amd should be safer in terms of microbiological risk, Nevertheless, there
is a lack of articles or research reports that provide definitive confir
matiom of the microbiological safety of the new systems compared fo the
alder membrane-free systems. In any case, the implementation of water
purification systems is an effective methad of maintaining clean air in
EC [42].

It is also important to note that coolers in typical compressor cooling
systems are exposed o bieaerosol deposidon, lor example, on the
caaling coils [15,16,44,45] ar in the drip trays [406], where intermittent
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Tahle 2
Evaporalive cooling overview anid microbizd misk cdescripdon [H].
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ventilation duers, These can already be contaminarcd with, c.g, duwse and the number of | A N T D
microarpanisms can incrense [0, However, the air may alsa be additiznally cleemed an a flter i
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of continuous condensation aceurs depending on the temperature of the
cooling air and the temperature of the refrigerant, Studies have
confirmed that the climate and elliciency of the aie [ilter afllect the
ecology of bacteria and fungi from outdeor to indeor air [16,17], Re-
searchers suggest [48,49] (hat BC technology thal increases the reladive
humidity of the indoor air creates a favorable microclimate for che house
dusl mite. 1L should be emphasized thal lowering the air lemperalure
will always increase the relative hwmidity, unless a dehwmidification
process 15 engaged (by condensation on the cooling coil, et ). Due Lo
this, EC is used mainly in arid regions 1501, where outdoor air generally
has o Towe muisture comtent, and therefore icis more diffcull weoblain a
high relative humidity,

It sheruld be noted that the recommended air relative homidity for
occupied spaces with thermal comfort requirements is 40-60% [51] or
3060 [52]. For dats centers, the required air relative humidity is
approximately 40-53% [33]. Research shows that keeping the relative
humidity of the ait below 80% siynificantly reduces the growth of
bacteria in the [lrers [45] which conteibutes to saler IIVAC svstems
operation, Steeman et al. [54] suggest that an increase in relative hu-
midicy in the indoor air can negatively lifluence the perlormance and
operating time of an investigated TFC device if indoor air is vsed as
warking air Lo cool the supply air aller water spray. In fact, conslrociion
limies the performance of IEC rechnoelogy due to high humidity ratios.

EC lechnology should not be rejected on the Basics of indoor air
contamination, Technology is not a problem itself, because the
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microbial contamination in other air svstems [ace similar challenges
{wet cooling coil contamination, air humddification), The dehumidifi-
cation process can be applied to the cooling coil unit and the EC [28] or
any air conditioning svstem when necessary, Hewever, traditional
compressor cooling contribules o most of the energy consumplion in
the developing world, and here what is crucial is that EC systems need
less encrgy Tor the same effvel Nevertheless, compressor cooling unils
achieves lower supply air temperatures and dehumidify the air, Com-
binaton of EC technology with regular compressor unils can be a
compromise in performance and energy consumption [55],

3.2, Hear exchanger surface modificarion

Surface modification is one of the current trends in the development
of KC technologies [56]. Since the fime when experiments demonstrated
that swiace roughness alfects the heat wansfer mechanism in spray
caaling by influencing the liguid flm chickness, bubble dynamics, and
heat reanster rates, further experimental studies have been conducted to
ascertain the principal condition governing such cooling [57]. Some
studies have ndicated that at larger lilm thicknesses, thermal inertia
hecomes the dominant factar, resnlting in a reduction in the overall heat
transler coeflicient. This observation led o e conclusion that water
film thickness is a crucial parameter to determine the owverall thermal
performance [58]. Thus, the significant objective of modilying the sur-
faces of the heat exchanger walls on the wet side is to ensure a uniform
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Fig- 5. Primary and secondary contaminacion in the DIRC device.

and as thin as possible water film layer across the entire wetted surface.
In operational devices. a situation may arise where only a portion of the
wet side wall is covered by a water film, restricting the area fraom which
waler can evaporale [59,607. This Hmilation aflects the polential of the
evaporative cooling process, Furthermore, an excess of water on the
walls can decrease the rale of heal lransfer because of waler's high
specific heat, acting as an additicnal insulator limiting heat exchange
Tetween the dry and wet channels [61,52].

One of the consequences of maintaining a water film on the surface
uf an EC cooler is the formation and persistence of ioflm. The forma-
tion of biofilm is most often observed in humid, non-sterile environ-
ments, e, where swater is present or lows through, The formalion of
the biofilm is the bacteria’s adaptive response to the prevailing envi-
rommaental canditions, which enables them o survive and proliferate, 1t
should be noted that the formation of biofilims is not exclusive to bac-
teria; fungi, yeasts, protozos, and other microorganisms are alsa capahble
of forming these swuctures [02]. A biofilm may be formed by microbial
cells belonging to one or more species and may serve as a reservoir for a
multitude of microorganisms, including these that are pathopenic or
conditionally pathogenic [63 65].

The biofilm represents a potential microbial hazard, as larger lrag-
ments of the hiofilm spontaneously detach from the swface after
reaching a certain critical thickness, However, the optimal thickness lor
a given environment [66] or other conditions {e.g., material ype)
should be determined by experimenlation.

It is also notewarthy thar the adhesion of microorganisms to salid
substrales iz a consequence of Brownian molion, sedimenlalion, and
convective transport, in addition to che motility of organisms with cilia
and fimbriac. Conseguently, the development of biofilm is dependent on
the nature of the material on which they form 571

The: chaice of material to build the heat exchanger is crocial and must
consider the resistance to water and the struetweal rigiditye. Mot all ma-
terials used to coat the wet channel walls are waterproof, Waterproofing
and ensuring structural rigidity are essential requirements for the ma-
terial used in the construction of heat exchangers, Common materials
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include plastics, which are financially atractive and provide souctural
rigidity. The prevalence ol this technology requires the conscruction of
compact devices, & characteristic of indirect evaparative exchangers is
lhe density of the channels, which leaves limiled space for addilional
lavering of material on the walls, In addition to a thin coverage, the
malerial must be hydrophilic, allowing easy waler evaporalion from s
surface |658], However recent studies provide also evidence for water
evaparation enhanee by creating hydrophobic parts on hydraphilic
sutface of hear exchanger [69,70]. It is worth to mention thar textiles
made of natural or synithetic filres are at risk of bacterial adhesion [717.
The relationship remains unclear and is debated, Some studies suggest
that hydrophobic fibres promote baclerial adhesion due s wer en-
ergy barrier |72,73], while others argue that hydrophilic fibres increase
adhesion wvia interactions between hydroxy] groups [74,75], Recent
findings indicate that both superhvdrophilic [76] and superhydrophobic
[77] surfaces reduce bacterial adhesion, with moderate hydrophabicity
leading to the highest adhesion [75].

In addition to construction materials, which do not influence mi-
crobial visk as much, research focused on surface modification materials,
Siw types of marerials are presented in Tahle 3 with a brief description
and division into subeategories of materlals, where possible. Thermal
conductivity, contamination risk, and replacement cost were analyzed,
Beplacement is considered when the surlace is contaminated and cannot
he cleaned. Graphical represencation males it easier to choose between
performance, salety, and costs. Therelore, each parameter is evalualed
from zero to three stars as shown in the legend in Tahle 3, The more stars
lhe malerdal oblains, (he betler il meets the requirements for heat
exchanger surface material,

In summary, porgus malerials in evaporative cooling syslems arc
chosen to create surfaces that etficiently absorb, store, and distribute
supplied water, The selection of specific materials depends on factors
such as the risk of contamination, the ease of eleaning, and the
replacement costs, as deseribed inothe table, The choice should be made
based on the application requirentents and the desived balance between
performance, safety, and maintenance, as shown in Table 2.
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Materials vsed in evaporative cooling tor heat exchanger surface modification [ 26,2771, 79-53].

Property Performance Safety Maintenance
Material type Thermal Contamination | Replacement
conductivity risk cast
ek high e yory low Comments
Wi - medium T - low
Legend Flede- low A - medium
TIETEr- very low TrEr- high
Exposed pores — easy
) , to clean
Wick lalatel lafalel lalatel Frablems with
Metal corrosion [20]
Concealed pores -
Foam,Waal b ¢ 4 KA el difficult to clean
Prablems with
corrosion [&0] |
. Already contaminated
synthetic tetesr Fre lalall with bacteria [71]
Additional proklems
Eibre Matural =gy k=a=a= i with e.g. mold
formatian [81]
Resist bacteria
Clath T ki e formation in wetted
area [26)
Concealed poras =
difficult to clean
Caramics T pbaad Tririr Loy porosity daes not
provide measurable
caoling [82]
. - s . Cancealed pores -
Zeolite TR ety T .
difficult to clean
Carbon - e diiy | Coneesled pores -
difficult ta clean
Intermittent water
supply helps to avaid
) bacteria grawth
Ne material Aok *kok - without sdged axtra
parous material
[27,83]

3.3 Miipaion and prevention strategics

The main working medium in EC systems is water, According to the
principles of thermodynamics, the water ahsorhs the heat received from
the air duriog (he unil operation. As a consequence, the lemperature of
the water rises, thereby creating an envirenment that is conducive to the
srovelh of microorganisms, both those that are present in the waler and
those that have seteled an the surfaces of installation pares (ducts, heat
wxchangers, cte ). One of the most studied microbial amtaminants thal
colonies water or air environments with high relatve humidity is
Lewionella and its specics. To corrent knowledge, the most well-studiced
species is Legionella pneumephila, which has been observed to swuvive
hest in acrosols at 65% relative humidicy [84]. Srudies have confirmed
that the Legionellae proliferation occurs within a temperature range of
20070 to 43 20, with inactivation observed abowve 50 °C owith decidoal
reduction times decreasing with increasing temperatuee [25], Other
studies indicate that Legionella pneumophila proliferates at tempera-
tures between 25 "C and 42 "C, with an optimal growth temperature of
35 °C [B6]. However, there are some Temionella species (1.
non-poewmophila)  that are adapted to low  tempeeatuees  and
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predominate ac 13 °C [E5]. It is also crucial to highlight that the risk af
proliferation is influenced not only hy physical parameters, such as
temperature and water pollution, but also by biotie parameters,
mcluding the presence of a hiofilm or amoehae, which can enhance the
survival or proliferation of Legionella [57]. Currenily, there is a signil-
icant gap in our understanding of the factors that contribute to the
survival or active growth of Lo pnewnophila in the environment. This
range of parameters favours the growth of Legionella spp.. and therefore
the use: of water for air coaling requires carcful consideration with re-
gard to the safety of the operation [25], Yamamoto et al. [39] investi

waled an ultravielel sterilize w treat water for the cooling (ower, ‘The
research confirmed the etfectiveness of UV weaument in controlling
Legiomedio sp. that inhabit outdoor spaces. The authars also poine out the
importanee of controlling other prokarvotic and eukarvotic microbes in
water becanse they are symbiotic with Legionella sp. They pointed ot
that Legionalla sp. in the aquatic environment is associated with algae,
periphytes, amoebae, and heteromophic bacteria, In addition, Yama-
moto et al. [90] developed the research and investigated biocidal
treatments. The use of bronopol and isathiazalon was shown to he
applicable in Legionella sp. treatment but not in other microorganisms,
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Kusnetsav et gl [91] provide research om Legionelle sp. prevention
strategies in water cooling systems, Improsvement W water qualicy and
treatment with bincides and the reduction in water temperature gave the
best results. When the water temperature was below 20 °C Legionella sp.
concentrations were helow 1000 efus dm™ for several years. More
Imporcant is that with a decrease in the water temperatuce, e perfor-
mance of the device alse increases, Duan et al. [92] tested water tem-
perature in a range of 14.1-24.8 “C. The Increase in waler lemperalure
from 14.1 *C to 24.8 *C resulted in decrease in wet bulb and dew point
ellectiveness around 16% and 1 1% respectively. Kim el al. [43] applied
an ultravioler water purification system to a DEC device with cooling
pads. In fact, waler contamination was significanty reduced. However,
no clear correlation was found berween water quality and air quality.
Mevertheless, it was shown thal pad contamination causes additional
warer contamination,

The: choier of heat exchanger and its surface material is discussed in
Table 3, Itis a crucial point in the design of EC devices, Itis also strictly
related o maintenance and cleaning, which is an impartant part of the
EC technclogy operation scheme, As stated previously, not ooly
Legionells sp. i a threat but also other bacteria, fung, hioacrosols, and
microbes, However, Legionella sp. only was recognized best. As far back
as 1991, Yamamaoto et sl [90] published the first suggestions for
Leeionella sp. prevention. The cleaning procedure, te biocidal treatimesnt
and the monitoring of the water parameters were described. Later,
Nocler etal, [93] shilted attention e the hygienic risk assessment of EC
systermns at a national level, In Germany, it is only assessed by deter-
mining the Leglonella sp. concentrations. A similar situalion exists in
Australia where national guidelines focus on the control of Legionella sp.
in specific types (ike hospitals), while rescarchors sugeest that they
should cover more types of pathogens and buildings 14191, The research
conducted by Masaka et al. [94] indicates that water mist sysiems
[WHIS] may be susceptible to colonization by opportunistic waterborne
pathogens (OPPP), including Legiomella pneumaophila, Pseudomonas aer-
uginosa, Mycobacterium avitm, Naegleria fowleri and Acanthamoeba, Such
colonization may potentially pose o health misk if

OFFPP-contaminated aeresols are released inco the alr.

Crook et al, [12] on the other hand, provide evidence of Legionella
risk managenient failures. There are four main groups of failure tvpes of
meeting legal standards: risk assessment, written control scheme,
Implementation of control scheme, and record keeping. Therefore, more
attention should he paid not only to legal standards development, but
alse to Qs fullilnent control. Cventually, Rangel et al. [10] have exten-
sively investigared maintenance guidelines on the Legionella aspect. As
aresull, anly a few of the investigated documents gave instructions that
may help reduce Legionella sp. In those few, the informarion was not
consislenl

A4 Alternosive witer sources n evaporative cooling

Each af the KC teehnologies faces the problem of water consumption.
With current linitations on access to fresh water due to climate change
[95] and the cnergy demand or waler rcatmen | processes [90,97] waler
sources are luportant part of the discussion about EC technelogy, Along
with the EC development, there are attemprs oo reduce water con-
sumption. Especially, there is a trend in developing water collection
technedogios and finding alternative water sourees, such as Mue-green
inlrasteucture o collect ralonwater [957, grevwater along with Ceeat-
ment methods [99], and salt and brackish water along with crystalli-
zation problem [1040]. The need Ior alternative water sources is clearly
visihle, based on recent srudies, The alternative sources of water pro-
posed in the literature are summarized in Table 4. In addition, the
microbiological aspects and comments on possible limitations in che use
of different alternative waler sources [or EC lechnology are presented.
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Table 4
Alternative water sources tor different cypes of EC.
A FCoype™ Wister AficTnhizl Comment
KOUTEE HE R Io ]

Hriid TEC ansd Bainwsitor LI disinfrerion Thie: 115 af salt
et al regemerative its irestalled o wilteT effeees
(Rl = in slightly

4 lerever comaling
Lactarial ellectivaness
ConLanlsang

Lnplart Membrane- Small pore size

[Lixd] baszed somi- of the
direct membrane
svapararive preveTits air
ronler ronkminasinm

WeKende Frapnratively Grepwater Disinfectinn Grayweates,

pre caaled 1e el 1 when trestesd,
epmidensing redure the risk prvice beller
unil sl ul pratlages waler qualily
Evagorative- OCEUCTEE in rennsg of
eooled evaporarlve
eondenging cooling
Tnit rog e meTits
NFEC Salime witer Mo memtioned Saline water
b
rlagying in
[ Mot memnlianel
EC Mot mentianed
EC Condensate By Erarment Condcnsate
water ncegded warcr ean be
TR G5 0
supplement b
Fresh water

wilh no esiTa
Lzt

*as the abbroviations and constructdon types differ in publications, authors
provide evaporative conling orpe name consistent with che source nomenclanine.

4. Conclusion

In this arlicle o comprehensive evaluation of the benefils and mi-
crobial risks associated with evaporative cooling systems is provided,
This teehnolagy has gained momentum as @ sustainable alternative to
traditicnal wvapor compression-based cooling systems. Evaporative
caalers use water and air as refrigerants, offering lower energy con-
sumption and reduced negative envirommnental mpact compared to
traditional cooling systems, Hewever, EC systems pose significant
challenges regarding microbial safery, particularly the risk of contami-
nation hy Legionella pnevmophila and ather pathogens, which thrive in
the moist environments within these unils.

The findings indicate that Legionella pneumophila is not the only
micrabial threal in evaporative cooling syslems. While existing guide-
lines and standards focus heavily on Legionella pnenmophila, this study
highlights the imporiance of addressing other microbial risks, including
bacteria, fungi, and molds, which can proliferate on wet surtaces,
expecially aoling pads and heat exchangers surfaces, The malerial of
these components playvs a crucial role, witl some materials more prone
to harboring micreorganisms. Additionally, the design and operational
factors, such as air-water contact and insufficient drainage, contribute to
the: overall misk of hoserasol contamination in indoor environments.

This research points out that current maintenanee practices are very
aften imadeguate in fully mitigating microbial rsks. This study recom-
mends several specilic nterventions to enhance microbial safety, such
As:

(i) UV Warer Treatment: which can significantly reduce microhial
contamination in tue water used by evaporative eoolers, ensuring
safer air output;
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(i1} Surface Modifications: BC deviee surfaces could be improved
with antimicrobial coatings or materials that vesist biofilm for-
mation, reducing the risk of micrabial growth;

System Design Oprimization: redesipgning systems to minimize
air-warer interaction, improving drainage, ancd preventing watrer
stagnation can limit microblal prolifecation;

Enhanced Maintenance Protocols: enrrent guidelines need to be
expanded and standardized across the industry o address a
broader spectrum of microbial risks. This ineludes more frequent
ingpeelions, microbial monitoring, and thorough cleaning pro-
tocols, especially in high-risk environments such as healthcare
facilitics.

{lii}

Liv}

Furthurmore, the study emphasices the importance of ongoing
research into the development of new materials for cooling pads and
hear exchangers that are less conducive o microbial growth,
innovative swategies such as combining evaporative cooling with other
technidogios o maintain cooling efficiency while minimizing microbial
risls,

While evaporative coaling offers an energy-efficient and envinom-
mentally friendly alternative to waditional cooling svstems, the tech-
nology requires improved safery pratocols to ensure irs broader adoption
in human-cecupled spaces, Addressing microbial risls through targeted
interventions, hetter materials, and more comprehensive gnidelines is
crucial [oe the futuee of this technelogy. Future research should focus on
investigating non-Legionella microbial risks and refining mitigation
stralegies o ensure safe, long-lerm operation of evaporatve cooling
svstems in various applications, including healtheare and residential
Tuildings.
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Abstrack: Evaporabive cooling is a sustainable and energy-efficient technology based on
water evaporation to achieve cooling, It uses air (R-729) and water (B-718) as relrigerants,
so its effect on global warming is limited, Recent research focuses development of porous
heat exchanger surfaces to be used in evaporative cooling technology with intermittent
water sprav. However, non-porous surfaces were not investigated. Here, we present the
possibility of implementing intermittent water spray in a non-porous indirect evaporative
cooler. The experimental resulls show that it increases the cooling capacity when compared
to the constant water spray for chosen outdeor air parameters (20-30 “C and 40-50% relative
humidity). Also, the time after the outlet air termperature achieves minimum value (4-6 min)
is presented for a certain non-porous heat exchanger. The maximum cooling capacity
obtained without spraving is 25-64% higher than the cocoling capacity in steady-state
conditions under constant water spraying. The regression madel approach is employed
to describe the obscervation. The results introduce a new path in cvaporative cooling
technology development. They also create the possibility of improving the effectiveness of
existing systems by modifying only the water system management, without any changes

in construction or replacing the heat exchanger,

Keywords: air conditioning; natural refrigerants; sustainable cooling; cooling performance;
energy efficiency

1. Introduction

The rising global temperature and frequent extreme heat events present significant
challenges to the conling sector [1,2], particularly in ensuring energy-efficient and environ-
mentally friendly air conditioning selutions [3,4]. Conventional air conditioning systems,
predominantly based on vapoer compression cycles, pose multiple challenges, Their average
energy efficiency ratio (EER) is around 3, with advanced systems reaching an EER greater
than 10 [A]. Despite this progress, these systems tely mostly on symthetic refrigerants, which
have considerable short- and long-term environmental repercussions, including high global
warming potential (GWF) [6]. This has driven researchers tn explore alternative cooling
technologies that are sustainable, cnergy-cificient, and less reliant on environmentally
harmful refrigerants [7-9].

1.1, Evaporative Cooling Technology

Evaporative conling (EC) has emerged as a promising alternative to traditional cooling
systems. [t offers low-cost and reliable selutions using natural refrigerants such as air
and water {R-718 and R-729) [10-12] In direct evaporative ceoling (DEC), warm air
passes through a water-saturated medium, where the evaporation of water absorbs heat
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from the air, resulting in cooler, more humid air. However, conventional DEC, since it
adds meisture to treated air, has limited applicability in many scenarios, particularly in
humid climates [13]. To overcome these limitations, indirect evaporative cooling (IEC) was
developed, [EC systems cool air without adding moisture by transferring heat bebween
separate air and water streams, keeping the moisture content of the supply air at the same
level as the outside air. Despite their advantages, TEC systemns are limited by their inability
to cool air below the wet bulb temperature of the inlet air. To enhance the efficiency of 1IEC
svstems, researchers have introduced dew point indirect evaporative cooling (DIEC), which
takes advantage of sensible and latent heat transfer mechanisms. By recirculating precooled
air into the wet channel, DIEC systems achicve supply air temperatures below the wet
bulb temperature of the inlet air, significantly improving cooling performance. While
substantial progress has been made in understanding and developing these technologies,
there remains a eritical need to explore innovative techniques to further improve their
efficiency, particularly in addressing the heat exchanger material and operational challenges
of non-porous mdirect evaporative coolers. The schemes of EC types with short descriptions
are presented in Figure 1.

@ Quiside air @ Supply air @ Exhaust air

= ﬁ‘

o o ol
9

DEC IEC

Direct Evaporative Cooling - Indirect Evaporative Cooling -
air is in direet contact with water, dry and wet channels are
The moisture content is higher in separated, The moisture content in
supply air than in cutside air. supply and outside air is constant.
=
Py
-1 =
-
=
P
= ——1" |
@ |
F
—=" =
»

= 1!

®

DIEC (a) DIEC (b)

Dew Point Indirect Evaporative Cooling - Drew Point Indirect Evaporative Cooling -
part of precooled supply air is retumed to part of precooled supply air is returned o
wet channels by perforation in walls, The wel channels by ducting, The maodsture
modsture content in supply and outside air content in supply and outside air

i5 constant, is constant.

Figure 1. Evaporative cooling technology schemes, based on [14]

1.2, I'eat Exchanger Material

Heat exchanger materials play a crucial role in the performance and durability of IEC
and DIEC systems. These systems rely on heat exchangers to transfer energy between
primary (dry) and secondary (wet) air streams, using both sensible and latent heat. The ma-
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terial used for heat exchangers affects thermal conductivity, water retention, and corrosion
resistance, all of which are critical for efficiency and lifespan,

An important goal of modifying the surface of the wet side exchanger walls is to
ensure an even and possibly thin layer of water film on the entire heat exchanger surface.
MNon-porous materials are commonly used, as they are easy to maintain and safer in terms
of microbial risk [14], which is crucial in TIVAC systems [15]. In an operating device, a
situation ran occur when only part of the wall on the wet side is covered with a water film,
which limits the area from which the water evaporates | 16]. Therefore, the potential of the
evaporative cooling process is imited. Also, there canmnot be too much water on the walls.
Due to its high specific heat, water increases thermal inertia and becomes an additional
insulator on the heat-exchange path between the dry and wet channels [16]. The graphical
representation of the problems with the water film on the wet channel side is shown in
Figure 2. It is also necessary to take intoe account the type of material used to make the
exchanger itself. Mot all materials used to cover the walls of the wet channel are waterproof.
And it is precisely the waterproomess and ensuring the rigidity of the structure that are
required from the material from which the heat exchanger is built, Currently, plastic walls
are used, which are attractive in financial terms and, at the same time, ensure the rigidity of
the structure. Aluminum is also often vsed, as it has very good heat conduction properties
{between the dry and wet channels). Currently, the aim of the exchanger design is to have
the thinnest walls passible with high thermal conductivity and high wettability on the wet
channel side. This affects mainly the size of devices for indirect evaporabive cooling.

LUneven Thick Even and thin
water film water film water film
@b — | @
g T
W E
l:J m
srlls
o -
o=
I
W = a s
Wet channel surface is partially Wet channel surface is covered Even water film of thin thickness.
dry. Evaporation is reduced and with excess of water. Increased Both, the evaporation and heat
so the heat transfer. thermal inerlia and resistance, transfer are compromised.

Figure 2, Wet channel surface water film, based on |17].

However, aluminum alloys, plastics, composites, and steel face the problem of water
storage feature. Therefore, plates coating [18-20] and porous materials [21,22] are widely
used, The reason is the idea of limiting the operating time of spray waler pumps. Ina
situation where water is stored on the walls of the wet channel, there is no need for a
conbimuous supply of water by pumps. As a result, the demand for electrical energy is
reduced, and thus, the ralance of cnergy supplied to the system becomes more favorable.

1.3 Intermittent Water System Opervation

The development of IEC systems has focused on the modification of heat exchangers
by integrating porous materials. These materials improve water distribution, improve
surface wettability, and minimize water splashing, while also providing the heat exchanger
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with the ability to store water [23-25]. This allowed the introduction of the intermittent
water system operation. This advancement is particularly significant in the context of global
water shortages and rising costs of water treatment [26]. Energy savings are also important
when the pump operation time is reduced [24], as the world aims to reduce clectricity
consumption and become independent of, e.g., energy imports |26]. Intermittent water
supply, in particular, has emerged as an effective approach to improving the efficiency of
DIEC systems equipped with porous heat exchangers.

For example, Xu et al. |25] proved energy savings (30-70% reduction in electricity
comsumption) and an increase in the coeffident of performance (COF) by TO0-T601% when
employing the Coolmax™ (Taipei, Taiwan) material layer for heat exchanger walls with
an intermittent water supply. The system operated with water supply durations of 15 or
Al s in 10 min cycles. Sun et al. [27] investigated various intermittent spray algorithms,
ranging from 8 to 4% s of spray lime with pump pauses of 1 to 3 min, using porous ceraimic
tubular heat exchangers. Shi et al. [28] investigated a plate-type parous IEC system with a
sintered nickel layer. The pump could remain stopped for up to 2103 &, leading to a 95%,
reduction in pump operation time and a 117% improvement in COP, In a follow-up study
conducted in 2022, Shi et al. [29] expanded this research by optimizing pump stop intervals
to range from 1270 to 2410 s, achieving more than double the COP compared to continuous
water supply.

In general, intermittent water system operation has proven to be a promising approach
to improving the energy efficiency and performance of IMEC coolers. When the pump oper-
aticn time is reduced, the COT parameter especially is increased as the energy consumption
is reduced. Combined with increased effectiveness, this is a recent path of investigation in
EC technology.

1.4, Research Gap

As a recent advance in EC technology, intermittent water spraying is investigated in
various publications. Based on the research presented in Table 1, all of them investigate
a porous heat exchanger surface. The types of these surfaces are also listed, as they are
important in terms of waler storage capacitics and the potential application of intermittent
water spraying [16,21]]. The water spray intervals examined in the publications of Table 1

are presented in Figure 3. The authors identified the research gap in the field of intermittent
water spraying in heat exchangers with non-porous heat exchanger surface.

Table 1. Intermittent water supply nvestigation, with focus on heat exchanger surface type.

Year

2017
2mz7
2020
2021
2021
2022
022
2023
2023
2023
2024
2024

Source

Xuetal [2
Wang et al. [30]
Sunetal. [2F
Elahi et al. [31]
Chen et al. [32]
Shi et al. [29]
Shi et al. [24]
Shietal. [33]

Porous Heat

Chen et al, [34]
Chen et al. [35]
Chenet al, [19]
Khan et al. [36]

Type* Exchanger Surface Surface Type
5] E Yos Fabric

E Yes Ceramics
L Yes Ceramics
E Yes -
E Yes Plant fiber—polymer compuosite

T/E Yos Stainless stecl + sintered porous nickel
E Yo Stainless steel + sintered porous nickel
E Yes Stainless steel + sintered porous nickel
E Yos Fiber fabric
E Yes TiCd; /5105 nano-coated polypropylene
E Yes Ti(: /5107 nano-coated polypropylenc
E Yes SuperKool cellulose cooling pad

*C

experimuntal; T—theoretical.
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Figure 3. Water system operation intervals for publications: a [25], b [30], ¢ [27], d [31], e [32], £ [29],
g [28] W33, 1 [34], § [35] k [19]. 1 [36].

1.5, Objective and Neowvelly of the Stidy

The idea of our work is to present experimental data on the process of drying of
the non-porous heat exchanger after the water system shuts off. As stated above, papers
tackling the idea of intermittent water spraying have already set water systems’ pause time.
Howaever, there are insufficient experiments or analyses on how the heat exchanger will
operate when no more water is sprayed in a longer period of time.

The authors provide results for an experimental investigation on the performance of
DIEC when the water supply was shut off after achieving a steady-state condition. Three
inlet air temperatures (20, 2%, and 30 “C) were evaluated, and for cach temperature, three
relative humidity values were investigated (4, 45, and 500%). The device was observed for
maore than 70 min after the supply system was tumed off. This resulted in an observation
on DIEC with non-porous heat exchanger operation when drying.

The results presented in this study can initiate further investigation on evaporative
cooling devices with non-porous surfaces but with upgraded water supply systems (inter-

mittent spraying}.

2. Materials and Methods

In this section, the authors describe the experimental setup in detail, selected exper-
imental parameters and a regression model. A schematic and an actual photograph of
the test rig are provided, along with details on the specifications and placement of the

measuring instruments.

2.1, Tesl Rig

The performance evaluation was carried out using a prototype test rig. A real photo
and a schematic diagram of the device, including the arrangement of measurement in-
struments, is shown in Figure 4. The rig consists of a cooling coil, a heater, and a humidi-
fier, enabling air treatment independent of outdoor conditions. Two fans with inverters
are installed.
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Figure 4. Experimental device real photo and schematic configuration (red arrow—inlel air,
blue—supply air, teal—outlet air).

211, Airflow Orgranization

The rig, which is thermally insulated, operates as a cross-flow DIEC with a horizontal
air inlet. Air is supplied directly from the outside, above the roof. The temperature and
moisture content can be changed before entering the heat exchanger. The airis then cooled
in the device. A portion of the cooled supply air is recirculated and transported vertically
into the wet channel from the top. An adjustable damper can be used to regulate the purge
ratio. The remaining supply air is delivered to the cooled space, while the outlet air is
exhausted through a droplet eliminator outside the building, The air is supplied by fans of
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type JETTEC 250/2400F by Harmann Ventilators with inverters of type SV004iC5-1F by
LG, Cheoan, Korea.

2.1.2. Heat Exchanger

The heat exchanger consists of 115 alternately arranged non-hydrophilic polymer
plates, forming wet and dry channels. The real photo of a part of the heat exchanger is
presented in Figure 5. Both the wet and dry channel dimensions are 500 x 500 mm. The
height of both channels is 2 mm. The side walls of the heat exchanger are insulated with
mineral wool to minimize the influence of the surrounding.

Scale
024 6 S|
]

Figure 5. Real photo of the heat exchanger, dry channels.

2.1.3. Water System

The water is supplied to the heat exchanger by two serially connected pumps of type
DC50E-24150S. Then, it is sprayed with four full cone nozzles of type BETE WL-%2 120 BSP
(Figure 6) located 140 mm above the heat exchanger. The excess water is collected in a
reservoir at the bottom of the rig, where the pumps are mounted. In the wet channel, air
and water flow in parallel. The water pipes are also insulated.

Figure 6. Nozzle used in the experiment (BETE WL-'2 120 BSP).
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2.1.4. Measurements

Temperature (T), relative humidity (), and volumetric flow rate (V) measurements
were taken at the locations marked in Figure 4, with data recorded every second. 'To ensure
steady-state conditions, the rig was operated for at least 45 min before data collection.
The steady state was confirmed when the temperature fluctuations remained within £1%
and the relative humidity fluctuations within +=5% over a 3-minute period, as described
in provious studies [26,29,36]. The specifications of the measuring devices used in the
experiment are presented in Table 2.

Table 2. Measurement device specifications.

Parameter Insbrument Accuracy
Temperature Sensirion SHT25 +0.2 5
Ad Relative humidity Sensirion SHT25 1.5% (RH 10-90%), 3% (RH 90-100%)
AT Flow rate (inlet) SMAY IRIS 250 5%
Flow rate (outlet) Lindab FMU-FMDRU 250-2010 B%
W Temperature WIK A TE3IZ P00 /4 F0 15 {015 + (002 )
Vater Flow rate TPM SM6004 magnetic-inductive flow meter (2% MW * + (1L5% MEW **)

* measured value, * linal value of the measuring range.

2.1.5. Parameter Setting

The aim of the paper was ta investigate the operation of the DIEC with a nenporous
heat exchanger after the water supply is stopped. Its purpose was to evaluate whether
there is a possibility of intermittent water spraving in the hydrophobic heat cxchanger.
Inlet air parameters were chosen according to what is ebserved in a temperate climate in
Furope [37,38]. Also, high relative humidity (50%) was evaluated, as evaporative cooling is

claimed to work best in arid climate [39]. Table 3 presents all experimental parameters.

Table 3. Experimental parameters,

Parameter Value Unit
Inlet air temperature 201, 25, 30 “C
Inlet air relative humidiby 41, 45, 20 i
Water flow rate 5494 L./ min
Inlet air flow rate Bal) mtih
Purge ratio 35 B
Alr velocity in dry channel 2.0 m{s

2.2, Regression Maodel

Or paper is forused on the cooling performance after the water system shuts off.
Inlet air parameters and air flow rates are constant during the operation with the water
system turned off; therefore, the crucial parameter observed and measured is the outlet air
temperature from the dry channel (T5). Outlet air temperature changes with ime during
the drying process and affects cooling performance over ime, Predictions about outlet
air temperature during the drying phase will provide essential data to evaluate cooling
performance for different inlet air parameters. For that reason, a regression model was
developed. It aims to predict the time series of the outlet air temperature from the DIEC
device. Also, a regression model of outlet air relative humidity (RH;) was developed,
as in [40].

The measurement time-series data were affected by short-term fluctuations. Therefore,
the Simple Moving Average (SMA} was used ta smonth the data and reduce noise [41-43].
The averaging data points over a 1200 s period of experiment for each parameter were
used for model preparations. The statistical model was prepared, based on the assumption
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that T2 (dry channel outlet temperature) and RH2 {dry channel outlet relative humidity)
depend on T1 (inlet air temperature), RHI (inlet air relative humidity), and time T, what
can be described as Equations (1) and (2.

Ta =Ty, RHy, T}, (n
RIT; = f(Ty, Ry, 1), (2)

2.2.1. Operation After Water System Turnoff

In order to understand the model and the approach of the authors, the description
of the operation of the system after the water system is turned off is crucial. In every
parameter setting investigated, the same shape of the supply air temperature T chart was
observed (Figure 7). The water system turnoff is at = s, Ty value was measured over a
40 minute period of Hme. In further analysis, the data were presented for shorter period of
time (1200 s). This is due to the fact that after point 4, there are no significant changes in

temperature T;

T, °C |
21 -.||—_1, -‘C SAA 120 [
=
21 "
__r'f
20 -
o —
N RO OO @/-
|3 1 i [ |
14 '\ 1 ! e |
'y 1 [ f.-“’ |
Y 1 [ 1
18 | 1 1 / 1
| \ 1 [ e 1
1 1 1 L 1
17 1 | S 1
o 500 1000 1500 2000 2500

T8

Figure 7. Supply air temperature after water system tumoff, example for inlet air temperature 25 °C

and inlet air relative humidity 45%.

The chart can be divided by 4 points (as visible in Figure 7):
Turnoffl of the water system;

Lowest Ty value is achieved;

Ty value starts to increase;

Taisequaltothe Tz inT=0s,

Ll e

From point 1 to 2, a signiticant T3 drop is observed (in the example, the drop achieves
2 K). Al the same time, there is an increase in cooling power as a direct result of Tz drop. In
point 2, the minimum T; value Is achieved, and it is stable up to point 3. After that, the Tz
starts to increase, and in point 4, it achieves a temperature equal to that of point 1.

The time between points 1 and 4 can be used to utilize lower supply air temperature.
At the same time, the energy consumption is reduced, as the water pumping system does
not operate.

As this observation is promising in terms of energy consumption and efficiency of the
systemn itself, the authors focused on T; characteristics.

2.2.2, Regression Analysis

As described previously, the drying process of the IDIEC device consists of bwo pro-
cosses: (1) when T rapidly decreases; (i) increase back to its original value at point 4, The
time between points 1 and 4 is crucial for an increase ln cooling performance due to shut-off
of the water systemn. Based on the data measured for the first 1200 s after the water system
is shut off, the authors prepared a regression model [44,45].
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The process (i), when T is decreasing, can be described as a general form of differential
equation, as Equation (3),
d'Ty =~ —TadT, (3

which means that decreasing T is related to Bme. The solution of that differential equation
is in the form of an expenential relation, as shown in Equation (4).

To=a-c"", (4)
A similar relation was applied for the relative humidity of the outlet air.
The process {ii}, when Tz is increasing back, can be described as a logistic function, as
in Equation (5),
flxy= T (3)
which has value ¥ at x =0 and value 1 when x approaches infinity. The logistic function
has a similar shape as T; when increasing (point 2 and 4 in Figure 7), especially when T
drifts towards Ty as a final point of the drying process (point 3 to 4 in Figure 7). Eventually,
the proposed form of the logistic function is presented in Equation (&),
C .
T1+d. ¢ fle wl’ (®)
where 1y is a time when T3 has a minimum value.
The processes (1) and (i) were combined into an additive regression model of Ts and
RH; in relation to time 7 in Equation {7):

b ¢ ~
(a ‘ I 1+g-efiT—m )“ @
It was also presented in relation te Ty and EHy, as described in Equation (3):

Cy T+ G \;":]-1 RHy + C3 RHy, ()

Finally, the additive regression model of T; was established in the form of Equation (9)
and the model of RH; in the form of Equation (100).

[

. o . AN
Tit,T1,RH) ) = A+ B (rI g | —I—Lf-r?_-"'.r_ru]

) FC =Ty + Cae /T RHy + Ca - RHy, (%)

RIL(t, T, RIT,) — A+B- ('.-,E et T ) +C1 Ty +Ca- /Ty RII +Ca- Ry, (10)

14d e fir—mt,
The point 1y, when Ty has the lowest value in each time series was also modelled in
Fquation (11).

T =yt ay  Tobapwn, o BH T+ ags, - RHy, (11}
Parameters ap, at), atiryi- apgy for Bq. 11 were established (Table 4).

Table 4. Parameters for Equation (11),

an ] AT{RHI ARH1
348.726R1 71.3488 —111.0783 416207

The parameters of Ty (Equation (9)) and RH: (Equation (10)) models {with empirical
t tump) were calculated based on nenlinear least squares method and are presented in
Table 5 and Table 6, respectively.
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Table 5. Parameters for To model (Equation (9)).
Standard e .
Parameter Deviation 95% Confidence Interval temp
a 421249 1.4395 3.0125 h.BY15 4.249
i 0.0059 0.0021 0.0041 0.0084 14.41
I 23.24°08 52116 18.6112 2010345 14.15
d 04185 0.274% [.2258 (1L.7756 1.41
i 0.0009 0.0010 0,000 (.0024 728
A —27.2041 (L1240 —27.4473 —26.9610 —2149.32
B 1.0215 0.0059 1.0100 1.0331 17341
i 00683 00199 0.0302 (0.1084 348
s 1.1074 0.0296 1.0443 1.1654 3741
e 0.26504 0.0112 (.2874 0.2434 23.64
Table &. Paramelers for RH; model (Equation {10070).
Standard —a: "
Parameter Deviation 95% Confidence Interval temp
a 53,9240 3.6521 503995 57.7037 5893
b 0.0003 0.0000 0.0002 0.0003 74.29
i 2088049 39974 172624 252575 1597
a 0.0691 0.0081 0.0615 0.0777 22,77
f 0.0108 0.0013 0.00% 0.0122 3691
A —52.9753 (4150 —53.7850 —52.1620 —127.73
B 0.9666 0.0060 0.95360 0.977 174.04
() 19228 (L0690 1.7580 2.0580 27496
s 22500 01020 50,3995 577037 58,93
Ca 1.8252 0.0390 0.0002 (0.0003 74.39

All parameters in Tables 5 and 6 are significant, because tamp was higher than t, =2
{cxcept for d in Table 5) (for n = 1200 samples for every inlet air parameter tested), i.c., higher
than critical { value in t-Distribution with significance level of (03, The determination
coefficient K2 of the Tx model is 0,980, and R? of the KH> model is 0907, That is, the
model explains approximately 98.0 percent of the variability in the outlet temperature and
approximately 90.7 percent of the variability in the outlet relative humidity.

3. Results and Discussion

The main idea of the article is to evaluate the operation of the non-porous IMEC heat
exchanger after the water system is turned off. In this part, we present the effect of stopping
the water supply on the performance of the examined system.,

3.1, Supply Alr Parainelers

Figure Ha represents the outlet air temperature (13), and Figure 8b represents the
outlet air relative humidity (RHa2) as a function of the same parameters: time (1), inlet air
temperature (T1), and inlet relative humidity (RT1y). In both cases, the experimental and
modeled data are presented. The shapes of the graphs are strictly correlated, as the moisture
content is constant {the heat exchanger is indirect, and there is no condensation observed),
Therefore, the decrease in temperature results in an increase in relative humidity.

In Figure Ha, alomg the T axis, there is a visible trend just after the water system stops
{at T =10s). Tz values experience a sharp decline at the initial stages of operation, followed
by achieving the lowest temperature, and steadily increase as the system approaches steady
state. Further on, along the Ty axis, higher inlet temperatures lead to higher stabilized outlet
temperatures, while lower inlet relative humidity (RH;} enhances the cooling performance
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{T2 is lower). Also, with the increase in Ty, there is a greater distance between surfaces for
RH, = 40% and EH; = 50%. This suggests that in lower inlet air temperatures (T, }, inlet air
relative humidity (RH; ) does not influence the supply air temperature (T3) as much as in

the case of higher Ty,
W e A AT —— Data AR, = 40% W Hncel G s A% —— Tt AH, = 40%
Lty Tralin Ry = 50% HESIARE= o Data AHYL = 50%
|
“
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5 1000 e an
1200
(a) ib)

Figure 8. Fxperimental {lines) and modelled (surface) values for (a) supply air temperature (15);
(b} relative humidity (RH;).

Owverall, higher RH; results in reduced cooling performance (higher T;), while lower
T, enhances the cooling effect (lower Tz). The general trend (described in Figure 7) is
observed acress the investigated parameters.

3.2, Cooling Capacity

Cooling capacities were presented for three specific situations. Figure 9 on surface
() {red) presents the cooling capacity achieved in steady-state conditions, when constant
spraying is used. Therefore, it is the result for point 1 (also for point 4, as T in point 1 is
equal to Tz in point 4) in Figure 7. Figure % on surface (s (green) represents the maximum
cooling capacity that can be achieved due to the T; drop after the water system is turmed
off. It is calculated for the minimum Tz value. The last surface Q3 (blue) in Figure 9 is the
result of the average value between points 1 and 4 in Figure 7. It represents the average
cooling capacity that can be achieved in time after the water system is tomed off, and Ta
will fall down and rise up to the same temperature as in 7= 0s.

The shape of the surfaces is similar in every case. The location of the blue surface (Q3)
is not exactly in the middle between the (Qq and Q» surface. Therefore, when utilizing the
effect after the water system turnoff, it is possible to achieve a cooling capacity close to the
maximum possible cooling capacity (the difference is about 100 W)

The results are consistent with the general knowledge on evaporative cooling. The
higher the temperature and the lower the relative humidity, the higher the cooling capacity.
This trend is consistent in every case described. It is worth noting that the authors inves-
tigated relatively low temperatures as well, and still there was cooling potential, even at
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20 °C as the inlet air temperabure. It is a promising result in terms of using evaporative

cooling in relatively low temperatures and high relative humidities.

1200J"
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1nucrl”
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Figure 9. Cooling capacity modeled values: Q) in steady-state conditions under constant spraying
{point 1 in Figure 7); O maximum value when Ty achieves its minimum (point 2 in Figure 7);

()5 average value for period from painls 1 o4 in Figure 7.

3.3, Minimunr Supply Air Temperatiore (T5)

The experiment resulted in an interesting finding about the system achieving minimum
supply air temperature (Ta). The time it takes the system to achieve the minimum value
is presented in Table 7. Generally, it is between 4 and 6 min, independent of the inlet air
parameters. It can be an indicator for further development of the experiment that from the
point of achieving minimum T> value, a certain amount of time should pass, and spraying
should be turned on again to keep the T; at the lower level than in the constant spraying
conditions. Crverall, it shows thalt an intermittent water supply can be implemented to

increase the performance of the DIEC,

Table 7. Time to achieve minimum supply air temperature.

Ty, °C RHq, % Time to Achieve Minimum T, s
a0 318
20 45 334
A0 314
40 26l
25 45 307
50 304
40 322
an 45 320
A0 254
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The supply air temperature {To) achicved by the investigated device under varving
inlet air parameters (inlet air temperature (T1) and relative humidity (RH; ) is presented in
Figure 1{]. The results indicate that the supply air temperature is strongly influenced by the
inlet air conditions, Specifically, Tz decreases with lower values of T; and higher RH;.

40

20

Figure 10. Supply air lemperature (T;) for different inlet air (T} paramelers.

The temperature difference between Ty and T represents how much the inlet air can
be cooled down, For Ty = 20 °C, the difference is in a range of 5.9-7.0 K; for T, = 25 °C,
75-8.6K; and for Ty =30 °C, 7.5-11.1 K. Overall, these results provide data about the suit-
ability of dew point indirect evaporative cooling for climates with moderate to high relative
humidity and demonstrate its potential for encrgy-cfficient cooling, particularly in regions
where the inlet air conditions fall within the optimal operating range for this technology.

4, Conclusions

This research addresses a significant gap by focusing on non-porous heat exchanger
surfaces, demonstrating the potential for intermittent water supply application,  The
following conclusions may be drawn from the experiment:

s The experimental findings reveal that in the investgated device, after the water system
is turned off, the supply air temperature (T2} decreases initially by 5.9-11.1 K, stabilizes
at a minimum value, and then gradually rises back to the initial temperature. This
characteristic offers an opportunity for optimizing intermittent water spraving cvcles.

o The investigated system can also work in moderate climate conditions.

s Hvaporative cooling devices with nom-porous surfaces but with upgraded water
supply system (intermittent spraying) have great potential for improvements in terms
of energy efficiency (water pump pause time can achieve up to arcund 1000 s).
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¢  Thefindings suggest that there is a specific ime (-6 ming after water system burmoff when
the cooling capacity achieves maximum value. Optimized pause time in intermittent
water supply can enhance DIEC performance, providing a basis for future research.

s Future studies can focus on developing control systems for intermittent spraying to
maximize perfermance and energy efficiency in varving climatic conditions.
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ARTICLE INFO ABSTRACT
Keywords: Faced with extreme global heat, the demand for efficient air conditioning is critical, especially
Air conditioning using environmentally friendly technologies such as natural refrigerants. It makes the exploration

Indirect evaporative cooling
Intermittent water spraying
Natural refrigerants

Energy-efficient technology

of traditional solutions, such as evaporative cooling (EC), crucial. Our study investigates the
performance of dewpoint indirect evaporative cooling (DIEC) systems, focusing on non-porous
heat exchangers with intermittent water supply to enhance cooling efficiency and reduce en-
ergy consumption. In this experimental study, we evaluated key performance indicators of the
DIEC system, including dew point and wet bulb effectiveness, cooling power, and coefficient of
performance (COP), under various water spraying intervals (30 s, 60 s, 90 s of spraying and
constant spraying) and different inlet air velocities (1.6 m/s, 2.0 m/s and 2.5 m/s). The results
indicate that an intermittent water supply significantly reduces electrical energy consumption
without compromising system performance. Notably, the highest COP, ranging from 50 to 107,
was observed during the shortest 30-s spraying intervals, compared to a COP of approximately 20
during constant spraying. These findings highlight the effectiveness of optimizing water man-
agement strategies in DIEC systems. The adoption of intermittent water supply in DIEC devices
with non-porous heat exchangers offers a viable and sustainable path to improving air condi-
tioning efficiency, making it a promising solution for addressing the growing demand for envi-
ronmentally friendly cooling technologies.

1. Introduction

The world is facing extreme heat phenomena that push the cooling sector to its limits. Only 10 % of the 2.8 billion people living in
the hottest parts of the world have access to cooling in their homes [1]. The impact of these changes is also highly visible in the
mortality rate among the elderly. For people over 65 years of age, the number of heat-related deaths has increased by 60 % (comparing
2019-2021 to 2002-2004 time period) [2]. Therefore, there is an emerging challenge for the cooling sector to ensure the demand for
air conditioning with the highest efficiency and the lowest environmental impact possible.

Shahzad et al. [3] indicate that the market average energy efficiency ratio (EER) for the available air conditioners is around 5. At
the same time, the available equipment can achieve an EER greater than 10. Not only is the low effectiveness of cooling devices raising
concerns. Most residential cooling devices are based on vapor compression systems. These use refrigerants that have significant
environmental impacts, both in the short and long term [4].

Regarding challenges, evaporative cooling (EC) is widely presented as a solution [5]. It provides relatively inexpensive and reliable
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devices with natural refrigerants air and water (R-718 and R-729). What is more it can be easily combined with renewable energy
sources (e.g. solar energy [6-9]). Although EC is discussed [10-14], it still lacks investigation in some branches. The research result is
presented in Fig. 1. The systems are divided into EC, which is the most general and broad term for the technology. However, due to the
addition of moisture content to the treated air, the technology has not been perceived as promising. Next, indirect evaporative coolers
(IEC) are then introduced. They have emerged as a solution to reduce air temperature without introducing moisture into conditioned
spaces. The fundamental principle behind IEC lies in the separation of air and water streams, which allows heat transfer from the
primary air (outside air) to a wet channel without compromising the dryness of the primary air. However, it is not possible to cool the
air below the wet bulb temperature of the outside air. To address these challenges and enhance the efficiency of [EC units, the concept
of dewpoint indirect evaporative cooling (DIEC) has been introduced. Unlike conventional IEC, DIEC involves sensible and latent heat
transfer. The pre-cooled air, returned into the wet channel, absorbs heat energy from the primary air due to temperature differences.
This innovation enables the achievement of supply air temperatures below the wet bulb temperature of the outlet air, marking a
significant improvement in performance.

1.1. Role of water in IEC

Indirect evaporative coolers are devices designed to reduce air temperature using the cooling effect of water evaporation without
introducing moisture into the conditioned space. It is possible due to the separation of air streams. Heat from the primary air (outside
air) is transferred through the wall of the heat exchanger into the wet channel. Primary air lowers its temperature by releasing heat
through the heat exchanger wall into the wet channel, intensifying the evaporation of water. Primary air remains dry because water
does not mix with it. However, the cooling medium absorbs heat and undergoes evaporation. This phase change from liquid to vapor
consumes heat, resulting in a cooler secondary air stream. Therefore, it is the temperature difference caused by evaporation that is the
main factor driving the cooling process. Conventional IEC units have faced challenges in commercialization over the years due to
restrictions in supply air temperature, and the high manufacturing cost [11].

Therefore, DIEC devices were introduced. The scheme of the device is shown in Fig. 2 (a). Design improvements provide the
possibility of obtaining the supply air temperature below the wet bulb temperature of the inlet air. However, the role of water remains
the same. It is the airflow organization that made the improvement. Since many air flow arrangements have been investigated, the
focus has shifted to water in the following aspects: temperature, flow, and strategies to optimize water usage, either through the
application of porous materials or intermittent water supply.

1.2. Water temperature and flow

In the case of DIEC, the water temperature that is supplied to the device must be taken into consideration. In case of porous heat
exchangers, tap water can be used directly to moisten the heat exchanger. The porous material stores the supplied water and there is no
need for a water reservoir, as drip is limited to a minimum. In this case, the water source is not influenced by the environment where
the device is placed.

However, for non-porous heat exchangers water is supplied by nozzles and there is a water reservoir at the bottom. Water is in
closed circuit and in the same environment as the cooling device. The treated air temperature approaches the dew point temperature,
as shown in Fig. 2 (b). The water temperature, however, can be at the temperature on the line between the dry and wet bulb tem-
perature of the outside air. Or, when there are additional heat gains, water can achieve temperatures much higher than the outside air
temperature [15,16]. It results in a decrease in effectiveness and an increase in product air temperature [17]. The problem occurs
because these devices are placed mainly on roofs and no additional shading or insulation is provided. The above roof temperatures,
which are widely underestimated, are known to have a great influence on the performance of HVAC devices [18,19].

However, the influence of chilled water is examined in the literature for non-porous [20] and porous [21] heat exchanger surfaces.
The results confirm that lowering the spray water temperature can significantly increase the performance of the evaporative cooler.
Systems supplied with chilled water can have potential applications even in high humidity climates. However, electric energy con-
sumption to prepare chilled water should be taken into consideration as it can exceed the gains.

The water flow rate has also been extensively discussed as it impacts the overall performance of evaporative coolers. The aim is to
fully wet the heat transfer surface with water without creating an excess of water film on the surface. The extensive analysis of this
aspect was carried out by De Anonellis et al. [22]. The main finding was that performance is highly influenced by the water flow rate
but not so much by the nozzle organization and type. The water flow rate should also be considered with regard to the secondary air
stream parameters (which has direct contact with water). The drier the air, the higher the water flow rate is required to maintain
satisfactory performance.
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Fig. 1. Evaporative cooling development with its limitations and research gaps.
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Fig. 2. DIEC scheme (a) and a psychometric representation (b).

1.3. Porous materials and intermittent water supply

The development aimed at modification of heat exchangers by application of porous materials. It allows to distribute water evenly,
increase wettability, and decrease splashing [23]. At the same time, heat exchanger gain the ability to store water. With regard to water

Table 1

Performance of IEC coolers from 2010 regarding type of water supply and type of research (T - theoretical, E — experimental, wet bulb effectiveness
defined as in Eq. (1), dew point effectiveness defines as in Eq. (2)).

Year Source Water supply Type Effectiveness

- Wet bulb Dew point
2010 Hasan [31] Constant T 1.09-1.36 0.70-0.84
2010 Riangvilaikul et al. [32] Constant E 1.00-1.15 0.63-0.85
2010 Riangvilaikul et al. [33] Constant T 1.00-1.15 0.60-0.90
2011 Bruno [34] Constant E 0.93-1.29 0.57-0.83
2011 Zhan et al. [35] Constant T/E 1.13-1.36 0.74-0.93
2013 Leeetal [17] Constant E 1.18-1.22 0.75-0.90
2014 Jradi et al. [36] Constant T/E 0.70-1.17 0.43-0.78
2016 Kabeel et al. [37] Constant T/E 0.76-1.37 0.52-0.94
2016 Xu et al. [38] Constant E 1.03 0.69
2017 Xu et al. [25] Intermittent E 1.00-1.28 0.67-0.76
2017 Duan et al. [39] Constant T/E 0.98 -
2018 Cui et al. [40] Constant E 0.80-1.01 0.60-0.80
2018 Wang et al. [41] Constant T 0.70-1.22 0.47-0.93
2018 Boukhanouf et al. [12] Constant T/E 0.5-1.12 -
2019 Alharbi et al. [43] Constant T/E 1.02-1.10 0.71-0.86
2019 Liu et al. [44] Constant T/E 0.75-1.08 0.43-0.77
2020 Rajski et al. [45] Constant T 0.4-1.05 -
2020 Sun et al. [26] Intermittent E 0.68-1.34 -
2021 Chu et al. [46] Constant E 1.06 0.76
2021 Elahi et al. [47] Intermittent E 0.63-0.92 -
2022 Sofia et al. [23] Constant E 0.20-0.91 0.15-0.69
2022 Shi et al. [28] Intermittent T/E 0.3-0.69 -
2022 Shi et al. [27] Intermittent E 0.52-0.68 -
2023 Chen et al. [48] Intermittent E - -
2023 Chen et al. [49] Intermittent E - -
2024 Chen et al, [50] Intermittent E 0.74-0.81 -
2024 Khan et al. [51] Intermittent E 0.23-0.85 0.13-0.81

3
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shortages and high costs of water treatment [24] the approach to minimize water supply occurs in the literature as a way to improve
the performance of DIEC [17]. Eventually, intermittent water supply has been applied to DIEC coolers with porous layers on the heat
exchanger. Xu et al. [25] achieved a significant decrease in electricity use (50-70 %) and an increase in COP (100-160 %) by applying
the Coolmax® wet material layer. The water supply time was 15 or 60 s for each 10 min cycle. Sun et al. [26] investigated different
intermittent spray algorithms (8-45 s spray time for 1 and 3 min water pump pause) for porous ceramic tubular heat exchanger. The
change is claimed to have no contribution to water savings, but the energy consumed by the pump is reduced as the operating time is
shorter. In 2021 Shi et al. [27] evaluated plate type porous IEC (sintered layer of nickel) for an intermittent water supply operation.
The longest measured interval without pump operation was 2105 s. This results in almost 95 % reduction in operation time of the water
system, and also in an increase in COP of more than 117 %. Later in 2022 Shi et al. [28] performed a similar investigation and the
non-operating time of the water system was between 1270 and 2410 s. The increase in COP has been significant compared to the
constant water supply (more than two times). In general, intermittent operation of the water system contributes to better performance
and reduced energy consumption.

1.4. Research gap, objectives, and novelty of the study

1.4.1. Research gap

As a recent technology, the DIEC system is divided into devices with porous and non-porous heat exchanger surfaces. Based on the
research presented in Tables 1 and it is clear that since 2010 eight publications have tackled the idea of operating an intermittant water
system (most of them are from the last few years). More precise research leads to the conclusion that porous materials are investigated
in terms of possible water storage capacities and the potential application of intermittent water spray [27-30]. Water spraying in-
tervals examined in publications from Table 1 are presented in Fig. 3. It is visible that spraying periods generally do not exceed 3 min
(only one investigation analyze 5-6 min perios). At the same time, there is no clear correlation in pump off period, when the heat
exchenger works without further spraying. The time differs significantly, ranging from 1 min up to over 40 min. Still, overall
observation is that pump on time is shorter than pump off time in every case. Thus, the authors identified a research gap for inter-
mittant water supply for DIEC devices with non-porous heat exchanger.

1.4.2. Objectives

In a typical experimental device, the water distribution system consists of a water pump, piping, nozzles, and a water tank. Water
pump operation is constant, or when porous surfaces are applied to the heat exchanger, the operation is intermittent.

The aim of this paper is to investigate the effect of intermittent spraying on the cooling performance of DIEC systems with a non-
porous heat exchanger (scheme of examined device is shown in Fig. 4) and to assess the potential benefits in terms of energy efficiency.
The experimental device’s water distribution system has been upgraded with an additional pump operation control module. It allows
the time to be set when the heat exchanger is sprayed. The time of pump shutdown is also set. Thus, there is no need for manual control,
which decreases the uncertainties in spray time.

Based on the water system operation intervals for porous heat exchangers (Fig. 3) and tests, the authors decided to investigate three
spray times (30s, 60s, and 90s) with 7 min pump shut off. Three spray periods are chosen because there are no data on the wettability of
non-porous heat exchangers. Still, those are in the range of previously used intervals. The shut-off time was chosen between four
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Fig. 3. Water system operation intervals for publications: A [26]; B [25]; C [27]; D [28]; E [47]; F [48]; G [49]; H [50].
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Fig. 4. Evaluated DIEC scheme with airflow and water supply organization.
shortest periods (60s, 300s, 540s, and 600s) as the non-porous layer is predicted to have lower water storage performance.

1.4.3. Novelty of the study
Unlike previous studies that mainly focus on porous heat exchangers, this study focuses on non-porous heat exchangers, which is a

novel approach in the context of improving the performance of DIEC systems. As non-porous heat exchangers are less exposed to
bacterial growth (as no pores are present) [30] or mold formation [52]. Additionally, costs increase as porous materials need an

additional water-resistant coating to separate wet and dry channels [53].
Thus, the aim is to evaluate the benefits that can be achieved for non-porous heat exchangers by water supply system modification.

Supply air
H|
Computer . o L Sy
R B T H]
. |
Data logger \ ﬂ t
(P]
P Y\ [Pl
Inlet air /

M B
|

e

V]
|

Humidifier

Cooling coil
8
—A Heater

T Qutlet air

O

= =
v

b‘%
5
|S__

Fig. 5. Experimental device schematic configuration.
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2. Methods

In this section, the authors present experimental setup, selected performance indicators, and power demand calculation. Scheme
and a real photography of the test rig are presented with the specification and localisation of the measuring devices. System perfor-
mance indicators are briefly described and discussed to precisely define the parameters chosen for each formula.

2.1. Experimental setup

Performance evaluation was conducted on a prototype test rig. The device schematic arrangement with the location of measure-
ment devices is shown in Fig. 5. It is equipped with a cooling coil, heater, and a humidifier that allows to treat the air independently on
the outdoor air parameters. Two fans are equipped with inverters that ensure stable air flow.

The real photography of the test rig is shown in Fig. 6 (a) (the test rig is thermally insulated). It is a cross-flow DIEC with horizontal
inlet air delivery. Part of the cooled supply air is returned and transported vertically into the wet channel from the top (damper allows
to regulate the returned air flow). Eventually, the outlet air is exhausted through the droplet eliminator. The rest of the supply air is
supplied to the cooled space.

The wet and dry channels are made of 115 nonhydrophilic polymer plates arranged alternately (shown in Fig. 6 (b)). The water
supply system is equipped with two serially connected pumps that can operate in a defined time manner using an adjustable timer relay

(b) (c)

Fig. 6. Real photo of the: (a) test rig; (b) heat exchanger (wet channels); (c) spraying system.
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switch. Water is supplied with four nozzles from the top of the heat exchanger as shown in Fig. 6 (c). Water is stored in water reservoir
at the bottom of the device. Air and water in wet channel are arranged in a parallel flow manner.

The specification of the test rig is presented in Table 2. Temperature (T), relative humidity (H) and volumetric flow (V) are
measured in the places specified in Fig. 5. All data are recorded every second. To achieve steady state conditions test rig was operating
for at least 45 min before the measurements started. The steady state is recognized when the fluctuation of measured temperature and
relative humidity is within a deviation of £1 % and +5 % for 5 min respectively [27,54,55]. Additionally, pressure drop was measured
manually for the heat exchanger (P) with instrument nozzles and impulse lines installed in points (P). The specifications of the
measurement devices are presented in Table 3.

2.2. EC system performance indicators

2.2.1. Wet bulb effectiveness
The DEC system can cool air at constant enthalpy up to inlet air wet-bulb temperature [56]. Therefore the efficiency of DEC device
can be calculated by Eq. (1)

L—1
172 )
ﬂwb tl _ t‘{’b

Eq. (1) can also be used to describe the efficiency of the IEC device [56]. It is suitable when inlet air is supplied simultaneously in
the wet and dry channels (inlet air has the same parameters at the entrance to each channel type). In both systems, inlet air wet bulb
temperature is in the denominator.

2.2.2. Dew point effectiveness

Many researchers investigated the system where air from dry channel returns to the wet channel. The return of air from the dry to
wet channel improves DIEC system performance and the inlet air can be cooled below its wet bulb temperature. Thus, it is more
appropriate to describe investigated heat exchanger efficiency related to the dew point, instead of the wet-bulb temperature. This can
be expressed as Eq. (2) [57] and the following formula is used for further calculations.

t — L

=12 @)
qdp t — t,ljp
2.2.3. cop

The COP in this paper was calculated for an IEC system similar to that described in Ref. [57]. However, in this research the authors
decided to expand the equation used by Zhou et al. [57] and calculate the COP based on Eq. (3). Additionally, it includes the water
pump system power demand. This approach seems to be the most comprehensive for future implementation in commercial
applications.

COP — Qsensible _ (VD — V_-,-)PC;,(t] - tg)
w Woumps + Wrans

3

2.2.4. Parameter setting
The purpose of the study was to evaluate the operation of the intermittent water system in a non-porous heat exchanger. Thus, the
authors chose to investigate typical design parameters that are currently observed in a temperate, central Europe climate [58,59]. The

Water

Purge ratio
Fans

Fans inverters
Water flow rate’
Pumps

35

JETTEC 250/2400F
SV004iC5-1F

5.94
DC50E-241508

Table 2
Specifications and dimensions of the main components in the investigated device.
Description Data Units
Heat exchanger ‘Wet channel dimensions 500x500 mm
Dry channel dimensions 500x500 mm
Wet channel height 2 mm
Dry channel height 2 mm
Number of plates 115 -
Nozzles Type BETE WL - %2 120 BSP -
Shape Full cone -
Number 4 -
Height above heat exchanger 140 mm
Operating pressure 2 bar
Air Average dry channel air flow 468, 540, 684 m*/h

%

I/min

2 Constant operation.
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Table 3

Measuring devices specification.
Parameter Instrument Accuracy
Air Temperature Sensirion SHT25 +0.2°C

Relative humidity 1.8 % (RH 10-90 %),

3 % (RH 90-100 %)

Flow rate (inlet) SMAY IRIS 250 5%
Flow rate (outlet) Lindab FMU-FMDRU 250-200 5%
Pressure drop Testo 435 +0.02 hPa
Water Temperature WIKA TF37 Pt100/4/F0,15 +(0.15 + 0.002 t)
Flow rate IFM SM6004 magnetic-inductive flow meter +(2 % MW'40.5 % MEW")

@ Measured value.
® Final value of the measuring range.

experiment was conducted in quasi-constant inlet air parameters. Overall parameter setting is shown in Table 4.

2.2.5. Uncertainty analysis

The uncertainty of measurements was evaluated according to Bureau International des Poids et Mesures (BIPM) guidline [60]. In
this paper, all measurement uncertainties are expressed in the form of standard deviation.

For measurements, that were stabilised during the experiment, such as airflow, the arithmetic mean was calculated as the best
available estimate of the expected value of the particular quantity. In these cases, the standard uncertainty was derived from the
experimental standard deviation of the mean, denoted as u(x), and was calculated using Eq. (4).

R Ty

If lower bound a_ and upper bound a, values were available, for example, in cases related to the accuracy of sensors as specified by the
manufacturer, the standard uncertainty u(x;) was calculated using Eq. (5).

(@, —a)

12 (5)

u(x;) =
Uncertainty components related to the mean and accuracy of the sensors were combined into the overall uncertainty using Eq. (6).
u(x) = U (X) + u?(x;) (6)

When a quantity, for example cooling capacity, was calculated based on a mathematical function f, and arguments x; in function f can

be treated as independent, the combined standard uncertainty was calculated using Eq. (7), where N is the number of arguments in
function.

7

In general, all uncertainties in this paper are expressed as standard uncertainties derived from standard deviations. Based on general
Eq. (7) there were developed detailed equations for wet bulb effectiveness, dew point effectiveness, and COP uncertainties, denotes as
Eq. (8), Eq. (9), and Eq. (10) respectively.

oy (et 22: (Y e+ (B Zz(f“’b) ®
Ue (M —\ m u?(ty) (t1*t'{'b)ﬂ(2 m u? (ty

U (ng) = ((;%j)z) W) + (tﬁ‘“i—n) U2(t) + (ﬁ) e () ®

Table 4
Parameter setting during experiment.
Parameter  Inlet air temperature, Inlet air relative humidity, Water flow rate, 1/ Spray time, Pause time, Air velocity in dry channel,
°C % min s s m/s
Value 30 40 5.94 30, 60, 90 420 1.6,2.0, 2.5
8

123



L. Stefaniak et al. Journal of Building Engineering 105 (2025) 112585

Dew point effectiveness Secondary air outlet relative humidity

Secondary air outlet temperature Primary air outlet temperature

Water flow rate ——— Water temperature

0.67

0.6

95

%

90

2481

°’C

23.6}

20.8

°C

19.8

i/min

o

23.2

s‘
T

1
]

ML,,,,H

21.2

0 60 120 180 240 300 360 420 480 540 600 660 720 780 840 900 960 1020
Time, s

Fig. 7. Selected experimental parameters.
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Final uncertainty results were in relatively range 2.6-3.1 % for wet bulb effectiveness, 3.2-3.7 % for dew point effectiveness, and
5.3-10.4 % for COP.

3. Results and discussion
The article focusses on the possibility of intermittent water system operation for non-porous heat exchanger. The main idea is to
shorten the pump working time and analyze how it influences the effectiveness of the device.

Fig. 7 presents a sample of experimental data to show the parameters change for intermittent water system operation. While
spraying, there is an increase in secondary air relative humidity. At the same time, the secondary air outlet temperature is decreasing
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relatively fast. This means that air in the wet channel inflates the heat transfer potential for heat flow from the dry to the wet channel
through the internal wall of the DIEC. At 90 s and 600 s of the presented time window, when the water pump system stops, the
secondary air temperature stops decreasing. If the water pump system still operates, the temperature will still decrease. Thus it is
predictable that heat transfer potential due to temperature difference between dry and wet channels can be far grater at longer than 90
s spraying.

For about 300 s before water spraying was switched on, the primary air outlet temperature has risen. After the water pump system
started, the primary air temperature growth was tempered. Coupled with (a) switching off of the water pump system, (b) relatively low
secondary air outlet temperature, and (c) relatively high primary air outlet temperature, there was an intense heat transfer from dry to
wet channel. What was shown in Fig. 7, after (a), (b) and (c) coincidence, the primary air was cooled down and the secondary air was
heated up most intensive. This was also confirmed in the effectiveness of the dew point shown at the top of Fig. 7.

It is seen that, while spraying, part of the cooling potential is lost as the secondary outlet air does not gain as much heat as when
there is no spraying. As an effect, the dew point effectiveness is higher when there is no water supply to the heat exchanger for certain
period of time. Possible causes and effects of intermittent water spray regime are discussed in Table 5.

An important finding is presented in Fig. 8 (results for inlet air temperature 30 °C, relative humidity 40 %, water spraying pause
time 420 s, and dry channel air velocity 2.0 m/s). The results are presented for the chosen dry channel air velocity (2.0 m/s) as high
velocities are recently examined and claimed to negatively influence the performance [63]. Both, for constant and intermittent water
system operation, there is a reduction in treated air average dry bulb temperature. For constant water system operation, it is 8.5 K. For
intermittent spraying, it is more, from 9.7 up to 10.4 K. The difference between those is significant and confirms that the improvement
in water system management suggested by the authors has a positive effect on the device performance.

The authors evaluated whether there is an influence on two typical performance indicators dew point and wet bulb effectiveness.
The results are presented in Fig. 9. For constant water system operation, dew point and wet bulb effectiveness values are below 0.60
and 0.85 respectively. For intermittent operation, dew point effectiveness is in a range of 0.59-0.72 and wet bulb effectiveness
0.86-1.04. Comparison of results with other publications [25-28], which investigate intermittent water system operation with porous
heat exchanger surfaces, shows that the results are in the range. Regarding extreme values in Table 1, wet bulb efficiency was claimed
to be 0.2-1.37 and dew point effectiveness 0.13-0.94. Despite the differences in construction and operation parameters, the results are
within the range of performance of other researchers.

Results for constant spraying are presented to be a reference to the intermittent spraying for the examined heat exchanger. For
intermittent spraying, the higher the air velocity in the dry channel, the lower the effectiveness. It is consistent with what is generally
observed by other researchers [64]. Moreover, numerical studies suggests that primary air velocity in the heat exchanger should be less
than 1.5 m/s [38,65,66]. Some of them, which are validated using experiment suggest the velocity to be below 2.5 m/s [33]. So the
results are presented for 1.6, 2.0, and 2,5 m/s. For first two air velocities, the effectiveness decreases when the spray time increases.
While for the highest velocity, effectiveness is increasing with increased spray time. The fact is directly connected with changing ratio
of air and water supplied to the heat exchanger. The experiments confirms that when the water to air ratio increases the effectiveness
decreases [67,68].

Eventually, the average cooling power was calculated. It is an important result that not only the possibility of intermittent water
spray for non-porous heat exchangers exists, but also it improves the performance. As presented in Fig. 10, there is an increase in
average cooling power of the device for each velocity when compared to the constant spraying. For constant operation, it was
calculated to be in a range 598-1215 W. For other variants, it was in a range of 1012-1236 W (for 30 s), 937-1257 W (for 60 s) and
1109-1289 W (for 90 s). In every scenario, the cooling power for intermittent water spray is higher when compared to constant water

spray.
As stated earlier, the authors decided to evaluate the COP of the device. Actual COP values and pump operation time are presented
in Fig. 11. The difference between constant and intermittent operation is clearly visible and significant. Variant with constant water

spray achieved only a COP value around 20. For other variants, the indicator achieves values 2-5 times higher.

Table 5
Intermittent water spray regime causes and effects discussion.

Feature Spraying regime Description

Constant Intermittent

Causes
Water film thickness Increased  Reduced The thickness of the water layer formed on the heat exchanger surface. A thicker film increases thermal
resistance and thermal inertia [61], reducing heat transfer.
Secondary air saturation  Increased  Reduced The level of moisture in the air entering the heat exchanger wet channels. Secondary air has contact with
at inlet water droplets before entering the heat exchanger. Higher saturation limits evaporation and cooling
[52].
Circuit water Increased  Reduced The heat generated by the pump and the reduced heat transfer increase water temperature in constant
temperature spraying. It effects in lower thermal performance [62].
Temperature Reduced Increased The time it takes for the temperatures within the system to stabilize. Increased water temperature while
equalization time constant spraying heat up heat exchanger plates, reducing performance.
Effects
Heat Transfer Reduced Increased A thicker water film and higher air saturation reduce heat transfer in constant spraying.
Overall cooling Reduced Increased Intermittent spraying allows for better utilization of evaporation energy [28].
efficiency
10
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Fig. 8. Average inlet and outlet temperature for dry channel.

The growth in cooling power is the minor factor that improves the COP (the cooling power increase is not that significant in most
cases, when compared to constant spray regime). It is the reduction in electric energy consumption that matters. Fans are needless to
move the air, so it is the pumping system, that needs to be revised. In the investigated case, for intermittent spray regime, pumps
operated only for 4-10.5 min for an hour of work. Pump work time was reduced more than five times. The inverse correlation between
pump operation time and the COP is clearly presented in Fig. 11. In order to summarize the findings Table 6 presents a comparison of
COP and average cooling power.

4. Conclusions

An improved water management system for the DIEC device is proposed. The authors evaluated non-porous heat exchanger with
intermittent water supply. Constant water supply was compared to three spray time cycles (30 s, 60 s, and 90 s) with 420 s of non-
spraying period. Three inlet air velocities were investigated (1.6 m/s, 2.0 m/s, and 2.5 m/s). The experiment resulted in the
following outcomes.

1. The intermittent water supply for the non-porous heat exchanger does not worsen the performance of the device. In addition, the
electric energy consumption is reduced.

2. The intermittent water supply has increased the COP and cooling capacity of the examined device. The highest COP values occurred
during the shortest operating time of the water pumps, compared to constant spraying. The 30 s spraying cycle and 420 s idle
corresponded to COP in a range of 50-107. On the contrary, the constant operation of the water pump system corresponded to COP
around 20.

3. The 30-s spray cycle enhances cooling capacity especially at lower dry channel air velocities, demonstrating the effectiveness of
optimized water management. There is an increase in every case when intermittent water spraying is implemented compared to
constant water spraying.

4. The proposed improvement can be applied to any DIEC device without interference with the device itself. Only the water system
needs to be modified.

5. The proposed improvement for the DIEC device can help provide sustainable cooling based on natural refrigerants (R-718 and R-
729).

The study has certain limitations. As a preliminary study it evaluates only a specific device with heat exchanger of specific material.
Also more parameters (both ambient air and spraying intervals and water flow) could be evaluated. However, as the results of the study

are promising, it gives an opportunity to investigate those in future. Nevertheless, the study gives an alternative path to increase
energy-efficiency of DIEC devices by implementing new water management idea. It provides an opportunity to support built
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Fig. 9. Dew point (a) and wet bulb effectiveness (b) for constant and intermittent spraying for dry channel air velocity 1.6, 2.0, 2.5 m/s.

environment with sustainable and efficient cooling device, which is crucial in extremally developing building sector under climate

changing conditions.

CRediT authorship contribution statement

Lukasz Stefaniak: Writing — review & editing, Writing — original draft, Visualization, Resources, Methodology, Investigation,
Formal analysis, Conceptualization. Juliusz Walaszczyk: Writing - review & editing, Writing — original draft, Methodology,

12

127



L. Stefaniak et al. Journal of Building Engineering 105 (2025) 112585

B iem/s IM20m/s [ 25m/s

1300

w

_ 1100

900

Average cooling power
~J
[}
o
1

500 -
30s 60 s 90s constant

Spray time regime

Fig. 10. Average cooling power for constant and intermittent spraying for dry channel air velocity 1.6, 2.0, 2.5 m/s.

\ ® v=16m/s A v=20m/s v v=25m/s pump operation time
120 60
. =
£
90 A 8
[ ) =
[ ] .
[}
a
o}
o A =
O 60- =
O c
v Re)
v v §
[}
o
30 ©
* =
10 €
=
® 1
-5
0 I I I T 0
30s 60s 90s constant

Spray time regime

Fig. 11. COP and the pump operation time per hour for dry channel air velocity 1.6, 2.0, 2.5 m/s.

13

128



L. Stefaniak et al. Journal of Building Engineering 105 (2025) 112585

Table 6
COP and average cooling power summary.
Spraying time interval Inlet air velocity, m/s
1.6 2.0 2.5
COP, - Cooling power, W COP, - Cooling power, W COP, - Cooling power, W
30s 107.9 1012 88.7 1231 49.7 1236
60s 835 937 74.1 1187 46.7 1257
90s 80.4 1108 64.9 1147 45.3 1289
constant 17.0 598 229 999 22.8 1215
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[l Summary

7. General conclusions

The thesis has been proved by the research presented in the articles. Doctoral dissertation presents
both theoretical and practical knowledge, ability to plan and carry out experiments, and to present the
results in both national and international journals. To sum up the presented work, summary part has
been divided into: final conclusions, and future research directions.

7.1. Graphical conclusions

The outlet air temperature after water spraying shut off is shown in a chart below. It can be described by four points:

1. Water system stop

2. Lowest outlet air
temperature achieved

3. Outlet air temperature
starts to increase

4. Outlet air temperature
is equal temperature
in point 1

shut off
Outlet ai temperature, °C

Operation after water spraying

Markings Q1, Q2, and Q3 are presented with respect to the figure below in section Cooling capacity

Possible improvement in cooling capacity is
presented in the figure on the left.

Red surface represents the cooling capacity
for point 1, which is under constant spraying.

Green surface represents the cooling capacity
for point 2, where the lowest outlet temperature
is obtained.

>
£
o
©
o
©
Qo
()
£
©
o
o

Blue surface represents the average cooling
capacity between point 1 and 4, which is the
time of outlet air temperature drop after
water system shut off.

The performance effect of intermittent water

Pump operstion bme spraying is presented in the figure on the left.

Yellow bars represent the time of pump operation
in an hour that depends on spray time regime,

Points represent COP values for three air
velocities in DIECs' dry channel (red 1.6 m/s,
blue 2.0 m/s, and green 2.5 m/s).

The inverse correlation between pump operation
time and COP is visible. Due to reduced energy
consumption for pumping and simultaneous
increase in cooling capacity, the improvement

in COP is visible.

60s 90l s
Spray time regime

Coefficient Of Performance (COP)
and pump operation time




7.2.Final conclusions

1. Intermittent water spraying in non-porous indirect evaporative coolers (IECs) significantly enhances
cooling capacity, achieving 25-64% higher performance compared to constant spraying,
particularly under moderate outdoor conditions (20-30°C, 40-50% RH).

2. Non-porous heat exchangers exhibit reduced microbial contamination risks (e.g., Legionella
pneumophila, fungi) compared to porous materials. Therefore, using intermittent water spraying
in non-porous DIEC can reduce the microbial risk when compared to porous DIEC.

3. Optimizing water spray intervals (e.g., 30-90 seconds active, 420 seconds inactive) in dew-point
IECs (DIECs) improves energy efficiency, achieving COP values of 50—-107 versus 20 for constant
spraying, while maintaining or exceeding cooling performance.

4. Post-spray drying phases (4—6 minutes) in non-porous systems temporarily enhance cooling
capacity due to reduced thermal inertia, offering a window for energy-efficient operation without
compromising humidity control.

7.3. Future research direction

Future research should prioritize advancing material science to develop non-porous heat exchanger
surfaces with enhanced wettability, corrosion resistance, and antimicrobial properties, reducing
reliance on porous substrates. Innovations in intermittent spray algorithms, informed by real-time
climate data and machine learning, could optimize water-use efficiency and cooling performance
across diverse environments.

Now, when intermittent water spraying in non-porous DIEC is proved to be possible, wider
range of ambient air parameters should be investigated to see to what extent this could be used
worldwide.

Eventually, integrating renewable energy sources (e.g., solar-driven pumps) with DIEC systems
warrants exploration to further reduce operational carbon footprints. Also combining hybrid systems
of DIEC with desiccant dehumidification or vapor compression could extend applicability to humid
climates while maintaining energy efficiency.
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