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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.  



6 

 

Streszczenie 

 

Rozprawa doktorska oparta jest na cyklu artykułów poświęconych, w najbardziej ogólnym 
rozumieniu, chłodzeniu wyparnemu. Wstępne badania teoretyczne skupione wokół czynników 
chłodniczych wykazały, że woda (R-718) i powietrze (R-729) są obiecujące w kwestii wykorzystania ich 
w obszarze chłodzenia. Związane jest to z dążeniem do stosowania czynników chłodniczych o jak 
najmniejszym negatywnym wpływie na środowisko.  

Przegląd literaturowy pozwolił na identyfikację obecnych trendów w chłodzeniu wyparnym. 
Wykazano, że jednym z kierunków rozwoju technologii chłodzenia wyparnego jest zastosowanie 
materiałów porowatych do konstrukcji wymienników lub do pokrywania ich powierzchni. Materiały te 
poprzez zdolność do magazynowania wody w swojej strukturze pozwalają na wprowadzenie 
nieciągłego dostarczania wody do wymiennika. Dzięki temu zjawisku, do chłodzenia wyparnego zostało 
wprowadzone czasowe zraszanie wymiennika, które pozwala ograniczyć czas pracy układu 
dostarczającego wodę. Jednak wynikiem przeglądu literaturowego okazała się luka badawcza – 
zastosowanie czasowego zraszania na wymiennikach nieporowatych.  

Część eksperymentalna, która pozwoliła na dostarczenie wyników uzupełniających lukę badawczą, 
została wykonana na stanowisku badawczym przygotowanym do tych celów. Pierwsza część badań 
skupiła się wokół zachowania chłodnicy wyparnej punktu rosy (DIEC) o powierzchni nieporowatej po 
zatrzymaniu dostarczania wody. W ten sposób określono fazy wysychania wymiennika. Oprócz 
eksperymentu zaproponowano także opis matematyczny przy użyciu regresji nieliniowej. Wykazano, że 
tuż po wyłączeniu zraszania, następuje okres 4–6 minut, w którym odnotowano wzrost mocy 
chłodniczej (na skutek spadku temperatury powietrza uzdatnianego). Dlatego zaplanowano 
eksperyment, w którym przy czasie przerwy zraszania 7 minut, zastosowano 3 czasy zraszania (30, 60, 
90 sekund), a także zraszanie ciągłe. W celu porównania efektu zastosowania czasowego do ciągłego 
zraszania wymiennika nieporowatego opisano efekt przy pomocy mocy chłodniczej oraz wskaźnika 
Coefficient Of Performance (COP). 

Uzupełnieniem wyników pracy jest opis zagrożenia mikrobiologicznego występującego 
w chłodnicach wyparnych. Jest to nieodłączny problem, który występuje w tych urządzeniach 
w związku z użyciem wody i powietrza jako czynników chłodniczych.  

Wyniki pracy pozwoliły na stwierdzenie, że istnieje możliwość zastosowania czasowego zraszania 
na nieporowatych wymiennikach wyparnych (DIEC). Poprzez ograniczenie czasu pracy systemu 
dostarczania wody, ograniczone zostało zużycie energii elektrycznej. Efektem zastosowania takiej 
strategii zraszania jest nie tylko poprawa jego sprawności, ale także zwiększenie mocy chłodniczej. 
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I 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. 

 

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 
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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 Pełech [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 



10 

 

temperature. In DIEC part of outlet air is returned to the wet channel. Therefore, cooling is limited to 
the dewpoint temperature. 

 

 

 

 

Figure 2. Types of EC technology (DEC, IEC, DIEC) schemes, working principles, and psychometric representation 

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 (twb). Sector 1 represents the situation when water temperature has the 
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temperature between wet bulb and dewpoint temperature (tdp) of the treated air (A) (the enthalpy and 
temperature decreases but the moisture content increases). Further, when water is of the tdp of the 
treated air (A), the cooling occurs without moisture content change. Eventually, Sector 2 represents the 
situation when water has lower temperature than tdp 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 

At A

t wb

t d p
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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. 

 

Figure 4. Water system operation intervals for publications: A [17], B [18], C [19], D [20], E [21], F [22], G [23], H [24], I [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. 

 

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. 

 

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.  

 

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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Figure 8. Complete test rig  

a) b) 

  
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). 

 

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

Results were published in S. Szczęśniak and Ł. 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., CO₂, 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 CO2 but rather CO2 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 CO₂ (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 
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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. 

 

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 CO₂, 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 
CO₂ output, should complement GWP evaluations. Furthermore, emerging indices like GWP*, which 
link cumulative CO₂ 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. Przegląd zastosowania nanopłynów oraz materiałów porowatych w pośrednim 
chłodzeniu wyparnym (A review of nanofluids and porous materials application 
for indirect evaporative cooling) – P2 

Results were published in Ł. Stefaniak, K. Rajski, J. Danielewicz. „Przegląd zastosowania nanopłynów 
oraz materiałów porowatych w pośrednim chłodzeniu wyparnym”. In: Ciepłownictwo, 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 Al₂O₃, TiO₂, CuO, SiO₂, 
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 Ł. Stefaniak, A. Grabka, J. Walaszczyk, K. Rajski, J. Danielewicz, W. Jaskóła, M. 
Wochniak, W. Żyta. „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 × 10⁻⁴ kg/(m²·s) and supported non‑spray cooling periods up to τ=2410 seconds, reducing pump 
runtime by over 95 % compared to continuous flow. Likewise, a bilayer structure combining hydrogel 
and SiO₂ 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 yield 
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 Ł. Stefaniak, S. Szczęśniak, 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, DOI: 
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 Ł. 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 × 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-½ 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 (τ), inlet temperature (T1), and humidity (RH1). The model demonstrated high accuracy, with 
determination coefficients R2=0.980 for T2 and R2=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: 

1. Turnoff of the water system; 
2. Lowest T2 value is achieved; 
3. T2 value starts to increase; 
4. T2 is equal to the T2 in τ = 0 s. 
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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 Ł. 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  (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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III 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 
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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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