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Abstract: The use of air conditioning technology is accompanied by an increase in electricity consump-
tion, which is linked to an intensification of fossil fuel extraction. This in turn calls for developing
cooling solutions of higher energy efficiency. The aim of this study is to examine energy consumption
reduction of direct evaporative cooling technology for generating cool air in hot-dry climate regions.
At the initial stage, already-installed air cooling equipment with a direct evaporative cooling system
was studied for the creation of two regression models of electricity consumption representing the
“on” and “off” sequences. Water consumption for system operation was taken into consideration.
In the following stage, inlet water temperature dependence for pre-cooling purposes for the direct
evaporative cooling system was studied. A mathematical model was developed and the subsequent
calculations suggested that there is no need to pre-cool water before it enters the system and therefore
consume additional energy. Practical application of this study is evaluated based on the case study in
Dubai. The results of this study present significant energy saving potential for system operations of
the direct evaporative cooling system of approximately 122 MWh per year. The return on investment
for the equipment with direct evaporative cooling in case of an office building in Dubai featuring a
hot desert climate is around 4.2 years. The purpose of this study is to examine the potential advantage
of air cooling equipment with direct evaporative cooling technology compared to cooling equipment
without this technology. The results provide the expediency of conducting further research in this
area, in particular with regards to analyzing various materials for the adiabatic precooling pads, as
well as the possibility of using a newly developed metal precooling pad.

Keywords: air conditioning; indoor environmental quality; energy efficiency; energy consumption;
direct evaporative cooling

1. Introduction

According to the information provided by the International Energy Agency (IEA),
energy demand for the operation of air conditioning equipment is the fastest growing
end-use energy consumer in buildings [1]. The recent trends suggest that sales of air-
conditioning equipment are rising three times faster than efficiency improvements, and
it is projected that globally over the next 30 years, 10 air conditioners will be sold every
second [2]. As such, the energy demand due to the rise in air conditioning equipment sold
worldwide is expected to triple by 2050, reaching 6205 TWh [3]. European Union (EU)
Paris Agreement commitments for reducing greenhouse gas emissions mark significant
targets of generating at least 32% of electricity demand from renewable energy sources in
the EU’s energy mix, together with the proposed increase of energy efficiency over current
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levels by at least 32.5% and at least 40% reduction in greenhouse gas emissions by 2030,
which will be key drivers in achieving the Energy Union policy goals [4].

One of the pressing issues facing modern human society is the impact of climate
change on human wellbeing, health and safety [5]. To sustain a healthy and comfortable
environment in buildings, it is important to maintain an adequate indoor environmental
quality with highly efficient energy systems [6,7]. Currently, alternative and enhanced
cooling systems with low electricity consumption are a focal point in countries with high
cooling demand [8].

An air-cooled chiller is a device used to provide comfortable indoor temperature in
buildings. Typical cooling systems are compressor chiller systems that can be used on
a small (residential) or large scale (commercial, office buildings, and industrial applica-
tions). Nowadays the air conditioning equipment accounts for about 20% of the total
electricity demand in buildings across the world [9]. In regions with hot climates, air
conditioning equipment features an even higher electricity consumption share, accounting
for more than 70% of total building energy use [10]. The performance and efficiency of
air conditioning systems have been an emphasis for reduction of electricity consumption
in field-related research. A well-known approach for improving the performance of air-
cooled air-conditioning systems is to decrease the ambient inlet air temperature by using
evaporative cooling. As water mist evaporation contributes to pre-cooling the ambient air
before entering air-cooled condensers, it is a reliable, simple and relatively inexpensive
way to lower the ambient air temperature and is a potentially effective method to improve
chiller efficiency with substantial energy savings [11–15]. Currently, an emerging concern
worldwide is the increased frequency of heatwaves, particularly over the last decade, that
significantly reduce the efficiency of compressors in air conditioning systems [16,17].

According to a recent study [18], under the conventional head pressure control, using
pre-cooling water mist, the coefficient of performance (COP) of a chiller increased by
up to 9.8% and the annual energy consumption of a hotel chiller system dropped by
approximately 18%. In another study, the presented energy saving of a direct evaporative
cooling system was 21.7% [19]. The dew point of an evaporative cooling system’s efficiency
is higher than typical cooling system’s by 60–65% and, if implemented at 100% rate, it
could eliminate about 18–30% of CO2 emissions attributed to the cooling industry [20].
The study by Kumar et al. [21] suggests that an evaporative cooling system may provide
the same level of cooling with lower energy consumption, resulting in energy savings of
60–80% compared to the conventional refrigeration cycle. The evaporative cooling method
using the Maisotsenko-Cycle (M-cycle) is an improved dew point approach compared
to the conventional evaporative cooling systems, where the freezing point refers to the
temperature of the wet bulb. These systems are environmentally friendly and energy
efficient [22,23]. A study by Ndukaife et al. [24] estimates a COP efficiency increase of 44%,
or 20% decrease in energy consumption, by implementing evaporative cooling.

The energy saving potential of an air conditioning system directly depends on the
ambient temperature and humidity level. The efficiency of a direct evaporative cooling
system depends on the outdoor dry bulb temperature (TDB) and relative humidity (RH).
The recommended indoor temperature for human occupancy is between 20 and 25 ◦C
and the preferable indoor humidity level is in the range of 30–60% in air conditioned
buildings [25]. Reviewed studies show effectiveness of a direct evaporative cooling system
in dry climate regions, while in humid climates indirect evaporative cooling shows higher
efficiency. For a direct evaporative cooling system, heat and mass transfers can be obtained.

Evaporative cooling strictly relies on an adiabatic precooling pad where water mist is
introduced and evaporation occurs. Evaporation rate depends on pad material, thickness
and configuration. Direct evaporative cooling technology can be used for efficient indoor
air conditioning in hot and arid climate regions and tropical areas featuring hot and
humid weather [10]. The review study by Sajjad et al. [26] shows that evaporative cooling
systems have the potential to replace conventional refrigeration systems based on the vapor
compression cycle in buildings and other applications. A recent study [27] has shown that
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the cooling process does not have a homogeneous airflow cross section. Thus, theoretical
estimation of possible saving could be hard to predict.

Throughout the reviewed literature a research gap was identified in relation to the
feasibility of improving the efficiency of direct evaporative cooling technology based on the
data of real operating installations, which includes the possibility of replacing or improving
the evaporative pad system.

In this study, real installed equipment was studied for the creation of two regression
models of electricity consumption–representing the “on” and “off” conditions, respectively–
with chiller cooling output and cooling degree-day values as independent variables.

In addition, a study of the direct evaporative cooling performance was performed with
following parameters: inlet water temperature: 40 ◦C (warm water) and 20 ◦C (cool water),
the water air-mass humidified up to 90% for hot weather conditions (air temperature 40 ◦C)
and with low ambient air relative humidity (RH 30%). The obtained data could be used
to select an appropriate water temperature to air mass ratio in order to control the air
temperature for indoor cooling.

The Abu Dabi region was chosen as its cooling sector is constantly growing, not only
due to increase of real estate but also due to climate change [28,29].

2. Materials and Methods
2.1. Analysis of the Evaporative Cooling System Efficiency in Real Conditions

Direct evaporative cooling is a method of cooling air by contact with water, which
initiates the evaporation process. The efficiency of the direct evaporative cooling system
was examined in practice on a real installation to study the effect on reducing energy
consumption and improving indoor environmental quality. The system operation data was
provided by Blue energy global Ltd. (Ogres novads, Latvia).

2.1.1. System Description

Type of structure: Office building in Dubai, Saudi Arabia.
Cooling equipment: chiller X with four piston-type compressors. Cooling capacity as

per manufacturer’s data performance sheet: 555 kW.
Electricity consumption as per manufacturer’s data performance sheet: 194 kW.
Measuring instruments: an RIF600 ultrasonic water flow meter was used to measure

chiller effectiveness and a Fluke energy monitoring equipment was used to measure
electricity consumption (see Figure 1).
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Figure 1. Measuring instruments. (a) BTU meter processor, (b) BTU meter clam, (c) Fluke energy meter.

A significant improvement in chiller performance would be one of the effects of the
direct evaporative cooling system over the chiller, and would be displayed in data sets of
electricity input against cooling output. It was therefore suggested that “day on/day off”
testing be undertaken to record:

1. Chiller electricity consumption;
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2. Chiller cooling output;
3. Hourly external dry-bulb air temperature hourly external relative humidity.

The suggested duration of the testing mode was six weeks, with the aim of maximizing
the potential of yielding the greatest number of readings on each condition.

2.1.2. Description of System Tests

Two regression models of electricity consumption were created–representing the “on”
and “off” conditions, respectively–with chiller cooling output and cooling degree-day
values as independent variables. Cooling degree days were derived from dry-bulb temper-
atures, with the relative humidity readings held in reserve in case it was deemed necessary
to develop an enthalpy-based model. Effective savings inferred from the difference between
the two regression models and annual expected savings were extrapolated from them.

During the test period, four “on” and “off” sequences were detected. Data on chiller
electricity consumption and cooling output were collected at 30 min intervals and separated
into three distinct sets. One set took place during intervals when adiabatic system was in
operation and the other two sets in periods when it was disabled.

2.1.3. Testing Procedures

• Test No. 1: Chiller electricity energy test 4 Days “Off”/4 Days “On”–direct evaporative
cooling system comparison

4 Days “Off”/4 Days “On”–direct evaporative cooling system comparison. Reading
data from the Fluke energy monitoring system, the average electricity consumption of the
chiller with the direct evaporative cooling system turned off was 11,057 kWh and 7740 kWh
with the direct evaporative cooling system on for four days. Average chiller electricity
savings for four days were 3317 kWh. Water consumption during four days amounted
to 11.04 m3. The Fluke energy monitoring system indicated electricity consumption of
90–114 kWh with the direct evaporative cooling system turned off (see Figure 2a) and
27–50 kWh with the direct evaporative cooling system turned on (see Figure 2b).
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Figure 2. Fluke energy meter readings with direct evaporative cooling system turned off/turned on.

Figure 2 on X-axes shows seven days time interval.

• Test No. 2: Chiller electricity energy test 7 Days “Off”/7 Days “On” and Test No. 3:
Chiller electricity energy test 13 Days “Off”/13 Days “On”–direct evaporative cooling
system comparison.

Tests 2 and 3 were carried out in accordance with Test 1, the results are summarized
in Table 1.

Table 1. Results of the Tests.

Test The Direct Evaporative
Cooling System Status

Electricity
Consumption (kWh)

Water
Consumption (m3)

No. 1:4 days Off
On

11,057
7740 11.04

No. 2:7 days Off
On

16,536
12,071 20.04

No. 3:13 days Off
On

27,593
20,295 36.40

• Test No. 4: compressor COP test, test duration: 2 h

To assess the chiller’s compressor COP (Coefficient of Performance) a COP test was
carried out. During the COP test the following equipment was used: an ultrasonic flowme-
ter, an RIL600W BTU (British thermal unit) meter and a Fluke energy meter. Inlet and
return water flow were measured, as well as water temperature and energy consumption
determined in real time against energy consumption. Compressor COP calculations were
conducted on a single compressor, as it was the sole compressor in operation during the
conduction of the test. Thus, this Chiller COP test does not indicate all chillers EER (energy
efficiency ratio) when operating in changing conditions and under variable compressor
loads. Compressor COP calculations were as follows: 100.18 kW/42.85 = 2.3. A compre-
hensive chiller EER or COP test would show a different picture if the COP test had been
conducted for a longer period and under different chiller loads, ranging from 25% to 100%.

In all three cases energy savings consensually make 30%, 27% and 26%. This numbers
are close to before mentioned studies made in similar climate.
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2.2. Analysis of the Dependence of the System Efficiency on the Inlet Water Temperature

Direct evaporative cooling efficiency depends on three parameters: inlet water temper-
ature, wet-bulb temperature and inlet water air-mass ratio. In our case, the main task was
to investigate whether the temperature of the inlet water supplied to adiabatic precooling
pad could change the heat balance and whether additional air cooling might be required.
Thus, determining whether additional energy will be required to pre-cool the inlet water.
Figure 3 shows the principle scheme of adiabatic cooling process. An ambient warm air
enters through an adiabatic precooling pad that is evenly saturated with water. Water
evaporates by absorbing heat from the air mass which reduces the temperature of the
outlet air. The mathematical model of the evaporative cooling process with inlet water
temperatures of 40 ◦C and 20 ◦C was developed.
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Within this study, two cases A and B were examined.
Case A:
Air temperature Tair = 40 ◦C; RH = 30%; Inlet water temperature Tinwater = 40 ◦C
The air must be humidified up to 90%
Air volume Vair = 10,000 m3/h.
Case B:
Air temperature 40 ◦C; RH 30%; Inlet water temperature Tinwater = 20 ◦C
The air must be humidified up to 90%
Air volume Vair = 10,000 m3/h.
The concept of saturation efficiency is illustrated in the scheme of psychrometric chart

with respect to the examined parameters, as shown in Figure 4. The dry-bulb temperature
(TDB) reduces along a constant wet-bulb line [Point 1© to Point 2©] when using an adiabatic
pre-cooling system. Points 1© and 2© represents air moisture and temperature parameters.

2.2.1. Case A

The following assumptions were introduced: Tair = 40 ◦C, RH = 30%; Tinwater = 40 ◦C.
The water balance at the adiabatic precooling pad.
Density of air [30]:
Air ρ40◦(30%) = 1.103 kg/m3.
Air mass flow rate is calculated by the following equation:

Mair = ρ40◦(30%)· Vair , (1)

Mair = 1.103× 10000 = 11030 kg/h.

Water flow rate is calculated by the following equation:

GH2O= Mair·∆HR, (2)

GH2O = 11.030 (0.0172− 0.014) = 35.3
kg
h

,
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where ∆HR—humidity ratio difference, in kg/kg.
The energy balance at the adiabatic precooling pad.
Inlet water enthalpy is calculated by the following equation:

hinwater = Mair·h− GH2O · he, (3)

where h—specific enthalpy, in kJ/kg.

heevaporation, kJ/kg.

hinwater = 11.030× 96− 35.3× 2400 = 974.160 kJ/kg,
974160
11030 = 88.3 kJ/kg→ corresponding to point 2© (see Figure 2).
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According to the developed model, if the amount of inlet water and air mass flow
is determined and the inlet water temperature is known, the exhaust air temperature at
the cooling cushion for 100% saturation could be evaluated, along with the saturation
efficiency (E%). In our case, the air is saturated to 90%.

Manufacturers of adiabatic pads refer to the saturation efficiency as the ability of
the pad to reach the dry bulb exiting temperature at a known inlet dry bulb tempera-
ture. The dry bulb temperature exiting the adiabatic pad media is calculated using the
equation below.

TDB exiting = TDB entering − E(%) ·
(
TDB entering − TWB entering

)
, (4)

Adiabatic pad saturation efficiency is calculated by modifying Equation (4) to solve
for efficiency:

E =

(
TDB entering − TDB exiting

)(
TDB entering − TWB entering

) × 100%, (5)

where TWB—wet bulb temperature, ◦C.
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Saturation efficiency according to the Formula (4):

E =

(
40

◦
C− 24.6

◦
C
)

(
40

◦
C− 23

◦
C
) × 100% =

15.4
◦
C

17
◦
C
× 100% = 90 %.

2.2.2. Case B

The following assumptions: Tair = 40 ◦C; RH = 30%; Tinwater = 20 ◦C; air flow TDB = 40 ◦C;
h = 96 kJ/kg; water with T = 20 ◦C→ water with T = 40 ◦C.
Air enthalpy is calculated by the following equation:

hair = Mair ·h, (6)

hair = 11.030 (kg/h) × 96 (kJ/kg) = 1058 MJ/h,
therefore water entalpy at 20 ◦C

h20
◦
C

H2O = 83 KJ/kg and at 40 ◦C

h40
◦
C

H2O = 167.5 KJ/kg.

Difference in air flow enthalpy at certain temperatures of inlet water is calculated by
the equation below:

∆hair = (h40
◦
C

H2O − h20
◦
C

H2O ) × GH2O, (7)

∆hair = 84.5 (kJ/kg) × 35.3 (kg/h) = 2.98 MJ/h.

Water heating from 20 ◦C to 40 ◦C requires 2.98
1058 = 0.3% on the enthalpy of air flow.

3. Results

In regard to the evaporative cooling systems, the performance of evaporative cooling
pads are dependent on a number of factors: surface area, pad thickness, the type of the pad
material, perforation pattern and orifice size, water volume, water flow rate and relative
humidity of air passing through the pad [31]. An effective material must feature properties
such as efficient heat and mass transfer, low pressure drop, economic rationality, prevention
of bacterial growth and the flexibility to be executed in various shapes and sizes. The
investigated cooling system comprises a cellulose pad of 0.5 × 0.5 m2 in size and 100 mm
in thickness.

After assessing the energy consumption of a particular chiller for a period of two
months, test results of the X chiller with piston-type compressors show that with the
direct evaporative cooling system turned off, the chiller load is over 45%. When put into
operation, direct evaporative cooling system allows the cooling facilities to save from
25% up to 69% of chiller energy. According to the chiller data performance sheet-at an
outside air temperature of 46 ◦C, the chiller COP is 2.1. Therefore, the real energy efficiency
ratio (EER) of this X chiller at an outdoor temperature of 46 ◦C is, in fact, likely to be at
around 1.5.

The X chiller with four piston-type compressors operates in an ON-OFF principle. This
stipulates that when the cooling load and capacity of a compressor changes, the electricity
consumption does not change significantly. The chiller’s four compressors operate with a
load ranging from 75% to 100%.

After analyzing electricity data it can be derived that the average electricity consump-
tion of one compressor is, on average, 50 kWh. In a case when the chiller load is around
45% and two compressors are running, electricity consumption is, on average, 100 kWh.

With direct evaporative cooling system in operation, which substantially reduces
incoming air temperature into the condenser by 15 ◦C and ensures a significantly lower
chiller condensing temperature (preventing the chiller from turning on a second com-
pressor), a substantial decrease of 45–50% in electricity consumption was observed. The
enthalpy diagram in Figure 5 shows the capacity of the compressor.
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ing curve.

The picture on the right shows the limitation of compressor operation based on
outdoor air temperature.

In some instances, such as when three compressors were running (compressors 1 and 2
at full load of 90–100% and compressor 2 at 10% load) and the chiller load is 60%, switching
on the direct evaporative cooling system switches off two compressors and operates with a
single compressor. The resulting reduction in electricity consumption can be observed in
the readings by the Fluke energy meter.

According to the developed mathematical model and the calculations performed for
Cases A and B, the saturation efficiency falls within the range of 65–97% at speed limit
− 100 fpm = 30 m/60 − 0.5 m/s ÷ 1. Water flow rate is ∆GH2O = 36 kg/h with dry bulb
temperature TDB = 24.6 ◦C (after wetting). Analyzing the heat balance of the system, water
heating from 20 ◦C to 40 ◦C requires only about 0.3% of the airflow enthalpy. Therefore,
reducing the water temperature from 40 ◦C to 20 ◦C will not change the heat balance; as a
result, additional air cooling will not be provided. Hence, there is no need to additionally
precool the water and, eventually, consume additional energy to increase the efficiency of
the system.

Taking into account electricity savings and water consumption (direct evaporative
cooling system status “ON”) for a real operating air conditioning system in Dubai, the ROI
(return on investment) calculation is presented below (Table 2).

Table 2. ROI calculation.

Direct Evaporative
System Status

Average Consumption
per Year 1 Price, EUR

Price, EUR
Savings

Electricity, kWh Water, m Electricity 2 Water 2 Electricity, kWh EUR

OFF 675,000 70,878.30 70,878.30

ON 472,000 673 49,516.68 1769.80 51,286.48 20,3000 21,209.90
1—system operation about 8 months per year (operation period of the tested compressor 100% of the air-conditioning duration with
switching on direct evaporative cooling system); 2—electricity and water prices calculated according to Dubai Electricity and Water
Authority provided Tariff Calculator (https://www.dewa.gov.ae/en/consumer/billing/slab-tariff, accessed on 11 September 2021).

Cost breakdown used in the calculations are valid as of August 2021; the Latvian
bank currency converter was used to convert the currency to euros. Assuming that the
operation period of the tested compressor will be 60% of the air-conditioning duration
with switching on direct evaporative cooling system, the total annual electricity savings for
the system come out to 122,000 kWh/year (or about 12,686.29 EUR/year). The estimated
cost of the direct evaporative cooling for air cooling is 85 EUR per kW [26]. The resulting
ROI is approximately 4.2 years.

https://www.dewa.gov.ae/en/consumer/billing/slab-tariff
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4. Discussion

This study focused on identifying the potential advantages of air cooling equipment
with direct evaporative cooling technology over the cooling equipment without this tech-
nology. The results showed that with direct evaporative cooling system in operation an
incoming air temperature into a condenser is considerably reduced, ensuring a significantly
lower chiller condensing temperature and, as a result, a substantial decrease of 45–50% in
electricity consumption.

The results provide the expediency of conducting further research in this area, in
particular with regards to analyzing various materials for the adiabatic precooling pads.

Nevertheless, the limiting factor of using the direct evaporative cooling with adiabatic
precooling pad technology is its limited application potential in extreme climate conditions
such as dusty, arid areas. In this study, the impact of adiabatic precooling pads clogging on
the system performance of the entire system was not considered. In hot-dry climate regions,
dust particles tend to stick to the pads, which leads to their rapid deterioration. Therefore,
this not only reduces the efficiency of the air conditioning system but also complicates its
servicing, which in turn makes the system’s operation and maintenance more expensive.
The next stage of this study will be a review of various materials for adiabatic precooling
pads, as well as the feasibility of using the newly developed metal precooling pad. The
proposed advantages of the metal pad are increased longevity and ease of cleaning it from
dust particles.

The results of this study are in good agreement with the practical applications and
the findings correlate with the performance data of installed systems, suggesting that the
evaporative cooling system is feasible in the regions where hot and arid climate conditions
prevail, such as the Middle East.

5. Conclusions

Air conditioning equipment with a direct evaporative cooling system can be used
for providing comfortable indoor temperature in buildings, thus improving the EER by
reducing the electricity consumption for system operation. The key findings of this study
are as follows:

• The electricity consumption of the X chiller equipped with the direct evaporative
cooling system consumes, on average during a 1-day test, approximately 1935 kWh,
which comes out to 472 MWh per year. Without direct evaporative cooling system,
the average chiller electricity consumption during a 1-day test is around 2766 kWh
which results in 675 MWh per year. Therefore, the average energy savings will be
203 MWh annually, if the operation period of the tested compressor is 100% of the
air-conditioning duration with direct evaporative cooling system switched on. For the
examined case the operation period was 60%, which results in average energy savings
of around 122 MWh annually.

• When the inlet water temperature was below the wet bulb temperature, an increase
in the air to water mass ratio was observed. According to the calculations, it was
concluded that the decrease of the inlet water temperature did not cause significant
changes in the heat balance of the system.

• The expected ROI period of such system is 4.2 years.
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Nomenclature

he evaporation, kJ/kg
hinwater inlet water enthalpy, kJ/kg
GH2O water flow rate, kg/h
Mair air mass flow rate, kg/h
h specific enthalpy, kJ/kg
RH relative humidity, %
Tair air temperature, ◦C
TDB dry bulb temperature, ◦C
Tinwater inlet water temperature, ◦C
TWB wet bulb temperature, ◦C.
Vair air volume, m3/h
ρ density of air, kg/m3

References
1. Delmastro, C.; Abergel, T. Is Cooling the Future of Heating?—Analysis—IEA. Available online: https://www.iea.org/

commentaries/is-cooling-the-future-of-heating (accessed on 11 September 2021).
2. Cooling as a Service (CaaS). The Global Innovation Lab for Climate Finance. Available online: https://www.climatefinancelab.

org/project/cooling-service/ (accessed on 11 September 2021).
3. Martin, A. Chart: Air Conditioning Biggest Factor in Growing Electricity Demand Statista. Available online: https://www.

statista.com/chart/14401/growing-demand-for-air-conditioning-and-energy/ (accessed on 11 September 2021).
4. European Commission: Clean Energy for all Europeans. 2019. Available online: https://ec.europa.eu/info/news/clean-energy-

all-europeans-package-completed-good-consumers-good-growth-and-jobs-and-good-planet-2019-may-22_en (accessed on 11
September 2021).

5. Sousa, A.; Aguilar-Alba, M.; García-Barrón, L. Climate Change, Aquatic Ecosystems and Human Infectious Diseases in a
Globalised World. Atmosphere 2021, 12, 653. [CrossRef]

6. Kim, S.H.; Yoon, Y.R.; Kim, J.W.; Moon, H.J. Novel integrated and optimal control of indoor environmental devices for thermal
comfort using double deep q-network. Atmosphere 2021, 12, 629. [CrossRef]
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