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A B S T R A C T   

A significant portion of global energy consumption is due to energy consumption in the buildings. 
Heating, cooling, and air conditioning systems have the largest share in this energy consumption. 
Evaporative cooling systems, which have the advantage of being economical, zero pollution, and 
easy maintenance are preferred to reduce energy consumption in buildings. These systems are 
used in many areas such as greenhouses, broiler houses, and warehouses. In this study, analyzes 
of exergy, sustainability, and cooling efficiency in four different situations of a ground source 
direct evaporative cooling system were made. The system was studied in four different cases. 
While the highest exergy efficiency was obtained in case 3 with 20.83%, the exergy efficiencies in 
other cases were obtained as 16.83%, 17.49%, and 18.36%, respectively. In addition, the highest 
specific exergy loss was determined as 100.51 J/kg in case 2, while it was calculated as 73.08 J/ 
kg, 80.23 J/kg, and 73.05 J/kg for the other cases, respectively. It is seen that the sustainability 
values are in parallel with the exergy efficiency when the evaporative cooling system is examined 
for four different cases. The sustainability values were determined as 1.20 for case 1, 1.21 for case 
2, 1.26 for case 3, and 1.22 for case 4. It is determined that the exergy efficiency gives precise 
information about the usability and sustainability of the system when these situations are eval-
uated. The exergetic improvement potential (EIP) was determined as 0.061 for case 1, 0.082 for 
case 2, 0.063 for case 3, and 0.059 for case 4, respectively. Although the highest exergy efficiency 
is obtained in case 3, it has a higher recovery potential than case 1 and case 4. In addition, cooling 
efficiencies for four different cases were obtained as 33.70%, 34.81%, 41.69%, and 36.95%, 
respectively. The temperature differences between the room and ambient temperatures were 
determined as 1.45 ◦C, 1.21 ◦C, 1.6 ◦C, and 1.48 ◦C for each case, respectively.  
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Nomenclature 

cp Specific heat (kJ/kg.◦C) 
DEC Direct evaporative cooling 
IEC Indirect evaporative cooling 
EIP Exergetic improvement potential 
Ėx Exergy (J) 
ex Specific exergy (J/kg) 
h Specific enthalpy (J/kg) 
m Mass (kg) 
ṁ Mass flow rate (kg/s) 
P Pressure 
R Specific gas constant 
R Uncertainty function 
RH, φ Relative humidity 
SI Sustainability index 
s Specific entropy 
T Temperature (◦C) 
V Air velocity (m/s) 
Wn Uncertainties in the independent variables 
WR Total uncertainty (%) 
w Dimensional function 
η Efficiency (%) 
ω Specific humidity 

Subscripts 
a Air 
ch Chemical 
dest Destruction 
in Inlet 
kn Kinetic 
me Mechanical 
out Outlet 
ph Physical 
pt Potential 
v Water vapor 
Q Heat 
w Water 
wb wet bulb 
0 Dead state  

1. Introduction 

Forty percent of the primary energy consumption is consumed in buildings [11,34,36]. A significant portion of this energy con-
sumption is used for heating, cooling, and air conditioning [17,27,32]. The demand for efficient use of energy in heating, ventilation, 
and heating (HVAC) systems in buildings increases because of the high-energy consumption in buildings [7,13,15]. In addition, 
evaporative cooling systems can be a pre-cooler or can be used as an economical alternative in conventional systems [1]. In addition, 
they are widely used systems due to zero pollution, low electrical energy consumption, and easy maintenance [4,12,35]. Evaporative 
cooling systems consist of two groups as the direct evaporative cooling (DEC) system and indirect evaporative cooling (IEC) system 
[18,31]. 

DEC system is an adiabatic cooling process in which sensible heat is converted into latent heat, where the enthalpy remains 
constant, the specific and relative humidity increases, and the dry bulb temperature decreases. Via a DEC system, the hot outside air 
passes over a wet porous pad. The hot air is absorbed by the water as it evaporates in the porous wet pad environment, so the air leaves 
the system at a lower temperature. It is an adiabatic saturation process where the dry bulb temperature decreases as the humidity of the 
air increases. The air transfers some of its sensible heat to the water and evaporates the water to become latent heat. Latent heat follows 
the water vapor and is dissipated into the air. The minimum temperature that can be obtained is the wet-bulb temperature of the 
incoming air [19,30]. 

IEC system, which is another type of evaporative cooling, has a low energy cost and high potential to meet the air conditioning 
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demand [20]. There are two types of air passages in the system, dry and wet. In the first case, the air is perceptibly cooled without 
adding water. In the second case, secondary air and water flow through the second line. The surfaces of the second line are wetted with 
spray water so that the water evaporates into the air and the temperature of the surface is lowered. As a result, cold surfaces remove 
heat from outside air passing through the primary line. Thus, the air leaving the primary line has a lower dry and wet bulb temperature 
than the incoming air [2,14]. 

Exergy analysis is applied using the second law of thermodynamics to increase the efficiency of energy resource use. Exergy helps 
detect very large losses and achieve meaningful efficiencies. The exergy method is applied in many energy systems, including air 
conditioning systems. It is important to know efficient cooling techniques to evaluate alternatives or to choose the appropriate air 
conditioning system. Even if energy analysis was made for air conditioning systems, applying the exergy analysis is a more appropriate 
method. Energy analysis alone is not sufficient in a system [24]. Exergy analysis calculates the reversible work of a thermodynamic 
process. It helps air conditioning system manufacturers improve their systems by comparing the energy consumption of system designs 
with the calculated minimum energy. Studies related to exergy analysis of evaporative cooling systems are given in Table 1. 

There are few studies on the exergy analysis of evaporative cooling systems in the literature. Therefore, in this study, it is aimed to 
directly perform the exergy analysis of an evaporative cooling system. Unlike the literature, the heat of the heated water in this system 
is discharged to the soil by a ground source heat exchanger. The water sprayed on the pad in the area absorbs sensible heat from the air 
and evaporates the water. Therefore, latent heat gain is provided to the air. The sensible heat drawn from the air by means of the 
pulverized water is thrown to the soil through the heat exchanger. In this way, the temperature of the water sent to the pad is subjected 
to a pre-cooling process. In this study, exergy efficiency and exergy destruction of a direct evaporative cooling system were evaluated 
over the exergy balance in four different cases. Completion of all the experiments in this study and all the steps until reaching a 
conclusion are given in the flow chart in Fig. 1. 

Table 1 
Summary of previous works related to exergy analysis of evaporative cooling systems.  

Author 
(s) 

Cooling 
Technique 

Operating Conditions Remarks 

[14] DEC-IEC-DEC/IEC Ta,in: 32–42.4 ◦C   ✓ Exergy efficiencies are between 11% and 62%. 
RH0: 19.5–67%  

[28] IEC Ta,in: 0–30 ◦C   ✓ The exergy efficiencies are between 25% and 56%.  
✓ Sustainability index decreased from 2.29 to 1.34. ωin: 15.4–22.22 g/kg  

ṁa: 0.64 kg/s  
[25] IEC Ta,in: 30–40 ◦C   ✓ The exergy efficiency varies from 28.5% to 70%. 

ωin: 14.2–21.5 g/kg  
[22] IEC Ta,in: 25–45 ◦C   ✓ The exergy efficiency is 42%.  

✓ Exergy destruction is 11.5 W. RH0: 8–18%  
Vair : 1–3 m/s  

[23] DEC Ta,in: 28 ◦C   ✓ The maximum cooling efficiency is 80.5%.  
✓ The exergy efficiencies vary between 70% and 94% RH0: 68%  

Vair : 0.2–2.7 m/s  
[10] DEC Ta,in: 35.39–41.75 ◦C   ✓ The energy saving rate is between 5.18% and 7.39%. 

ωin: 12.10–24.05 g/kg  
RH0: 22.17–54.43%  

[37] DEC/IEC Ta,in: 18–26 ◦C   ✓ Exergy efficiency increased from 55% to 88%.  
✓ Exergy destruction changes between 50 W and 100 W. ωin: 12.6 g/kg  

ṁa: 1 kg/s  
[33] IEC Ta,in: 33.5 ◦C   ✓ The exergy efficiency is obtained 59.2%.  

✓ Exergy destruction changes between 20 W and 150 W. ωin: 8.24 g/kg  
Vair : 1.5 m/s  

[24] DEC Ta,in: 30–50 ◦C   ✓ Cooling efficiency is obtained as 84%.  
✓ The overall exergy is determined as 74%. ṁw: 0.0465–0.1667 kg/s  

Vair : 1–3 m/s  
[16] IEC Ta,in: 30–40 ◦C   ✓ According to different configurations, the exergy efficiencies are 19.69% and 

74.32%.  
✓ Exergy destruction changes between 119 W and 180.4 W.  
✓ Sustainability index are between 4.8 and 7.282. 

ωin: 8.45 g/kg  
Vair : 2 m/s  

[31] IEC Tamb: 26–40 ◦C   ✓ The exergy efficiency ranges from 19.7% to 22.7%.  
✓ The energy saving rate reached 48.6%.  
✓ Cooling efficiencies changes between 67.1% and 89%. 

ωamb: 5–20 g/kg  
ṁa: 0.1–0.3 kg/s   
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2. Material and methods 

2.1. Experimental setup 

In this study, an evaporative cooling system with a cooling pad was designed and manufactured. The ground source evaporative 
cooling system is given in Fig. 2. The difference in the evaporative cooling system compared to many studies in the literature is that 
there is a heat exchanger located under the ground. The system consists of three main parts as cooling water circulation line, a ground 

Fig. 1. Flow chart of evaporative cooling system.  

Fig. 2. View of ground source evaporative cooling system.  
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source line, and a cooling pad line. The circulation of the water passed through the heat exchanger buried in the ground is provided by 
a pump (Number 4 in Fig. 2). The water passed through the ground source heat exchanger is collected in an insulated water tank 
(Number 5 in Fig. 2). The cooling pad line, which is the second line in the system, is circulated by a second pump. The control of this 
circulation pump is adjusted to operate for 4 min with the control card (timer) (Number 7 in Fig. 2) and is interrupted for 1 min. The 
cold water from the pump is sent to the cooling pad via the pipeline. The water coming to the cooling pad is transferred to the cooling 
pad with the help of pulverized nozzles. At this time, cooling is carried out with the cooling fans. In this process, when small droplets of 
water are sent into the unsaturated air, these water droplets evaporate. Depending on the evaporation, the sensible heat of the ambient 
air turns into latent heat with the evaporation of the water. The dry bulb temperature drops due to the reduced sensible heat of the 
ambient air. In addition, the cold water flowing over the cooling pad is drained and stored again. In order to keep the humidity in the 
cooled room between 50 and 60%, fresh air is taken with one of the fans in the room and the air inside is given out with the other fan. 

Since the experiments were carried out at different air velocities, a DC fan speed controller (Number 8 and 17 in Fig. 2) was 
operated for two different air velocity conditions to adjust the air velocity. The different operating conditions applied in the experi-
ments are given in Table 2. 

A timer (7 number in Fig. 2) is used for water pulverizing equipment. The energy needed for the system was obtained from a 12 V 
power supply. The equipment used in the system is given in Table 3. An electronic circuit was prepared for the designed and man-
ufactured evaporative cooling system. The circuit performs automatic control so that the water does not flow continuously. Pumping 
the water in the system takes 4 min. After this period, the pumps are stopped for 1 min so that the relative humidity of the environment 
does not increase. Meanwhile, the fans dry the surface of the cooling pad. 

The representation of the points where the measurements made in the system during the experiments were taken are given in Fig. 3. 

2.2. Uncertainty analysis 

The total uncertainty analysis of the ground source evaporative cooling system in this experimental study was calculated in 
Equation (1). In the equation, WR is the total uncertainty of the system (%), R and w are the uncertainty function and dimensional 
factor, respectively. In this equation, wn represents the uncertainties in the independent variables [9,26]. The characteristics of all 
measurement instruments used in the evaporative cooling system are given in Table 4. 

WR =

[(
∂R
∂x1

w1

)2

+

(
∂R
∂x2

w2

)2

+ … +

(
∂R
∂xn

wn

)2
]1/2

(1) 

Accordingly, the uncertainty value is calculated to be 1.79% for relative humidity, 2.892% for ambient temperature, 3.235% for 
room temperature, 1.271% for energy consumption, 2% for fresh air velocity, 1.739% for exhaust air velocity, and 1.923% for ground 
temperature. Accordingly, the overall uncertainty value of the experimental rig is found to be 4.5%. 

2.3. Thermodynamic modelling 

The work potential of a system under certain conditions can be evaluated by allowing the system to move towards and reach a 
stable equilibrium with the environment. In reality, when the system and environmental conditions reach equilibrium, another state 
change does not occur spontaneously. When such a situation occurs, it is considered the dead state of the system. Since the initial 
temperature of the heat transfer fluid in the evaporative cooling system is the same as the ambient temperature (T0), the initial exergy 
is zero. In addition, the specific humidity value (ω0) for the dead state is also the value corresponding to this temperature. 

Exergy analysis is of great importance in systems that generate thermal energy and rely on the second law of thermodynamics. The 
exergy balance equations of the ground source evaporative cooling system shown in Fig. 2 are given below. 

Total exergy of a system consists of four parameters: physical exergy (Ėxph), potential exergy (Ėxpt), kinetic exergy (Ėxkn) and 
chemical exergy (Ėxch). 

Ėx= Ėxph + Ėxkn + Ėxpt + Ėxch (2) 

The total specific exergy on a mass basis in a system is as follows: 

ex= exph + exkn + expt + exch (3) 

The general exergy equation can be given as: 

Table 2 
The explanation of cases in the experiments (air density is accepted as 1.2 kg/m3 in mass flow calculations).  

Case 1 (Negative pressure) Fresh air properties (air velocity, volumetric flow rate, and mass flow rate) 
Exhaust air properties (air velocity, volumetric flow rate, and mass flow rate) 

1 m/s, 0.0144 m3/s, 0.01728 kg/s 
1.3 m/s, 0.01872 m3/s, 0.0224 kg/s 

Case 2 (Negative pressure) Fresh air properties (air velocity, volumetric flow rate, and mass flow rate) 
Exhaust air properties (air velocity, volumetric flow rate, and mass flow rate) 

2 m/s, 0.0288 m3/s, 0.0345 kg/s 
2.3 m/s, 0.03312 m3/s, 0.0397 kg/s 

Case 3 (Positive pressure) Fresh air properties (air velocity, volumetric flow rate, and mass flow rate) 
Exhaust air properties (air velocity, volumetric flow rate, and mass flow rate) 

1.3 m/s, 0.01872 m3/s, 0.0224 kg/s 
1 m/s, 0.0144 m3/s, 0.01728 kg/s 

Case 4 (Positive pressure) Fresh air properties (air velocity, volumetric flow rate, and mass flow rate) 
Exhaust air properties (air velocity, volumetric flow rate, and mass flow rate) 

2.3 m/s, 0.03312 m3/s, 0.0397 kg/s 
2 m/s, 0.0288 m3/s, 0.0345 kg/s  
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Table 3 
Specifications of components in the evaporative cooling system.  

Components Specifications 

Test room 0.25 m3 

Circulation pumps 6 bar, DC 
Cooling pad 10 × 15 × 50 cm  
System control card (timer) 12 VDC 
Power Supply 12 V, 15 A, 180 W 
Heat exchanger 1/4 - 3/4 HP  
Fan speed controller 12 VDC 
Fans 12 VDC, 0.25 A, 120 mm × 120 mm  

Fig. 3. Measuring points from which experimental data were taken.  

Table 4 
Specifications of measurement devices in the evaporative cooling system.  

Device Specifications 

Temperature measuring device 4 Channel, 
K Temperature Range: 
− 200–1370 ◦C, K 
Temperature Accuracy: ± (0.3% rdg+1 ◦C), K Temperature Resolution: 0.1 ◦C 

Thermohygrometer Temperature – NTC 
Measuring range: 10 to ~60 ◦C 
Accuracy: ±0.5 ◦C 
Resolution: 0.1 ◦C 
Humidity – Capacitive 
Measuring range: 0–100 %RH 
Accuracy: ±2.5 %RH (5–95 %RH) 
Resolution: 0.1 %RH 

Anemometer Measurement range: 0.1–40 m/s 
Accuracy: ±0.4 m/s (1.00–9.99 m/s) 
Resolution: 0.01 m/s 

Power meter Mains voltage input: 220–240 VAC 
Load limit: 3680 W  
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∑
Ėxin −

∑
Ėxout =

∑
Ėxdest (4) 

In Equation (5), the potential and kinetic energies are considered to be negligible. ĖxQ is the exergy related to heat transfer. Ėxdest is 
exergy destruction, which is a positive amount for any real process and zero for a reversible process. ex represents specific exergy as 
seen in Equation (7). 

∑

in
ExQ +

∑

in
m(ex) −

∑

out
ExQ −

∑

out
m(ex) − Exdest = 0 (5)  

ĖxQ =
∑

(

1 −
T
T0

)

Q̇ (6)  

ex=(h − h0) − T0(s − s0) (7) 

The total work potential of a fluid is defined as the flow exergy. The flow exergy of moist air is calculated based on the state 
characteristics (T, ω, P) and relative to the dead state (T0, ω0, P0, φ0): thermal, mechanical, and chemical exergy [8]. The specific 
exergy equations for these three terms are as follows [22]. exme expression includes fan and pump. 

exa = exth + exme + exch (8)  

exth =
(
cpa +ωcpv

)
T0

(
T
T0

− 1 − ln
T
T0

)

(9)  

exme =(1+ 1.608ω)RaT0ln
P
P0

(10)  

exch =RaT0

[

(1+ 1.608ω)ln
1 + 1.608ω0

1 + 1.608ω + 1.608ωln
ω
ω0

]

(11)  

where, cpa is air specific heat at constant pressure, cpv is water vapor specific heat at constant pressure, Ra is the air specific gas constant 

Fig. 4. Change of ambient temperature and room temperature with time.  
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and the constant 1.608 is the ratio of the molar mass of air to the molar mass of water vapor. The specific exergy of liquid water can be 
calculated in equation (10) below. 

exw = − RvT0lnφ0 (12)  

where, Rv is water vapor gas constant and φ0 relative humidity at dead state. The exergy efficiency of the evaporative cooling system 
can be calculated as in Equation (12). 

ηex =
exa2

exa1 + (ω2 − ω1)exw
(13) 

The cooling efficiency for ground source evaporative cooling system can be calculated according to the following equation [5,6]: 

ηce =
(T1 − T2)

(T1 − Twb)
(14) 

Van Gool suggested that the maximum improvement in exergy efficiency for a process or system is achieved when exergy loss or 
irreversibility is minimized. As a result, he argued that it would be beneficial to use an exergetic concept of improvement potential 
(EIP) when performing system analysis [29]. The improvement potential equation is given as: 

EIP=(1 − ηex)(exin − exout) (15) 

Exergy analysis provides an opportunity to improve the performance of a system. The sustainability index is another parameter that 
gives an idea of how exergy efficiency affects the sustainability of resources or systems. It is directly related to the exergy efficiency. 
Therefore, it represents how important exergy methods are in increasing the efficiency of the system [3]. 

SI =
1

1 − ηex
(16)  

3. Results and discussions 

The data obtained as a result of detailed experimental analyzes in the evaporative cooling system are presented in this section. 
Firstly, as seen in Fig. 4, the room and ambient temperature for each case are shown graphically. Since the ambient temperature 
changed during the period of the experiments, room temperatures also changed. In this situation, the most accurate way is to observe 
the variation of the two temperatures in parallel. Thus, the cooling efficiency for each case can be better analyzed. In direct evaporative 
cooling systems, it is expected that the ambient temperature will decrease as the humidity of the air increases. This is due to the transfer 
of the sensible heat of the air to the water [21]. The opposite of this situation is seen in Figs. 3 and 4. As the humidity of the room air 
decreases with time, the room temperature increases. Here, the increase in room temperature causes the amount of humidity in the air 
to decrease, which causes the air to give less sensible heat to the water. 

As explained in the previous sections, the sensible heat in the room is converted into latent heat in the adiabatic cooling process. In 
this way, the temperature of the room is lowered and the relative humidity is increased, and accordingly, the specific humidity of the 
environment increases at the same time. Relative humidity changes in the room and ambient are given in Fig. 5. When four different 
cases are examined, the biggest difference between relative humidity is seen in case 3. As seen in Fig. 8 (b), the relative humidity 
increases when the temperature difference is high. According to Fig. 5, the average relative humidity values in the room were 
determined for each case. Accordingly, the average relative humidity values were determined as 68.82%, 62.91%, 70.73% and 
68.81%, respectively. Thus, according to the obtained average relative humidity values, it is easily understood that the situation with 
the most adiabatic cooling is case 3. Because high relative humidity means a decrease in temperature. For this reason, the best cooling 
efficiency performance will be obtained from the evaporative cooling system. 

In Fig. 6, the average exergy efficiency and exergy losses for each case are seen. Exergy efficiencies were determined as 16.8% for 
case 1, 17.5% for case 2, 20.8% for case 3 and 18.4% for case 4. In addition, exergy losses are calculated as 73, 100, 80, and 73 J/kg, 
respectively, and presented graphically. In case 3 where the ambient temperature is the highest, the room temperature is approxi-
mately the same as in the other three cases, so the cooling in the room is noticeably better in case 3. Parallel to this situation, the exergy 
efficiency was at the highest values for case 3. However, considering the exergy losses, the lowest loss value is not in case 3. The reason 
for this can be defined as the increased ambient air temperature causing more losses. Despite this situation, the loss values are very 
close to case 1 and case 4. 

When looking at Fig. 7, the change in sustainability and EIP values can be seen. It is seen that the sustainability value (a) is the 
highest in case 3, followed by case 4, case 2, and case 1, respectively. Sustainability value generally shows parallelism with exergy 
efficiency. When the EIP value (b) is examined, it is observed that this value occurs in similar curves with the exergy loss values. 
Considering these situations, it was determined that the exergy efficiency gives much clearer information about both the usability and 
sustainability of the system. The Case 3 system is the system in which the possibilities of doing business are evaluated in the best way 
compared to the systems in other cases. However, it still has losses and exergy improvement potential. When these improvements are 
made, the usability of the system will reach higher values. 

In Fig. 8, the variation of the cooling efficiency (a) and the difference between ambient air temperature and room temperature (b) 
are seen for each case. The average temperature difference is 1.45 ◦C for case 1, 1.21 ◦C for case 2, 1.6 ◦C for case 3 and 1.48 ◦C for case 
4, respectively. The highest cooling efficiency was observed in case 3 with 41%, followed by case 4 with 37%, case 2 with 35%, and 
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case 1 with 33%. The cooling efficiency of the system can be observed most ideally by detecting the difference between indoor and 
outdoor temperatures. In this situation, as seen in Fig. 8 (b), the highest difference was found in case 3. The graphs examined so far 
clearly show us that the best system is case 3. The Case 3 system operates between 12% and 19% more effectively than other systems. 

Fig. 9 includes a performance review method presented for the first time in this study. This figure shows approximately how much 
energy should be consumed to cool each 1 ◦C, and this parameter is very important for air conditioning systems. This figure clearly 
shows us that the ideal cooling process takes place in case 3. Compared to the average of other systems, the case 3 system consumes 

Fig. 5. Changes of ambient relative humidity and room relative humidity over time.  

Fig. 6. Average exergy efficiency (a) and average exergy loss (b).  
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approximately 15% less energy and performs the cooling process. 
The psychrometric analysis of the ground source evaporative cooling system for each case is given in Fig. 10. Point 1 in the figure 

represents the air in the room. In order to maintain the humidity balance in the room and prevent the relative humidity from increasing 

Fig. 7. Sustainability (a) and exergetic improvement potential (b).  

Fig. 8. Average cooling efficiency (a) and average temperature difference between room and ambient temperature (b).  

Fig. 9. Energy consumption for each cases.  

G. Yıldız et al.                                                                                                                                                                                                          



Case Studies in Thermal Engineering 31 (2022) 101810

11

significantly, the air is expelled from the room by means of a fan. Point 2 shows the air taken from outside. In order to maintain the 
humidity balance, the same amount of outside air is taken in as the expelled air. Point 3 is mixed air, that is, cooling pad inlet air. 
Evaporative cooling takes place at point 4. Since the air inside the cooling pad is mixed with the room air and comes out of the point 4 
that are thrown out, the relative humidity at point 1 did not rise. In order to provide positive pressure inside, air is taken from outside 
instead of exhausted air in point 2 number conditions. The opposite is true for negative pressure. While the air at point 4 is exposed to 
constant specific humidity and sensible heat gain with outdoor air gains in the dotted line point 4, this air has reached the point 1 point 
with specific humidity loss. This situation occurs as a result of expelling the moist air from the inside at a certain rate. 

4. Conclusion 

In this study, an evaporative cooling system was examined experimentally for 4 different cases and the results were analyzed. Cases 
called case 1 and case 2 have a negative airflow, while case 3 and case 4 have a positive airflow. As a result of detailed analysis, the 
following results were obtained.  

• Positive pressure systems work more efficiently than negative pressure systems. However, this study shows us that it is very 
important to be able to balance the fresh air taken and the exhaust air in the places to be air-conditioned. Although the case 4 has 
positive pressure, it has almost the same values as case 2 and case 1. With 1.3–1 m/s air velocities in Case 3, it is seen as the most 
ideal pressurization system in this study.  

• The highest exergy efficiency was obtained in case 3 as 20.8%. The exergy efficiency is inversely proportional to the temperature. 
As the temperature increased, the exergy efficiency decreased. In this study, temperature and temperature differences are given in 
the previous sections. Therefore, while the exergy efficiency will be highest in the case with the highest temperature difference, the 
exergy efficiency will be the lowest in the lowest case. Considering the temperature differences between the cases, the highest 
temperature difference with 1.6 ◦C is case 3. Therefore, case 3 has the highest exergy efficiency. The temperature difference in other 
cases is 1.45 ◦C for case 1, 1.21 ◦C for case 2 and 1.48 ◦C for case 4, respectively. According to these temperature differences, exergy 
efficiencies were determined as 16.8%, 17.5% and 18.4%, respectively.  

• Sustainability and EIP are important parameters for the usability of a system. Sustainability and EIP are parallel to the ratios in 
exergy efficiency. For example, in case 3, where the exergy efficiency is 20.8%, the sustainability index is 1.26. However, the EIP 
value is higher than case 1 and case 4, which have low exergy efficiencies, and it is seen that there is still a need for improvement.  

• Case 3 has the highest cooling efficiency with 41%. The reason for this can be explained as giving more sensible heat to the air and 
absorbing more latent heat. This can also be seen from temperature differences. The best adiabatic cooling is achieved when the 
ambient temperature is reduced as much as possible and the relative humidity of the air is increased. 

Fig. 10. Psychrometric analysis of the evaporative cooling system for each case.  
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• Energy consumption is one of the important issues today. For this, many energy saving studies and system improvements are made. 
It is a great advantage that the evaporative cooling system in this study has low energy consumption. For four different cases 
implemented in the system, case 3 consumed 9.38% less energy than case 1, 24.37% less than case 2 and 7.5% less energy than case 
4. As a result, case 3 requires approximately 15% more energy to cool the system by 1 ◦C compared to other cases. 

• It was determined that while exergy efficiency and cooling efficiency increase under negative pressure at high air speed, it de-
creases under positive pressure. 
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