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Abstract

:

Avoiding heat stress in cows is an important condition for animal productivity and the maintaining of animal health. For this, it is necessary to provide an optimal microclimate in cowsheds using systems of air cooling. The paper analyzes one of these systems—an air humidification–cooling system. The research was carried out in a semi-insulated box-type cowshed containing 244 places. The changes in temperature, relative humidity, and temperature humidity index (THI) were studied for the air coming from outside and for the air inside the cowshed. Considering the fact that the cows were in the cowshed most of the time (51.5%) under heat stress, the use of a cooling system is appropriate. It was established that a cooling system is capable of compensating for heat released by animals. It was determined that with an increase in air temperature the relative efficiency of a cooling system increases. An intensive constant air exchange provided using fan operation avoids an excessive growth of relative humidity in a cowshed. To reduce the consumption of electricity and water, the paper suggests regulation of both the power of the fans of the system and the water supply to the nozzles not using temperature but using THI. Theoretically, when THI is used to regulate the operation of the cooling system, the consumption of electrical energy is reduced by 17.8%, and the consumption of water is reduced by 43.2% when compared to the option when the temperature is used to regulate the operation of a cooling system.
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1. Introduction


Avoiding heat stress in cows is an important condition for both productivity and maintaining animal health [1,2,3]. For this, it is necessary to ensure the optimal microclimate in cowsheds [4,5,6]. The main parameters that make it possible to assess the state of the microclimate in a cowshed are air temperature and relative humidity [7,8]. The temperature humidity index (THI) can be calculated using temperature and humidity [4,8,9,10], the value of which allows determination of the condition of animals in a cowshed. According to studies [11,12,13], THI values of more than 80 indicate possible severe heat stress in cows. THI values of less than 68 indicate no stress. THI values from 68 to 72 indicate slight heat stress. THI values from 72 to 80 indicate moderate heat stress. When THI values are between 72 and 80 a decrease in milk production in dairy cattle can be expected if air cooling is not applied. When THI values exceed 80, air cooling is obligatory [4,13,14] because the decrease in milk production can reach critical values and the cows’ well-being will deteriorate [1,3,15]. The researchers state that not only the temperature and the temperature and humidity indices affect the maintenance of animals, but also the duration during which the animals are exposed to stress [7]. In addition, an increased temperature in a cowshed promotes the growth of ammonia emissions into the environment [13,16].



Taking into account the fact that the cows spend most time in conditions which can cause heat stress, it is necessary to use air cooling systems [17,18]. In particular, air cooling systems based on micro-droplet spraying of water with a diameter of 2–60 μm—adiabatic humidification systems [4,16,17,18,19,20,21,22]—have become popular. For example, in a work [16] the performance of roof mounted misting fans was analyzed and the impact on heat stress in dairy cows was evaluated. It was established that the use of roof mounted misting fans in hot weather (at temperatures in the environment above 36 °C) reduces the temperature in a cowshed by 7–8 °C, and reduces THI by 10%. However, the paper does not indicate how the proposed cooling system affects the dynamics of temperature and THI at temperatures below 36 °C. In addition, the authors did not consider the influence of a cooling system on the relative humidity in a cowshed, nor did they investigate energy costs during the operation of misting fans. The paper [4] has analyzed the operation of the air humidification–cooling system in semi-insulated box-type cowsheds. As a result of research, it was found that the air temperature in a cowshed decreased by 3.17 ± 0.86 °C compared to cowsheds without a humidification–cooling system. The air humidification system creates favorable conditions for reducing the heat stress of cows—THI in a cowshed is lower than in the open air. Additionally, the authors of the paper established that the relative humidity in a cowshed is on average 16.29 ± 4.12% higher than in the open air. However, the authors did not consider the energy efficiency of the proposed system, in particular the electricity and water costs. In a study [17], the effects of water consumption on cooling efficiency and behavior of cows was carried out. It was proved that the use of nozzles with a large water flow (4.9 L/min) is not effective in comparison with nozzles with a lower water flow (3.3 L/min). Although when using both types of nozzles, an increase in milk production was observed. The authors did not analyze the influence of water consumption on the dynamics of THI changes, and did not investigate the effectiveness of the cooling system at different temperatures and humidity indices of the environment.



There are opinions that the installation of evaporative cooling systems, such as misters and sprinklers, is not recommended in environments where the relative humidity can reach more than 75% due to the increase in humidity associated with these systems [20]. In addition, the significant need for water resources for evaporative cooling systems can also be a problem [2]. In a scientific work [21], the influence of water spraying with the help of sprinklers on the temperature state of cows was investigated. The studies have proven that effective cooling is possible only with long-term water spraying.



The analysis of scientific papers shows that the majority of studies are aimed at establishing the degree of influence of cooling systems on the physiological state of animals. However, there are actually no studies on the energy efficiency of cooling systems. Additionally, there is lack of research on the effectiveness of cooling systems at different values of temperature and humidity environment.



Therefore, further research is needed to optimize the delivery of water and the consumption of electric energy. After all, the consumption of electric energy to maintain an optimal microclimate in cowsheds can reach 25–45% of all electric energy consumption [23]. The cooling control system also has an important influence on the efficiency of cooling systems [24,25]. In addition, further accumulation of data on the influence of irrigation systems (artificial fog systems, misting fans, etc.) on the microclimate of cowsheds is necessary for effective use of cooling systems.




2. Materials and Methods


The research was carried out in semi-insulated box-type cowsheds for 244 places (Lietuva). The cowshed is equipped with an air humidification–cooling system (further on in the text of the paper, –cooling system) [14]. As many as 16 Abbifan 140-XXP-21 (Abbi-Aerotech, Hardinxveld-Giessendam, The Netherlands) [26] fans are installed in the cowshed, which increase the air circulation inside the livestock premises. The fans are turned on automatically at an air temperature of 16 °C, and their power is 25% of the nominal. As the temperature rises, the fan power increases, and at 25 °C it reaches the maximum value of 0.75 kW. The fans were installed into the side walls of the farm and were tilted at an angle of 18° (Figure 1). The productivity of one fan is 48,930 m³/h of air. Each fan is equipped with water nozzles that spray microdroplets of water with a consumption of approximately 0.8 L/min (Figure 1). Water spraying starts when the temperature reaches 16 °C; hereafter the water supply remains constant over the entire temperature range.



The principle of operation of a cooling system is as follows: with the help of special nozzles, water is sprayed into the airstream created using the fans. Microdroplets of water evaporate in the heated air of the room, taking away heat and cooling the air, while the moisture content increases. Such a process is called the process of adiabatic cooling of moist air, the limit of which will be the temperature of a wet bulb, or relative humidity of 100% [19].



The air temperature and relative humidity were measured and recorded every hour using data loggers PeakTech P5185 (PeakTech, Ammersbek, Germany) (Figure 2) [4,27]. The temperature measurements ranged from −40 °C to 80 °C, with temperature accuracy 0.3 °C, and the humidity measurements ranged from 5% to 95%, with humidity measurement accuracy of 2%. Air velocity was measured with a wind anemometer in the Almemo 2590-9 system (Ahlborn GmbH, Hildesheim, Germany). Measurement range was 0–10 m/s, and accuracy equaled ±0.1 m/s. The air velocity in the cow zone varied from 0.94 to 1.73 m/s.



Measurements and recordings of temperature and relative humidity were performed in the warmest summer period from 18 June 2022 to 31 August 2022 (duration of measurement 1800 h). During the research the temperature and the humidity were recorded at three points of the cowshed (positions 2, 3, 4 in Figure 3). Additionally, at two points the temperature and relative humidity of the air coming from the outside were fixed (positions 1, and 5 in Figure 3). The temperature and humidity values were recorded at the beginning of an hour; in total 24 temperature and relative humidity values were recorded per day on each data logger.



The climate comfort was determined using the temperature and humidity indices (temperature humidity index—THI) [4,11,12,13]. THI was calculated using the equation:


  T H I =  (  1.8  T m  + 32  )  −  (  0.55 − 0.0055 R  H m   )   (  1.8  T m  − 26  ) ,   



(1)




where:




	
Tm—average air temperature, °C;



	
RHm—average relative humidity of air, %.








For the calculation of temperature humidity index of the outdoor air (THI1), the averaged values of temperature (T1) and relative humidity (RH1) from the recorders 1, and 5 were used. Additionally, for the calculations of temperature humidity index inside the cowshed (THI2), the averaged values of temperature (T2) and relative humidity (RH2) from the recorders 2, 3, and 4 were used.



Also, to evaluate the efficiency of the cooling system, the saturation coefficient of the air with moisture [28] was used, which is calculated according to a formula:


  c =    T 2  −  T 1     T 2  −  T W  ,    



(2)




where:




	
TW—thermodynamic wet-bulb temperature of entering air °C.








In order to evaluate the performance of a cooling system regarding the removal of excess moisture from a cowshed, the theoretical amount of excess moist air (V, м3/h) that must be removed from the room was calculated according to a Formula (3) [29,30,31]:


  V =    n 1   q 1  + k  n 2   q 2     ρ 1   (   d 2  −  d 1   ) ,     



(3)




where:




	
n1—the number of animals in a shed, heads (pieces);



	
q1—the amount of moisture released by one head, kg/h;



	
k—a coefficient of performance of a cooling system;



	
n2—the number of fans equipped with nozzles;



	
q2—water consumption by the nozzles of one fan, kg/h;



	
ρ1—density of an incoming air kg/m3;



	
d1—humidity of an incoming air, kg/kg;



	
d2—humidity of the air in a cowshed, kg/kg.









3. Results and Discussion


The operation of a cooling system should improve the parameters of the microclimate in a cowshed, both at high and at moderate temperatures in a summer time period. It is important to create a stable temperature environment for animals. By controlling the heat exchange process with the help of a cooling system, the most comfortable microclimate indicators for animals can be created.



As a result of the research, 1800 values of temperature and relative humidity for the air entering the cowshed from outside were obtained. Based on the obtained values of temperature and relative humidity, THI for the air entering the cowshed was calculated (Table 1, Figure 4).



Temperature humidity index values greater than 80 (THI values above THImax line in Figure 4—conditions causing severe heat stress) were observed for 10 h during the measurement period (1800 h), which is 0.6% of the total number of hours.



Moderate heat stress conditions (THI values between THImax and THImed lines) were observed for 505 h (28.1%). Conditions causing mild stress (THI values between THImed and THImin lines) were observed for 410 h (22.8%). The cows stayed without heat stress for 875 h—48.5% (THI values below THImin line). Considering the fact that the cows were in conditions that could cause heat stress for 51.5% of the time, the use of a cooling system is appropriate.



Also, as a result of the research, 1800 values of temperature and relative humidity for the air inside the cowshed were received. Reference values of temperature, relative humidity, and THI are given in Table 2.



The analysis of the obtained results made it possible to analyze the operation of the cooling system. In particular, a comparison of the temperature of the air coming from outside and of the air inside the cowshed was made (Figure 5).



The average temperature values were the same: 21.5 °C—the temperature of the air coming from outside, and 21.4 °C—the temperature of the air inside the cowshed. It should be noted that the number of hours with high temperature (more than 25 °C) inside the cowshed was 3% lower, or reduced by 54 h. In addition, the average temperature values from 19 °C to 25 °C for the air inside the shed were observed for 95 more hours than for the air coming from outside. Lower temperature values (less than 19 °C), in comparison, were observed for 57 h less.



This testifies to the ability of the cooling system to compensate for the release of the heat from animals. This conclusion was made based on the fact that the difference between the air temperature inside the cowshed and the air coming from outside is within 3.5% for all temperature ranges.



The research also compared the relative air humidity coming from outside—RH1 and the air humidity inside the cowshed—RH2 (Figure 6).



The average value of relative humidity increased from 70.7% for the air coming from outside, to 73.1% for the air inside the cowshed. In addition, the relative humidity values greater than 80% increased by 2.7% inside the cowshed. The values of relative humidity less than 60%, in comparison, decreased by 8.3%. Therefore, we can conclude that the operation of a cooling system leads to an increase in relative humidity, although this growth is not significant, and for the ranges of humidity more than 60% it lies within 4.2% of hours (from 1363 h to 1518 h).



A comparison of the THI for the air coming from outside (THI1) and for the air inside the cowshed (THI2) was also made (Figure 7).



The average value of THI actually did not change and was 68.2 for the air coming from outside and 68.5 for the air inside the cowshed. In particular, it should be noted that due to the operation of the cooling system, THI in the cowshed did not exceed the critical value of more than 80. Although, for the air coming from outside THI was greater than 80 for 10 h during the entire period of the study. These results allow us to make a conclusion about the ability of a cooling system to keep THI inside the cowshed at least at the level of THI for the air coming from outside. This conclusion was made based on the fact that the difference between THI for the air in the cowshed and THI for the air coming from outside is within 1.6% for all ranges of THI.



The obtained data also made it possible to perform an analysis of the efficiency of the cooling system’s performance in moderate (maximum temperature of 21.9 °C) (Figure 8, Figure 9 and Figure 10) and hot (maximum temperature of 32.2 °C) (Figure 11, Figure 12 and Figure 13) summer periods of time, limited to one day.



In the temperature range up to 22 °C there is an increased relative humidity (from 80% to 85%) that does not create favorable conditions for the operation of a cooling system.



The analysis of the graphs in Figure 11, Figure 12 and Figure 13 allows us to draw conclusions about the sufficient efficiency of the cooling system, although there is no decrease in THI compared to the air coming from outside. However, cows are actually spending all the time in a cowshed with THI below 70, and the operation of the cooling system allows THI to be within acceptable limits for the absence of heat stress. Except for this, the operation of a cooling system smooths out sudden changes in temperature (16, 17, and 20 working hours) in Figure 11.



With an increase in temperature, the relative efficiency of the cooling system increased. This effect is explained by the higher intensity of the adiabatic air cooling process, i.e., in the heated air, the sprayed water absorbs heat more intensively. In addition, the relative humidity is lower at higher temperatures (for comparison, at a temperature of 32.2 °C the relative humidity is 48.2%—19th working hour in Figure 11 and Figure 12; and at a temperature of 21.0 °C the relative humidity is higher and equals 81.6%—17th working hour in Figure 8 and Figure 9), which also contributes to the intensification and duration of the cooling process [19,32,33].



For example, for point 19 (working hours) of the graphs in Figure 11 and Figure 12 the flow of the air cooling process, due to its humidification, can be represented graphically on the Mollier h-x diagram (Figure 14). The air comes in from outside with a temperature (T1) of 32.2 °C, with a relative humidity of (RH1) 44.6%, and a moisture content of 0.0122 kg/kg (point A). Nozzles installed on fans spray water, the moisture content increases to 0.013 kg/kg, the relative humidity (RH2) increases to 48.2%, and the temperature (T2) decreases to 30.0 °C, (point B). In addition, the operation of fans at full power (0.75 kW), after raising the temperature above 25 °C, also contributes to increasing the efficiency of the cooling system as a result of a more uniform filling of the space in the cowshed with moisture and more intensive air exchange. An intensive daily air exchange, provided by the operation of fans at full power, avoids an excessive growth of relative humidity in the cowshed. However, the effect of fan power on the efficiency of a cooling system requires further thorough research.



To determine the coefficient of saturation of the air with moisture, the wet-bulb temperature (TW) was found using the h-x diagram for this (point C at a conditional 100% relative humidity, Figure 14), which shows TW = 22.5 °C. Next, using Formula (2), the saturation coefficient c was calculated; it equaled 0.23. Such a value of saturation coefficient indicates that the operation of the cooling system at a given temperature and relative humidity can be more effective. This can be achieved by supplying a larger amount of moisture into the cowshed with the help of nozzles. For example, when the relative humidity increases to 70%, the temperature inside the cowshed can theoretically be reduced to 25.5 °C (point D), and the value of the saturation coefficient will be 0.69. The dew point temperature under these conditions was 17.0 °C (point E), which means that when the temperature drops below 17.0 °C, excess moisture will condense in the cowshed.



At moderate temperature values in the cowshed, for example the point at 17 working hours (Figure 8 and Figure 9), the temperature (T1) and relative humidity (RH1) for the air coming from outside were 21.0 °C and 81.6%, respectively. Due to the operation of the cooling system, the temperature (T2) of the air in the cowshed decreased to 19.9 °C, and the humidity (RH2) increased to 83.9%. The coefficient c of air saturation was 0.55. The wet-bulb temperature (TW) was 19 °C. However, the operation of a cooling system in such conditions can cause moisture condensation due to air oversaturation. Therefore, it is necessary to provide the necessary air exchange to remove excess moisture from the shed. That is why it is very important to install effective ventilation systems in cowsheds. The ventilation systems must remove excess heat and moisture and prevent the formation of condensate. The ventilation systems should also provide conditions for compliance with permissible levels of concentration of harmful substances in the cowshed (ammonia acid, hydrogen sulfide, and others [34,35]. Necessary air exchange, in relation to the removal of excess moisture, mainly depends on the amount of moisture released by the animals, the number of animals in a shed, the type of shed, and the moisture content of indoor and outdoor air at corresponding temperatures [36].



According to Formula (3), the content of air with excess temperature was calculated. For the elevated temperature (T1 = 32.2 °C), the theoretical surplus of moist air was lower and equaled 94,316 m3/h. For moderate temperature values (T1 = 21.0 °C) the theoretical excess of moist air was smaller and equaled 18,637 m3/h. Considering the total theoretical performance of fans at the level of 391,444 m3/h to 782,880 m3/h, it can be concluded that the performance of cooling system fans is sufficient to remove excess moisture from the cowshed. The consumption of electrical energy for driving the cooling system fans as well as water consumption was also investigated. Regulation of power and water consumption is carried out with the help of the temperature sensors and, therefore, the power and the water flow depend on the temperature of the air in the cowshed. (Table 3).



The regulation is as follows: when the air temperature in the cowshed is 16 °C, the fans are switched on at 25% power, at temperatures from 16 °C to 19 °C—at 50% power, at temperatures from 22 °C to 25 °C—at 75% power, and at temperatures above 25 °C,—at 100% power. Accordingly, the water supply changes. It should be noted that the operation of fans at capacities lower than 75% is not effective because they do not provide cooling for the intensive flow of the adiabatic process.



To reduce the consumption of electricity and water the authors suggest following the regulation not by using the temperature but by using THI (Table 4). With THI values lower than 68, the fans do not turn on, with THI values from 68 to 72 they work at 75% power, and with THI values greater than 72, the fans work at 100% nominal power.



Theoretically, when using THI to regulate the operation of the cooling system, the consumption of the electrical energy is reduced by 17.9%, and the consumption of electricity is reduced by 43.2% (Figure 15) in comparison with the option when the temperature is used to regulate the operation of the cooling system.



With a correctly calculated and installed cooling system it is possible to achieve a decrease in air temperature in a cowshed of 4–10 °C. It should the taken into account that the efficiency of cooling directly depends on the relative humidity of the air in the shed; the higher the humidity, the less effective the air cooling will be. At a relative humidity of more than 80%, the cooling effect is reduced.



The use of THI for regulating the operation of the cooling system will reduce energy consumption but requires further practical research. It is obvious that the air humidification–cooling system creates favorable conditions for reducing the temperature stress in cows. However, it is necessary to carry out further research in order to optimize the consumption of water and electric energy, to determine the effects of the size of water drops, and the periodicity of the system operation on the effectiveness of reducing the temperature stress in cows. It is also necessary to investigate in detail the effect of the volume of water, sprayed using the nozzles, on the moisture content of the air inside the cowshed under different temperature conditions. In addition, it is necessary to continue the research on the influence of ventilation and cooling systems on the emission of harmful gases into the environment. It is necessary to investigate in detail the influence of the proposed control system (management) of the cooling system on the change in THI values, and on the condition and milk productivity of cows. The influence of the speed of the air flow from the fans on the efficiency of the cooling system also requires thorough investigation.




4. Conclusions


The research was carried out in semi-insulated box-type cowsheds for 244 places. For creating an optimal microclimate, the cowshed was equipped with an air humidification–cooling system. A temperature humidity index THI with a value greater than 80 was observed for 10 h during the measurement period (1800 h), which is 0.6% of the total number of hours. Conditions causing moderate heat stress were observed for 505 h (28.1%). Conditions causing mild heat stress were observed for 410 h (22.8%). The cows were without heat stress for 875 h (48.5%). Considering that the cows were in conditions that can cause heat stress during 51.5% of the time, the use of a cooling system is appropriate.



A comparison of the air coming from outside with the temperature of the air inside the cowshed was made. The average temperature value remained unchanged: 21.5 °C—the air temperature coming from outside, and 21.4 °C—the air temperature inside the cowshed. This testifies to the ability of the cooling system to compensate for the release of heat by animals. It should be noted that the number of hours with high temperature (more than 25 °C) inside the cowshed was 3% lower. The average value of relative humidity increased from 70.7% for the air coming from outside to 73.1% for the air inside the shed.



In addition, inside the cowshed the relative humidity values greater than 80% increased by 2.7%. Additionally, the values of relative humidity less than 60%, in comparison, decreased by 8.3%. The average value of THI actually did not change and was 68.2% for the air coming from outside, and 68.5%—for the air inside the cowshed. In particular, it should be noted that due to the operation of the cooling system, the THI in the cowshed did not exceed the critical value of more than 80. Although, for the air coming from outside the THI was greater than 80 for 10 h during the entire period of study.



As the temperature increases, the relative efficiency of the cooling system increases as well. This effect can be explained by the higher intensity of the adiabatic air cooling process, i.e., in the heated air the sprayed water absorbs heat more intensively. In addition, the operation of the fans at full power helps to increase the efficiency of the cooling system due to more uniform filling of the space in the cowshed with moisture and more intensive air exchange. Intensive constant air exchange, provided by the operation of fans at full power, avoids an excessive increase in relative humidity in a cowshed. However, the effect of fan power and the speed of the air flow on the efficiency of a cooling system requires further thorough research.




5. Recommendations and Prognosis


The regulation of fan power and water flow is carried out with the help of temperature sensors, and therefore, the power of the water flow depends on the air temperature in a cowshed. In order to reduce the consumption of electricity and water, the paper suggests regulation of the operation not using temperature but using THI.



Theoretically, when using THI to regulate the operation of the cooling system, the consumption of electrical energy is reduced by 17.8%, and the consumption of water is reduced by 43.2% in comparison with the variant when the temperature was used to regulate the cooling system operation.
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Figure 1. General view of a cowshed and an air humidification–cooling system: 1—fan; 2—cowshed (the photo was taken by the authors of the paper). 
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Figure 2. Data loggers PeakTech P5185 [27] (the photo was taken by the authors of the paper). 
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Figure 3. The scheme of placement of PeakTech P 5185 data loggers (1–5) in a cowshed. 
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Figure 4. Dynamics of changes in temperature humidity index (THI1) in the period from 18 June 2022 to 31 August 2022 (1800 h) calculated on the basis of temperature and relative humidity of the air entering the cowshed from outside. 
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Figure 5. Temperature distribution by hours (a) and by percentage (b). 
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Figure 6. Relative humidity distribution by hours (a) and by percentage (b). 
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Figure 7. THI distribution by hours (a) and by percentage (b). 
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Figure 8. Temperature dynamics on a moderate day (maximum temperature of 21.9 °C). 
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Figure 9. Dynamics of relative humidity on a moderate day (maximum temperature of 21.9 °C). 
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Figure 10. THI dynamics on a moderate day (maximum temperature of 21.9 °C). 
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Figure 11. Temperature dynamics on a hot day (maximum temperature of 32.2 °C). 
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Figure 12. Dynamics of relative humidity on a hot day (maximum temperature of 32.2 °C). 
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Figure 13. THI dynamics on a hot day (maximum temperature of 32.2 °C). 






Figure 13. THI dynamics on a hot day (maximum temperature of 32.2 °C).



[image: Processes 11 00767 g013]







[image: Processes 11 00767 g014 550] 





Figure 14. Fragment of Mollier (h-x) diagram. 
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Figure 15. The consumption of electric energy and water under different methods of regulation of the cooling system operation. 
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Table 1. Values (indicators) of temperature (T1), relative humidity (RH1) and temperature humidity index (THI1) of the air entering the cowshed from outside.
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	T1, °C
	Number of Hours
	RH1, %
	Number of Hours
	THI1, °C
	Number of Hours





	<16
	194
	<60
	437
	<68
	875



	16–19
	391
	60–70
	312
	68–72
	410



	19–22
	437
	70–80
	471
	72–80
	505



	22–25
	358
	80–90
	557
	>80
	10



	>25
	420
	>90
	23
	-
	-



	Sum
	1800
	-
	1800
	-
	1800
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Table 2. Maximal, minimal, and average values (indicators) of the temperature (T), relative humidity (RH), and temperature humidity index (THI) of the air.
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Value

	
T, °C

	
RH, °C

	
THI, °C




	
Outside

	
Inside

	
Outside

	
Inside

	
Outside

	
Inside






	
Minimum

	
11.91

	
12.40

	
32.45

	
37.67

	
53.55

	
54.65




	
Maximum

	
31.77

	
30.44

	
95.60

	
95.97

	
81.34

	
79.88




	
Average

	
21.51

	
21.46

	
70.74

	
73.08

	
68.21

	
68.48
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Table 3. Analysis of energy costs of the cooling system when regulated by using temperature.
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T2, °C

	
Number of Hours

	
%

	
N, kW (%)

	
Consumption of Electrical Energy

	
Water Consumption, м3




	
One Fan, kWh

	
16 Fan, kWh






	
<16

	
130

	
7.2

	
0

	
0.0

	
0

	
0




	
16–19

	
398

	
22.1

	
0.188 (25%)

	
74.6

	
1194

	
305.7




	
19–22

	
492

	
27.3

	
0.375 (50%)

	
184.5

	
2952

	
377.9




	
22–25

	
414

	
23.0

	
0.563 (75%)

	
232.9

	
3726

	
318.0




	
>25

	
366

	
20.3

	
0.750 (100%)

	
274.5

	
4392

	
281.1




	
Sum

	
1800

	
100

	
-

	
766.5

	
12,264

	
1282.6
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Table 4. Analysis of energy costs of the cooling system when regulated by using THI.






Table 4. Analysis of energy costs of the cooling system when regulated by using THI.





	
THI2

	
Number of Hours

	
%

	
N, kW (%)

	
Consumption of Electrical Energy

	
Water Consumption, м3




	
One Fan, kWh

	
16 Fan. kWh






	
<68

	
851

	
47.3

	
0

	
0

	
0

	
0.0




	
68–72

	
440

	
24.4

	
0.563 (75%)

	
247.5

	
3960

	
337.9




	
>72

	
509

	
28.3

	
0.750 (100%)

	
381.75

	
6108

	
390.9




	
Sum

	
1800

	
100

	
-

	
629.25

	
10,068

	
728.8
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