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The purpose of this study is to perform thermodynamic analysis of an intercity 

bus air-conditioning (ICBAC) system working with hydrochlorofluorocarbon 

(HCFC), hydrofluorocarbon (HFC), chlorofluorocarbon (CFC) and 

hydrocarbon (HC) refrigerants. For this aim, an intercity bus with a busload of 

56 passengers, which is thought to motion in the Adana province of Turkey, 

was selected. R404A, R410A, R502, R507, R22, R290, R134a, R500 and 

R600a were selected as different HCFC/HFC/CFC/HC refrigerant types in the 

ICBAC system. Useful and reversible works of compressor, coefficient of 

performance (COP), exergy efficiency and exergy destructions of the entire 

ICBAC system and its each sub-unit were obtained. The results showed that 

the performance of the ICBAC system was significantly influenced by 

changing the refrigerants. However, R600a refrigerant based on hydrocarbon 

was found as a refrigerant to have minimum total exergy destruction, 

maximum exergy efficiency and maximum COP compared to other 

refrigerants used in the ICBAC system with the same amount of cooling load 

and the same climatic condition. 
Keywords: Air-conditioning, Refrigerants, Air mixing ratios (MR), Exergy, Exergy efficiency, 

Intercity bus 
 

1. Introduction 

In recent years, global energy demand has 

shown an increase depending on the emerging 

technology, population growth, progress of 

living standards and industrialization of 

developing countries. At the same time, 

unfortunately, fossil fuels have been sharply 

declining, and worldwide energy related CO2 

emissions have been increasing [1-3]. Total 

energy demand is expected to increase about 

21% by the year of 2030. Along with the 

growing concern about climate change, in this 

context, governments around the world are 

requiring authorities to investigate alternative 

methods and thus to prevent emissions that 

cause greenhouse and other ecological effects 

[4]. 

Unless current policies change, the International 

Energy Agency (IEA) estimates that by 2030, 

worldwide energy-related CO2 emissions will 

increase by about 50% compared to current 

levels. In addition, a 40% increase in oil demand 

will occur [5]. Fossil fuels will stay as 
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predominant by meeting 84% of the world’s 

incremental energy needs. By the year of 2050, 

energy-based production of CO2 is projected to 

be more than double, and concerns over the 

security of supplies will be heightened by the 

increased oil demand [6]. In the IEA Energy 

Technology Perspectives Baseline scenario 

2015, CO2 emissions will increase from 35.9 Gt 

in 2014 to 42 Gt by 2030. Growth in CO2 

emissions will continue in this scenario, and 

CO2 emissions will probably reach 57 Gt in the 

year of 2050 [7]. In order to solve these two 

problems, researchers are focused on two 

solution proposals: (i) developing alternative 

energy sources (especially renewable energy 

sources) and (ii) improving energy efficiency 

[4].  

 Transportation technology is an essential 

component of economic progress and human 

prosperity. Besides, this technology is 

constantly developing as economies [8-9]. 

Parallel to this development, Air-Conditioning 

(AC) systems have great importance in 

transportation and other fields [10-14]. 

Regardless of the type of vehicle, the AC 

systems in the automotive sector often offer a 

number of advantages. Especially when the 

severe temperatures in Turkey are considered 

during summer, air conditioning systems are 

one of the indispensable comfort requirements 

for trucks, heavy duty machines, personal 

vehicles, city and intercity buses. However, the 

demand for the AC systems has led to a large 

amount of energy demand. Most air 

conditioners cannot be efficient for energy 

conservation and can consume large amounts of 

energy [15]. Generally, a more efficient 

automotive AC system can decrease fuel 

consumption, thus lower carbon emissions. This 

low emission technology is a fundamental 

subject of research on energy-efficient systems 

[8, 16]. For this reason, it is very important to 

ensure that the AC systems are controlled more 

effectively and to study on improving the energy 

efficiency of air conditioners.  

It can be clearly seen that industrial revolution 

enhances the utilization of novel technological 

products in our daily life. In this regard the 

world energy demand increases rapidly and is 

expected to keep increasing in the foreseeable 

future. With the increasing demands, efficiency 

becomes more important in all industries 

including public transportation day by day. 

Buses are one of the most important figures of 

public transportation [17]. They are designed to 

carry many passengers. In addition, the comfort 

of the passengers is as important as the energy 

efficiency. Optimum refrigerant must be 

selected for AC system to reduce energy 

consumption and increase passenger comfort. It 

is known that there are several available 

refrigerants for air-conditioning systems. 

R404A, R410A, R502, R507, R407C, R22, 

R290, R134a, R500 and, R600a are some of 

them. All of them have some small differences 

that matters to manufacturers. R134a and R600a 

are commonly used examples of these 

refrigerants.  

Energy efficiency is one of the most substantial 

parameters of the energy generation 

technologies, and its policy is to reduce energy 

bills, to handle climate change and air pollution, 

to foster energy security, and to expand energy 

access. Exergy is the determination of the 

maximum useful work which can be extracted 

from any system. It has an important role in the 

development of strategies, the provision of 

guidelines for the efficient use of energy in 

thermal systems. Thus, it has become more 

essential investigation study than energy in 

order to determine the useful work [18-19].  

There are various studies on energy efficiency 

and exergy analysis related to bus air 

conditioning system. Mansour et al. [20] studied 

a novel control strategy to enhance energy 

efficiency of a bus AC system operated in hot 

humid areas. Their study showed that the 

adopted control strategy increases the energy 

efficiency and thermal comfort on many partial 

load scenarios compared to the existing systems. 

Their economic analysis showed that system life 

cost would be reduced by 20% with the 

proposed system. Mansour et al. [21] performed 

a thermoeconomic optimization of a bus AC 

system equipped with a finned-tube evaporator 

configuration. Their study included the 

examining the effects of the chosen parameters 

on the evaporator configuration design. The 

study showed that a remarkable improvement 

could be achieved with the proposed design 

parameters compared to the currently used 

finned-tube evaporator. Shek and Chan [22] 

analyzed an integrated thermal comfort and air 

quality model of bus AC systems. In their study, 
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it can be concluded that the developed model 

could help to optimize AC control by creating 

an important balance between passengers 

comfort and energy efficiency. Direk and Hosoz 

[23] examined the energy and exergy analysis of 

a heat pump system for automotive application 

operating with R134a. In their study, it has been 

shown that automotive heat pump can be 

employed to supplement the primary comfort 

heating system of a vehicle that generates 

inefficient waste heat.  

Alkan and Hosoz [24] performed an 

experimental study on automotive AC system 

equipped with a variable capacity compressor 

using different mechanical instruments. They 

found that increase in compressor speed leads to 

decrease in coefficient of performance (COP), 

whereas increase in exergy destruction and 

cooling capacity. Alkan and Hosoz [25] 

implemented an experimental study on exergy 

analysis of automotive AC system operating 

under variable and fixed capacity compressors. 

They showed in their study that the automotive 

AC system with variable capacity compressor 

has higher value of COP than the system with 

fixed capacity compressor. Furthermore, they 

expressed that increasing compressor speed of 

the fixed capacity compressor yields increase in 

total exergy destruction. Schulze et al. [26] 

performed a transient evaluation of a city bus 

AC system using R445a as a refrigerant. In their 

study, a method was presented to obtain the 

thermophysical properties of the R445a blend. 

Unal [27] used a two-phase ejector as an 

expansion device to raise the performance of a 

bus AC system. In their thermodynamic 

analysis, optimum overall lengths of two phase 

ejectors were calculated as 793.1 mm and 480.8 

mm for the bus and midibus, respectively.  

Yilmaz [28] developed transcritical organic 

Rankine cycle powered vapor compression 

refrigeration system for intercity bus AC 

operating with engine exhaust waste heat. In his 

study, dry refrigerant R245fa and wet 

refrigerant R134a were considered as 

refrigerants.  It was found that cooling load of 

30 kW for an intercity bus using proposed 

system can be achieved utilizing engine exhaust 

waste heat energy. Unal and Yilmaz [29] 

presented the thermodynamic analysis of a bus 

AC system with two-phase ejector as an 

expansion device. Their study showed that 15% 

COP improvement can be achieved by using 

two phase ejector. Tosun et al. [30] conducted 

an exergy analysis to improve the performance 

of an intercity bus AC system. In their study, 

hourly cooling load capacity was obtained with 

HAP software after the number of passengers 

and meteorological data were determined. It was 

shown that performance of the AC system was 

significantly affected by the air mixing ratio and 

the outside air temperature. Exergy destruction 

values were calculated as 6.96 kW, 2.61 kW, 

2.78 kW, 0.99 kW and for the compressor, 

condenser, evaporator and expansion valve, 

respectively. 

In this study, thermodynamic analyses of an 

intercity bus AC (ICBAC) system were 

performed with different refrigerants. R404A, 

R410A, R502, R507, R22, R290, R134a, R500 

and R600a were selected as different refrigerant 

types in the ICBAC system. An intercity bus 

with a busload of 56 people, which is thought to 

motion in the Adana province of Turkey, was 

selected. HAP is used to calculate hourly 

cooling load capacity of the intercity bus based 

on climatic data. Useful and reversible works of 

compressor, coefficient of performance (COP), 

exergy efficiency and destructions of entire 

ICBAC system and its each sub-unit was 

obtained and evaluated in a detailed way. 

2. Material and Methods 

2.1. Heat Gain Analysis 

Calculation of heat gain (cooling load) is 

essential to design and determine the 

components of the HVAC system. Each heat 

gain realized by an intercity bus under defined 

conditions must be considered for cooling load 

design. The total generated cooling load is 

originated by equipment, appliances, passengers 

and lights, and transferred heat through the 

intercity bus wrap, including front and rear 

bodies, side panels, ceiling, windows, doors, 

floor etc. The heat transfers from opaque 

surfaces, some of which are front, rear, roof, 

side and floor panels, can be calculated as [30]: 

  opaque opaque opaqueQ U A CLTD    (1) 

where Aopaque and Uopaque are the heat transfer 

surface area of the overall side panel of the 

intercity bus and the total heat transfer 

coefficient, respectively. CLTD is the 

abbreviation for the temperature difference of 
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cooling load. Moreover, the rate of heat transfer 

from glass can be calculated as [30]: 

max

[ ( )

]

glass glass glass o iQ A U T T

SHGF SC

    


  (2) 

Where Aglass, Uglass, To and Ti are glass area, 

glass heat transfer coefficient, the outdoor and 

indoor air temperature, respectively. Besides, 

SHGFmax the abbreviation for maximum solar 

heat gain factor, and SC is the shading 

coefficient. The latent and sensible heat gains 

resulting from the bypass air ventilation are 

given by [30]: 

, ( )    l by pass o fg o iQ m BF h w w   (3) 

, ( )    s by pass o p o iQ m BF c T T   (4) 

Where, om , cp and BF are outdoor air mass flow 

rate, specific heat of moist air and bypass factor, 

respectively. The latent heat of vaporization is 

denoted as hfg. Moreover, wo and wi are the 

outdoor and indoor air humidity ratios, 

respectively. There are also inertial loads 

resulting from passengers, equipment, 

appliances and lighting as well as those external 

loads. Lastly, the latent cooling load, ,l busQ , the 

sensible cooling load, 
,s busQ , and total cooling 

load, ,total busQ , of the intercity bus can be 

calculated as [30]: 

, , ,

, ,

l bus l by pass l infiltration

l occupants l appliances

Q Q Q

Q Q

  


   (5) 

,

, , ,

, ,

s bus glass opaque

s by pass s infiltration s occupants

s appliances s lighting

Q Q Q

Q Q Q

Q Q



  

  



  (6) 

, , , total bus s bus l busQ Q Q    (7) 

2.2. AC System Analysis 

The ICBAC system is illustrated in Figure 1. As 

shown, the outside fresh air is firstly mixed with 

recirculated air to satisfy the ventilation 

requirement. Then, the mixed air flows through 

the cooling coil (evaporator), and it is supplied 

to the cabin by the evaporator fan. A standard 

ICBAC unit includes compressor, evaporator 

expansion valve and condenser. The system 

generally uses an open drive compressor 

connected to the bus engine with a belt. An 

electrically controlled clutch which creates 

engagement between the compressor pulley and 

compressor drive shaft to supply required 

amount of air to the AC system. 

Outdoor air mass flow rate, om , and indoor air 

mass flow rate, im , are mixed at a constant 

pressure and certain rate. The air mixing ratio, 

MR is given by: 

o

i

m
MR

m
      (8) 

The mass balance and energy balance must be 

taken into account to obtain the mixed air mass 

flow rate, sm , and its thermodynamic 

properties. Mass flow rates of dry air and water 

vapor can be calculated as: 

s o i mm m m m       (9) 

    m m o o i im w m w m w             (10) 

From the energy balance: 

m m o o i im h m h m h                 (11) 

,l busQ and 
,s busQ of the intercity bus are given by: 

, ( )   l bus s fg i oQ m h w w             (12) 

, ( )   s bus s p i oQ m c T T             (13) 

Bypass factor, BF can be calculated as: 

s ADP

m ADP

T T
BF

T T





             (14) 

where Ts, TADP and Tm are the supply air, the coil 

apparatus dew-point and the mixed air 

temperatures, respectively. The optimum 

capacity of the cooling coil, 
evaQ   can be 

obtained as follows:   

( )    eva s m s w wQ m h h m h             (15) 

Where hw and wm  are the enthalpy of condensate 

exiting the cooling coil (evaporator) and 

condensed water mass flow rate passing through 

the coil, respectively. wm  can be calculated as 

follows:  

( )w s m sm m w w                (16) 

2.3. Refrigeration System Analysis 

Energy balance of steady-state operation is 

given as: 
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Figure 1. Schematic view of the intercity bus air conditioning system 

in outE E               (17) 

where the 
inE   and

outE   are the rate of net energy 

entering and leaving the control volume in the 

form of heat, Q , work, W , and mass, ṁ, 

respectively. In general, energy balance 

equation for steady-flow process is defined as 

[31];  
2

2

( )
2

( )
2

in in in

out out out

V
Q W m h g z

V
Q W m h g z

      

     




           (18) 

where h, V and z are the enthalpy, the system 

velocity with respect to an outside reference 

frame, and the vertical distance of the center of 

gravity of a system with respect to a chosen 

reference elevation, respectively. The enthalpy, 

h2 at the outlet of the compressor is stated as 

[32]; 

2 1
2 1

sh h
h h


 


             (19) 

Where the specific enthalpy at state 2s is defined 

as h2s. Compressor isentropic efficiency, ƞ can 

be calculated as [32]; 

0.874 0.0135  con

eva

P

P
            (20) 

Here, Pcon is the condenser pressure and Peva is 

the evaporator pressure. Entropy balance 

equation can be written as [30]: 

k
gen e e i i

k

Q
S m s m s

T
                  (21) 

where genS  is the entropy generation, s is the 

entropy, Tk is the temperature at location k, and 

kQ  is the amount of heat transfer across the 

boundary at location k. The exergy destruction, 

desEx   can be determined as [31]: 

0 des genEx T S              (22) 

where To stands for dead-state temperature. 

Entropy change equation can be expressed as: 

2 2
2 1 .

1 1

ln lnp avg

T P
s s c R

T P
                (23) 

The general exergy balance is written as: 

 in out desEx Ex Ex              (24) 

Where the difference 
in outEx Ex  is the net 
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exergy transfer rate by work, heat and mass. 

Moreover, the net exergy destruction rate is 

indicated with 
desEx  in the equation above. The 

exergy balance equation can define as: 

,

,

heat work mass in

mass out des

Ex Ex Ex

Ex Ex

  


            (25) 

The exergy balance equation can be written in 

the following form: 

0
in(1 ) (m )

(m )

k in

k

out out des

T
Q W ex

T

ex Ex

     

 

 


           (26) 

Where W  and ex are the work rate and the flow 

(specific) exergy, respectively. Additionally, the 

properties at the dead state of Po and To are 

shown as subscript zero. The specific flow 

exergy is expressed as [30]:  

0 0( ) ( )ex h h T s s                 (27) 

The exergy rate is calculated as [33]: 

( )Ex m ex                (28) 

The exergy efficiency, ψ can be calculated as: 

..

..

out

in

Ex Exergy recovered

Ex Exergy supplied
              (29) 

The coefficient of performance, COP which is 

used to quantify the performance of the 

refrigeration cycle can be determined from the 

following ratio: 

 eva

comp

Q
COP

W
              (30) 

The reversible power, 
revW  is the minimum 

required power for the compressor, and it can be 

written as: 

, ,rev comp des out comp in compW W Ex Ex Ex           (31) 

The obtained equations of mass, energy, 

entropy, exergy balance and exergy efficiency 

for each component of the ICBAC system are 

given in Table 1. 

3. Results and Discussions 

3.1. Study Region, Climatic Data, Properties 

and Dimensions of the Intercity Bus 

As the study region where the work will be 

done, the Adana province of Turkey was 

chosen. Climate data such as dry bulb 

temperature, wet bulb temperature and solar 

radiation of the Adana province were used in 

order to determine the cooling load of the 

intercity bus. 

Selected bus for this research with a busload of 

56 passengers which is used for intercity 

transport. Figure 2 illustrates the schematic view 

and dimensions of the intercity bus. The 

intercity bus with an integral body structure is 

framed from stainless steel ensuring strength 

and stability. The material properties such as 

total heat transfer coefficient and shade 

coefficient of the intercity bus are given in Table 

2. 

Table 1. Mass, energy, entropy, exergy balances and 

exergy efficiency for the ICBAC system components 

 

3.2. Cooling Load Capacity of Intercity Bus 

In order to determine the hourly cooling load 

capacity of the intercity bus, Hourly Analysis 

Program (HAP) was used. Table 3 gives details 

of latent and sensible loads on the intercity bus. 
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Table 2. The material properties such as total heat 

transfer coefficient and shade coefficient of the intercity 

bus [30, 34] 

Material 

Total heat transfer 

coefficient 

(W/m2.K) 

Shade 

coefficient 

Side panel 2.801 - 

Front panel 2.667 - 

Rear panel 2.667 - 

Floor 2.667 - 

Roof 0.532 - 

Side window 2.569 0.811 

Front window 5.020 0.811 

Rear window 2.611 0.811 

Door window 4.890 0.811 

Skylight 4.890 0.811 

In the cooling load determination, it was 

assumed that the intercity bus was traveling in 

the direction of south to north with a speed of 

120 km/h. It was considered that heat transfer 

from the windows as a sensible heat gain takes 

place by radiation and conduction, while heat 

transfer from the ceiling, floor, front, rear and 

side panels is realized only by conduction. Due 

to its small amount, heat transfer by air leakage 

was ignored. In addition, latent and sensible heat 

gains from passengers, devices and bypass 

ventilation air were determined, and hence the 

total cooling load on the intercity bus was 

calculated. Figure 3 demonstrates the total 

cooling load on the intercity bus as a function of 

hours of the day and given months. 

 
Figure 2. Schematic view and dimensions of the intercity 

bus [34] 

As shown in the figure, alteration in atmospheric 

air temperature and solar radiation causes 

remarkable variation in the total cooling load 

(heat gain) of the intercity bus throughout the 

day. For example, the maximum value of heat 

gain was determined to be roughly 26 kW at 

about 17:00. The minimum value of heat gain 

was obtained at times when outside ambient air 

temperature and solar radiation are low. The 

highest value of cooling load was found almost 

as 26 kW at about 17:00 in July month and this 

condition is the peak cooling load and peak 

time. As the traveling direction of the bus is 

South to North, radiation values emitted from 

the side windows reaches the highest value on 

July 23 at 17:00 [35]. 

 
Figure 3. Hourly total cooling load variation on the 

intercity bus for different months 

Table 3. Details of sensible and latent cooling loads on 

the intercity bus (Cooling design, outer area dry/wet bulb 

temperature: 36.8°C / 25.7°C, Air-conditioning space 

temperature: 24.4°C) 

Load component Detail 

Sensible 

cooling 

load 

(W) 

Latent 

cooling 

load 

(W) 

Window and 

Skylight Solar 

Loads 

35 m² 6162 - 

Wall Transmission 28 m² 1891 - 

Roof Transmission 32 m² 445 - 

Window 

Transmission 
34 m² 1145 - 

Skylight 

Transmission 
1 m² 42 - 

Door Loads 0 m² 0 - 

Floor 

Transmission 
33 m² 796 - 

Partitions 0 m² 0 - 

Ceiling 0 m² 0 - 

Overhead Lighting 0 W 0 - 

Task Lighting 0 W 0 - 

Electric 

Equipment 
0 W 0 - 

People 56 3774 1971 

Infiltration - 0 0 

People 56 3774 1971 

Infiltration - 0 0 

Miscellaneous - 0 0 

Safety Factor 60% / 60% 8553 1183 

Total Zone Loads - 22808 3154 
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3.3. Energy Analysis of the ICBAC System 

In the previous section, the peak (maximum) 

cooling load was determined for the July month 

at about 17:00. Therefore, the energy and exergy 

analyzes of the ICBAC system were made 

considering the found peak load values. The air 

mixing ratio (MR) was considered to be 0.5. 

Accordingly, the determined inside and outside 

design conditions and the thermodynamic 

properties and characteristics of the ICBAC 

system are given in Table 4. The ICBAC system 

with outdoor air for ventilation and the 

corresponding process on psychrometric 

diagram are demonstrated in Figure 4. 

As seen from Figures 1 and 4, to meet the 

ventilation requirement, indoor air (i) is firstly 

mixed with outdoor air (o) at a certain mass flow 

rate. Then, the mixture air (m) flows over the 

cooling coil (evaporator), where it is cooled and 

dehumidified, and the air (s) is also provided to 

the conditioned space.

 
Figure 4. The ICBAC system with outdoor air for ventilation and the corresponding process on psychrometric diagram 

The intercity bus cabin is maintained at 24.4°C 

dry bulb temperature with 50% relative 

humidity, while the outside design temperatures 

are 36.8°C dry bulb and 25.7°C wet bulb. 

The outdoor air and the indoor air are mixed 

with a ratio of MR = 0.5 and, the mixing air 

temperature is found to be 28.53°C. 

The supply air to the conditioned space is 

assumed to be 10°C lower than the inside 

temperature, and so it is determined as 14.4°C. 

By the way, since the bus sensible heat gain (

,s busQ ) and the bus latent heat gain (
,l busQ ) are 

22.808 kW and 3.154 kW respectively, the mass 

flow ( sm ), bypass factor (BPF) and the 

apparatus dew point temperature (TADP) values 

are calculated as  2.233 kg/s, 0.2141 and 

10.55°C, respectively. Moreover, the amount of 

heat transfers within the evaporator and the 

amount of condensation on the evaporator 

surface are calculated as 49.030 kW and 

0.00654 kg/s, respectively. 

R404A, R410A, R502, R507, R22, R290, 

R134a, R500 and R600a were selected as 

different refrigerant types in the ICBAC system. 

Table 5 lists physical, safety and environmental 

properties of those refrigerants based on 

literature survey. As an example, the pressure-

enthalpy (P-h) diagram of the ICBAC system 

with refrigerant R134a is shown in Figure 5. 

The thermodynamic properties of all 

refrigerants were obtained using the program 

known as CoolPack V2.85. Energy analysis 

results of the ICBAC system for a sample 

refrigerant (R600a) are given in Table 6. In the 

calculations of the refrigeration cycle, the value 

of the evaporation temperature of the refrigerant 

was considered to be equal to the apparatus dew 

point temperature. 

The condensation temperature of the refrigerant 

was assumed as 15°C above the atmospheric air 

temperature. The superheated and subcooling 
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temperature values were taken as 10°C. Figure 

6 illustrates the influence of different 

refrigerants on COP values of the ICBAC 

system and the compressor power input such as  

Table 4. The determined inside and outside design 

conditions, the thermodynamic properties and 

characteristics of the ICBAC system 
Properties Unit Value  

Dry bulb temperature of indoor air, 

Ti 
°C 24.4 

Wet bulb temperature of indoor air, 

Ti,wb 
°C 17.4 

Specific humidity of indoor air, wi kg/kg 0.00953 

Enthalpy of indoor air, hi kJ/kg 48.82 

Dry bulb temperature of outdoor 

air, To 
°C 36.8 

Wet bulb temperature of outdoor 

air, To,wb 
°C 25.7 

Specific humidity of outdoor air, 

wo 
kg/kg 0.01626 

Enthalpy of outdoor air, ho kJ/kg 78.79 

Sensible cooling load of the 

intercity bus, 
,s busQ , 

kW 22.808 

Latent cooling load of the intercity 

bus, 
,l busQ  

kW 3.154 

Total cooling load of the intercity 

bus, ,total busQ , 
kW 25.962 

Enthalpy of condensate water, hw kJ/kg 60.982 

Dry bulb temperature of supply air, 

Ts 
°C 14.4 

Enthalpy of supply air, hs kJ/kg 36.67 

Specific humidity of supply air, ws kg/kg 0.00884 

Dry bulb temperature of mixed air, 

Tm 
°C 28.53 

Specific humidity of mixed air, wm kg/kg 0.01177 

Enthalpy of mixed air, hm kJ/kg 58.810 

Mass flow rate of supply air, sm  kg/s 2.233 

useful power and reversible power. As seen 

from the figure, minimum compressor powers 

and maximum COP values were calculated for 

refrigerant R600a, while maximum compressor 

powers and minimum COP values were 

obtained for refrigerant R404A. For example, 

the useful power input and reversible power 

values for refrigerant R404A were found as 

10.99 kW and 9.35 KW, respectively, while for 

the R600a refrigerant these values were 

calculated as 9.57 kW and 8.08 kW, 

respectively. 

The reversible power of 8.08 kW is the 

minimum required power for the compressor of 

the ICBAC system. On the other hand, COP 

value was 4.46 for refrigerant R404A, while for 

refrigerant R600a this value reached 5.13 with 

an increase of 15%. Therefore, the most 

effective refrigerant obtained for the ICBAC 

system was R600a in terms of low compressor 

power input and high COP. Figure 7 shows the 

heat transfer values in the condenser and 

evaporator for studied refrigerants. As observed 

in the figure, the difference between the heat 

transfer values in the condenser and the 

evaporator decreased when the refrigerant was 

changed from R404A to R600a. 

For example, the heat transfer difference was 

obtained as 10.99 kW for the R404A refrigerant, 

while for the R600a refrigerant this difference 

was calculated as 9.57 kW. This means that the 

compressor with refrigerant R600a systems 

consumes 10.12% less energy than refrigerant 

R404A systems. 

Table 5. The properties of working fluids 

Refrigerant Chemical Formula 

Physical Data Safety Data 
Environmental 

Data 

M 

(g/mol) 

Pc 

(MPa) 

Tc 

(°C) 

LFL 

(%) 

Safety 

Group 
ODP 

GWP 

(100 yr) 
R404A CHF2CF3/CH3CF3/CH2FCFa 97.60a 3.731a 72.07a none A1b 0c 3800c 

R410A CH2F2 + CHF2CF3
b 72.60 4.901d 71.3d noneb A1b 0c 2000c 

R502 CHClF2+ CClF2CF3
b 111.6b 4.019e 80.73e noneb A1e 0.221c 4500c 

R507 CHF2CF3 + CH3CF3
b 98.9b 3.716b 70.5b noneb A1b 0b 3985b 

R22 CHClF2
c 86.47f 4.99f 96.15f none b A1i 0.055c 1700i 

R290 C3H8 44.10g 4.25g 96.7g 2.1g A3g 0.0h ~20h 
R134a CH2FCF3

c 102.03f 4.06f 101.05f none b A1i 0.0i 1300i 

R500 CCl2F2+ CHF2CH3
b 99.31b 4.172b 102.1b noneb A1b 0.66b 8077b 

R600a Iso-C4H10
g 58.12g 3.63g 134.7g 1.6g A3g 0.0h ~20h 

a Ref.[36], b Ref.[37], c Ref.[38], d Ref.[39], e Ref.[40], f Ref.[41], g Ref.[42], h Ref.[43], i Ref.[44] 

 

3.4. Exergy Analysis of ICBAC System 

In the analysis of intercity bus air-conditioning 

system, the dead-state temperature (T0) is 

assumed as the outside ambient temperature, 

36.8°C in July month. The humid specific heat 

of moist air, Cp,air is taken as 1.0216 kJ/kg-dry-

air.K. Besides, the dead-state pressure (P0) is 

assumed as 101.325 kPa. Energy analysis results 

of the ICBAC system for a sample refrigerant 

(R134a) are given in Table 7. 
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Figure 8 presents the exergy destruction values 

for the compressor, evaporator, condenser and 

expansion valve equipment of the ICBAC 

system according to different refrigerants. As 

can be seen from the figure, for all refrigerants, 

the highest exergy destruction value was 

obtained at the evaporator. However, the lowest 

exergy destruction value was acquired at the 

expansion valve except for refrigerant R404A. 

 
Figure 5. The pressure-enthalpy (P-h) diagram of the ICBAC system with the R134a refrigerant 

Table 6. Energy analysis results of the ICBAC system for a sample refrigerant (R600a) 

Properties Unit Value  

Condenser pressure, P1 kPa 225.9 

Condensation temperature, Tc °C 51.8 

Evaporator pressure, P2 kPa 732.2 

Evaporation temperature, Te °C 10.55 

Compressor inlet temperature of refrigerant, T1 °C 20.55 

Compressor outlet temperature of refrigerant, T2 °C 59.88 

Condenser outlet temperature of refrigerant, T3 °C 41.8 

Evaporator inlet temperature of refrigerant, T4 °C 10.55 

Mass flow rate of refrigerant, 
refm  kg/s 

0.1707 

Mass flow rate of air in condenser, am  kg/s 
6.1831 

Mass flow rate of air in evaporator, sm  kg/s 
2.233 

Condenser inlet temperature of air, T5 °C 36.8 

Condenser outlet temperature of air, T6 °C 46.08 

Compressor isentropic efficiency, η % 0.8446 

Enthalpy at the point 1, h1 kJ/kg 586.888 

Enthalpy at the point 2, h2 kJ/kg 642.911 

Enthalpy at the point 3, h3 kJ/kg 299.734 

Enthalpy at the point 4, h4 kJ/kg 299.734 

Entropy at the point 1, s1 kJ/kg.K 2.3639 

Entropy at the point 2, s2 kJ/kg.K 2.3920 

Entropy at the point 3, s3 kJ/kg.K 1.3360 

Entropy at the point 4, s4 kJ/kg.K 1.3530 

Entropy at the point 4, s4 kJ/kg.K 1.3530 

Heat transfer on the cooling coil, 
coilQ  kW 

49.030 

Mass flow rate of condensate water, wm  kg/s 
0.00654 

Apparatus dew point temperature, TADP °C 10.55 

Bypass factor, BPF - 0.2141 

Air mixing ratio, MR - 0.5 
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Figure 9 shows the exergy efficiency values for 

the compressor, evaporator, condenser and 

expansion valve equipment of the ICBAC 

system as a function of different refrigerants. As 

observed in the figure, the lowest exergy 

efficiency values for all refrigerants were 

obtained from the condenser, while the highest 

exergy efficiency values were calculated in the 

expansion valve. It was concluded that if the 

refrigerant is changed from R404A to R600a, 

the values of exergy efficiency decrease 

considerably, especially in the evaporator. 

The variation of overall exergy efficiency and 

total exergy destruction values of the ICBAC 

system according to different refrigerants is 

illustrated in Figure 10. It is seen that; the total 

exergy destruction values decrease with 

replacing the R404A refrigerant with R600a on 

the ICBAC system. Besides, the overall exergy 

efficiency values of the ICBAC system increase 

prominently. For example, the total exergy 

destruction value is 8.4 kW for the ICBAC 

system with refrigerant R404A, while for the 

R600a refrigerant this value drops to 7.02 kW. 

This reduction of 1.38 kW in the total exergy 

destruction results in a 16.3% increases in the 

overall exergy efficiency value of the ICBAC 

system. 

 
 

Figure 6. The effect of different refrigerants on the COP 

values and the compressor power input of the ICBAC 

system 

Figure 7. The heat transfers in the condenser and 

evaporator for different refrigerants 

Table 7. Exergy analysis results of the system for a sample refrigerant (R134a) 

SN Description Fluid Phase 
Temp. 

(°C) 
Press. 

(kPa) 
Enthalpy 

(kJ/kg) 
Entropy 

(kJ/kgK) 

Mass 

flow 

rate 

(kg/s) 

Specific 

energy 

(kJ/kg) 

Exergy 

rate 

(kW) 

0 - Air Dead state 36.8 101.325 - - - 0 0 

0 - R134a Dead state 36.8 101.325 434.73 1.934 - 0 0 

1 Compressor inlet R134a 
Superheated 

vapor 
20.55 4.222 412.893 1.750 0.3183 35.17 11.19 

2 Compressor outlet R134a 
Superheated 

vapor 
68.55 13.782 443.963 1.766 0.3183 61.28 19.51 

3 Condenser outlet R134a Liquid 41.8 13.782 258.862 1.198 0.3183 52.15 16.60 

4 Evaporator inlet R134a Mixture 10.55 4.222 258.862 1.208 0.3183 49.05 15.61 

5 Condenser inlet Air Gas 36.8 101.325 - - 6.1831 0 0 

6 Condenser outlet Air Gas 46.13 101.325 - - 6.1831 0.14 0.87 

m Evaporator inlet Air Gas 28.53 101.325 - - 2.233 0.114 0.25 

s Evaporator outlet Air Gas 14.4 101.325 - - 2.233 0.87 1.94 
 

 

4. Conclusions 

In this study, thermodynamic analyses were 

performed to enhance the efficiency of the 

ICBAC system. Typical refrigerants R404A, 

R410A, R502, R507, R22, R290, R134a, R500 

and R600a were selected as different refrigerant 

types in the ICBAC system. The maximum 

value of heat gain was determined to be roughly 

26 kW at about 17:00 in July month. Heat 

transfer value in the evaporator was calculated 

as 49.030 kW. The most effective refrigerant for 

the ICBAC system was obtained as R600a in 

terms of low compressor power input and high 

COP. The COP value of the ICBAC system with 

refrigerant R404A was calculated as 4.46, while 

for refrigerant R600a this value was determined 

as 5.13. The lowest exergy efficiency values for 

all refrigerants were obtained from the 

condenser, while the highest exergy efficiency 

values were calculated in the expansion valve. 

The total exergy destruction values decreased 
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with replacing the R404A refrigerant with 

R600a on the ICBAC system. The total exergy 

destruction value was found as 8.4 kW for the 

ICBAC system with refrigerant R404A, while 

for the refrigerant R600a this value dropped to 

7.02 kW. As a result, R600a has the highest 

overall exergy efficiency and lowest total 

exergy destruction among all studied 

refrigerants, while R404A has the lowest overall 

exergy efficiency and highest total exergy 

destruction. 

Figure 8. The exergy destruction values for the 

compressor, condenser, evaporator and expansion valve 

equipment of the ICBAC system 

Figure 9. The exergy efficiency values for the 

compressor, condenser, evaporator and expansion valve 

equipment of the ICBAC system 

 
Figure 10. The variation of overall exergy efficiency and total 

exergy destruction values of the ICBAC system according to 

different refrigerants 
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Abbreviations 

AC Air Conditioning 

MR air mixing ratio 

ODP ozone depletion      potential 

HCFC hydrochlorofluorocarbon 

HFC hydrofluorocarbon 

CFC chlorofluorocarbon 

HC hydrocarbon 

CLTD   temperature difference of cooling load 

ADP  apparatus Dew Point  

SC shading coefficient 

BF         bypass factor 

SHGF    solar heat gain factor 

COP  Coefficient of Performance 

CLTD  Temperature difference of cooling load 

GWP  Global-Warming Potential 

HAP  Hourly Analysis Program 

HVAC  Heating, Ventilating, and Air 

Conditioning 

ICBAC Inter-City Bus Air Conditioning 

MR Mixing Ratio 

ORC Organic Rankine Cycle 

Subscripts 

o outdoor 

i indoor 

l latent 

s sensible  

eva evaporator 

con condenser 

comp compressor 

gen generated 

des destruction 

avg average 

rev reversible 

Nomenclature 

Q  Heat Transfer 

U  Total Heat Transfer coefficient  

A  Heat Transfer surface area 

T  Temperature 

sT  supply air Temperature 

ADPT  coil apparatus dew-point Temperature 

mT  mixed air Temperature 

0T  dead state Temperature 

W  Work 

h  enthalpy 
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V  velocity 

fgh  latent heat of vaporization 

pc  specific heat of moist 

w  humidity ratio 

m  mass flow rate 

ex  exergy 

Greek 

  efficiency 

  exergy efficiency 
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