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Abstract. In this paper, a static model of a vapor compression refrigeration system (VCRS) composed of the following 

components was developed: a reciprocating compressor, a thermostatic expansion valve, an evaporator and a condenser 

both of the coaxial type. This model was developed according to the following objectives: design a refrigeration system 

with an optimized geometric structure and compare the environmental and energy performance of the R1234yf with 

R134a. The proposed model used for each refrigerant volumetric and global efficiency curve obtained from the data 

supplied by commercial compressors. The environmental metric used to calculate the environmental performance was 

TEWI and the geometric structure was minimized by an optimization method. The COP analysis showed that the energy 

performance of the optimized system with R134a is 22.33% higher than the optimized system with R1234yf for an 
evaporation temperature of -5°C and condensation temperature of 50°C. The TEWI analysis also showed that the 

environmental performance of the optimized system with R1234yf is 32.2% lower for established thermodynamic 

condition. Therefore, R1234yf is not the most suitable refrigerant to replace R134a for this specific application and other 

environmentally friendly refrigerants should be evaluated.    
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1. INTRODUCTION  

 

Analyzing the period between the 1970s and the present moment, there is a growing concern on the part of the 

countries with regard to the environmental impacts caused by vapor compression refrigeration systems due to the emission 
of environmentally harmful refrigerants. At the same time, a worldwide awareness campaign has been developed to the 

rational use of energy resources. This has boosted in recent years, the improvement of vapor compression systems. Thus, 

several researches have been carried out in order to improve the current designs of the vapor compression systems, so 

that they become more compact and efficient from an environmental and energetic point of view. From the environmental 

point of view is mandatory the use of a refrigerant with low GWP (global warming potential) and ODP (ozone depletion 

potential) equal to zero. For this, it is necessary study alternatives that can replace harmful fluids, especially R134a. In 

recent years, many studies have evaluated the possibility of R1234yf replacing R134a in vapor compression refrigeration 

systems. 

Jarall (2012) carried out a theoretical and experimental study of a vapor compression refrigeration system with 

R1234yf. In this system, the evaporator and condenser are plate type heat exchangers, the compressor is hermetic and 

rotary type and its expansion device is a thermostatic expansion valve. First, the COP, the cooling capacity and the 

compressor efficiency of R1234yf were evaluated for two different condensing temperatures (40 °C and 45 °C) 
considering the evaporation temperature range of -8 °C up to 15.5 °C. The results indicated that the compressor efficiency 

ranged respectively from 44.53% up to 47.62% and 44.69% up to 50.09% for the condensing temperatures of 40 ° C and 
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45 °C. Subsequently, R1234yf and R134a were compared based on the same condensing temperatures and using the same 

system without any modification, but with the evaporation temperature ranging from -5°C up to 15 °C. The experimental 

results for the condensation temperatures of 40 °C and 45 °C indicated that R1234yf compared to R134a obtained lower 

values of cooling capacity, COP and compressor efficiency. 

Navarro-Esbrí et al. (2013) performed an experimental analysis on a vapor compression refrigeration system in order 

to compare the energy performance of R134a and R1234yf. The system consists of a shell and tubes evaporator and 

condenser, an alternative type compressor, an internal heat exchanger (IHX) and a thermostatic expansion valve. The 

experimental tests were carried out varying the evaporation and condensation temperatures, superheating degree, rotation 

speed of the compressor and the use of the internal heat exchanger. The results showed that the cooling capacity of 

R1234yf is about 9% lower. In addition, the compressor working with R1234yf obtained a volumetric efficiency 5% 
lower compared to the value obtained by this same compressor working with R134a. Finally, the values obtained for the 

COP using R1234yf were 5% up to 30% lower than the values obtained with R134a. 

Therefore, the main goal of this paper is to design a steady-state vapor compression refrigeration system operating 

with R1234yf and R134a and to compare the energy and environmental performance of these systems.  

 

2. MATHEMATICAL MODEL OF THE VCRS 

 

In order to design the vapor compression refrigeration system a steady state model was developed using the software 

Equation Engineering Solver (EES).  In this model, the pressure drop was considered negligible in the heat exchangers 

and in the pipes. A thermostatic expansion valve was considered as isenthalpic expansion device. The heat loss and 

pressure drop in the pipes between components were considered negligible, the pipeline was considered two meters long. 
The input variables of the model are shown on the left and the output variables are shown on the right, as shown in Fig.1. 

 
Figure 1. Scheme of the input and output variables of the model. 

 

2.1 Coaxial evaporator 

 

The evaporator is a heat exchanger of the concentric tubes type, with the refrigerant flows through the inner tube and 

water flows counterflow through the annular region. The cooling capacity (Q
ev

) is obtained by the energy balance for 

steady state condition and is given by Eq. 1.  

 

Qev = ṁref ∙ (i1 − i4) = ṁw;ev ∙ Cpw ∙ (Twi − Two) [kW] (1) 

 

In this equation ṁref is refrigerant mass flow rate [kg/s], i1 is the refrigerant specific enthalpy at the evaporator outlet 

[kJ/kg] and i4 is the refrigerant specific enthalpy at the evaporator inlet [kJ/kg], ṁw;ev is water mass flow rate at the 

evaporator [kg/s], Twi is water temperature at the evaporator inlet [°C] and Two is water temperature at the evaporator 

outlet [°C]. The cooling capacity is calculated using the logarithmic mean temperature difference method (∆Tml), Eq. 2, 
according to (Bergman et al., 2011). 

 

Qev = UAev ∙ ∆Tml;ev (2) 

 

UAev = (
1

h̅refπDiiLev
+

ln(Doi Dii⁄ )

2πkLev
+

1

h̅w;evπDioLev
)

−1

 (3) 

 

∆Tml;ev =
[(Twi−T1)−(Two−T4)]

ln((Twi−T1) (Two−T4)⁄ )
 (4) 
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In these equations T1 is refrigerant temperature at the evaporator outlet [°C], T4 is refrigerant temperature at the 

evaporator inlet [°C], h̅ref is refrigerant average convective coefficient [W/m²K], h̅w;ev is water average convective 

coefficient in the evaporator [W/m²K], Dii is inner diameter of the inner tube (refrigerant diameter), Doi is outer diameter 

of the inner tube, Dio is inner diameter of the outer tube (water diameter) and Lev is evaporator length [m].  

 

2.2 Coaxial condenser/Gas cooler 

 

The condenser is of the concentric tubes type, with the refrigerant flows through the inner tube and water flows 

counterflow through the annular region. The heat transfer rate at the condenser (Qcond) is obtained by the energy balance 

for steady state condition and is given by Eq. 5.  

 

Qcond = ṁref ∙ (i2 − i3) = ṁw;cond ∙ Cpw ∙ (Twco − Twci) [kW] (5) 

 

In this equation i2 is the refrigerant specific enthalpy at the condenser inlet and i3 is the refrigerant specific enthalpy 

at the condenser outlet, ṁw;cond is water mass flow rate at the condenser [kg/s], Twci is water temperature at the condenser 

inlet and Twco is water temperature at the condenser outlet. The heat transfer rate at the condenser is calculated using the 

logarithmic mean temperature difference method, Eq. 6. 

 

Qcond = UAcond ∙ ∆Tml;cond (6) 

 

UAcond = (
1

h̅refπDiiLcond
+

ln(Doi Dii⁄ )

2πkLcond
+

1

h̅w;condπDioLcond
)

−1

 (7) 

 

∆Tml;cond =
[(T2−Twco)−(T3−Twci)]

ln((T2−Twco) (T3−Twci)⁄ )
 (8) 

 

In these equations T2 is refrigerant temperature at the condenser inlet, T3 is refrigerant temperature at the condenser 

outlet, h̅w;cond is water average convective coefficient [W/m²K] at the condenser and Lcond is condenser length [m]. The 

refrigerant average convective coefficient is obtained from the correlations proposed by Gnielinski (1976) in single phase 

flow, Shah (2016) and Shah (2017) in two phase flow, respectively, for condensation and for boiling. Finally, the water 

average convective coefficient is obtained from the Dittus-Boelter correlation. 

  

2.3 Reciprocating compressor 

 

The refrigerant mass flow rate in the compressor (ṁref) is given by Eq. 9. 

 

ṁref = ρ1 ∙ ∀cil ∙ N ∙ ηv (9) 

 

Where ∀cil is the compressor displacement volume [m³], N is the rotation speed of the compressor [Hz], ρ1 is the 

refrigerant density in the compressor inlet [kg/m³] and ηv is volumetric efficiency. The electrical power consumption 

Ẇcomp is given by Eq. 10, according to Da Riva (2011). 

 

Ẇcomp =
ṁref(i2−i1)

ηglobal
  [kW]                                                                                                                                              (10) 

 

The volumetric (ηv) and global (ηglobal) efficiency curves of a compressor operating with R134a and R1234yf were 

obtained by a polynomial regression in function of pressure ratio (rp = P2 P1⁄ ). This polynomial regression was performed 

on the efficiency data supplied by commercial compressors. The most suitable commercial compressor for each 

refrigerant was selected according to the following criteria: 

I. Reference cooling capacity of 1.2 kW. 

II. Based on the cooling capacity adopted, for a voltage of 220 V, frequency of 50 Hz, evaporation temperature 
equal to -5 ° C and condensation temperature equal to 50 °C, the commercial compressors were selected, as presented in 

the Tab. 1. 

Table 1 – Selected Compressors. 

Refrigerant Model Manufacturer Displacement (cm³) Rotation (rpm) 

R134a NT6217ZV Embraco 20.4 2900 

R1234yf CAJ4492N-FZ Tecumseh 25.95 2900 
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This regression was performed on the efficiency data supplied by the manufacturer and the order chosen for this 

polynomial was the one that best fit the regression curve to the data, considering according to the manufacturer an 

uncertainty of 5%, as shown in the Tab. 2. 

 

Table 2 – Global and volumetric efficiency curves. 

REFRIGERANT R134a R1234yf 

Volumetric 

efficiency  
ηv = 1.0368 − 0.1517rp + 0.0243rp

2

− 0.0014rp
3 

ηv = 0.9041 − 0.0351rp − 0.0013rp
2 

R² of  ηv 85.14 % 98.63 % 

Global efficiency ηglobal = 0.2819 + 0.0766rp − 0.0058rp
2 ηglobal = −0.6924 + 1.1139rp − 0.4256rp

2

+ 0.0801rp
3 − 0.0074rp

4

+ 0.0003rp
5 

R² of  ηglobal 94.42 % 87.17 % 

 

2.4 Energetic and environmental metrics 

 

The coefficient of performance (COP) of the VCRS is given by Eq. 11, according to (Mendoza-Miranda et al., 2016). 

 

COP =
ηglobal(i1−i4)

i2−i1
                                                                                                                                                               (11) 

 

The environmental performance of the VCRS was evaluated by Total Equivalent Warming Impact (TEWI), Eq.12, 

according to (Antunes, 2016). This parameter takes into account both direct emissions (due to refrigerant leakage during 

the life of the equipment) and indirect emissions (due to the compressor's electricity consumption over the life of the 

equipment). 

 

TEWI = TEWIDirect + TEWIINDirect                                                                                                     (12) 
 

TEWIDirect = GWP ∙ mref ∙ Lrate ∙ Ltime + GWP ∙ mref ∙ (1 − αrecup)                                                          (13) 

 

TEWIINDirect = 365Toper(Qev COP⁄ ) ∙ β ∙ Ltime                                                                                      (14) 

  

In this equation Lrate is the annual rate of refrigerant emitted (replacement and leaks) given in [%], Ltime is the life of 

the refrigeration system given in [Years], αrecup  is the refrigerant life recovery rate given in [%], Toper is the refrigeration 

system operating given in hours, β is the CO2 emission factor for electricity generation given in kgCO2 kWh⁄ . In this 

paper was considered Toper = 12 [h/day]. The refrigerant charge is determined by the Equation 16 for single-phase flow 

and by the Equation 17 for two-phase flow, where α is the void fraction. The void fraction is determined by the Hughmark 

(1965) correlation. 

 

mref = ρ̅ref
πDREF

2

4
L  [kg]                                                                                                               (15) 

 

mref = [αρV + (1 − α)ρL] ∙ V  [kg]                                                                                                 (16) 

  

In the Eq. 15, L is the heat exchanger length under study. Thus, L can be Lev or Lcond. In addition, in the Eq. 16, V is 

heat exchanger volume corresponding to the two-phase flow. 

The refrigerant charge inside the refrigeration system is the sum of the refrigerant charge inside the evaporator, 

condenser and pipes that connects the components. It was considered that each pipe has a length equal to two meters. 

 

2.5 Optimization methodology used in the design 

 
In order to design a refrigeration system with reduced geometric structure and efficient from the environmental point 

of view, the Nelder Mead Simplex method was used to perform the optimization task. This algorithm is available in the 

EES software subroutine. This method is used to determine the evaporator and condenser optimal length, as well as, the 

optimal refrigerant charge based on a range of values for the refrigerant and water diameters. The Dii varying from 5 mm 

to 20 mm and the Dio varying from 10 mm to 40 mm. 
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2.6 Simulation parameters 

 

The modeled vapor compression refrigeration system in this paper is constituted by the components shown in Fig. 2: 

a reciprocating compressor, a thermostatic expansion valve (TEV), an evaporator and a condenser both of the coaxial 

type.   

 

Figure 2. Basic components present in a VCRS. 
 

The thermodynamic considerations adopted were based on literature review and they are presented in Tab. 3. Due to 

the established thermodynamic conditions, the evaluated refrigerants have a subcritical refrigeration cycle, as shown in 

Fig. 3. 

Table 3 – Thermodynamic considerations adopted. 

 

 

Notice that the evaporator consists of a single-phase region (1'-1) and a two-phase region (4-1'). The condenser 
consists of two single-phase regions (2'-2 and 3-3') and a two-phase region (3'-2').  

 

Evaporation temperature (𝐓𝐞𝐯) -5 °C 

Condensation temperature (𝐓𝐜𝐨𝐧𝐝) 50 °C 

Superheating degree (∆𝐓𝐬𝐮𝐩) 7 °C 

Subcooling degree (∆𝐓𝐬𝐮𝐛) 5 °C 

Water temperature in the evaporator inlet (𝐓𝐰𝐢) 12 °C 

Water temperature in the evaporator outlet (𝐓𝐰𝐨) 5 °C 

Water temperature in the condenser inlet (𝐓𝐰𝐜𝐢) 30 °C 

Water temperature in the condenser outlet (𝐓𝐰𝐜𝐨) 40 °C 
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Figure 3. Vapor compression refrigeration cycle: R134a e R1234yf. 

 

The main considerations for calculating of the TEWI are presented in Tab. 4. In this analysis, it was considered Brazil 

and two other countries with higher and lower CO2 emission factors (β) in relation to the emission factor indicated for 

Brazil. 

 

Table 4: Considerations for calculating of the TEWI parameter. 

Parameter Consideration Reference 

Ltime = 15 [Years] Equipment operating with economic useful life Makhnatch and 

Khodabandeh (2014) 

αrecup = 70%. Refrigerant mass less than 100 kg AIRAH (2012) 

β =  0.035[kgCO2 kWh⁄ ] Reference value for Sweden Rees (2016) 

β =  0.082[kgCO2 kWh⁄ ] Reference value for Brazil Rees (2016) 

β =  0.40[kgCO2 kWh⁄ ] Reference value for Luxembourg Rees (2016) 

Ltaxa = 12.5% Centralized system, normal operation, catastrophic 

losses during service and maintenance 

Airah (2012) 

 

3. RESULTS AND DISCUSSION 

 

Based on the adopted considerations and other information, the proposed static model obtained the following results 

presented in Tab. 5. 
 

Table 5: Energy, geometric and environmental characteristics of optimized VCRS. 

Optimized systems: Brazil. 

Refrigerant 𝐃𝐢𝐢 

(mm) 

𝐃𝐢𝐨 
(mm) 

ηglobal 
(%) 

ηv 
(%) 

Lcond 
(m) 

Lev 
(m) 

𝐦𝐫𝐞𝐟 
(kg) 

𝐂𝐎𝐏 TEWI 

(kgCO2) 
𝐐𝐞𝐯  
(kW) 

𝐖̇𝐜𝐨𝐦𝐩 

(kW) 

R134a 5 10 52.6 71.4 3.307 4.547 0.081 1.983 3300 1.126 0.568 

R1234yf 5 10 45.6 70.1 4.396 4.213 0.082 1.621 4385 1.319 0.814 

Optimized systems:  Sweden. 

R134a 5 10 52.6 71.4 3.307 4.547 0.081 1.983 1546 1.126 0.568 

R1234yf 5 10 45.6 70.1 4.396 4.213 0.082 1.621 1872 1.319 0.814 

Optimized systems: Luxembourg. 

R134a 5 10 52.6 71.4 3.307 4.547 0.081 1.983 15162 1.126 0.568 

R1234yf 5 10 45.6 70.1 4.396 4.213 0.082 1.621 21389 1.319 0.814 

 
The results presented in Table 4 show that the most efficient optimized refrigeration system from the environmental 

point of view for Brazil, Sweden and Luxembourg is the system with R134a, because it obtained the lowest TEWI value. 

In addition, the optimized system with R134a obtained the highest energy performance, however the refrigerant charge 
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within the optimized system with R134a was approximately equal to the optimized system with the R1234yf. Therefore, 

other alternative refrigerants must be evaluated. 

 

4. CONCLUSIONS 

 

The main conclusions of this paper are summarized as follows:  

• The COPreal analysis showed that the energy performance of the optimized system with R134a is 22.33% 

higher than the optimized system with R1234yf. 

• The TEWI analysis showed that the environmental performance of the optimized system with R1234yf is 

32.2% lower. Therefore, R1234yf cannot replace R134a for this specific application. Other environmentally 

friendly refrigerants should be evaluated such as R744, R290 and R600a. 
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