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Abstract: Season change significantly influences the cooling requirement and electricity 

consumption of supermarket refrigeration systems. Monthly total equivalent warming impact 

(TEWI) and system performance parameters (COP, discharge gas temperature-pressure, work of 

compression etc.) have been assessed for a typical supermarket refrigeration system of Tokyo, Japan. 

A medium temperature (–7 °C, 200 kW) and a low temperature (–25 °C, 50 kW) cooling load have 

been considered for the assessment. The results indicate that the monthly lowest TEWI is found in 

February and highest is in July for single cycle refrigeration system. The possibility of cascading for 

low temperature cooling load is also considered for smooth operation and longer lifetime. TEWI of 

past twenty years is presented to give an overview of how much global warming is originated by a 

mid-size supermarket. 

 

Keywords: climate, COP, GWP, Japan, R404A, R410A, supermarket, TEWI. 

 

1.  Introduction  

R410A and R404A refrigerants are introduced in the 

1990s to fill up the void created by the phase-out of ozone-

depleting CFC refrigerants such as R12 and R5021). 

R410A is commonly used in stationary refrigeration units, 

moveable and split air-conditioning systems. Moreover, 

applications of R404A are in the field of commercial 

refrigeration systems and freezers2,3). Supermarkets have 

refrigerated display cabinets for the customers to show 

their products such as ice-cream, beverage, vegetable, 

frozen fish, frozen meat and so on. They also have 

warehouses to store these products. The refrigeration 

temperature (MT or LT) differs depending on the products. 

R410A and R404A refrigerants are widely used in the 

supermarket refrigeration systems4). 

According to the statistics conducted by the 

supermarket society in February 2019, there are about 

20,758 supermarkets in Japan and 2,601 of them are 

located in Tokyo5). These supermarkets consume a 

tremendous amount of electricity. More than 80% of this 

electricity is generated from fossil fuel sources6). The 

burning of fossil fuel releases a huge amount of CO2 to the 

environment. Hence, supermarkets indirectly contribute a 

lot to global warming by using electricity. 

 

Table 1. Properties of the selected refrigerants7–9). 

 R410A R404A 

GWP100 2088 3922 

Normal boiling point (°C) – 60.9 – 46.6 

Critical temperature (°C) 71.342 72.12 

Critical pressure (MPa) 4.901 3.735 

ASHRAE safety group A1 A1 

Composition 
R32  

R125 

(50%) 

(50%) 

R125  

R134a 

R143a 

(44%) 

(4%) 

(52%) 

Molecular mass (g/mol) 72.58 96.70 

 

Supermarket refrigeration systems are large in size and 

require a lot of refrigerant charging10). The actual initial 

charging amount depends on the evaporator cooling 

capacity, condenser capacity, evaporator and condenser 

heat exchanger size, heat transfer coefficients, operating 
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conditions etc. Approximately, the required refrigerant 

amount can be expressed in terms of cooling capacity. For 

commercial/supermarket refrigeration systems, the 

amount (in kg) is 2 to 3.4 times of the cooling load (kW)11). 

The compressor and condenser sections operate at a high 

temperature and pressure than the atmospheric. Although 

the compressor is hermetically sealed, a significant 

amount of leakage (about 20%) can occur from joints and 

seals, mechanical failure or during servicing12,13). This 

leakage will lead to performance degradation and will 

increase energy consumption14,15). Moreover, the leaked 

refrigerants have high GWP (Table 1) which will 

eventually contribute directly to the global warming16). 

The exterior temperature is directly related to the 

condensation temperature of the vapour compression 

system. A high condensation temperature in summer 

results lower COP, higher discharge temperature and 

pressure, high compression ratio and low isentropic 

efficiency. Hence, the performance of a basic (single 

refrigeration cycle) refrigeration system degrades and 

TEWI also increases. A cascaded system can significantly 

improve the lifetime of a refrigeration system in such 

situations17,18). Contrarily, the performance and lifetime 

are better and TEWI is also smaller for lower temperature 

outdoor conditions. In Tokyo, sometimes the temperature 

reaches below 0 °C during winter and reaches around 

40 °C in summer. Average temperature variation of the 

past few years (Table 2) implies that the refrigeration 

systems perform well in January/February and the load is 

extreme during July/August. 

   

Table 2. Temperature (°C) of past few years in Tokyo19). 

 1998 2003 2008 2013 2018 

Jan 6.20 5.50 5.90 5.50 4.70 

Feb 7.70 6.40 5.50 6.20 5.40 

Mar 8.70 8.70 10.70 12.10 11.50 

Apr 13.40 15.10 14.70 15.20 17.00 

May 18.10 18.80 18.50 19.80 19.80 

Jun 21.70 23.20 21.30 22.90 22.40 

Jul 22.50 22.80 27.00 27.30 28.30 

Aug 24.80 26.00 26.80 29.20 28.10 

Sep 22.90 24.20 24.40 25.20 22.90 

Oct 17.50 17.80 19.40 19.80 19.10 

Nov 14.10 14.40 13.10 13.50 14.00 

Dec 8.50 9.20 9.80 8.30 8.30 

 

 

 

In this research work, performance and environmental 

impact of a typical supermarket refrigeration system have 

been assessed. For the year 2018, monthly weather 

variation of Tokyo has been considered. Since the weather 

in summer is very high and work of compression is huge, 

a cascaded system for LT unit has also been assessed. State 

diagrams, COP, discharge temperature and pressure, 

compression ratio, TEWI for both single cycle and 

cascaded refrigeration systems have been presented. 

 

Nomenclature 

Symbols 

COP coefficient of performance [–] 

E electricity consumption [kWh] 

GHG greenhouse gas [–] 

GWP100 global warming potential (100 

years integration) 

[kg-CO2 eq.] 

h enthalpy [kJ kg–1] 

HT high temperature [°C] 

kWh kilowatt–hour [–] 

L leakage rate per year [%] 

LT low temperature [°C] 

MT medium temperature [°C] 

P pressure [kPa] 

Q capacity [kW] 

S entropy [kJ kg–1 K–1] 

t tonne [–] 

T temperature [°C] 

TEWI total equivalent warming 

impact 

[t-CO2 eq.] 

Greek letters 

η efficiency [%] 

ṁ mass flow rate [kg h–1] 

ε CO2 emission factor for per 

unit electricity generation 

[kg-CO2 

eq./kWh] 

Subscripts 

mon_avg monthly average temperature  

c cooling load  

com compressor  

con condenser  

dis discharge gas  

eva evaporator  

isen isentropic  

p power  

sub subcooling  

suc suction gas  

sup superheating  
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2.  Calculation procedure 

2.1  Operation principle 

A simple vapour compression system with subcooling 

and superheating is shown in Fig. 1. Corresponding P-h 

diagram and the state of refrigerant in a refrigeration cycle 

is shown in Fig. 2. In this cycle, when the refrigerant 

leaves the evaporator (point a), a certain amount of 

superheat is applied to prevent damage and to increase the 

efficiency of the system. The refrigerant is then fed to the 

suction line of the compressor (point a'). Vapour 

refrigerant discharges from the compressor (point b") after 

a non-isentropic compression. The hot vapour refrigerant 

is then cooled and condensed in the condenser by an 

isobaric process. Released refrigerant from the condenser 

(point c) is subcooled to ensure that all the refrigerant is 

in the liquid state. After subcooling (point c'), the 

refrigerant is collected into a reservoir. The refrigerant 

then goes through an expansion device, enter into the 

evaporator (point d'), evaporate isobarically until it 

reaches evaporator exhaust (point a) and the cycle 

continues to repeat. 

 

Fig. 1: A simple vapor compression refrigeration system. 

  

Fig. 2: A typical refrigeration cycle. 

In a refrigeration cycle, the refrigerant encounter 

isobaric, isentropic, non-isentropic and isenthalpic 

processes as shown in Fig. 2. The following set of 

equations can be written from the state diagrams. 

' 'd d a a
P P P P     (1) 

" ' 'b b b c c
P P P P P      (2) 

a eva
T T     (3) 

'a eva sup
T T T     (4) 

' 'c d
h h     (5) 

' 'a b
S S    (6) 

con amb split
T T T    (7) 

b c con
T T T    (8) 

'c con sub
T T T     (9) 

' '

" '

b a

isen

b a

h h

h h






   (10) 

Here P, T, S and h represent the pressure, temperature, 

entropy and enthalpy at a particular point denoted in the 

subscript. 

 

2.2  System description 

A supermarket has numerous refrigerated display 

cabinets to show various products for the customers. Fish, 

meat, beverage, ice-cream, and other products are kept in 

separate cabinets because: (i) preservation temperature of 

each product is different, (ii) isolate the products so that 

the smell of one product do not affect another, (iii) it is 

convenient for the consumers to locate a specific product. 

Compressors and other electrical equipment might 

generate louder noise and hence, those are kept in a 

separate room. Condensers are usually kept in the roof top 

for efficient functionality. The operation is explained in 

our previous article 20).  

 

2.3  Assumptions and considerations 

Operating conditions and assumptions for the 

assessment are summarized in Table 3. The assessment is 

performed for two types of cooling load. In general, the 

amount of MT cooling load is larger than the LT cooling 

load. 

Since the average monthly temperature fluctuates, 

condensation temperature also varies over the year. A 

constant temperature difference is considered between 

outdoor and condensation temperature which is defined as 

condenser split. 

Refrigerant

reservoir

Condenser

Compressor
Expansion

device

Evaporator

Refrigerant

flow

Air flow

Air flow

Superheating

Subcooling

Hot air

Cold air

b"

a'
d'

c'

c

Tcon

P
re

ss
u

re
 (
k

P
a

)

Enthalpy (kJ kg-1)

b'

h

P

a

bc

d

b''

a'd'

Saturated
vapor line

Isentropic
compression

Isobaric 
condensation

Isenthalpic 
expansion

Isobaric 
evaporation

Suction 
superheating

Teva

Subcooling

Non-isentropic
compression

c'

Saturated
liquid line
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A certain degree of superheating is considered to ensure 

that the liquid refrigerant is completely evaporated before 

it reaches the suction line of the compressor. Likewise, 

subcooling is performed after condenser to confirm that 

the refrigerant is completely liquified before entering the 

expansion device. 

Table 3. Operating conditions and assumptions. 

Common parameters  

Tcon_split 10 °C 

GWP for electricity 

generation in Japan, ε 

0.518 (kg-CO2/kWh)21) 

System runtime 12 hours/day 

Initial refrigerant 

charging amount 

2 kg for per kW 

cooling load11) 

MT cooling load 

Refrigerant R410A 

Qc,MT 200 kW 

Teva,MT – 7 °C 

Tcon (Tmon_avg + Tcon_split) °C 

Tsup 5 °C 

Tsub 3 °C 

ηisen,MT 70 % 

Annual leakage rate 15 % 

Basic LT cooling load 

Refrigerant R404A 

Qc,LT 50 kW 

Teva,LT – 25 °C 

Tcon (Tmon_avg + Tcon_split) °C 

Tsup 5 °C 

Tsub 3 °C 

ηisen,LT 55 % 

Annual leakage rate 20 % 

Cascaded LT cooling load 

Refrigerant (both stage) R404A 

Qc,LT 50 kW 

Qc,HT (calculated) 59.91 kW 

Teva_LT_stage – 25 °C 

Teva_HT_stage – 10 °C 

Tcon_LT_stage – 5 °C 

Tcon_HT_stage (Tmon_avg + Tcon_split) °C 

Tsup (both stage) 5 °C 

Tsub (both stage) 3 °C 

ηisen (both stage) 70 % 

Annual leakage rate (both stage) 15 % 

 

Isentropic efficiency decreases when the compression 

ratio is higher and it operates at a high temperature 

condition. Hence, a lower isentropic efficiency is 

considered for the LT cooling load. 

A higher amount of leakage occurs when discharge gas 

pressure is high. Thus, different leakage rate is considered 

(Table 3) for single cycle R410A and R404A refrigeration 

systems, respectively. Moreover, the leakage rate for both 

the cycles of the cascaded system can be considered 

similar due to a smaller compression ratio. 

In Japan, the most share of the electricity generation 

comes from gas (39.2%), coal (33.7%) and oil (8.2%). 

Other sources are hydro (8.2%), solar PV (4.9%), waste 

(1.8%), nuclear (1.7%), biofuels (1.4%), wind (0.6%), and 

geothermal (0.2%)6). Combined CO2 emission factor for 

per unit electricity generation is 0.518 kg21). 

A supermarket in Japan is usually open about 12 hours 

a day. However, the refrigerator cases and storehouse 

always contain the products and run 24 hours a day. When 

the refrigerated space reaches the set temperature, the 

compressor automatically turns off. Hence, the system 

runtime is considered 12 hours a day. To simplify the 

calculation, the initial refrigerant charging amount is 

considered two times of the cooling load. 

 

2.4  System performance 

Theoretical maximum COP of the system is denoted as 

Carnot COP and can be expressed by the following 

equation,  

273.15
eva

carnot

con eva

T
COP

T T





  (11) 

A real system has losses in various sections and the 

actual COP is lower than COPcarnot. The ratio of cooling 

load and work of compression is the practical COP of the 

system which can be calculated by the following equation. 

' '

" '

a d

b a

h h
COP

h h





    (12) 

Electric power consumption is dependent on the COP 

of and can be determined by the following equation, 

c

p

Q
E

COP
     (13) 

The mass flow rate of the refrigerant can be calculated 

by the following equation, 

' 'a d

c

h h
m

Q


     (14) 

The performance of a system can be confirmed by the 

equations (11) – (14) and discharge gas temperature/ 

pressure, compression ratio. All these parameters can be 

obtained from assumptions and state diagrams. 

- 171 -



Study on Performance and Environmental Impact of Supermarket Refrigeration System in Japan 

 

2.5  Environmental impact 

Supermarkets contribute to global warming by emitting 

greenhouse gases (GHG). This emission can occur 

indirectly and directly. Since the electricity generation 

sources discharge GHG, indirect emission occurs due to 

the electricity consumption of the refrigeration system. 

Moreover, direct emission happens due to the refrigerant 

leakage from joints, piping or during 

servicing/maintenance 20). The TEWI can be calculated 

from direct and indirect emissions for a year by the 

following equation: 

Direct emission for Indirect emission for
refrigerant leakage electricity consumption

( ) ( )TEWI GWP L E      (15) 

Here, L, E and ε represents the refrigerant leakage rate, 

electricity consumption, and CO2 emission factor for each 

kWh of electricity generation, respectively. 

3.  Results and discussion 

In 2018, the coldest month of winter was January and 

hottest month was July. Fig. 3, Fig. 4 and Fig. 5 illustrate 

 

the P-h diagram and refrigeration cycle for simple and 

cascaded refrigeration cycles during coldest winter and 

hottest summer for both MT and LT cooling load. For the 

readers convenience, we have included the corresponding 

T-s plots in the appendix section. Suction gas temperature 

and pressure at compressor inlet (point a' of the T-s and P-

h diagrams) for the discussed systems are summarized in 

Table 4. Discharge gas temperature (Tdis) and pressure 

(point b" of the T-s and P-h diagrams) from compressor 

outlet are compared in Fig. 6 and Fig. 7. Tdis is relatively 

higher for R404A than R410A. However, Pdis is lower for 

R404A due to the thermodynamic property difference. 

Table 4. Suction gas property at compressor inlet. 

System Refrigerant Teva 

(°C) 

Tsuc 

(°C) 

Psuc 

(kPa) 

Basic MT R410A – 7 – 2 634.40 

Basic LT R404A – 25 – 20 247.52 

Cascaded 

LT 

LT stage  R404A – 25 – 20 247.52 

HT stage R404A – 10 – 5 430.76 

 

 

Fig. 3: P-h diagram of MT cooling load in (i) winter, and (ii) summer. 

 

Fig. 4: P-h diagram of LT cooling load in (i) winter, and (ii) summer. 
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Fig. 5: P-h diagram of LT cooling load for the cascaded system in (i) winter, and (ii) summer. 

 

 

Fig. 6: Comparison of discharge gas temperature from the 

compressor outlet over the year 2018. 

 

Fig. 7: Comparison of discharge gas pressure and 

compression ratio over the year 2018. 

Since evaporator temperature is fixed regardless of the 

season, the suction gas pressure is also fixed. It is apparent 

from the saturation curves that R404A operates at lower 

pressure than R410A for a specific temperature. In this 

study, the evaporation temperature of R404A is much 

lower than R410A. Hence, the suction gas pressure is also 

very low for R404A (Table 4). Moreover, the operation 

range of the LT refrigeration system is much wider than 

the MT cooling load for a basic single cycle refrigeration 

system. The effect of this scenario is reflected in the 

compression ratio (Pdis/Psuc) plot of Fig. 7. The variation is 

from 1.96 to 3.61 and from 3.77 to 7.00 for MT and LT 

cooling load, respectively. A higher compression ratio 

reduces the isentropic efficiency of the compressor and 

also decreases the lifetime. Commonly, the refrigerant of 

a damaged compressor is not recycled and releases into 

the environment. That is another reason to increase global 

warming. Hence, a cascaded refrigeration system is also 

introduced for the LT cooling load for smooth operation 

and an increased lifetime of the compressor. 

Required mass flow rate of refrigerant depends on the 

cooling load and operating temperature range. As MT 

cooling load is greater than LT, Fig. 8 shows higher mass 

flow rate for MT cooling load. In summer, condensation 

temperature increases and required mass flow rate of 

refrigerant (ṁref) also increases. 

 

Fig. 8: Comparison of refrigerant mass flow rate over the 

year 2018.  

Condensation temperature is lower in winter and 

therefore work of compression is also small. Hence, a 

huge variation in COP is seen from winter to summer 

which is shown in Fig. 9. Moreover, the COP of LT is 

much lower because of the huge difference between 

condensation and evaporation temperature. In this 

calculation, the isentropic efficiency of the compressor is 
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varied for the single cycle system to find the breakeven 

point with the cascaded system. The results indicate that 

simple and cascaded refrigeration have similar COP value 

if the isentropic efficiency is 55%.  

Both indirect and direct warming impacts are affected 

by the ambient temperature. COP decreases with the 

temperature increment. Hence, electricity consumption is 

higher in summer which escalates the indirect warming 

impact. Moreover, higher exterior temperature causes 

higher discharge temperature and pressure. Thus, the 

possibility of leakage also increases. In this assessment, a 

constant leakage rate is considered for each system 

throughout the year. According to Fig. 10, although the 

MT cooling load is five times higher than the LT cooling 

load, TEWI is not proportionally higher. The reason is the 

higher COP and lower leakage rate of MT cooling load. 

Furthermore, the cascaded system has two refrigeration 

cycles and the required refrigerant amount is almost 

double. However, TEWI of cascaded LT system is slightly 

higher than the basic LT system. It happens because 

individual COP of each cycle of a cascaded system is 

much higher than the basic LT system.  

 

Fig. 9: Comparison of COP over the year 2018. 

 

Fig. 10: Comparison of TEWI over the year 2018. 

TEWI of past 25 years from the same supermarket is 

assessed and plotted in Fig. 11. The TEWI pattern reveals 

an interesting fact that the value has been smaller in the 

1990s than the present time. Prior to the Fukushima 

Daiichi nuclear power disaster in 2011, more than 25% of 

the electricity has been generated from nuclear plants. 

Nowadays, gradually the CO2 emission factor is 

decreasing again because more renewable power 

generation sources are adopted and old nuclear power 

plants are opening again. 

 

Fig. 11: Comparison of TEWI of past few years from the 

same supermarket. 

4.  Conclusions 

In this work, the variation of performance and warming 

impact from a supermarket refrigeration system of Tokyo 

in different months of the year have been assessed. A 

typical supermarket with 200 kW MT (Teva = – 7 °C) and 

50 kW LT (Teva = – 25 °C) cooling load have been 

considered. The working fluids are R410A and R404A for 

MT and LT cooling load, respectively. Since the operating 

temperature range of the LT cooling load is very wide, a 

cascaded LT system refrigerant is also introduced. 

The analysis indicates that discharge gas temperature is 

slightly higher for LT cooling load. However, discharge 

gas pressure is relatively lower for the same LT cooling 

load. This happens due to the thermodynamic property 

variation of the refrigerants. Additionally, the compression 

ratio for MT cooling load is in the acceptable range (1.96 

to 3.61) whereas, compression ratio (3.77 to 7.00) is much 

higher for LT cooling load. Hence, the cascaded system is 

introduced to keep the compression ratio within the 

tolerable range. In the cascaded system, the compression 

ratio of the low temperature stage is 2.84 and varies from 

2.17 to 4.04 for the high temperature stage. 

COP variations from summer to winter are 3.14 to 7.68 

for MT cooling load considering 70% isentropic efficiency. 

The overall COP varies between 1.58 to 2.62 for the 

cascaded system considering same isentropic efficiency. 

Since the operating temperature range of LT cooling load 

is wide, it has lower isentropic efficiency. Hence, 

isentropic efficiency of single cycle LT system is varied to 

find out the breakeven point with cascaded LT system. The 

results indicate that, when the efficiency of the basic 

system reaches 55% or higher, the basic system has better 
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performance than the cascaded system. 

TEWI is highest (22.71 t-CO2 eq.) for 200 kW MT 

cooling load in summer because of extreme outdoor 

temperature. The value is 13.30 and 14.95 t-CO2 eq. for 50 

kW simple and cascaded LT cooling load, respectively. 

This indicates that the warming impact is very high for per 

unit LT cooling load. This higher TEWI is because of the 

huge electricity consumption by the compressor to obtain 

the target compression ratio. Besides, working fluid 

R404A, that is used in the LT section, have very high GWP 

and contribute more in the direct emission. 

Performance improvement of the refrigeration system 

can be achieved by selecting a proper working fluid for a 

particular operating condition. Modern compressors are 

designed in such a way that frictional, clearance and other 

losses are considerably small. Hence, the isentropic 

efficiency is improved and COP is also high. Leak 

prevention, proper insulation and efficient heat exchanger 

design can significantly improve the performance of a 

system. Moreover, there is a lot of room to decrease 

environmental impact. Firstly, direct emission can be 

decreased by choosing proper refrigerant among HFCs, 

HFOs or natural refrigerants. However, they have certain 

limitations too. For example, water could not be used 

where temperature requirement is below zero; CO2 have 

very high pressure in the operating range; Ammonia 

possess toxicity, HFOs are expensive and not suitable for 

all the applications. This assessment gives an insight to the 

refrigeration system manufacturers of how much 

environmental impact can occur from their system and 

which refrigerant could be chosen for a particular 

application to minimize environmental impact. Secondly, 

electricity generation from renewable and other clean 

sources can significantly reduce indirect emission. 
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APPENDIX 

 

S. 1: T-s diagram of MT cooling load in (i) winter, and (ii) summer. 

 

 

S. 2: T-s diagram of LT cooling load in (i) winter, and (ii) summer. 

 

 

S. 3: T-s diagram of LT cooling load for the cascaded system in (i) winter, and (ii) summer. 
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