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Abstract - In the perspective of reducing the household energy consumption, current research in conventional refrigeration 
is concentrating on enhancing energy efficiency of components and introducing innovative designs. The research paper 
presents performance analysis of a household refrigerator using box type shell and tube water-cooled condenser (BSTWC), 
as a substitution to the hot-wall air cooled condenser (HWAC) by exploratory strategy. Iinvestigation is carried according to 
ISO 15502:2005 refrigerator test guidelines. The experimental result shows that the coefficient of performance of a 
refrigerator with BSTWC is increased by 18% to 20% and the energy consumption is reduced by 15 % in comparison with 
conventional refrigerator. The pull-down time achieved by a refrigerator with a water cooled condenser is 24% less as 
compared with air cooled condenser. The compressor discharge temperature is reduced by 15% with water cooled condenser. 

The total equivalent warming impact(TEWI) of refrigerator working with BSTWC is 16% lower than that the refrigerator 
with HWAC condenser. The utilization of BSTWC in household refrigerators enhance the energy efficiency.  
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I. INTRODUCTION 

 

In the view of reducing household energy 

consumption, current research in refrigeration is 

focusing on improving energy efficiency, introducing 

innovative designs in compact condensers and 

evaporators. Among the domestic appliances, 

household refrigerator consumes about 15% of the 

worldwide energy, and about 40% of the world 

energy consumption is from the building sector [1, 2]. 

The development of an energy efficient refrigerator is 
one of the big challenges for the HVAC&R sector. 

majority of the research since the 1980s focused on 

heat transfer enhancement in condensers and 

evaporators. Several studies were reported on the 

effect of ambient temperature, optimization of mass 

flow rate, use of eco-friendly refrigerant etc. to make 

the refrigerator more energy efficient [3]. A well-

designed condenser not only enhances the energy 

efficiency but also reduces the space and material of 

the refrigerator. In a refrigeration system, the 

condenser holds the maximum portion of the 

refrigerant charge, and therefore heat exchangers with 
the small internal volume on the refrigerant-side 

should be preferred [4].       

Condensers commonly used in the domestic 

refrigerator are of wire and tube type. The 

development in technology as well as an increase in 

the desire for aesthetics. In modern refrigerators, the 

wire and tube condensers are replaced by the hot-wall 

air cooled condenser (HWAC), HWAC is often 

installed in the form of single serpentine tubes on the 

left, right and back sides. The single aluminium tube 

of length ranging between 20 to 25 m is fixed on the 
inner side of the wall of aluminium foil and gives off 

the heat absorbed by the refrigerant to the 

surrounding through walls [5]. In recent years, the 

bottom condenser is introduced near the compressor 

as a part of the HWAC to evaporate the drain water 

continuously in a domestic refrigerator. In all 

refrigeration components, condenser plays an 

imperative task to save energy consumption. It is also 

observed that a reduction of 1°C condenser 

temperature can reduce 2% of total energy 

consumption [3]. HWAC condenser normally 

dissipates heat by convection and radiation at the rate 

of 250W to 400W to the surroundings. In hot climatic 

conditions, such arrangement leads to 25W to 35W of 
heat conducted into the refrigeration compartment 

through the insulating material which gives rise to the 

energy consumption of the refrigerator [6, 7]. Despite 

the fact that HWAC consumes more power as 

compared to a water-cooled condenser, it is preferred 

in small systems due to its low cost and easy 

maintenance [7]. 

Hosoz and Kilicarslan [8,9] evaluated the use of air-

cooled, water-cooled and evaporative condensers for 

refrigeration systems and found that the condensing 

pressure and compressor work is decreased, 

consequently increasing the refrigeration capacity and 
compressor’s life. Wua and Shiochi simulated the 

effect of refrigerant flow in an air conditioning 

system with the water cooled condenser. The result 

shows that one can save 20% of energy with water-

cooled air conditioning system [10]. Henceforth, in a 

densely populated country, increasing use of 

domestic appliances leads to demanding large energy 

supply. Therefore, researchers and industries have 

their attention oriented towards the implementation of 

the water-cooled condenser in domestic refrigerators 

and air conditioning systems [15]. The management 
of maintaining cooling water temperature is a crucial 

part of the implementation of water-cooled 

condensers in refrigerators [7]. According to 
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ASHRAE standards, the plate-type heat exchangers 

have a better heat transfer coefficient than that of the 
shell and coil heat exchanger [11]. Raveendran and 

Sekhar experimentally evaluated the performance of 

refrigeration with brazed plate heat exchanger as a 

condenser and found that the electric energy 

requirement of a refrigeration system reduces from 

21% to 27% and COP increases from 52% to 68%, as 

compared to the conventional system [3, 12]. Total 

equivalent warming impact (TEWI) has been defined 

which allows a comparison of for large size 

refrigeration systems in relation to their impact on the 

environment. The TEWI index takes into account not 

only the direct warming effect due to refrigerant 
losses but also the indirect effect due to the plant 

efficiency and CO2 release by utility companies 

supplying power to the device in question [23]. 

The use of a water-cooled heat exchanger as a 

condenser in a household refrigeration system is a 

relatively new concept. The focus of the current 

research work is on design, development and 

experimental performance analysis of BSTWC 

condenser works with domestic refrigerator. This 

investigation focuses on the energy saving 

opportunities. Investigation results show that the use 
of BSTWC in domestic refrigerators augments the 

energy efficiency.  

 

II. SHELL AND TUBE HEAT EXCHANGER  

 

2.1. Basic Design of Condenser  

Nowadays the imminent needs to get the better 

energy efficiency of a vapor compression 

refrigeration system. The focus of the current 

research work is on design and development of water-

cooled condenser. There are distinct differences 

between tube configuration and geometry of BSTWC 
and HWAC condensers as shown in Figure 1. 

 

 
                   a)                                                 b) 

Fig. 1. Pictorial view of the condensers: 

 

a) HWAC b) BSTWC. 

The design parameters of HWAC and BSTWC are 

represented in Table 1 and Table 2. The condensers 

are designed for same heat transfer capacity.  The 

HWAC has more wetted area and longer tube length 

than the BSTWC condenser. The HWACs plate and 

tubes are part of refrigerator structure. The model of 
BSTWC condenser consists of rectangular box acts as 

shell and four rows of serpentine aluminium tubes.    

BSTWC condenser is designed as a counter-flow heat 
exchanger with the consideration of refrigerant flow 

on tube side and water flow on the shell side 
 

Table 1 : Design parameters of HWAC 

 
 

Table 2: Design parameters of BSTWC 

PARAMETER SPECIFICATION 

Capacity 380 W 

Condenser tube 

material 
Aluminium 

Condenser dimensions 228 x 203 x 64 mm 

Outer tube diameter 
(OD) 

6.0 mm 

Inner tube diameter 

(ID) 
4.0 mm 

Total tube length 4000 mm 

 

III. EXPERIMENTAL SET-UP 

 

The experimental system is a household refrigerator 

which has an internal volume of the refrigerator is 

284 litre. The eco-friendly R600a is used as a 

refrigerant with smart inverter compressor, HWAC 

connected in parallel with BSTWC and, capillary 
tube used as an expansion device. The technical 

details of a refrigerator under test are specified in 

Table 3. A 4W DC pump is used to circulate the 

water through the water-cooled condenser. The 

circulated water is cooled in a mini cooling tower. 

The experimental set-up consider in the study is 

shown in Figure. 2  

 

  
Fig. 2. Pictorial view of actual experimental test set-up 

 

The pressure gauges are used to measure compressor 

suction and discharge pressure with an accuracy of 

±0.25%. The temperatures are measured at 16 potions 
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with the help of K- thermocouples having an 

accuracy of ± 0.5°C. The thermocouples are mounted 
inside the freezer, food compartment, crisper 

compartments, compressor outlet, condenser outlet 

etc. as per ASHRAE refrigerator standard. The 

energy consumption of compressor and electrical 

devices is measured with a help of digital energy 

meter. The measuring instruments are calibrated 

before. experimentation. The flow control valves are 

used to connect the refrigerator evaporator in parallel 

with external evaporator calorimeter. The heater is 

used to give a constant heating load on evaporating 

coils. The uncertainty analysis of the measuring 

instrument is presented in Table 4.  
  

3.1. EXPERIMENTAL PROCEDURE   

A refrigerator test set-up is incorporated with two 

condensers, initially the test set-up is flushed with 

nitrogen gas to check the leakage and to remove 

impurities from the system. The system is charged 

with refrigerant R-600a. According to the 

methodology used in literature [3], the 

experimentation is carried out as per ISO 15502:2005 

household refrigerating appliances test guidelines   

[13]. The experimentation is carried out in a test 

room. The test room conditions are maintained and 

controlled with help of an air conditioning system. In 
evaporator calorimeter test setup, the calorimeter 

temperatures vary between −20°C to 6°C (±0.5°C). 

The dimmerstat is used to provide a heating load 

which acts as an equivalent evaporator capacity for 

various calorimeter temperatures. Other parameters 

like voltage, current, power consumption, relative 

humidity, water inlet and outlet temperatures are 

recorded with help of a data acquisition system. The 

energy consumption is monitored for 8 hrs at no load 

condition using a digital energy meter and calculated 

the energy consumption for 24 hours operation. The 

experimental test conditions during the test are 
presented in Table 4. The % RH is measured and is 

observed in the range of 50% to 75%. The pressure 

and temperature readings are monitored with help of 

data acquisition system. During experimentation the 

ambient temperature is maintained at 32°C ± 0.5°C. 

The refrigeration system with BSTWC condenser 

under test is set to keep the inlet cooling water 

temperature 30°C. The COP is calculated by 

considering the compressor work, pump work and 

heater load. 

 
 

TABLE 3. Operating test condition of refrigeration system 

Factors HWAC BSTWC 

Cooling water temperature NA 30℃ 

Evaporator temperature  -20℃ to 6 ℃ -20℃ to 6℃ 

Ambient temperature 32℃ ± 0.5℃ 32℃ ± 0.5℃ 

Relative humidity 50% to 75% 50% to 75% 

Refrigerant charge 58g 58g 

Capillary tube length Ɩ =1800 mm Ɩ =1800 mm 

 

IV. UNCERTAINTY ANALYSIS 

 

Weakest Link Rule is used to determine the absolute uncertainty of the refrigeration system, the largest relative 
uncertainty from all measured relative uncertainties is considered as systems uncertainty. As shown in Table 4, 

the largest relative uncertainty is 1.45% for a set of sample observation. This justifies the reliability of the 

experimental study 
 

TABLE 4. Instrument specifications 

MEASURED 

PARAMETER 
RANGE ACCURACY 

RELATIVE UNCERTAINTY  

% 

Temperature -10 to 200 °C ± 0.5 °C 0.833 

Evaporator Pressure -30 to 200 psi ± 1.6 % 1.16 

Condenser Pressure 0 to 200 psi ± 1.6 % 1.38 

Energy Consumption 
1∅, V≤ 240 VI≤5 

A 
± 0.01kWh 0.67 

Flow rate 0 to 138 kg/hr ± 2% of full flow 1.45 

 

V. RESULTS AND DISCUSSIONS 

 

The performance analysis of a refrigerator is carried out experimentally at various operating conditions with 

HWAC and BSTWC condenser using R600a as a refrigerant. The test results are used to analyze the variation of 

performance parameters such as energy consumption, COP, pull down speed and refrigerating effects for 

different operating conditions. The variation of COP of a refrigerator for different evaporating temperatures is 
presented in Fig. 3. The investigation results show that the COP increases with an increase in the evaporator 
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temperature for both the condensers. The refrigeration capacity is measured and the COP is calculated using the 

following Equation (1): 

COP

=
 heater load + heat infiltration    

compressor work + pump work
 

          

 (1) 

The BSTWC has enhanced the COP of the system in 

the range of 18% to 22 % as compared to a 

refrigeration system with HWAC due to its lower 

compressor work and higher evaporator capacity. 
This is due to the low compression ratio and high 

mass flow rate of the refrigerant.  

 

 
Fig.3. Variation of COP with varying evaporator temperature. 

 

BSTWC Condenser inlet water temperature plays a 

significant role in the performance of the refrigeration 

system. At constant evaporator temperature, the 

variations in COP is studied by changing BSTWC 
inlet cooling water temperature and plotted in Figure 

4. The figure shows that the COP decreases with the 

increase in cooling water temperature. The variation 

in COP is taking place because of an increase in 

temperature of circulated water in the condenser and 

insufficient cooling in the cooling tower. 

 

 
Fig. 4. Variation of COP with condenser cooling water 

temperature 

 

The energy consumption of the compressor during 

pull down with HWAC and BSTWC with respect to 

time is shown in Figure 5 and Figure 6 respectively. 

It is observed that the pull-down time of refrigerator 
is 95 minutes with BSTWC and 125 minutes with 

HWAC. Thus the desired set temperature is achieved 

faster with BSTWC than the refrigerator with the 

HWAC. 

 
Fig. 5. Variation of pull-down speed of a refrigerator with an 

HWAC condenser. 

 

The effect of this reduces the energy consumption by 

24% for the refrigerator working with BSTWC 

condenser at the no-load condition as compared to the 

conventional refrigerator.  

 

Use of water allows lower condensing pressure 

because of its availability at a temperature equal to 

wet bulb temperature (WBT) of atmospheric air. 

BSTWC condenser has high heat transfer coefficient 

due to water, which is a better medium of heat 
exchange that of air because of its high specific heat.  

 

 
Fig.  6. Variation of pull-down speed of a refrigerator with a 

BSTWC condenser 

 

The variation of compressor work with evaporator 

temperature is represented in Figure 7.  

 

The figure shows that compressor work increases 

with the evaporating temperature. When the 

refrigerator working with BSTWC as a condenser the 
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energy consumption of a compressor reduces by 10% 

to 20%, as compared to the refrigerator with the 
HWAC.  

 
Figure 7. Variation of compressor work with varying 

evaporator temperature. 

 

The variation in compressor discharge temperature 

affects the performance of a refrigerator, the increase 

in the compressor discharge temperature affects 

lubricating properties.  
 

 
Fig. 8. Variation of compressor discharge temperature with 

evaporating temperature.  

 

The result indicates that the compressor discharge 

temperature of the refrigeration system with BSTWC 

condenser is lower by about 29% than a refrigerator 

with the HWAC. The refrigerator is tested constantly 

for 8 hours to determine the per day energy 

consumption. The energy consumption measurement 
between two defrost cycles is integrated over the time 

at actual operating conditions.  

The per day energy consumption of a refrigerator 

with two condensers has been studied at 32°C 

ambient temperature. The average energy 

consumption of the refrigeration system with 

BSTWC condenser is reduces as compared to a 

system with the HWAC at different operating 

conditions. The initial manufacturing cost of BSTWC 

condenser is sustained in terms of improvement in 

efficiency and saving in energy consumption per 

year. 
 

VI. TOTAL EQUIVALENT WARMING 

IMPACT   (TEWI) 

 

TEWI is an important environmental index. This 

index is calculated using the summation of direct 

impact and indirect impact according to the following 

Equation (2) [23]:  

 

TEWI = GWP (direct; refrigerant leaks incl. EOL) + 

GWP (indirect; operation) 
 

TEWI = (GWP x m x L annual x n) + GWP x m x (1 – α 

recovery)) + (E annual x β x n) 
 

TABLE 5.  TEWI of refrigerator 

PARAMETER HWAC BSTWC 

Refrigerant R600a R600a 

GWP = Global Warming Potential of refrigerant, relative to CO2  10 10 

L annual = Leakage rate per year (kg) 0.066 0.066 

n = System operating life (years) 15 15 

Refrigerant charge (kg), m 0.058 0.058 

α recovery = Recovery/recycling factor from 0 to 1 0.8 0.8 

Energy consumption per year (kWh), E 462 398 

Indirect emission factor, β 0.47 0.47 

TEWI Direct effect 0.5742 1.188 

TEWI Indirect effect 4244.1 2806 

TEWI ( Equation 2) 3257.67 2807.1 

 

Global warming potentials (GWPs) express the extent to which a greenhouse gas directly contributes to 

radiative forcing. The Table 5 shows that the TEWI of refrigerator working with BSTWC is lower than that of 
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the refrigerator with HWAC condenser by about16 %. It is also observed that due to the lower refrigerant charge 

required in HWAC, the direct impact which is related to refrigerant leakage is less in HWAC as compared to 
BSTWC.  

 

CONCLUSIONS  

 

The performance analysis of a domestic refrigerator 

with HWAC and BSTWC condenser is  

experimentally carried out. A significant 

improvement in system performance and reduction in 

energy consumption of a refrigerator is observed with 

BSTWC condenser. Following conclusions are drawn 

based on experimental results. 

 The energy consumption of conventional 
domestic refrigerator is significantly reduced 

with BSTWC condenser. The per day energy 

consumption in BSTWC condenser refrigeration 

system is almost 10% to 20% less than the 

conventional HWAC refrigeration system. 

 The refrigerator with a BSTWC confirmed the 

24% reduction in pull-down time. 

 The COP of the domestic refrigerator using 

BSTWC and HWAC were compared. COP is 

increased by 28-37 % with the BSTWC 

condenser in comparison with a refrigerator with 
the HWAC. 

 The compressor discharge temperature of the 

refrigeration system with BSTWC condenser is 

29% lower than that refrigerator with an HWAC, 

which improves the compressor life. 

 The TEWI of refrigerator working with BSTWC 

is lower than that of refrigerator with HWAC 

condenser by 16%.  
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