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Abstract

CO: is one of the rediscovered, ecologically safe refrigerants with very low global warming potential which has favorable
thermo-physical properties. The CO2 booster refrigeration system has already been identified as a suitable choice for the
supermarket application to replace the conventional R404A (high GWP) system. However, the performance of the CO2 booster
system is still comparatively lower than the conventional R404A system, especially when operated at high ambient temperature,
which compels to improve the performance of the CO2 system with suitable modification. In the present work, an attempt has
been made to examine the year-round performance of the basic booster system and basic booster system with the integrated
modified evaporative cooling system for Ahmedabad city weather conditions (Hot and Dry climate region). The experimentally
investigated and validated data are used for the modified evaporative cooling system with real-time weather data taken from
the weather station installed in the institute. Subsequently, the performance of the BBS, BBS-MEC, and R404A systems have
been compared in terms of COP, power consumption, and seasonal energy efficiency ratio. The results show that for BBS-
MEC, SEER enhances by 28.66% and annual power consumption decreases by 22.89% as compared with BBS. In addition to

that, the total environment warming impact is also found significantly lower in the case of the BBS-MEC system.
© 2020 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved
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1. Introduction

Supermarket installations are continuously increasing
worldwide, which lead to an increase in the use of R404A
as a refrigerant for the supermarket. The refrigerant leakage
rate predicted using this refrigerant ranges from 3% to 35%
[1], which contributes to direct global warming due to high
GWP. Subsequently, the power consumption of the system
contributes to increasing global warming indirectly. Several
alternative low GWP refrigerants, viz. CO2, R600a, R32,
NH4, R290, and R1234yf, etc. have been proposed to
reduce the direct contribution of global warming. However,
except COy2, afore said refrigerants are either toxic and/or
flammable. As a natural refrigerant with excellent thermo-
physical and heat transfer characteristics, CO2 has been
recognized as an encouraging substitute [2]. Further, safety
features i.e. non-flammability and non-toxicity in nature
make CO: an attractive replacement of the conventional
refrigerants. CO2 has already been effectively
commercialized in low-temperature climate regions,
however, using in high-temperature climate regions, is still
a challenge due to poor system performance at high ambient
temperature [3].The lower critical temperature of COzi.e.
31.10C makes the CO cycle trans-critical, consequently,
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the CO:2 system performs vulnerably at high-temperature
climates. Several studies have been carried out on the use of
CO2 as a refrigerant for supermarket applications in
different ambient conditions, some of the recent
developments are summarized below, The water spray
technique was used for reducing gas cooler outlet
temperature when operated at high ambient temperatures
[4]. The yearly energy savings were limited to 3-5% and
stated that saving is significant due to the high cost of
electricity in peak summer periods. A theoretical
investigation was done on two main trans-critical CO2
systems centralized with an accumulation tank at the
medium temperature and parallel with two separate circuits
for low and medium temperature [5]. The performance of
the centralized system with two-stage compression was
found better in ambient temperature range 10-
40°C.Theoretical analysis is done of the trans-critical
booster system for supermarket applications [6].The
possible parameters were identified which affect the
performance of the system at high ambient temperature. It
was concluded that high side pressure, is highly dependent
on compressor efficiency, ambient temperature, and suction
line heat exchanger.

Comparison is done for different configurations of the
CO:2 system with the baseline R404A direct expansion
system using bin analyses in the eight climate zones of the
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United States for supermarket applications [1]. It was
concluded that the trans-critical booster system with bypass
compressor, performance is comparable to the R404A direct
expansion system. Later, the oretical analysis was done for
the integrated CO: trans-critical system with parallel
compression, heat recovery, and air conditioning [7]. It was
identified that in summer conditions, the performance of
parallel compression is better than flash gas by-pass. The
CO: system as compared HFC system is more efficient in
lower ambient temperature (range 20-25°C) and less
efficient in high ambient above 25°C. A theoretical
investigation was done on the trans-critical CO2
refrigeration system with an enhanced booster and parallel
compression for supermarket applications in warm climatic
conditions (35-50°C)[9]. The results indicated that the
proposed cycle configuration has an advantage over the
other modified cycles in warm climatic conditions. Further,
a comparative analysis of five different CO2 booster
systems for supermarket application of four prominent
cities based on annual hourly average temperature presented
[10]. It was concluded that the performance of the CO2
booster system with parallel compression with flooded LT
evaporator and work recovery expander is better with
maximum annual energy savings of 22.16% for New Delhi,
India.A discussion was done on the control strategies of the
COz refrigeration system for supermarkets application [11].
It was concluded that integrated refrigeration and heating by
CO2 system for the supermarket saves up to 13% of primary
energy compared to the conventional heating method. The
conclusion derived from the study is that COz is the only
refrigerant which can be used as a refrigerant even at high
ambient condition [12].A study on the integrated CO. trans-
critical booster systems showed results indicating the two-
stage heat recovery, flooded evaporation, parallel
compression, and integration of air conditioning are the
most promising features of the state-of-the-art integrated
CO2 system [13]. Subsequently, the booster system with gas
cooler evaporative cooling was also investigated and
concluded that annual energy saving was 1% and 3% for
Stockholm and Barcelona. Results show that using
evaporative cooled gas cooler does not contribute much in
energy-saving at a moderate and humid place, but
performance is better when operated for hot and dry climatic
conditions.

Recently, a comparison was done on the different CO2
refrigeration systems with an internal heat exchanger, a
parallel  compression, two-stage compression, and
mechanical subcooling [14]. It was observed that the mean
COP of a two-stage compression and mechanical
subcooling was enhanced by 49.8% and 75.8% respectively.
Theoretical analysis is done on the CO2 booster systems for
supermarket applications with dedicated and integrated
mechanical subcooling with a thermal load of 41 kW and
140 kW for low and medium temperature respectively [15].
The variation among both investigated systems in terms of
annual energy reductions is 1.5-2.9% and 1.4-2.9% for
tempered regions, 2.9-3.4%, and 2.9-3.4% for warm, 3.0-
5.1%, and 1.3-24% for hot regions respectively.
Investigation of ten different CO: refrigeration systems and
its comparison with a conventional R404A system is done

[16]. It was concluded that parallel compression, over fed
MT and LT evaporators, intercooler, and mechanical
subcooling reduced energy consumption by 8.53% yearly
compared to the conventional R404A system. It was also
concluded that the simple booster CO2 system is found to
be less efficient than the conventional R404A system. A
study showed R744 refrigeration as an alternative to the
supermarket sector in Mauritius and concluded that the
R744/R134a cascade system is a feasible solution both from
energy efficiency and environmental perspective [17].

It has been observed from the above literature that there
are limited studies available in the evaporative cooled CO2
refrigeration system, some of the literature [4, 18] indicate
that the evaporative cooling system is preferable for hot and
dry climates. In this paper, an attempt has been made to
investigate the yearly performance of the BBS and BBS-
MEC and, compared with the conventional R404A system
for supermarket application. The year-round performance
has been analyzed using hourly ambient air condition (DBT
and RH) real-time data, which is taken from the weather
station (installed at institute lab) Ahmedabad city India.
Subsequently, the reduced temperature is calculated using
the experimentally investigated and validated MEC. These
hourly data are used to generate temperature-bin hour’s
profile for the performance analysis of the aforesaid
systems.

2. Description of the systems

The refrigeration systems selected for the study are BBS,
BBS-MEC, and conventional R404A system. The BBS
system includes LT and MT loads, and the system operates
in three pressures i.e. high, intermediate, and low pressure.
The refrigerant from the HS compressor at high pressure
enters into the gas cooler to reject heat and then passes
through an expansion device to the R at the intermediate
pressure. The refrigerant flows in two streams from the
receiver i.e. in liquid and gaseous forms. The gaseous
refrigerant is bypassed to the suction line of the HS
compressor and the liquid form enters into the MT and LT
evaporators through the expansion devices. The gaseous
refrigerant from the MT evaporator mix with LS
compressed gaseous refrigerant from the LT evaporator
(low pressure). Subsequently, it mixes with the bypass
refrigerant (gaseous form) from the receiver and enters into
the HS compressor at the end of the cycle. The schematic
and p-h diagrams of the BBS system are shown in Fig. 1.

The BBS-MEC system works similarly as the BBS
system with an additional system (MEC) to the gas cooler.
The MEC reduces the temperature of ambient air and
supplies it to the gas cooler. Subsequently, the refrigerant
temperature at the gas cooler outlet gets further reduced,
which enhances the performance of the booster system. This
can be seen clearly in Fig. 2(b) by point 8 (exit of the gas
cooler), while point 8 describes the exit of the gas cooler
when MEC was not used. Process 8’-9’ represents the
expansion process without using MEC and process 8-9
represents the expansion process using MEC. The
schematic and p-h diagrams of the BBS-MEC system are
shown in Fig. 2. (BBS-MEC) a) Schematic b) p-h diagram.
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Figure 2. CO,Basic Booster System with the integrated Modified Evaporative Cooling system (BBS-MEC)
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In the present scenario, the conventional R404A system
is mostly used for supermarket refrigeration applications.
Fig. 3 shows the schematic and p-h diagrams of the
conventional R404A refrigeration system.

3. MEC System

There is an additional component which has been
integrated into the BBS system to analyze the BBS-MEC
system. The schematic and actual experimental setup
fabricated in the laboratory is shown in Fig. 4 (a and b), and
Thermo-Anemometer (Model 8912) in Fig. 3 (c), the

(o fw]v]

Inlet air
F f Water
o, Inlet air duct outlet
M L /’/
i —- — Water storage
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measuring instrument used for measuring DBT, WBT, and
velocity at the inlet, supply, and exhaust section of the MEC
system. Experimental and theoretical analysis of the MEC
system has been carried out on the laboratory scale. Initially
experimental set up is tested to measure the RAT,
subsequently, a steady-state mathematical model has been
developed in MATLAB® and the results are validated using
the experimental data. The results show good agreement
with a maximum error of 3.66% for RAT and 8.89% for the
TD. Further, the validated model has been used to obtain the
RAT, throughout the year, which is given as input to the gas
cooler.

D = Dry bulb temperature

supplvair W = Wet bulb temperature
V = Velocity
Exhaust air
. — = b
-|I.I]I.H.I.I.'l-t air duct A
- N
: \%

Water supply
arrangement

—

Heat and mass
exchanger unit (HMU)

Figure 4. Experimental Facility (MEC) in Laboratory a) Schematic Diagram b) Actual Experimental Setup c) Measuring Instrument Vane
Thermo-Anemometer (Model 8912)
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Fig. 5 (a and b) shows the variation of RAT (exit or
supply air temperature from MEC, which is reduced
ambient temperature), and TD (temperature drop of supply
air after passing through MEC) measured after the process
of cooling in MEC with actual environment conditions i.e.
DBT and Ambient humidity ratio as input variables. The
results included the experimental as well as the simulation
results at the respective operating conditions. It has been
observed that there is a very good agreement between the
experimental and simulated results. Moreover, the model
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(a) Variation of RAT with ambient conditions

has been used as a subroutine for the integration with the
BBS for modeling the BBS-MEC systems.

The yearly data of Ahmedabad city is taken from the
weather station data installed at the institute lab in ITRAM
Ahmedabad, India. Fig. 6 shows the variation in bin hours
of the ambient air conditions (DBT and RH) throughout the
year (2017-18). The ambient air temperature is represented
on X-axis. Y-axis (right) indicates ambient relative
humidity and Y-axis (left) represents bin hours. The
annually, DBT and RH range vary between 8°C-44°C and
23%-100 % respectively.
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Figure 5. Comparison of experimental and simulation results at different ambient air conditions
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Fig. 7 depicts the variation of RAT after the cooling summarizes the mass balance and energy balance equations
process in MEC at different ambient air conditions (DBT for the different systems, and these equations have been
and RH) throughout the year evaluated using the validated solved in MATLAB® to evaluate the performances of the
model of the MEC. The RAT has been evaluated using the systems. The rmophysical properties of the refrigerants, air,
mathematical equations of MEC, published elsewhere in and water are taken from REFPROP 9.0 by using the
Lata and Gupta (2020) [8].The inputs are taken from the subroutine. Isentropic efficiencies for both the compressor
ambient conditions as shown in Fig. 6. It has been observed are calculated by using correlations given in the literature
that minimum and maximum reduced air temperature [9]. Subsequently, the implementation of the mathematical

obtained after MEC is 6.52°C at the ambient condition of model of the three systems i.e. R404A, BBS, and BBS-

8°C DBT and 78% RH, and 34.31°C, at the ambient MEC is described in Fig. 8.
condition of 42°C DBT and 54% RH, respectively. This

RAT has been used as input for the analysis of the BBS- 5. Operating Conditions and Parameters
MEC system.
The system performance has been analyzed at the
4. Thermodynamic Modeling ambient temperature of Ahmedabad weather conditions
ranging from 8°C to 44°C with a gas cooler pressure range
The steady-state thermodynamic model of the BBS, from 4.6MPa to 10.6MPa. The correlations of temperature
BBS-MEC, R404A systems has been developed by and pressure and the operating conditions for the
considering the following assumptions i.e. throttling investigated configurations are taken from the literature
process as expansion process, pressure loss, and heat [10], as shown in Table 2 and Table 3.

transfer in components and piping are negligible. Table 1,

Table 1. Thermodynamic equations for the simulation of the investigated systems

R404A BBS

Wis = gy X (hy —hy) W5 = iy X (hy —hy)

Wys = gy X (hy —hy) Wys = (myr + thyr + ;) X (hy = he)
Qcona, = Myg X (hs —hy) Qcond./gc = (myr + My + the) X (hy — hg)

(myr + Myy +ME) X hy )
= (thpy X hyp)+(myr + tiyr) X hyy

ys — Myr) X (1 —Xe) = My Qur = thyr X (hs — hy,)

thp X (hy —hg)=yg X (hy —hy)

) . . . Xe : .
Mys = Myt + Mepgsy + s X (1 X ) Qur = myr X (hy —hy3)
6

Qur = My X (hs —he)
Qur = thyr X (hy —hg)

BBS-MEC

Wis = iy X (h, —hy)

Wys = (myr + thyr + thgy) X (hy —hg)

Qcond./gc = (myp + tyr + he) X (h; — hg)

(myp + Myr +1tig) X hg = (g, X hyg)+(myr +yr) X hyy

Qur = iy X (hy —hyy)

Qur =ty X (hy —hyy)

m,Cp (tp in = tpout) = hpdAg(ty o = tia)

1ty (Warin = Wi out) = hindAs(Pwta = Pu_a)

I"ﬂwf_in - mwf_uut = I"ﬂw(v\/w_in - Ww_out)

1y, (Hy out = Hw in) = hydAg(tws, = tw,) + HuwhmdAs(Pwra = Pw o)

mpcp (tp_in - tp_out)+mw(Hw_uut - Hw_in) = mwfcwf(twf_in - twf_out) - rhw(vvw_in - Ww_out)cwftwf

Table 2. Correlations for the investigated CO, booster configurations[10].

Sub-critical Transition Trans-critical
Tamb< 4°C 4°C <Tpmp< 17°C 17°C <Tymp< 28°C Tamp> 28°C
= +
Tcond: 9°C Tcond =lamp * Tapproach Tgc/cond: 0-g*rl‘amb +4.7 Tout,gc Tamb TappmaCh
. P = (166.33*T, + .
Tout,cond: 7°C Tout,cond: Tcond - Tsub—cooling 2g607/(050§()1 klga gc/cond Tapproach =2°C

Tsub—cooling =2°C Tsub—cooling: 2°C ch = optimized

— A0
Tapproach =3°C
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Figure 8. Model implementation of R404A, BBS, and BBS-MEC systems

Table 3. Operating parameters of the investigated configurations [10].

Operating Parameters Values
MT load 120 kW
LT load 65 kW
Approach temperature for R404A system 10°C
Approach temperature for gas cooler 2°C
MT evaporating temperature -8°C
LT evaporating temperature -345°C
Minimum condensing temperature for CO,/R404A system 9/25°C
Superheating 5°C
Circulation ratio(CR) for LT flooded evaporator 25
Intermediate vessel (R1) pressure 3.5 MPa
Maximum gas cooler pressure 10.6 MPa
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6. Model Validation

The model developed for BBS is validated against
published data [10] using the same operating conditions.
Fig. 9 and Fig. 10 depict the validation of COP and optimum
gas cooler pressure, respectively for the BBS system. The
results show good agreement with the published data, the
maximum deviation found in COP and optimum pressure,
is 10.54 % and 1.6% respectively. There is no data available
in the literature for BBS-MEC as it has not been explored
much in the past. Hence, the analysis of such a system adds
the novelty to this work.
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Figure 9. COP comparison of the developed model with published
data
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Figure 10. Optimum gas cooler pressure comparison of the
developed model with published data

7. Results and discussion

The detailed analysis of all three configurations i.e.
BBS, BBS-MEC, and R404A has been carried out using the
thermodynamic models. The bin hours with different
ambient conditions through a year have been calculated
using Fig. 9 and Fig. 10 for the BBS and BBS-MEC system
respectively as shown in Fig. 11. It is observed that for the
BBS-MEC system, maximum bin hours obtained are 846 at
26°C DBT, whereas for BBS and R404A system, the
maximum bin hours is 656 at 28°C DBT. It is a clear
indication that the BBS-MEC system operates more at a
lower temperature which leads to better performance.
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Ambient air temperature (°C)
Figure 11. Bin hours at different ambient air temperature

Fig. 12, indicates the variation of COP with the bin hours
throughout the year for conventional R404A system, BBS,
and BBS-MEC systems. It has observed that maximum bin
hour for the conventional R404A system is 656 at COP
2.03, followed by 656 for BBS at COP 1.60 and 846 at COP
1.73 for BBS-MEC system. Similarly, Fig. 13, indicates the
variation of power consumption in kW with the bin hours
throughout the year for conventional R404A, BBS, and
BBS-MEC systems. It is observed that maximum bin hour
for the conventional R404A system is 670 with a power
consumption of 93.78 kW, followed by 670 for BBS, and
835 for BBS-MEC with the power consumption of 120.83
kW and 106.997 kW respectively. The variations of these
bin hours mainly depend on the local ambient temperature
and relative humidity at a specific time.

1000
900
800
700
600
500
400
300
200
100

0

—6— R404A

—8—BBS

—>— BBSM

Bin hours

cop

Figure 12. COP with Bin hours at different ambient air
temperature
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Figure 13. Power Consumptions with Bin hours at different
ambient air temperature

Fig. 14 depicts the optimum gas cooler operating
pressure with different ambient air temperatures. It has been
observed that the maximum gas cooler pressure found is
10.6 MPa for BBS, which reduced to 9 MPa for BBS-MEC
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systems at the same ambient conditions. This is because
optimum gas cooler pressure decreases with a decrease in
ambient air temperature, using the MEC system.

11 4
X BBS-MEC C&

10 4 OBBS

(MPa)

» v o)} ~ o] (=]
1

Optimum gas cooler pressure

Ambient air temperature (°C)

Figure 14. Optimum gas cooler pressure at various ambient
temperatures

Further, the overall performance of all three systems has
been evaluated in terms of SEER, and annual power
consumption, throughout the year. Fig. 15 shows the
percentage change in SEER and annual power consumption
for BBS-MEC and conventional R404A, with reference to

BBS.

40.00
30.00
SEER Annual Power

BR404A  MBBS-MEC

20.00

10.00

0.00

-10.00

Percentage change

-20.00

-30.00

Figure 15. Percentage Change in SEER and Annual Power
Consumption

It is observed that as compared to the BBS system, the
BBS-MEC and conventional R404A systems, have 28.66%
and 27.44% higher SEER respectively. Whereas, annual
power consumption decreases for BBS-MEC and
conventional R404A systems by 22.89% and 22.72%
respectively. However, there is no significant difference in
the performance of BBS-MEC and R404A systems.
Moreover, the CO2 BBS-MEC system can be considered as
a suitable alternative of conventional R404A systems with
comparable performances.

8. TEWI Analysis

The Total Equivalent Warming Impact (TEWI) has been
evaluated to analyze the overall impact of the system on the
environment. The emission of carbon equivalents (in the
form of weight) into the atmosphere of the three systems has
been carried out. Subsequently, the comparative analysis of
TEWI for the BBS and BBS-MEC systems comparing to
the conventional R404A system has also been carried out.
The following correlations are used for TEWI evaluations
for the corresponding systems, taken from the literature[19].
TEWI = TEWlgirect + TEWingirect

TEWlgirect = GWP x Lxn+ GWP sm * (1

- arecave'ry)

TEWlingirect = Eannuat * B * 1

Total TEWI (Tons of CO2)
18000

B TEWI direct (tons CO2)

17000
B TEWI indirect (tons of

16000 C0o2)

15000

Total TEWI
(Tons of CO2)

14000

13000

12000

BBS BBS-MEC R404a

Figure 16. Total TEW!I in Tons of CO, Equivalent of different
systems

3 CITEW! indirect
H BTEWI direct

% Change of TEWI
A
)

-100

-120 BBS BBS-MEC

Figure 17. Percentage Change TEW!I with reference to R404A
system

The TEWI analysis, including direct and indirect
contribution, the total TEWI in tons of CO:2 equivalent, are
shown in Fig. 16. It is observed that the BBS system has the
highest (17224.95 Tons of CO2) value of TEWI followed by
the R404A system (13550.86Tons of CO3), whereas the
value of TEWI is lowest in the case of BBS-MEC system
(13285.85Tons of CO2). Subsequently, the percentage
change of TEWI emission with reference to the R404A
system, as shown in Fig. 17. It has been found that there is
a significant reduction in TEWI direct emissions (99.97%)
in both BBS and BBS-MEC systems, moreover, the BBS-
MEC system can be considered as an alternative of,
conventional and higher GWP R404A system for the
supermarket applications in warm climatic conditions.

9. Conclusions

A detailed thermodynamic analysis of the BBS, BBS-
MEC, and conventional R404A system has been carried out
using the real-time ambient data of Ahmedabad city (hot
and dry climate) India. An additional system i.e. MEC has
been integrated into the BBS to reduce the gas
cooler/condenser outlet temperature, which enhanced the
performance of the system. It is concluded that using BBS-
MEC system annual SEER has been improved by 28.66%
and power consumption has been reduced by 22.89%
compared to the BBS. It has also been found that there is a
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significant reduction in TEWI emissions in the BBS-MEC
systems as compared to the conventional R404A and BBS
systems for supermarket Applications. These results will
help to provide design guidelines for the designer to get
better performance using COz2 as an eco-friendly refrigerant
and alternative of the high GWP refrigerant R404A for
supermarket applications at different climatic conditions.

Nomenclature

a Recovery/recycling factor

As surface area (m/s)

C Compressor

C specific heat capacity at constant pressure (J/kgK)

CO, carbon dioxide

E expansion valve

E Energy consumption (kWh/year)

G passage gap

h heat transfer coefficient (W/m?2K)

hm mass transfer coefficient (m/s)

H enthalpy (kJ/kg)

H latent heat of vaporization of water at 0 °C (J/kg)

Hu enthalpy of the water vapor at water film temperature
(I/kg)

L Annual leakage rate (kg/year)

m Refrigerant charge (kg)

m mass flow rate (kg/s)

n System operating years

P Pressure

P Pump

0 refrigeration load (kW)

R Receiver

t temperature (K)

Tsupply temperature of supply air (°C)

W compressor work (kW)

W humidity ratio (kg/kg of dry air)

Wevap Water evaporation rate (kg/s)

x dryness fraction

P density (kg/m?®)

Abbreviations

BBS Basic Booster System
BBS-MEC

COP coefficient of performance
DBT dry bulb temperature

GWP Global Warming Potential
HMU Heat and Mass Exchanger Unit
MEC Modified Evaporative Cooler
RAT Reduced Ambient Temperature
RH relative humidity

SEER Seasonal Energy Efficiency Ratio
D Temperature Drop

TEWI Total Environment Warming Impact

Acknowledgment

The authors would like to thank the management
department of the Institute of Infrastructure Technology
Research And Management (IITRAM) Ahmedabad,
Gujarat, India (the host Institute), for providing financial
assistance to fabricate the MEC setup and other required
support for the experimentation.

Subscript

A Average

amb Ambient

cond Condenser

F flashed at receiver
Gc gas cooler

HS high stage

In Inlet

L Wall

LS low stage

LT low temperature
MT medium temperature
Out Outlet

P Primary air

S Supply air

W working air

Wb wet bulb

w_d dry working air
Wi Water film

Wv Water vapor
Wb wet bulb

w_d dry working air
Wi Water film

Wv Water vapor

Basic Booster System with Modified Evaporative Cooler
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