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Abstract

This paper compares three different natural refrigerants based system configurations in terms of cooling performance, total
equivalent warming impact per year and annual power consumption for the proposed refrigeration systems. Two different cooling
load levels were selected to represent a typical supermarket and a convenience store applications. The systems selected in this study
include the R717/R744 cascade system configuration, a typical R744 booster configuration and a R744 parallel-compressor booster
refrigeration system. The weather conditions of London, UK and Larnaca, Cyprus, were used for the modelling of energy
consumption and environmental impacts to represent moderate and warm climatic conditions respectively.
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Nomenclature

GWP  Global Warming Potential
HT High Temperature

LT Low Temperature

MT Medium Temperature
Prio  Pressure Ratio

1. Introduction

The marriage of two natural refrigerants with low and zero global warming potential number can be a very
beneficial solution for food retail stores to supply both medium and low temperature levels for cooling and freezing
of products.

Over the last decade, due to component availability on the market, natural refrigerants are receiving increased
attention to re-establish their use into applications where previously HFCs were the preferred option. Montreal-Kyoto
Protocols in the late 1990s and F-Gas regulations earlier this century describe the necessity to phase-out and eventually
eliminate the usage of harmful refrigerants with high Global Warming Potential (GWP). The impact of those has led
to renewed interest in natural refrigerants such as ammonia (R717), carbon dioxide (R744) and hydrocarbons
(R290/R600a/R1270).

R717 carries a B2 safety classification which indicates that it is a toxic refrigerant with a medium flammability risk
[1]. The high toxicity of R717 places some restrictions on where it can be applied in terms of safety. A low-charge
R717 system located far away from sales area into a plant room can guarantee safety and overcome the main barrier
for this application, its toxicity. Ammonia can be used with R744 in a cascade system where ammonia is employed
in the system to condense R744 into a liquid, which is the only refrigerant channeled to the cooling and freezing areas
of a supermarket. In addition to the safely aspect, this ensures the subcritical operation of the R744 system all year
round even in warm climates and could potentially lead to lower power consumption of the system and reduction of
the indirect emissions.

Rezayan and Behbahaninia [2] investigated the thermo-economic optimisation for the R717/R744 cascade
refrigeration cycle. The authors proposed method included the thermal and economical aspects of the system design
and operation. Based on the proposed design and operation of the system and for a constant cooling capacity of 40 kW
the annual cost reduction of the system was equal to 9.34% compared with the base case design. Messineo [3]
compared the R744/R717 cascade system with a R404A two-stage system based on similar operating conditions. The
author reported the overall COP for different condensing temperatures, degrees of sub-cooling and evaporating
temperatures. The experimental analysis of a R717/R744 cascade system for supermarket refrigeration applications
has been presented by Sawalha [4]. The R744 refrigerant used to cool-down the LT and MT where a DX and flooded
coil were used respectively. Sawalha concluded that the performance for the R717/R744 cascade solution was 50 to
60 % higher than that of a direct R404A system installed in the same laboratory environment. In most of published
works, the analysis involved only cascade refrigeration systems where the low stage circuit fed only low temperature
evaporators [5, 6, 7, 8].

This paper compares three different natural refrigerants based system configurations in terms of cooling
performance, total equivalent warming impact per year and annual power consumption. The systems selected in this
study include the R717/R744 cascade system configuration, a typical R744 booster configuration and a R744 parallel-
compressor booster refrigeration system. First and second law thermodynamic analysis has been previously discussed
in Part 1 of this work. The weather conditions of London, UK and Larnaca, Cyprus, were used for the modelling of
energy consumption and environmental impacts to represent moderate and warm climatic conditions respectively.
Continuing from the previous work, the simulation models of the proposed refrigeration systems will be used to
investigate different sizes of food retail applications including supermarket and convenience store with different
cooling loads.
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2. Description of the systems
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The R717/744 cascade refrigeration system consists mainly of two loops: the upper-side loop fed with R717 and a
lower-side loop with R744 as working fluid. Both sides are exchanging heat through the cascade heat exchanger,
which operates as an evaporator for the R717 side and condenser for the R744 side. The cascade system solution
guarantees a subcritical operation all year round for the R744 system and higher performance when this is used in
warm climate applications. Additionally, the high-pressure R744 expansion valve is no longer required due to the low
condensation temperature of the R744. The upper-side loop consists of an R717 screw compressor, an air-cooled
condenser, an expansion valve, and the upper side of the cascade heat exchanger (evaporator). The R744 low-side
consists of a liquid receiver, and direct expansion (DX) medium temperature (MT) and low temperature (LT)
evaporators. Double stage compression is employed to serve both LT and MT loads of the system. A heat exchanger
(HX) is used for sub-cooling the R744 flow before entering the LT expansion valve and to ensure superheated vapour

at the suction line of the low-pressure compressor.
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Fig. 1. Schematic diagram of (a) Cascade System, (b) Parallel-Compressor Booster System, and (c) Booster System.

The diagram of a R744 parallel-compressor booster refrigeration system is presented in Fig. 1b. As in the previous
system, the parallel-compressor booster system can also operate in both subcritical and trans-critical modes depending
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on the ambient temperature. Fig. 1b shows that the main difference of this present system with respect to the typical
booster system, Fig 1c, is the use of a by-pass compressor instead of the by-pass valve. In this case, the discharge of
the compressor is located at the mix point 2 where the refrigerant mixes with the flow coming from the HP compressor.

For this configuration, the pressure is also controlled by the HP expansion valve and the variable speed fan of the
gas cooler/condenser. The refrigerant from the LT evaporator outlet is drawn into the first stage low-stage compressor
suction line. The discharge from the LP compressor mixes with the outlet of the MT evaporator, point 1.

Before the mixed refrigerant enters the suction line of the high-temperature stage compressors and compressed to
gas cooler/condenser pressure, it is mixed with the gas by-pass refrigerant from the R744 liquid receiver. At that stage,
the pressure is controlled by the HP expansion valve and the variable speed fan of the gas cooler/condenser. The most
common disadvantage of this system is the reduction of COP due to the higher quantities of flash gas by-pass and the
higher pressures, which lead to higher electrical power consumptions. Figure 1c illustrates a typical booster
refrigeration system to serve both MT and LT by implementing a double stage compression between low-to-medium
and medium-to-high pressure levels. The system has previously presented by Tsamos et al [9].

3. Thermodynamic Models

In order to assess the performance of the three selected systems data from a typical European supermarket and
typical convenience store were used. For the case of the supermarket the refrigeration capacity was assumed to be 100
kW MT and 25 kW LT. The power consumption of the MT and LT evaporator fans, lights and defrost were set to 14
kW, while the condenser or gas cooler fan power consumption was set to 5 kW. The convenience store cooling
capacity was assumed equal to 25 kW and 5 kW of MT and LT respectively. For this study the MT and LT evaporator
fans, lights and defrost were set to 4.5 kW, while the condenser or gas cooler fan power consumption was set to 1.5
kW.

The MT evaporating temperature was assumed to be -10 °C and for the case of LT application equal to -32 °C. For
both temperature levels superheating at the outlet of the evaporators assumed 7 K. For the proposed cascade
R717/R744 configuration the temperature difference across the cascade heat exchanger is 5 K. The LT heat exchanger
effectiveness is 0.4.

In the case of cascade configuration, the global efficiency of the R717 compressor was estimated employing
correlation (5) as presented by Lee et al. [10]. For the low side of the cascade system and all R744 configurations the
global compressor efficiency was calculated by using correlation (6) as presented by Lee et al. [10]. The control
strategies for the high pressure side, including pressure control of the condenser/gas cooler for all only CO;
configurations were derived from experimental test results as well as the transition temperature between subcritical
and transcritical operation [9].

In addition, all valves in the systems were treated as isenthalpic devices in the simulations. The pressure drop across
the condenser/gas cooler and evaporators were found to be small compared to the high pressures in the system and
was not included in the simulations [11]. Each refrigeration system was simulated performing mass and energy
balances on each one of the components of the whole system.

The thermodynamic analysis of each system was conducted assuming that the refrigeration system operates under
steady-state conditions, and kinetic and potential energy through the system components are negligible.

Neomprr17 = —0.00097P,q4i0% — 0.01026P, 44, + 0.83955 0

Neomprras = —0.00476P, 4402 — 0.09238P, 44, + 0.89810 )
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4. Climate Conditions

The weather conditions for London, UK considered as moderate conditions, and Larnaca, Cyprus, considered as
warm, were used for the modelling of the three different configurations. The ambient temperature variations for these
locations were obtained from EnergyPlus software [12]. Weather files were derived from EnergyPlus weather files
converted from .epw files to .csv files. Files for both locations are IWEC (International Weather Files for Energy
Calculations) data files by ASHRAE, which are 'typical' weather files. The files are derived from up to 18 years of
hourly weather data supplemented by solar radiation estimated on an hourly basis from earth-sun geometry and hourly
weather elements, particularly cloud amount information.

— @ — London -Amb.Temp. —— Larnaca -Amb.Temp.

Temperature (°C)

Months

Fig. 2. Monthly mean temperatures for London, UK and Larnaca, Cyprus
5. Results and Discussion

Equation 3 was used to determine the COP of the three different configurations for comparison purposes. These
results are presented and discussed in ‘Part 1: Thermodynamic analysis ‘of this work.

COP = QmT+OLT

Weom HTtWecom LTYWMT, fansTWLT fanstW ¢ (3)
G fans

This part of the work is dealing with annual power consumption and total equivalent warming impact for the
proposed refrigeration systems. Two different cooling load levels were selected to represent a typical supermarket and
convenience store applications as discussed previously.

Table 1. Annual Energy Consumption, Medium supermarket application.

London — UK (MWh)

R744 Booster R744 Booster parallel-comp. R717/R744 Cascade
565 477 520
Larnaca, Cyprus (MWh)
R744 Booster R744 Booster parallel-comp R717/R744 Cascade
696 620 565

The energy consumption of the three different configurations for London and Larnaca for the case of medium
supermarket application is shown in Table 1. It can be seen that R744 booster refrigeration system with parallel-



Konstantinos M. Tsamos et al. / Energy Procedia 161 (2019) 268-274 273

compressor solution has the lowest annual energy consumption for the investigated climate condition of London. On
the other hand, in case of Larnaca with higher ambient temperatures the proposed R717/R744 cascade system shows
lower annual energy consumption compared to the all-R744 refrigeration systems.

Due to the lower cooling capacities required, the overall size of the system and other system restriction in case of
convenience store the R744 booster with parallel-compressor configuration is showing lower annual energy
consumption for both climate conditions as presented in Table 2.

Table 2. Annual Energy Consumption, Convenience store application.

London — UK (MWh)

R744 Booster R744 Booster parallel-comp. R717/R744 Cascade
130 121 154
Larnaca, Cyprus (MWh)

R744 Booster R744 Booster parallel-comp. R717/R744 Cascade
157 142 162

Table 3 illustrates the results of the TEWI calculations for the three system configurations, two climate conditions
and two different size applications. The environmental impacts of a refrigeration system can be determined as the sum
of direct and indirect GHG emissions as presented by Tsamos et al. [9]. For R717, the GWP is equal to 0 which
eliminates the direct emissions. The GWP for R744 is 1. The annual leakage rate was assumed to be 15%. The
operating lifetime of the system is 10 years. For all-R744 configurations the refrigerant charge was assumed to be 1.2
kg/kW. For low side of cascade system, the R744 refrigerant charge is 1 kg/kW. The indirect emissions factor was
taken 0.51 kgCO2/kWh for London and 0.77 kgCO,/kWh for Larnaca.

Table 3. TEWI emissions

Medium Supermarket Convenience Store
Refrigeration Systems (tones CO,) (tones CO,)
London Larnaca London Larnaca
R744 booster 2882 5358 665 1212
R744 booster parallel- 2427 4771 572 1090
comp.
R717/R744 Cascade 2650 4350 785 1245

From the energy consumption results in Tables 1 and 2, it can be seen that R744 booster with parallel-compressor
has the lowest life cycle TEWI. On the other hand, due to higher ambient temperature all year round in the case of
Larnaca the R717/R744 cascade system shows lower TEWI for the supermarket application. For the convenience store
at both ambient conditions, the R744 with parallel-compressor has the lowest TEWI emissions, arising primarily from
the lowest energy consumption.

6. Conclusions

In this paper, comparative studies of three different natural refrigerant based commercial refrigeration system
configurations are reportedd. The evaluation was carried out for moderate and warm weather conditions and varying
ambient temperatures. The weather conditions of London and Larnaca were used to represent the moderate and warm
respectively. In addition, two different cooling load levels were selected to represent a typical supermarket and
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convenience store applications in terms of cooling load requirements. The following conclusions can be drawn from
the study.

e From all three investigated system configurations, the R744 booster refrigeration system with parallel
compressor was found to have the lowest annual energy consumption in the case of London for medium
supermarket application. The energy consumption reduction was found to be in the region of 8.4% and
8.6% compared to typical R744 booster and R717/R744 cascade systems respectively.

e In the case of warm climate conditions of Larnaca, the R717/R744 cascade system was found to have the
lowest annual energy consumptions over the other two systems due to transcritical operation for the
medium supermarket application. The cascade system was found to have 11.6% and 9.2% lower energy
consumption comparing to the typical R744 booster and R744 booster with parallel-compressor.

e From the alternative system configurations, the R744 booster system with parallel-compressor was found
to have the lowest energy consumption for both moderate and warm climate conditions for the case of
convenience store applications. In the case of London this system showed 16.6% and 15% less energy
consumption compared to R717/R744 cascade and typical R744 booster system respectively. In case of
the warm climate of Larnaca, this was found to be 2.7% and 10.6% respectively.
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