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Abstract: COz booster refrigeration systems have higher energy efficiency and are more environmentally friendly.
Therefore, the CO2 booster refrigeration cycle with flooded evaporators and parallel compressors (BFP), BFP with
mechanical subcooling (BFP-MSC), and BFP with evaporative cooling (BFP-EVC) are investigated for supermarkets
in this study. For the first time in the literature, these systems are analyzed to present which system performs better in
terms of energy and environmental performance for Tiirkiye. According to the results of the investigation, BFP-MSC
has a better coefficient of performance (COP) values than BFP, with up to a 16.67% increase at equivalent dry bulb
temperatures. Meanwhile, BFP-EVC has the lowest annual energy consumption (AEC) in each city, followed by BFP-
MSC and then BFP. Annual savings obtained by BFP-EVC over BFP vary between 10.81% to 25.47%. Additionally,
BFP-EVC offers more substantial savings in cities with lower humidity levels, as it was analyzed with respect to wet
bulb temperatures.

Keywords: Booster systems, COz, Energetic analysis, Environmental analysis, Supermarket refrigeration.

TURKIYE'DEKI SUPERMARKETLER ICIN YAS EVAPORATORLU VE PARALEL
KOMPRESORLU CO; BOOSTER SOGUTMA CEVRIMLERININ ENERJi VE CEVRE
ANALIZi

Ozet: CO; booster sogutma sistemleri yiiksek enerji verimliligine sahip olup gevre dostudur. Bu nedenle, bu calismada
stipermarketler icin CO: akiskanl yas evaporatorlii ve paralel kompresorlii sogutma ¢evrimi (BFP), BFP’ye mekanik
agir1 sogutma eklenen sogutma cevrimi (BFP-MSC) ve BFP’de buharlagsmali sogutma kullanilan sogutma c¢evrimi
(BFP-EVC) incelenmistir. Bu sistemler analiz edilerek enerji ve gevre performansi agisindan hangi sistemin daha iyi
performans gosterdigi literatiirde ilk kez Tirkiye'deki siipermarketler icin ortaya konulmustur. Arastirma sonuglara
gore, BFP-MSC’nin ayni kuru termometre sicakliklarinda BFP'ye gore %16.67'ye kadar daha yiiksek sogutma
performans katsayisina (COP) sahip oldugu belirlenmistir. Bunun yani sira, her sehirde BFP-EVC, en diisiik y1llik enerji
tilketimine (AEC) sahiptir, onu BFP-MSC ve ardindan BFP takip etmektedir. BFP-EVC'nin BFP'ye gore sagladif yillik
tasarruf %10.81 ile %25.47 arasinda degismektedir. Ek olarak, BFP-EVC, yas termometre sicakliklarina bagl olarak
analiz edildigi i¢in, nem oraninin diisiik oldugu sehirlerde daha yiiksek tasarruflar saglamaktadir.

Anahtar Kelimler: Booster sistemleri, CO2, Enerji analizi, Cevre analizi, Siipermarket sogutma.

NOMENCLATURE n overall compressor efficiency
1,2... refrigerant state points EVC  evaporative cooling
a recycling factor FGBV flash gas bypass valve
add additional gc gas cooler
AEC  annual energy consumption GWP  global warming potential
amb ambient h specific enthalpy (kJ/kg)
BFP  booster refrigeration cycle with flooded HS high stage

evaporators and parallel compressor [HX  internal heat exchanger
Comp compressor LS low stage
cond condenser LT low temperature
COP  coefficient of performance LVS  liquid/vapor separator
DBT  dry bulb temperature m mass flow rate (kg/s)
EES  engineering equation solver MSC  mechanical subcooling
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MT medium temperature

n total operation time (years)

P pressure (kPa)

PAR  parallel compressor

Q cooling capacity, heat rejection (kW)
R ratio

RC regional electricity conversion factor
SC sub cooler

T temperature (°C)

W energy consumption (kW)

WBT  wet bulb temperature

X quality

INTRODUCTION

The use of CO2 as a refrigerant in supermarket
refrigeration systems attracts attention with its
thermophysical properties and nature-friendly behavior
(Gullo et al., 2018). However, COz refrigeration systems
have some difficulties such as higher equipment costs
because of CO2’s high working pressures (Goetzler et al.,
2014) and critical temperature of CO2 which is 30.98 °C
causing CO: systems to operate transcritical (heat
rejection at supercritical zone). In the literature review,
there are studies dealing with the use and improvement
of COz refrigeration systems both theoretically (Ersoy
and Bilir, 2012; Ge et al., 2015; Gullo and Hafner, 2017;
Mylona et al., 2017; Sarkar and Agrawal, 2010; Sawalha,
2008a, 2008b) and experimentally (Chesi et al., 2014;
Fricke et al., 2016; Fritschi et al., 2017; Llopis, Sanz-
Kock, et al., 2015; Nebot-Andrés et al., 2021). Alongside
these studies focusing on the improvement of the
systems, there are also city-based studies (Cui et al.,
2020; Gullo et al., 2016; Isik, 2022; Karampour and
Sawalha, 2018; Lata et al., 2021; Mitsopoulos et al.,
2019; Sooben et al., 2019; Tsamos et al., 2017) to show
the outcomes when they are used in supermarkets in daily
operations.

The literature on COx transcritical refrigeration systems
encompasses a wide range of studies aimed at both
understanding the key parameters influencing their
performance and enhancing their overall efficiency.
While some researchers have delved into understanding
the aspects of these systems, others have focused on
innovations to improve their functionality. Notably,
modifications to the classical one-evaporator cycle have
been explored, including the incorporation of auxiliary
compressors, two-stage compressors, and internal heat
exchangers. Additionally, researchers have examined the
expansion process, exploring alternatives such as ejectors
(Atmaca et al., 2018) or turbines (Bayrakgei et al., 2014).
For instance, Bayrakgi et al. (2014) demonstrated that the
utilization of a turbine can lead to a remarkable 10%
increase in performance. However, a unique challenge
arises in the context of supermarket refrigeration
systems, where the need for two evaporator stages,
catering to both fresh and frozen food sections,
necessitates innovative solutions to adapt CO2
refrigeration systems for optimal use in this specific
application. This ongoing research strives to address the
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complex demands of supermarket refrigeration while
maximizing the benefits of CO: transcritical technology.
According to studies in the literature, booster
refrigeration systems come to the fore as they can meet
the two temperature levels (low temperature and medium
temperature) refrigeration needs of supermarkets in one
single cycle with higher efficiency than traditional
systems (European Commission, 2008; Mylona et al.,
2017). Moreover, booster systems have lower annual
energy consumption (AEC) when compared to R404A
systems (Cui et al., 2020), which are frequently used in
supermarket refrigeration (ICF Incorporated, 2020). This
outcome has been presented in the literature by city-
based studies by annual performance metrics for various
climatic conditions. Several studies have highlighted the
advantages of booster refrigeration systems over
traditional R404A systems in terms of energy
consumption. Mitsopoulos et al. (2019) have conducted
research in Athens and found that some types of booster
systems consumed less energy annually. Similarly, Gullo
etal.'s (2016) study in cities like Valencia and Seville has
yielded similar results, further emphasizing the
superiority of booster systems in reducing energy
consumption. Cui et al.'s (2020) examination of these
refrigeration systems in five Chinese cities has revealed
that energy savings were primarily observed in the
coldest city, suggesting that booster systems may require
further enhancements to optimize performance in warmer
climates. These findings underscore the need for
continued research and development to adapt booster
systems for a wider range of environmental conditions.

The use of flooded evaporators has been presented in the
literature as a method that increases energy savings for
warmer climates. In the study of Karampour and Sawalha
(2018), approximately 12% annual energy savings have
been shown when both cooling level evaporators are
flooded for Barcelona and Stockholm. Up to 155.1 MWh
energy savings have been demonstrated for Indian
context (Lata et al., 2021) and more than 10% annual
energy efficiency ratio improvement over standard COz
booster refrigeration system have been shown for China
by using flooded evaporators (Cui et al., 2020).

There are also studies considering the use of parallel
compressors (Amaris et al., 2019; Caliskan and Ersoy,
2022; Dai et al., 2022), which is a step towards reducing
the power consumed by the high-pressure compressor in
booster refrigeration cycles. Besides Sacasas et al.'s
(2022) study for Chile has shown that CO2 booster
systems with parallel compressors consume less energy
than standard booster systems, similar results have been
revealed for New Delhi, Seville, Phoenix, and Teheran
(Purohit et al., 2017). Energy savings have also been
obtained in Athens, London (Tsamos et al., 2017) and
Chinese cities (Sun et al., 2020) with CO2 booster
systems with parallel compressor. Furthermore, the best
annual energy efficiency ratios have been obtained for
the CO2 booster refrigeration cycle with flooded
evaporators and parallel compressor (BFP) for all 5 cities
considered in the study of Cui et al. (2020). Accordingly,
the most energy savings have been achieved with the



BFP in Stockholm and Barcelona (Karampour and
Sawalha, 2018) and 12 cities of Tiirkiye (Isik, 2022; Is1k
and Bilir Sag, 2023). Although only medium temperature
evaporator is flooded, the BFP has presented the lowest
AEC for Rome, Valencia, and Seville (Gullo et al., 2016).

The application of mechanical subcooling as a
modification to the booster systems has also been
exhibited as advantageous in the literature. While Cui et
al. (2020) have presented mechanical subcooling
increases annual energy efficiency ratios for Chinese
example, annual energy savings of 3% for Stockholm and
7.5% for Barcelona have been provided by mechanical
subcooling in the standard CO: booster cycle
(Karampour and Sawalha, 2018). In these two studies,
the mechanical subcooling cycle used R290 as a
refrigerant. In the study of Llopis et al. (2015) for one
stage CO: refrigeration cycles, COP improvement
percentages have shown almost the same according to
different subcooling cycle refrigerants such as R290,
R1270,R1234yf, R161, R512a, and R134a. To get rid of
the negative effects of high ambient temperatures, an
advantage can be provided for refrigeration systems by
evaporative cooling (Lata and Gupta, 2020; Sooben et al.,
2019). These systems are based on the evaporation of
water to reduce the temperature of air, where the gas
cooler/condenser releases heat. In the study of Lata et al.
(2021), it has been shown that annual energy savings are
achieved in the range of 120.2 MWh - 238.6 MWh for
the standard COz booster cycle with evaporative cooling,
and in the range of 103.2 MWh - 205.9 MWh when
evaporative cooling has been performed in the CO:
booster refrigeration cycle with flooded evaporators.

According to recent studies, CO2 booster systems are an
energy-efficient and eco-friendly beneficial option,
particularly for usage in supermarket refrigeration. This
is especially significant in countries with many
supermarkets, such as Tiirkiye. Tiirkiye is also dedicated
to reducing COz emissions in the future, emphasizing the
importance of COz booster systems. Additionally, due to
the diverse climates of Tiirkiye's cities, it is essential to
investigate COz booster systems and their environmental
effects in a variety of outdoor conditions. Therefore,
three systems have been investigated in this study for the
first time in the open literature, to the best of the authors'
knowledge: the CO: booster refrigeration cycle with
flooded evaporators and parallel compressors (BFP), the
BFP with mechanical subcooling (BFP-MSC), and the
BFP with evaporative cooling (BFP-EVC). The aim is to
determine which of these systems performs better in
terms of both energy efficiency and environmental effect
across nine Tiirkiye cities.

CO2 BOOSTER REFRIGERATION CYCLE WITH
FLOODED EVAPORATORS AND PARALLEL
COMPRESSOR

The schematic diagrams of systems examined in this
study are given in this section with their P-h diagrams.
The basis system in this study is the CO: booster
refrigeration cycle with flooded evaporators and parallel
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compressor (BFP) shown in Fig. 1. BFP was chosen as
the main system as it has previously been shown the most
energy saving system for supermarkets of Tiirkiye when
compared to Dbooster systems without flooded
evaporators or parallel compressor (Isik and Bilir Sag,
2023). The other two systems have modifications on that
BFP basis.
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Fig. 1. The schematic (a) and P-h diagram (b) of the BFP.
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In the BFP, CO; entering the gas cooler (condenser when
it is a subcritical operation) rejects heat to the
environment between points 5 and 6. The refrigerant is
then throttled at the expansion valve (EV). The
refrigerant, whose pressure and temperature are reduced,
is divided as saturated liquid and saturated vapor at
liquid-vapor separator (LVS). The saturated vapor of the
separated refrigerant enters the flash gas bypass valve
(FGBYV) at point 8, while the saturated liquid proceeds to
the internal heat exchangers (IHX) before the medium
temperature (MT) and low temperature (LT) evaporators.
In IHX 2, heat is transferred from saturated liquid CO2 to
saturated mixture CO2 coming from MT evaporator.
Similarly, in IHX 2, CO2 coming from LT evaporator
takes heat from compressed liquid CO: on the other side



of the heat exchanger. As a result, the quality of
refrigerant entering the evaporators is decreased while
the superheated vapor state of refrigerant is provided for
compressors to operate appropriately.

The refrigerant taking heat from the frozen food cabinet
between points 16 and 17 leaves the IHX 1 as
superheated vapor at state 1 and is compressed in the low
stage compressor (Compts) to state 2. On the other hand,
the fresh food cabinet is cooled by MT evaporator where
refrigerant leaves the evaporator at state 14. It exits IHX
1 as state 11 and reaches state 3 by mixing with the
refrigerant at state 2. The refrigerant at point 3 and the
refrigerant exiting the FGBV at point 9 mix and enter the
high stage compressor (Compss) in the state point 4 to be
compressed. Finally, the refrigerant enters the gas cooler,
and the cycle continues.

When the parallel compressor is active, the refrigerant
from the LVS does not enter the FGBV and is
compressed in the parallel compressor (Comppar). In this
case, the CO2 at state 3 enters Compus directly. The
refrigerant comes out of the Compns and Comppar mix
and enters the gas cooler to complete the cycle.

In this system, LVS and the use of FGBV equipment
between points 8-9 are providing refrigerant to enter the
evaporators with a high saturated liquid ratio and flooded
evaporators provide lower quality and more wet surface
for evaporators. Also, Comppar reduces the work done
by Compess.

Mechanical subcooling (MSC) and evaporative cooling
(EVC) are the selected modifications to improve the BFP
system. The schematic diagram and P-h diagram of BFP-
MSC are demonstrated in Fig. 2 while Fig. 3 shows BFP-
EVC’s diagrams.

The integration of a mechanical subcooling cycle,
positioned at the outlet of the gas cooler/condenser, plays
a pivotal role in enhancing the performance of this
refrigeration system. This innovative addition effectively
reduces the quality of the refrigerant entering the liquid-
vapor separator (LVS) by the transfer of heat from CO2
to R290 in the subcooler (SC). Consequently, this
reduction in refrigerant quality leads to decreased vapor
mass flow rates at LVS and a subsequent reduction in the
work done by the compressors. This improvement is
crucial for achieving energy savings and enhancing the
performance of the refrigeration system.

In the BFP-EVC system, a key strategy for reducing the
temperature of the air involves employing evaporative
cooling until it reaches the wet bulb temperature. This
approach yields a significant advantage as the wet bulb
temperature consistently registers lower values than the
dry bulb temperature. Consequently, the BFP-EVC
system exhibits lower power consumption compared to
the BFP system operating at the same dry bulb
temperature. Lower operating temperatures provide

lower inlet quality for LVS, leading to a reduction in the
mass flow rates within the system.
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Fig. 2. a) Schematic diagram and b) P-h diagram of BFP-MSC.

MATHEMATICAL MODELING
Energy Analysis Model

For energy analysis, cities with different climates from
different geographical regions of Tiirkiye are selected
and the annual energy consumption (AEC) results of the
systems in question are examined.

Ambient temperatures are divided as Subcritical 1,
Subcritical 2, Transition, and Transcritical operating
zones (Table 1) (Cui et al., 2020; Mitsopoulos et al.,
2019). While subcritical operation occurs with saturation
conditions, gas cooler pressure at transcritical operation
zone has an optimum value (Kauf, 1999; Liao et al.,
2000; Ozgiir et al., 2009) calculated by the Engineering
Equation Solver (EES). Values for Transition zone are
assumed to have a linear change between Subcritical 2
and Transcritical zones.



The cooling capacity of the low temperature (LT)
evaporator for frozen foods is taken as 35 kW
(Karampour and Sawalha, 2018) at -32 °C evaporator
temperature, (Gullo et al., 2016) while the cooling
capacity of the medium temperature (MT) evaporator to
be used in the preservation of fresh foods is taken as 165
kW at -7 °C evaporator temperature (Cui et al., 2020) as
this load is the average for Tiirkiye (Isik, 2022).
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Fig. 3. a) Schematic diagram and b) P-h diagram of BFP-EV

In the CO2 booster refrigeration cycle with flooded
evaporators, parallel compressor and mechanical
subcooling (BFP-MSC), the temperature of the CO:
leaving the gas cooler is reduced by the mechanical
subcooling cycle. In this way, COz releases heat, and the
quality of the refrigerant entering the liquid vapor
separator (LVS) is reduced. The activation of the parallel
compressor starts when the ambient temperature is 14°C
due to getting enough vapor for the auxiliary compressor
(Mitsopoulos et al., 2019). The mechanical subcooling
starts at the ambient temperature of 19°C (Cui et al.,
2020). As a result of the reduction in quality of the
refrigerant entering the LVS with subcooling, the parallel
compressor goes out of its proper operating range and
shuts down. Then it is activated again at 29 °C ambient
temperature and operates together with mechanical
subcooling as given in Table 2.

The assumptions done for the mathematical model are as

follows:

e Heat losses and pressure drops in the heat
exchangers and pipes are neglected.

e [t is assumed that all expansion valves perform
isenthalpic processes.

e The CO: flooded evaporator outlet vapor quality is
accepted as 0.95 (Cui et al., 2020).

e Intermediate pressure is assumed to be 3500 kPa
(Cui et al., 2020; Gullo et al., 2016; Tsamos et al.,
2017).

o [HX effectiveness is taken 0.65 (Cui et al., 2020).

e R290 evaporator temperature is 10 °C with 10 °C
superheat (Cui et al., 2020).

e R290 condenser temperature is 10 °C higher than the
ambient temperature (Cui et al., 2020).

e Evaporative cooling occurs until saturation (ambient
temperatures assumed as wet bulb
temperatures)(Lata and Gupta, 2020).

e  Additional work (W, 44)(fans etc.) is assumed 3% of
the heat rejected from gas cooler/condenser (Cui et
al., 2020).

Table 1. Pressure and temperature values due to ambient temperature operating zones.

Operating Zones Ambiento Temperature Gas coolero outlet/condenser Gas cooler /condenser
Ranges (°C) temperature (°C) pressure (kPa)

Subcritical 1(Cui et al., 2020) Tamb <2 10 Psu@10 °C

Subcritical 2(Cui et al., 2020) 2 < Tamm <14 Tamb + 8 Psat@Teond

Transition 14 < Tamb <28 0.642 Tamy + 13.007 98.283 Tamb + 4627.03

Transcritical 28 < Tamb Tamb + 3 optimized

Table 2. Activation temperatures of parallel compressor and mechanical subcooling for systems.

Mechanical  Reference

Subcooling

) (Mitsopoulos
etal., 2019)
(Cui et al,

19 < Tamb 2020)

Svstems Parallel
Y Compressor
BFP 14 < Tamb

14 < Tamv <18
BFP-MSC 59 < Tum
BFP-EVC 14 < Tamb

(Mitsopoulos
etal., 2019)




After determining all operating zones, operating
conditions, and assumptions, COP and power
consumption values are calculated as the following
procedure explained below.

Conservation of mass and energy laws are applied at all
calculations. Mass flow rates are determined as given
below for LVS for all systems considered in this study:

Mg = m;X; (D
my, = m,(1—-x;) (@)
m; = mg + My, (€))

Heat exchanger energy balances are calculated by Eqn.
(4) and Eqn. (5).

My (hyo —hyp) = my3(hyy —hyy) “
hy, —h;s =h; —hy; )
Energy balances at mixing points are presented as:

mzh; = m,h, + m;;hyy 6)
m,h, = mzh; + mgh, @)
tg hg, = shs + 1, hs, ®

In MSC cycle, the heat rejected by COz is absorbed by
R290 refrigerant within the subcooler. Energy balance of
this process is given by Eqn. (10). The COz is subcooled
10 °C after the gas cooler/condenser before entering LVS
(Cui et al., 2020).

rhlB(h18 - h21) = msr(hs - h7,) (10)

MT and LT evaporator loads are calculated by the
following equations.

an
(12)

QLT =1yg * (hy; —hye)
QMT =1y3 * (hyy —hy3)

The heat rejected from CO: gas cooler/condenser is
calculated with Eqn. (13).

Qgc/cond = g, * (he, — hg) 13)
Power consumption value of low stage compressor is
calculated as given in Eqn. (14) as its overall efficiency
is calculated by Eqn. (15) related with compression ratio.

All overall efficiency correlations are taken from the
study of Cui et al.(2020).

. _ rh1*(h2,s—h1)
WCompLs -

(14)

NcCompy,g

Ncompys = —0-0111R% ;s + 0.0793Rp ;5 + 0.8030 (15)
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Similar to low stage, high stage compressor and parallel
compressor’s power consumptions are obtained as
follows:

_ mgx(hss—hy)

WCompHs - NCompys (16)
Ncompys = —0-01R3 s + 0.0468Rp s + 0.6134 (17)
. rhs/*(h ! _h8)

Weomppar = 5o (18)

NCompppar
Ncomppag = —0-0102R3 pag + 0.0571Rp pag + 0.5987 (19)

Additionally, in the BFP-MSC, one more compressor

consumes power (Eqn. (20,21)) in mechanical
subcooling cycle.
; myg*(h19s—hqg)
W, =8 19s 8 20
CompRragp NCompRraso ( )
NComprago = —0.0866R12)_R290 + 0.4521Rpry9o + 0.0854 21

Finally, COP value is calculated by Eqn. (22). When

there is no mechanical subcooling, Weompg,o
diminishes.
COP = — QumT+QLT (22)

WCompLS +WCompHS +WComppAR+WCompRzgo +Wadd

Bin hour indicates the time spent at an ambient
temperature for the period of consideration. Since hourly
temperature data are obtained from the Turkish State
Meteorological Service (2021) for the selected cities in
the period of 2016-2020 for 5 years, bin hour values are
divided by five. An annual average of the bin-hour data
set is generated for dry bulb temperatures (DBT) (Fig. 4)
and wet bulb temperatures (WBT) (Fig. 5). As can be
seen from Fig. 4, Erzurum is the city with the lowest DBT
while Mersin and Antalya attract attention with
temperatures that do not fall into negative values.
Diyarbakir, which has a significant amount of time at the
highest temperatures, can also have values around -10 °C.
In Istanbul and Samsun, on the other hand, it is seen that
the hot and cold extreme points do not take long times in
a year, but middle temperatures cover significant amount
oftime. In Fig. 5, itis seen that the cities with the highest
WBT are the ones with high humidity such as Mersin,
Antalya, [zmir, Samsun, and Istanbul. Diyarbakir, which
has very high DBT bin-hour data, has much lower WBT
values due to the dry air of the city. As a result of dry air,
Erzurum, Ankara, and Konya also spend longer times in
lower WBT than other cities.

According to the bin-hour data, the amount of the time
spent at the cities in four operating zones in a year are
given in Fig. 6. In each city, the periods spent in
subcritical regions are longer at WBT than DBT.
Transcritical operating time according to WBT is only
0.16% in Antalya and 0.02% in Mersin. However, in
other cities, WBT are lower than 28 °C which is the first
operating point for Transcritical zone.



Environmental Analysis Model

Countries have targets to reduce CO: equivalent
emissions due to international regulations (Goetzler et
al., 2014). The emission values of the systems discussed
in this paper should also be calculated to provide an
overview to overcome the responsibilities of regulations,
which Tiirkiye is also under obligation (Republic of
Tirkiye Ministry of Environment Urbanization and
Climate Change, 2022).

Refrigeration systems contribute to these emissions
directly due to leaks in the installation and indirectly
through electricity consumption. The direct contribution
depends on the total amount of refrigerant (Mcharge), the
recycling factor (@), the leaks (Mieakage), and the global
warming potential (GWP) of the fluid. Indirect
contribution is calculated by annual energy consumption

(AEC), regional electricity conversion factor (RC) and
total operation time (n). The values used in Eqn. (23,24)
are given in Table 3.

Direct Contribution = (Mleakagen + Mcharge(1 — a)) GWP (23)

Indirect contribution = RC * AEC * n 24)

Table 3. Parameter values in environmental analysis (Cui et al.,

2020).
Parameter Value
Mcharge R290 (kg/kW) 2
Mcharge CO, (kg/kW) LT:3; MT:3
a 0.95
RC (kg CO/kWh) 0.997
GWP CO, 1
GWP R290 3
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Fig. 7. Flow chart of analysis steps.

The flow chart of analyses is given in Fig. 7. Ambient
temperatures at the flow chart should be considered as
WBT for the BFP-EVC and DBT for others.

RESULTS AND DISCUSSION

The energy and emission analysis results of the systems
whose analysis steps and assumptions are defined before
are given in this section. The COP and power
consumption values of the systems in question are
compared and the city-oriented energy consumption
values on an annual basis are presented.

Model Validation

The COP values obtained by the Engineering Equation
Solver (EES) for the BFP (main system in the present
study) were compared with the COP values extracted
from the study of Cui et al. (2020) for the same system.
Validation model was categorized into four distinct
operating zones (the transcritical zone, transition zone,
and two subcritical zones). Gas cooler/condenser outlet
temperature and pressure values were determined
according to the descriptions given in the reference paper
(Cui et al., 2020).

In this validation model, the low-temperature (LT) load
remained constant at 40 kW, while the medium-
temperature (MT) load varies with ambient temperature.
At 10°C, the MT load is 100 kW, and it linearly increases
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to 130 kW as the ambient temperature rises to 20°C.
Beyond that, when the ambient temperature reaches
40°C, the MT load reaches its peak at 250 kW.
Furthermore, LT evaporator temperature of -27°C and
MT evaporator temperature of -7°C were kept fixed
throughout validation. The activation of the parallel
compressor occurred at 15°C ambient temperature which
is a crucial parameter in the system's operation.
Additionally, intermediate pressure of 3500 kPa, heat
exchanger effectiveness of 0.65, and evaporator outlet
quality of 0.95 were applied in validation analysis due to
the assumptions of the reference paper. In this paper, the
same three parameters were employed as those utilized in
the reference paper chosen for validation. The average
difference in COP values between the present study and
the reference study was determined to be 2.33%.
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Fig. 8. COP comparison between the EES model and the study
of Cui et al.(2020).



Energy Analysis Results

It has been mentioned in Energy Analysis Model section
that there is an optimum gas cooler pressure value that
maximizes the COP value above the critical point for CO2
refrigeration cycles. The change of gas cooler pressure
and COP value for different ambient temperatures of CO2
booster refrigeration cycles is demonstrated in Fig. 9. A
peak point on lines where COP is maximum for a specific
gas cooler pressure demonstrates the optimum gas cooler
pressure fact. In this study, all gas cooler pressures were
optimized for each ambient temperature considered.

Within the scope of this study, there were no WBT values
over 29°C available for selected Turkish cities. So, only
BFP and BFP-MSC systems’ COP values with respect to
gas cooler pressure is presented in Fig. 9.

Fig. 10 provides valuable insights into the optimum gas
cooler pressure values concerning ambient temperatures.
One noteworthy observation from the data is that the
optimum gas cooler pressures for the BFP consistently
exceed those of the BFP-MSC across all ambient
temperature conditions. It's important to note that higher
gas cooler pressures can lead to increased energy
consumption on compressors. This demonstrates that the
utilization of mechanical subcooling enhances the
performance of the BFP system. According to the
meteorological data, the BFP-EVC system operates
transcritical only at temperatures of 28 and 29 °C.
Consequently, the optimum gas cooler pressure for this
specific operating range is not shown in Fig. 10.
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Fig. 11 provides a representation of the distinct sections
observed in mass flow rates, and these variations can be
attributed to mechanical subcooling and the operation of
parallel compressors, as indicated in Table 2. Once the
parallel compressor comes into action, the HS
compressor's mass flow rate is decreased to a specific
value and stays constant. This reduces the work done by
the HS compressor, thereby reducing total energy
consumption. It becomes evident that any increase in
energy consumption is primarily attributed to the
influence and operation of the parallel compressor in the
BFP at ambient temperatures over 14 °C. This situation is
also the same for the BFP-EVC for wet bulb temperatures
over 14 °C. Since the BFP and the BFP-EVC have equal
mass flow rates with respect to ambient temperatures, the
BFP-EVC’s values were not displayed in Fig. 11 to
simplify the plot. However, the ambient temperatures
become wet bulb temperatures when the BFP-EVC is the
system under consideration. Additionally, the mass flow
rates of the LS compressor were not shown on Fig. 11
because they were constant at 0.1295 kg/s for each
system under all ambient conditions.

Mass flow rates of parallel compressors are equal for
BFP and BFP-MSC at 14 °C - 19 °C ambient temperature
range. Above 19 °C, parallel compressor of BFP-MSC is
turned off until 29 °C due to the operation of mechanical
subcooling. Over 29 °C ambient temperatures, mass flow
rates of parallel compressors increase with respect to
ambient temperature. Additionally, BFP-MSC’s parallel
compressor mass flow rate is lower than BFP’s parallel
compressor at all ambient temperatures above 29 °C. The
reason of it is the mechanical subcooling which reduces
the quality of the refrigerant separated at LVS. Moreover,
HS compressor’s mass flow rate of BFP and BFP-MSC
are equal except 19 °C - 29 °C ambient temperature range.
In this temperature period, BFP-MSC system’s parallel
compressor is deactivated as it was previously
mentioned. As a result, all the refrigerant is compressed
at HS compressor at that period in BFP-MSC.

BFP HS Compressor

BFP Parallel Compressor
BFP-MSC HS Compressor
BFP-MSC Parallel Compressor

E]
L
a
> o

Mass flow rate (kg/s)

AA‘AA

0 5 10 15 20 25 30 35
Ambient Temperature (°C)

40 45 50

Fig. 11. Mass flow rates of HS Compressor and Parallel
Compressor with respect to ambient temperature.

The variation of COP and power consumption according
to the ambient temperatures for each cycle is given in Fig.
12. The performance of refrigeration systems is
influenced by ambient temperature conditions. Research
has consistently shown that the highest COP values are
attained when the ambient temperature is at its lowest. In
fact, under such conditions, the COP can reach



approximately 5. This emphasizes the efficiency of these
systems when operating in colder climates. Conversely,
as the ambient temperature rises, COP values exhibit a
significant decline. At approximately 45 °C ambient
temperature, the COP drops to around 1. These results
align with the expected trends observed in the existing
literature (Mitsopoulos et al., 2019). This inverse
relationship between COP and ambient temperature
highlights the critical importance of considering
environmental factors in the design and operation of
refrigeration systems, as well as the challenges of
maintaining efficiency in warmer climates.

Since the parallel compressor is first activated at the
ambient temperature of 14 °C, the COP of all systems are
same below 14 °C. The COP value of the CO2 booster
refrigeration system with flooded evaporators and
parallel compressor (BFP) are up to 14.29% lower than
the BFP with mechanical subcooling (BFP-MSC) at
temperatures above 19 °C. When examining the COP and
power consumption values of the BFP with evaporative

cooling (BFP-EVC) in Fig. 12, it should be noted that the
temperature values for this system are the wet bulb
temperatures (WBT). The highest WBT value is 29 °C for
investigated cities according to the meteorological data.

According to the annual energy consumption (AEC)
results shown in Fig. 13, the BFP-EVC has the lowest
values in each city. It has energy savings over the BFP-
MSC between 8.02%-20.89%, over the BFP between
10.81%-25.47% annually. Although energy savings are
achieved with the BFP-MSC compared to the BFP, this
gain remained between 1.78% and 5.79%. The higher
energy savings occur for the BFP-EVC because it does
not operate in the transcritical region (Fig. 6). The warm
cities behave like a colder city due to evaporative cooling
meanwhile further savings has emerged in cities with
already lower dry bulb temperatures (DBT).
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Fig. 12. COP and power consumption values with respect to ambient temperatures for systems included in this study.

When comparing results by cities, each system has the
highest AEC in Mersin. Antalya, which has a similar
climate to Mersin, has the second most AEC for all
systems, while Izmir comes third after them. In Istanbul,
Tiirkiye’s most populated city, AEC values are 610.86
MWh for the BFP, 589.04 MWh for the BFP-MSC, and
541.01 MWh for the BFP-EVC. The lowest AEC is
calculated in Erzurum.

Although the BFP-EVC is the system that consumes the
least annual energy among all systems, the saving rate it
provides compared to other systems differs a lot
according to the cities. As seen in Fig. 14, the highest rate
of savings is achieved in Diyarbakir with 25.47% and
20.89% according to the BFP and the BFP-MSC,
respectively. Diyarbakir has high AEC values in systems
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without evaporative cooling with its high DBT.
However, the humidity of this city is also low (Turkish
State Meteorological Service, 2022). In this way,
Diyarbakir stands out as a place where the difference
between DBT and WBT is higher compared to other
cities. This leads Diyarbakir to have 35.84-65.46 MWh
more AEC than Samsun and Istanbul for the systems
operating at DBT but 38.83-46.65 MWh lower AEC for
the BFP-EVC with WBT. These results mirror those
found in a study conducted in India (Lata and Gupta,
2020). The advantages of evaporative cooling are less
pronounced in highly humid cities, with Ahmedabad
showing a greater energy reduction compared to Chennai
when employing evaporative cooling (Lata and Gupta,
2020).
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Diyarbakir also has higher saving ratio with evaporative
cooling in comparison to the Mediterranean cities
Mersin, Antalya, and izmir which have more humid air
than Diyarbakir’s. In Fig. 15, Mersin and Diyarbakir’s
monthly average temperature and COP values are
exhibited. While Mersin’s difference between DBT and
WBT is similar throughout a year, this gap in Diyarbakir
is increasing dramatically in summer. COP values for
Diyarbakir’s WBT are always higher than Mersin’s. On
the contrary, COP values for DBT are lower in
Diyarbakir in June, July, and August.

Similarly, between Konya and Samsun, there is the AEC
difference of 19.07 MWh for the BFP and 21.49 MWh
for the BFP-MSC. However, the AEC difference for the
BFP-EVC system is 73.21 MWh. This is because
Samsun, located on the Black Sea coast, is a more humid
city compared to Konya (Turkish State Meteorological
Service, 2022) The difference between these two cities is
also seen in Fig. 16 showing the annual duration of the
COP values. Although it is clear in Fig. 16 that the WBT
provides higher COP values for the BFP-EVC than other
systems, it seems to have a similar time distribution
pattern to the systems analyzed for DBT in Samsun. In
Konya, it is seen in Fig. 16, the BFP-EVC not only has
higher COP values compared to the other two systems,
but also spends much more time at these COP values. A
vertical line in both graphs occur since the COP value
reaches its maximum and remains constant below 2°C.
Konya’s total bin-hour of maximum COP is also higher
than Samsun’s.
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Emission Analysis Results

Total equivalent CO2 emission values of the investigated
refrigeration systems are given in Fig. 17 for each city for
5 years due to the emission reduction targets of Tiirkiye
between 2024 and 2029 (Republic of Tiirkiye Ministry of
Environment Urbanization and Climate Change, 2022).
According to the analysis results, the BFP-EVC has
fewer emissions than the BFP between 322.13 tons and
842.05 tons for 5 years of operation time.
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Fig. 17. CO; emission amounts of each refrigeration system by the city for 5 years.

COz is used in all systems but only R290 is used in the
mechanical subcooling cycle. Both these fluids have low
global warming potential (GWP) values (Table 3). For
this reason, the direct contribution of all refrigeration
systems included in this study to the emission have a low
share in the total (0.024%-0.033%).

As a result, the amount of emissions obtained is directly
proportional to the annual energy consumptions (Fig.
13). So, the BFP-EVC’s emission reduction ratios in
comparison to the BFP are higher in low humidity cities
as expected. These findings closely resemble those from
a study conducted in China. In that study, cities with
lower energy consumption also exhibited lower total
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equivalent CO2 emissions, reinforcing the relationship
between energy efficiency and emissions reduction (Cui
et al., 2020).

CONCLUSION

Energetic and environmental analyses of the CO2 booster
refrigeration cycle with the flooded evaporators and
parallel compressor (BFP), the COz booster refrigeration
system with the flooded evaporators, parallel compressor
and mechanical subcooling (BFP-MSC) and the COz
booster refrigeration system with the flooded
evaporators, parallel compressor and evaporative cooling



(BFP-EVC) were performed for nine cities in Tiirkiye for
the first time in literature.

According to the results, these conclusions can be made:
e The primary factor contributing to energy savings is
the reduction in mass flow rate achieved through the
implementation of mechanical subcooling and a
parallel compressor.

COP of the CO: booster refrigeration systems
increases at low ambient temperatures.

COP of the BFP-MSC is up to 16.67% higher than
the BFP for the same dry bulb temperatures.

Annual energy consumption (AEC) of the BFP-EVC
is the lowest for each city up to 25.47%.

In comparison of AEC, the BFP-MSC and the BFP
follow the BFP-EVC in each city, respectively.
Evaporative cooling provides less energy saving
ratio in cities with higher humidity.

COz emission amounts are directly proportional to
the AEC due to the low GWP of COz and R290.
The highest AEC is obtained in Mersin and the
lowest in Erzurum for all systems.

According to the analysis results, it is recommended
for all the cities to use the BFP-EVC.
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