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Abstract: The increasing contribution of refrigeration systems to global warming has led to
widespread demand for low global warming potential (GWP) refrigerants as alternatives. This
paper proposed a comprehensive environmental assessment method for evaluating the carbon
footprint of units charged with low-GWP refrigeration. Experimental and numerical studies were
used to investigate the carbon footprint impact of using alternative refrigerants at different ambient
temperatures in China. Initially, the model was validated through experimental case studies on the
use stage of cold storage units. Subsequently, a comparison was made between the cooling
capacity (CC) and energy efficiency ratio (EER) of cold storage units charged with different
refrigerants. Additionally, the impact of alternative refrigerants in the use stage was analyzed by
numerical calculations, and the adaptability of the cold storage unit to the ambient temperature
and the national energy structure was also studied. The results indicate that among the four stages
of the cold storage unit, the use stage is the hotspot of carbon footprint due to the large amount of
energy consumption and the existence of refrigerant leakage and other behaviors. Ultilizing
low-GWP alternative refrigerants could significantly reduce the carbon footprint of the cold
storage units' use stage by 10.56% to 16.39%, thereby lowering the whole stage carbon footprint.
Furthermore, the ambient temperature and national energy structure could also effectively reduce
the carbon footprint of cold storage units' whole stage by 1% to 27.17%. Furthermore, after
adopting low GWP refrigerants, the life-cycle cost (LCC) of the units have also decreased by 6.1%
to 12%. Taking into account both environmental impact and economic considerations, it is

recommended to directly replace R404A with R448A in the units in regions where the average



ambient temperature is above 15 °C.

Key words: cold storage unit; low-GWP; R448A; carbon footprint

Acronyms

GWP Global warming potential

CC Cooling capacity

EER Energy efficiency ratio

GHG Greenhouse gas

PCMs Phase change materials
HCFCs Hydrochlorofluorocarbons
HFCs Hydrofluorocarbons

Te Condensing temperature

Te Evaporating temperature

LCA Life cycle assessment

LCC Life-cycle cost

LCCP Life cycle climate performance
TEWI Total equivalent warming impact
0))) Ozone depletion potential
TEV Thermal expansion valve

SH Super-heating degree

SC Sub-cooling degree

1. Introduction

Designing energy efficient and environmentally friendly refrigeration systems is urgently
needed in the face of the deterioration of the global climate (Belman-Flores et al., 2022; Koronaki
et al., 2012; Kumar Singh et al., 2020). The Paris Agreement of the United Nations Framework
Convention on Climate Change (Firoiu et al., 2021) established a long-term temperature target,
that was, to limit the global mean temperature rise to below 2 °C (Rogel;j et al., 2017), and to limit
the actual temperature rise to 1.5 °C. The situation presented substantial energy-related challenges
across nearly all industries (Deng et al., 2021; Evans et al., 2014; Zheng et al., 2019). Globally, the
application of refrigeration has consumed 60% of the global total energy consumption (Canova et
al., 2019; McLinden and Huber, 2020; Tian et al., 2019), while their greenhouse gas (GHG)
emissions have accounted for approximately 1% of the total societal emissions.. In China, the
refrigeration industry's indirect GHG emissions from electricity usage alone account for 9% of the
country's total annual carbon emissions (China Refrigeration, 2023). Specifically, the cold storage
unit, as an integral component of the continuous global cold chain (including industrial, medical,
and food sectors), necessitates our focus on improving energy efficiency and reducing GHG

emissions. Compared to traditional buildings, cold storage units have a greater potential for energy



savings. This potential varies depending on the types and locations of the cold storage units
(Evans et al., 2014; Lopez-Belchi, 2019). Therefore, by enhancing the operational efficiency of
cold storage units, not only can energy waste be reduced, but the negative environmental impact
can also be significantly diminished (Rashidi et al., 2019; Soltani et al., 2020; Tartibu, 2019).

Nowadays, there is an increasing need to improve refrigeration efficiency to reduce GHG
emissions while fulfilling the requirements for cold storage (Liu and Yu, 2018). Consequently,
improving the efficiency of cold storage systems has become a focal point in most research
endeavors (Deng et al., 2014; Lee et al., 2015). Some studies found that using inverter technology
was an important means of load regulation to achieve energy-saving effects (Meraj et al., 2023;
Ossorio and Navarro-Peris, 2023; Zhang et al., 2023). Some studies indicated that optimizing the
charge of non-azeotropic refrigerants lowered the refrigerant charge and optimized unit
performance (Hu et al., 2018; Rashidi et al., 2019; Vaitkus and Dagilis, 2014). Some studies
indicated that optimizing the inertia structure of refrigeration systems significantly improved the
coefficient of performance of the units (Khalili and Garousi Farshi, 2020; Nuermaimaiti et al.,
2023). Additionally, numerous researchers have found that the utilization of phase change
materials (PCMs) has a significant impact on the performance of cold storage units (Yan et al.,
2019). For instance, incorporating fins can increase the heat transfer surface area and optimize the
refrigeration unit structure in cold storage systems (Cheng and Zhai, 2018; Zhai et al., 2015). This
enhancement in heat transfer and overall efficiency plays a crucial role in improving the
performance of cold storage units.

Meanwhile, in pursuit of improved refrigeration efficiency and sustainable development, an
increasing number of researchers have been studying refrigerant performance. Standardization
plays a pivotal role in facilitating the adoption of new refrigerants, as shown in Figure 1, the
Montreal Protocol aims to stop the production and use of ozone-depleting chemicals. The Kyoto
Protocol states that HFCs are regulated as GHGs, with serious impacts on climate change (Ramiah
et al., 2016). China’ s formal acceptance of the Kigali Amendment to the Montreal Protocol in
2021 will reduce consumption of HFCs to 80% of the baseline by 2045 (UNEP, 2019). At present,
many scholars are looking for suitable alternative refrigerants to reduce the use of HFCs,
especially R134a/R404A/R410A, which is widely used in the field of refrigeration in China.
Figure 2 shows the low GWP refrigerant substitution of these commonly used refrigerants. It can
be seen from the figure that for the alternative refrigerants of R404A, the refrigerants belonging to
the Al class have a GWP value greater than 1000, and it is difficult to find a substitute with a
GWP lower than 150 (except for natural refrigerants CO, and HCs). Although natural refrigerants
have been used in some areas of the country, the refrigeration system needs to be redesigned to

ensure normal operation. Some scholars have evaluated the performance of CO,, its energy



efficiency performance is lower in warm climate conditions, and more complex technologies are
required to meet the demands of future carbon neutrality (Heredia-Aricapa et al., 2020; Sooben et
al., 2019). During that time, the focus was on identifying substitutes that had minimal impact on
the environment while still ensuring effective and efficient refrigeration systems (Tsamos et al.,
2017; Baakeem et al., 2018; Sun et al., 2019). Mota-Babiloni et al. (2014) investigated six
possible substitutes for R404A and showed higher cooling coefficients when simulating the basic
cooling cycle of a typical grocery store operation case. Bortolini et al. (2015) discovered that
non-azeotropic HFCs mixtures had emerged as medium GWP alternative refrigerants for directly
replacing R404A. This finding highlighted the potential of these mixtures as suitable substitutes in
refrigeration applications. Cascini et al. (2016) studied an effective alternative refrigerant solution
to enhance environmental protection and improve unit efficiency. Gao et al. (2022) investigated
the performance of R407A and R407F and found that they exhibit several desirable characteristics,
including low GWP, high potential for performance improvement, and ease of retrofitting old
equipment. Therefore, they are considered suitable commercial mid-term alternatives for
medium-temperature applications. In addition, some scholars (Makhnatch et al., 2017; Petrovic et
al., 2018; Mota-Babiloni et al., 2015) had found that R404A can be replaced by R448A, R449A,
R450A and R455A in the future. At the same condensing temperature (T.) or evaporating
temperature (T.), R448A as a substitute refrigerant for R404A demonstrates higher CC and lower
energy consumption in a semi-hermetic reciprocating compressor. However, some scholars (Wu et
al., 2020; Vaitkus and Dagilis, 2017) had only analyzed R404A alternative refrigerant (R407) from
the perspective of energy efficiency, lacking a full life cycle assessment of safety, economics and
environmental damage. The comprehensive environmental impact benefits of R404A alternatives

could not be fully analyzed and evaluated (Zhang et al., 2022).
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Fig. 2. Low GWP alternatives to commonly used refrigerants (K. Amrane, 2013)

Given the interrelationships among the various factors mentioned above, it is
crucial to conduct multifactor analysis of the environmental impacts of cold storage
units. This paper proposed a method to evaluate the environmental impact of cold
storage units through carbon footprint. For environmental assessment in the
refrigeration field, many scholars prefer to use life cycle assessment (LCA). Choi et al.
(2021) proposed an environmental impact assessment method for household
refrigerators based on life cycle climate performance (LCCP). This method reveals that
the main factors influencing the lifecycle carbon emissions of refrigerators are system
performance and manufacturing energy consumption. Aprea et al. (2022) studied
supermarket refrigeration equipment and found that the environmental friendliness of
refrigerators is often assessed using the total equivalent warming impact (TEWI)
indicator. However, this indicator has limitations in terms of fixed evaluation
parameters (i.e. refrigerant charge, power consumption, power emission coefficient
and so on). Wang et al. (2021) combined LCA method, system dynamics method and
multi-objective optimization method and proposed an optimization decision-making method for
refrigerant alternatives to meet the requirements of carbon emission reduction. The study found
that refrigerant substitution can provide significant environmental benefits, with a reduction in
GHG intensity ranging from 64.4% to 75.5%. Based on the LCA method, Gasia et al. (2021)
studied the environmental and economic impacts of newly developed refrigeration system

components to optimize the energy efficiency of the refrigeration system. Wu et al. (2013) utilized



two carbon footprint models to assess the vapor-compression refrigeration system and PCM-based
cold storage system. The study revealed that the PCM-based cold storage system exhibited better
emission reduction performance. Gao et al. (2022) compared LCCP and TEWI of cold storage
units charged with R404A, R407A and R407F to propose ways to improve the performance of
units. However, there is no unified quantitative standard to discuss the environmental impact of
refrigeration equipment. Therefore, this study will use carbon emissions to quantify the impact of
different stages of cold storage units.

This study assessed the carbon footprint generated by cold storage units under different
influencing factors. By utilizing a GHG emissions model, the study evaluated the impact of three
key factors: alternative refrigerants, ambient temperature, and national energy structure (China).
The purpose is to evaluate the impact on GHG emissions of replacing high-GWP refrigerants with
low-GWP refrigerants in cold storage, to determine the practicability of alternative refrigerants,
and to provide a theoretical basis for the nationwide promotion of alternative refrigerants through
regional discussions. Through the study of different ambient temperatures, it paves the way for the
challenges brought about by climate change in the future. Understanding the key factors in the
environmental impact of cold storage and refrigerants is critical to developing effective ideas for
reducing carbon emissions and achieving environmental protection. This article establishes and
calculates the GHG emission model of the four stages of cold storage, and then verify it through
experimental comparison. In section 2, the carbon footprint assessment method and experimental
approach are introduced. Section 3 compares the model's calculation results with the experimental
test results to validate its feasibility. In section 4, the impact of alternative refrigerants, ambient
temperature, and national energy structure on the carbon footprint of the cold storage unit in each

stage is analyzed and compared. Finally, section 5 presents the key conclusions of this study.

2. Methodology

2.1. Theoretical calculations

In this study, the model framework focuses on assessing the impact of climate change,
following the guidelines of ISO 14067 (2018) and ISO 14404-4 (2020) in the impact assessment
category. The environmental impact of the cold storage refrigeration system was quantified using
carbon dioxide equivalent (COaq) as per the 100-year time frame recommended by the
Intergovernmental Panel on Climate Change. The same time frame was used to calculate GHG
emissions for cold storage units using different refrigerants, taking care to ensure there was no
overlap between them. This method consists of four stages: objective and scope definition, model
establishment, analysis and discussion, and result.

2.1.1. Objectives and scope definition



2.1.1.1. The objective of the study

The objective of the study was to investigate the carbon footprint of cold storage units by
quantifying the GHG emissions that occur at each stage and using COz¢q to calculate the potential
contribution to climate change. To achieve this, a new GHG emissions model was proposed for
cold storage units using alternative refrigerants. The model aimed to identify carbon hotspots and
factors related to energy efficiency and emissions reduction, thereby supporting decision-making
in the green cold chain industry.
2.1.1.2. Functional unit

The chosen functional unit was a compressor with a nominal power of 2.27kW and a CC of
4.7kW. The evaluation was carried out under subtropical monsoon climate conditions in Nanjing,
located in eastern China, for a period of one year. Then, this functional unit could be applied to
cold storage unit refrigeration system. This study used four different refrigerants: R404A, R407F,
R407A, and R448A. R407A, R407F, and R448A are low-GWP alternatives to R404A. The main
performance characteristics of the four refrigerants were presented in Table 1. Table 2 provided
the relevant data on additional GHG emissions caused by cold storage units. Previous research on
these three alternative refrigerants has shown that they are all good replacements for R404A, but
no one has compared their environmental impacts in terms of carbon emissions specifically in the
context of cold storage unit operation (Deng et al., 2021; Gao et al., 2022).

Table 1 Physical parameters of the four refrigerants

Thermodynamic R404A R407A R407F R448A
characteristics
Chemical R125/R143a/R R125/R134a/ R32/R125/R134a R32/R125/R13
.. 4a/R1234ze/R1
composition 134a R143a
234yf
GWP, AR5 3943 2107 1825 1273
Safety Al Al Al Al
classification
Critical
Temperature (°C) 72.1 82.0 82.6 83.7
Critical pressure
(MPa) 3.728 4.494 4.754 4.675
Glide t‘(i?g;eramre 0.75 4.6 5.2 6.27

Table 2 The relevant data on additional GHG emissions caused by cold storage units

Parameters R404A unit R407A unit R407F unit R448A unit Ref.
Hu
Apnual et al. (2018)
refrigerant 5.57 5.57 5.26 5.26
charge and Deng et
amount (kg) al. (2021)
Leakage rate 5 5 5 5 Gao et al.

per year (%)



Recovery rate 15
per year (%)

(2022)

Gao et al.

(2022)

2.1.1.3. System boundaries

The setting of the system boundary was used to determine the unit processes included in the
carbon footprint of the cold storage unit. Figure 3 illustrates the system boundary of the model.
The schematic diagram of the cold storage unit system was shown in Figure 4. For the cold
storage unit, we followed the LCA methodology and include several stages, including production,
assembly, use and maintenance, and recycling and disposal. GHG emissions model included both
the unit itself and the refrigerant. In this study, the carbon emissions from the production of the

unit's materials and the final disposal stage were not considered within our scope. Additionally, we

had not taken into account the heat exchange rate of materials or the human energy input.
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Fig. 4. Schematic diagram of the tested unit
2.1.2. Model establishment

The model primarily considered the GHG emissions of different refrigerants within the cold
storage unit. Considering the life cycle perspective, it included the stages of production, assembly,
use and maintenance, recovery and disposal. Given that the life cycle carbon footprint of a
refrigeration system was mainly affected by electricity consumption and refrigerant leakage,
impacts related to raw material extraction, processing and disposal are considered negligible.
Additionally, the focus of this study was to compare the carbon footprints of cold storage units
when charged with different refrigerants. Therefore, the input and disposal of raw materials for the
cold storage units were treated as a contributing factor rather than calculated separately.

1.  Production stage. The manufacturing of cold storage units and refrigerants requires the
consumption of various forms of energy, which indirectly leads to GHG emissions. In this study,
we assessed the production of the cold storage unit and the production of the refrigerant as
separate entities to calculate their respective GHG emissions (Cpr). These calculations were

shown in eq. (1):

Cpro = (Epr01+Epr02) X By (1

where E,r; and E,2 represent the energy consumed during the production of the refrigeration unit
and the refrigerant, respectively (kWh), (3, represents the carbon emissions factor of the
unit (kg CO»/kWh).

2.  Assembly stage. This study assumed that the cold storage unit and refrigerant could be
assembled after their production, without considering the energy consumption from transportation.
The GHG emissions (Cys) during the assembly stage were determined by the direct GHG

emissions caused by refrigerant leaks during installation. The calculation of C, Was given in eq.

2):



Cass = Lass X GWP ()
where L,ss represents the amount of refrigerant leakage (kg) during the assembly
process;

3. Use and maintenance stage. In this study, a specific cold storage unit was selected as the
model. We calculated the energy consumption during the operation of the cold storage unit to

determine its corresponding GHG emissions (Cuset), as shown in egs. (3-9):

Cuser = Eyse X By (3)
2iAiQ
Eyse = ( ) ) X Yannuar X YViige (@))]
Q =mx (heo - hco) X Tcom X Meon > Meva X Tvalve (5)
n _ lin _Tout
T ®
_ Tout—con _Tin—con
an = Tc—max _Tin—con (7)
_ Tout—eva _Tin—eva
Mo = Te—rmx _Tin—eva (8)
> Ahact
nvalve Ahl (9)

where A; represents a given environmental temperature for a percentage of time within one year;
Q represents the CC of the cold storage unit at the corresponding environmental temperature (kKW);
A represents the coefficient of the performance of the cold storage unit; n, represents the
efficiency of the auxiliary machine; Y. represents the operational lifespan of the cold storage
unit, it is assumed to be 1 year in this study; Y,,,uq the working time within one year for the
cold storage unit (h); m represents the mass flow rate of the refrigerant (kg/s); heo is the enthalpy at
the evaporator outlet (J/kg), and heo is the liquid enthalpy at the condenser outlet (J/kQ); Ncom.
Neon» Nevar @A Nyawe represent the adiabatic efficiency of the compressor, condenser efficiency,
evaporator efficiency, and expansion valve efficiency, respectively. Tin and Tou: are the inlet and
outlet temperatures of the compressor, respectively (°C). Ti is the theoretical isentropic
compression outlet temperature. Tincon and Tout-con are the inlet and outlet temperatures of the
condenser, respectively, and Tc.max is the theoretical maximum condensing temperature. Tin-eva and
Touteva are the inlet and outlet temperatures of the evaporator, respectively, and Temax is the
theoretical maximum evaporating temperature. Ah; and Ah,. represent the theoretical

isentropic enthalpy drop and the actual enthalpy drop, respectively (kJ/kg).



Additionally, during the operation and maintenance of the refrigeration unit, refrigerant
leakage can occur. Therefore, the authors considered the direct GHG emissions caused by
refrigerant leakage (Cuse2), as shown in eq. (10):

Cusez = (Luse + Lmain) X Yiire X GWP (10)
where Lyse and Lmain represent the amount of refrigerant leakage (kg) during the use and
maintenance process, respectively.

4. Recycling stage. During the recycling stage, the energy consumed during the recycling
of the cold storage unit and refrigerant was denoted as E,... Additionally, GHG emissions
occurred due to refrigerant leaks during the recovery process. Therefore, the GHG emissions
(Crec) in the recycling stage included two parts, and the calculation was shown in eq. (11):

Croc = Erec X By + My X (1 =0,0) X GWP (11)
where Myec represents the remaining amount during the refrigerant recovery process
(unit: kg), and «,.,. represents the recovery rate of refrigerant.

2.2. Experimental investigation

2.2.1. Experimental setup
The purpose of our study was to investigate the environmental impact of units

charged with alternative refrigerants. In this study, the units currently in use in
enterprises were selected as the experimental objects to explore the trend of the impact
of alternative refrigerants on carbon footprint. This cold storage unit consists of a
compression condensing unit, an air cooler, thermal expansion valve (TEV), and
interconnected copper pipes. The specific specifications can be found in Table 3. The
tests are performed in compliance with relevant national standards (GB/T 17758-2010,
n.d.). The experiments are conducted in a humidity chamber laboratory, and
calculations are performed using the air enthalpy method. The testing system consists
of an air sampler, an air processing unit, and a data acquisition system. The data
acquisition system is used to independently adjust T, and Te based on the indoor and
outdoor environmental temperatures. Then, the air handling unit is employed to
regulate the temperature and humidity of both the indoor and outdoor environments. It
is noteworthy that R404A, R407A, R407F and R448A exhibit distinct temperature
glides and require different super-heating control methods. Consequently, the
temperature sensing bulbs in the TEV of the refrigeration system are regulated by a
consistent expansion valve structure. Additionally, to effectively manage refrigerant
charge, two shut-off valves are positioned before and after each TEV. Based on
existing research, it has been found that the expansion valve of R448A can elevate the
temperature to achieve the desired super-heating degree (SH) at the evaporator outlet.

The input power during the testing process was recorded for comparative analysis.



Table 3 Test equipment specification

Type of equipment Specification
compression condensing unit 2.27 kW (rated power)
accumulator 6.8 liters
air cooler 6300 m3/h
) 9.52 mm (liquid line)
copper pipe )
15.88 mm (gas line)
refrigerant R404A, R407A, R407F, and R448A

2.2.2. Experimental conditions
This study selected three cities with different climate characteristics as representatives to

study the changes in cold storage performance and carbon footprint under different ambient
temperatures and energy structures. The comprehensive energy consumption of the three cities of
Nanjing, Beijing and Guangzhou in 2022 was 37.01 million tons, 14.09 million tons and 16.42
million tons of standard coal respectively (Nanjing Bureau of Statistics, 2023; Beijing Municipal
People's Government portal., 2023; Guangzhou Municipal People's Government portal, 2023).
Figure 5 shows the historical climate and average monthly temperatures of Nanjing (NJ), Beijing
(BJ) and Guangzhou (GZ) in the past year (China Meteorological Administration, 2023). It can be
seen that the annual average temperatures of Nanjing, Beijing and Guangzhou are respectively in
the range of 12.1 to 20.59 °C, 8.32 to 18.46 °C and 19.63 to 27.23 °C. Therefore, ambient
conditions of 25 °C, 15 °C, and 10 °C are chosen to assess their impact on the unit's performance.
Based on the national standard for cold storage facilities in China (GB/T 21363-2018, n.d.), the
inside temperature selected in this experiment was 4 °C. The specific experimental conditions are

shown in Table 4.

Table 4 Experimental conditions

Ambient Inside temperature

temperature (°C) (°C) SH (°C) T (°C)
25 4 5 -7
15 4 5 7

10 4 5 -7
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Fig. 5. Climatic background and temperature data of the three cities this year. (a) Climatic
background: average monthly temperatures from 1981 to 2010; (b) Average monthly temperature
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In the experiment, two main performance parameters, namely CC and EER, were calculated,
and the performance of the unit was analyzed. CC was calculated using equation (12), EER was

calculated using equation (13).

— qa (hle - haz)

e arm (12)
EER =%
P (13)

where Q. represents cooling capacity (kW); A, and h,z2represent the evaporator return enthalpy
(kJ/kg) and supplied air enthalpy (kJ/kg), respectively; q, represents the air volume flow rate
(m3/h); V,, and W, represents the evaporator outlet air specific volume (m>/kg) and water content
(kg/kg), respectively, P represents the input power (kW) in the medium-temperature refrigeration
compression condenser unit.
2.2.3. Uncertainty analysis

The experimental apparatus and measurement methods of this study were proposed earlier.
Inspection points were installed in front and back of each component, and the instrument model
and accuracy were shown in Table 5. The uncertainty of the measuring instrument meets all the
requirements of GB/T 17758-2010. To increase the reliability of the results, this paper
characterizes the dispersion of CC and EER measurements by calculating uncertainty with

formulas.



Table 5 Measurement details of the sensors

Specifications

Name Measurement range Precision
and type
Flow meter 0.04-1.2 m*/h YOKOGAWA +£0.5 m’/h
T-type 220 t0 300 °C VT6 £0.5 °C
thermocouple
Electronic scale 0-40 kg RZ-789 +0.3 kg
Electric energy 0-20 kW WT230 0.10%
meter
Differential
pressure 0-0.25 MPa EJA120 0.50%
sensor
Pressure -0.1 to 4.4 MPa MPM480 +0.25%
transducers

Uncertainty could be divided into type A and type B. The purpose of Type A is to reduce
errors caused by testing conditions and methods, while the purpose of Type B is to reduce errors

caused by insufficient instrument accuracy. All the uncertainties were calculated in Eqgs. (14)—(17).

X
Uy =% (14)
h )
n(X-X)
SOX) = 1_151_1 (15)

where n represents the number of test points, s (X) represents the standard deviation calculated by

Bessel formula and u4 represents the A-type uncertainty.

a
Up :ﬁ (16)

where a represents the half width of the measured possible value interval and up represents the
B-type uncertainty.
u(X) = 2 (%) + ug(X) (17)
where u (X) represents the composite uncertainty, i.e. the final result of uncertainty.
The calculation results show that the uncertainty of CC is within £2.6% and the uncertainty

of EER is within £0.58%.

2.3. Economic evaluation
In this study, economic evaluation was conducted using LCC analysis, which is an economic

evaluation metric. LCC metrics usually include the initial cost and operating cost of the system.
Aktacir et al. (2006) research illustrates that the initial cost primarily comprises the costs
associated with various unit components, equipment, parts, refrigerants and installation. The initial
costs of this study are detailed in table 6. The installation cost is based on the commercial platform
of a company operating refrigeration equipment in eastern China, the change of refrigerants will
not significantly increase the manufacturer's production cost. So, in this study, the primary factor

affecting the LCC indicator is the electricity cost for operating the cold storage unit. Therefore, the



operating cost is equal to the total electricity consumption of the unit multiplied by the residential
electricity price, where electricity consumption can be estimated using the 24-hour electricity
consumption in the experiments and the unit's service life. In terms of operating costs, the
residential electricity price is 0.6 yuan /kWh.

The calculation formula of LCC is formula (18):
N C,
t=1 (1 + 7)1

where C, is the procurement cost of parts and refrigerants; C; is the installation cost; C. is the cost

Lcc=cp+ci+z (18)

of electricity consumption. The discount rate (r) is 4%, and the considered service life (V) for 10
years (Wang et al., 2019).

Table 6 Initial cost statistics of the unit refrigeration system

Initial cost (CNY)
Unit
R404A R448A R407F R407A

Compressor condensing 3488 3488 3488 3488

unit cost
Valves cost 462 524 524 524
Air cooler cost 1150 1150 1150 1150
Spare parts cost 335 335 335 335
Refrigerants cost 720 1200 980 960
Installation cost 350 350 350 350
Total cost 6505 7047 6827 6807

3. Experimental validation

To validate the accuracy of the model calculations, the outdoor ambient temperature was set
at constant values of 25/15/10 °C, and the carbon emissions caused by the operational phase of the
units were measured separately after charging them with R404A/R407A/R407F/R448A. This
study relies on manufacturer-provided data for calculations, without performing independent
verification, as the same refrigeration unit is used in both the production and assembly stages. As
for the recycling stage, the factor that causes the difference in carbon footprint is the refrigerant
recovery rate, and the annual refrigerant recovery rate is provided in Table 2. The measurement
errors in these three stages are small, so this study focuses only on the comparative experimental
verification in the use stage. Figure 6 depicts the verification of carbon footprints of the cold
storage units between experimental and model calculation results. It can be observed that the
experimental results are slightly differ from the calculated results. at different elevations. This
difference can be attributed to factors such as the working hours during the experiment, refrigerant
charge amount, and heat sources such as lighting and human presence. Overall, the calculated
results show a consistent trend with the experimental results, with a relative error of less than

5.5%. Therefore, the accuracy of the model is acceptable.
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Fig. 6. Validation of C.; generated by cold storage unit during the use stage

4. Results and Analysis

4.1. Experimental results and discussion

In order to present the use stage in more detail, the impact of alternative refrigerants and
ambient temperature on the energy consumption generated by the operation of the cold storage
unit. Based on the theoretically established model, we conducted experimental research on cold
storage units using four different refrigerants under three different ambient temperature conditions.
The study investigated the impact of different refrigerants and ambient temperatures on the
refrigeration performance of the units.

As shown in Figure 7, the refrigeration performance of the units remains consistent under
different ambient temperature conditions. The units charged with R407F outperform those charged
with other refrigerants in terms of refrigeration capacity. The CC of the R448A unit is comparable
to that of the R407A unit, slightly surpassing the R404A unit. However, the full potential of the
R448A unit's CC may not be realized due to the mismatch between its slide temperature and the
design of the expansion valve. Compared to the R404A unit, the CC of the R448A and R407A
units increases by 5.3% to 7.6%, while the CC of the R407F unit increases by 11.7% to 14.4%.

The variation in EER of the units differs from that of CC. This is because the condensing
pressure of the cold storage unit, which is charged with four types of refrigerants, increases with
the rise in condensing temperature, leading to an increase in compression ratio. This leads to a
decrease in gas transfer coefficient, resulting in a decrease in CC of the compressor. As the

compression ratio increases, the input power also increases, leading to a decrease in EER. The unit



charged with R448A is less affected by this phenomenon, thereby exhibiting higher EER values.
Compared to the R404A unit, the R448A unit, R407F unit, and R407A unit exhibit EER
improvements of 1.4% to 3.5%, 1.0% to 1.8%, and 0% to 0.7% respectively. Particularly, at an
environmental temperature of 25 °C, the cold storage unit charged with R448A refrigerant has a
significantly higher EER compared to the units charged with the other three refrigerants. This is
because at this temperature, the R448A unit experiences higher T, and sub-cooling degree (SC),
resulting in fewer performance limitations. It can be observed that the R407F unit demonstrates
significant performance advantages under lower environmental temperature conditions, followed
by the R448A unit. The R448A unit exhibits notable refrigeration performance advantages under
higher environmental temperatures.

In addition, when the parameter settings of the cold storage unit change, the performance of
the unit will also change accordingly, but the amount of performance change depends more on the
selection of refrigerant. Deng et al. (2021) compared the performance of units charged with the
same refrigerant at different frequencies and found that the performance variation trend was

consistent.
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Fig. 7. CC and EER of cold storage units
4.2. Model calculation results and discussion
Based on the modeled system boundaries and selected functional units, this article provided a
comparative analysis of the carbon footprints of cold storage units using R404A, R407F, R407A
and R448A. In this paper, three Chinese cities with different annual mean temperature (involving
three different climate types) were selected, namely, the 1-year life span of NJ (baseline), GZ and
BJ. Figure 8 displayed the relative contribution of the impact of climate change in each different

stage in Nanjing, which has a subtropical monsoon climate.



Cold storage units using different refrigerants contributed significantly to each stage. GHG
emissions from the production stage accounted for 7% of R404A and 4% to 5% of alternative
refrigerants. In addition, R404A has GHG emission of 5% in the final recovery stage and
alternative refrigerants of 3% to 4%. The study found that the use stage is a major contributor to
climate change. In the whole stage of cold storage units using R404A, the proportion of GHG
emissions in the use and maintenance stage is as high as 87%. Since the use stage of cold storage
units is more relevant than the production, assembly and recovery stages, the impact of the use
stage on climate change is mainly analyzed to determine its potential GHG emission reduction
opportunities and future impacts.

The use stage is primarily associated with the unit's energy efficiency and the refrigerant
charge. Firstly, we placed a strong emphasis on various low-GWP alternative refrigerants.
Secondly, we explored the impact of alternative refrigerants on unit efficiency. Unit efficiency is
influenced by parameters such as ambient temperature, operating temperature, and refrigerant
charge. In order to better investigate the effects and adaptability of low-GWP alternative
refrigerants on unit efficiency, our study focused on the changes in carbon footprint when units,
charged with low-GWP refrigerants, operated under varying ambient temperatures. This research

aimed to understand their adaptability in different regional markets within the country.
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4.2.1. GHG emissions from refirigerants
During the use stage, refrigerant leakage is observed in the refrigeration unit. The annual

leakage rate of refrigerant in the investigated cold storage was determined to be 5%. Consequently,



in terms of GHG emissions, the impact of refrigerant leakage on the environment should not be
underestimated.

As shown in the figure 9, during the use stage of the R404A charged unit, refrigerant leakage
contributes to 15% of the overall carbon emissions during this stage. Even with low-GWP
refrigerant R448A, the emissions resulting from refrigerant leakage still account for 5% of the use
stage emissions. Furthermore, as the unit ages or undergoes improper maintenance, the refrigerant
leakage rate tends to increase over time. This demonstrates that the carbon emissions caused by
refrigerant leakage should not be underestimated within the environmental impact whole stage of
the unit.

As shown in the figure 10, the substitution of low-GWP refrigerants has significantly reduced
GHG emissions during the use stage of this cold storage unit. The units charged with R407A,
R407F, and R448A have reduced emissions by 10.56%, 14.11%, and 16.39%, respectively,
compared to the unit charged with R404A. The blue dashed line in the figure represents the
variation in Cyse1 caused by refrigerant leaks, while the green dashed line represents the variation
in Cyse2 caused by unit energy consumption. From the graph, it is evident that the slope of the blue
dashed line is steeper, indicating a more significant reduction in carbon emissions caused by
refrigerant leakage after the refrigerant replacement. Therefore, directly replacing R404A with
low-GWP refrigerants like R448A in existing well-established cold storage units can significantly

reduce environmental damage.
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4.2.2. Ambient temperature

The GHG emissions of cold storage units using four different refrigerants in Guangzhou
(25 °C), Nanjing (15 °C) and Beijing (10 °C) were calculated and compared, and the effects of
ambient temperature on the operation of the refrigeration units were investigated. The total GHG
emissions from the refrigeration units at various ambient temperatures, as well as the stage-wise
breakdown, are depicted in Figure 11.

Based on the comparison of the cold storage unit charged with R404A in Nanjing, it can be
observed that the carbon emission of R404A unit in Nanjing is about 8449.92 kg COeq, which is
14.11%, 18.22% and 22.61% higher than that of the alternative refrigerant (R407A,R407F and
R448A) used in the same place. Using the same refrigerant, the GHG emissions of the units are
23.57% lower than in Guangzhou and 13.99% higher than in Beijing.

At higher ambient temperatures, the CC of the units decreases, energy consumption increases,
and carbon emissions increase. For instance, the GHG emission of cold storage units charged with
R404A in Guangzhou were 10441.21 kgCOaeq, which is an increase of 30.4% compared to those
in Beijing. On account of Guangzhou belongs to the oceanic subtropical monsoon climate, with an
annual average temperature of about 24 °C, while Beijing belongs to the warm temperate
semi-humid and semi-arid monsoon climate, with an annual average ambient temperature of about
10 °C. Cold storage units in areas with high ambient temperature have long working hours and

low energy efficiency.
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4.2.3. National energy structure

As shown in Figure 12, author studied the influence of national power matrix on GHG
emissions during the whole stage of cold storage units. Different carbon emission factors
(0.5271/0.7035/0.8843 kgCO2¢/kWh) in southern, eastern and northern China were used to
calculate the effects of cold storage units on climate change (Ministry of Ecology and
Environment of the People's Republic of China, 2020). The results show that the cold-storage unit
assembly uses less than 1% of GHG emissions when using the same refrigerant, and consumes
very little electricity for material production and recycling. R448A GHG emissions in southern,
Eastern and North China under different carbon emission factors are 4131.97 kgCO2eq, 4659.97
kgCOzeq and 4680.76 kgCOzeq, respectively. In Beijing, where the ambient temperature is low, the
cold storage units using R407A, R407F and R448A reduce the emission by 17.37%, 22.5% and
27.17% respectively compared with those using R404A. In Guangdong, they can achieve GHG
reductions of 8.8%, 17.13% and 24.92%, respectively, this is because the carbon emission
coefficients of electricity in the southern region can result in lower GHG emissions throughout the
entire stage of the units. Comparing Figures 11 and 12, it is evident that the impact of energy
structure on emissions reduction is significant. Furthermore, when the units use R448A refrigerant,

it can significantly reduce GHG emissions in any region.
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4.3. Sensitivity analysis

In this section, we employed sensitivity analysis to assess the robustness of our conclusions
by varying key parameters within the computational model. Furthermore, we were able to derive
reliable methods to reduce GHG emissions based on the results of the sensitivity analysis.

This study identified refrigerant leakage as a critical factor that influenced the carbon
footprint of refrigeration systems. As demonstrated in Section 4.2.1 of this paper, the impact of
using low-GWP refrigerants on Cuse2 became more pronounced compared to Cyse1. We investigated
the increase in carbon footprint during the use stage by assuming an annual refrigerant leakage
rate ranging from 5% to 20%. As shown in the figure 13, the carbon footprint during the use stage
increased with the rise in the annual refrigerant leakage rate. When the annual refrigerant leakage
rate increased from 5% to 20%, the carbon footprint of Cys2 reached 40% during the use stage,
representing a 67.1% increase in this stage's carbon footprint. The proportion of direct emissions
caused by refrigerant leakage significantly escalated, aligning with the carbon footprint
attributable to energy consumption. This underscored the vital importance of using low-GWP
refrigerants for environmental protection.

Future endeavors to develop ultra-low-GWP refrigerants or upgrade systems to accommodate
natural refrigerants emerged as reliable approaches for reducing GHG emissions in cold storage

systems.
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4.4. Economic performance

It can be seen from Figure 14 that the four types of units have similar costs in the first year.
The payback period of the three alternative refrigerant units is about 1 year compared to the
R404A unit. They have generated profits every year since then. At the end of the service life,
R407A, R407F and R448A units are 6.1%, 12% and 9.9% lower than R404A units, respectively.
This is attributed to the fact that the EER of the alternative refrigerant unit surpasses that of
R404A, resulting in a substantial reduction in the unit's operational expenses. Although the
refrigerant's initial cost may be slightly higher, both R407F and R448A have exhibited a decrease
in LCC over extended periods of usage. Consequently, units employing alternative refrigerants,

especially R407F and R448A, demonstrate promising economic viability.
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4.5. Challenges and Prospects

This study was limited by the available data. Obtaining comprehensive and consistent
experimental emission data was challenging for our study, so we relied on numerical models to
predict emissions. Analyzing refrigerant performance under different temperature conditions is
complicated because multiple factors can affect the actual situation. During actual usage, the
performance of the unit is limited by phenomena such as frosting and thawing. Our research is
based on model analysis, which means we have to rely on some assumptions to conduct
simulations. These assumptions may introduce uncertainties in practical application. Furthermore,
we have found that the choice of refrigerant is a direct contributor to greenhouse gas emissions,
making refrigerant handling an important aspect of carbon footprint generation. In our study, a
recovery rate of 15% was utilized. There is limited available data regarding the ease of handling
these refrigerants themselves. Recent research by Ribeiro et al. (2023) suggests the feasibility of
utilizing VSA processes for the recovery of R-32 rather than widespread use. It is evident that
obtaining specific handling data would require more in-depth field investigations and detailed
experimental data. From the study of the life cycle of the cold storage unit, increasing the quantity
and quality of the refrigeration system, and the discussion of the external environment are the key
requirements for increasing the reliability of the research. In addition, the use of these refrigerants
should also be evaluated in terms of a wider range of impact categories (e.g., Stratospheric Ozone
Depletion, Cumulative Energy Demand, among others) to identify possible trade-offs. Therefore,
establishing the model should consider more available alternative refrigerants, relevant impact
categories, local environments, refrigeration technology advancements, and the units themselves.

Only in this way can we clearly understand the advantages of using alternative refrigerants in



refrigeration systems.

In the future, our research results could pave the way for the development of more
sustainable cold storage solutions. As the world pays more and more attention to energy efficiency
and environmental impact, optimizing refrigeration systems using low-GWP refrigerants is the
short-term development direction of future cold storage, so relatively suitable alternative
refrigerants can be explored according to this method. Given the ongoing challenges posed by
climate change, our research could contribute to the creation of climate-resilient cold chains. By
considering the environmental performance of refrigerants under different temperature conditions,

we can design systems that adapt to changing climate patterns and minimize carbon footprint.

5. Conclusion

This study investigates the impact of alternative refrigerants, ambient temperature, and
national energy structure on the carbon footprint of cold storage units throughout their whole stage
through experimental and numerical analysis. Experimental scenarios were designed based on
specific conditions to assess the performance of cold storage units charged with different
refrigerants under varying environmental temperatures, thereby validating the accuracy of the
computational model. The calculated results of the model were used to determine the carbon
footprint of the units under different influencing factors. The influence of refrigerant substitution,
ambient temperature, and national energy structure on the carbon footprint throughout the unit's
whole stage was discussed. The key findings are summarized as follows:

(1)The R407F unit performs well in terms of CC under low environmental temperature
conditions. R407F may be the preferred choice in areas with consistently lower ambient
temperatures. However, with the exacerbation of global warming, future environmental
temperatures may rise further. Therefore, in regions with higher ambient temperatures, especially
where the environmental temperature frequently exceeds 15 °C, the R448A unit, which
demonstrates excellent EER performance and has a lower direct environmental impact, may be
more suitable as an alternative refrigerant.

(2)A research analysis was conducted on the four stages of cold storage units. The results
indicate that the use stage of the units contributes the most to carbon emissions, followed by the
production and disposal stages, while the assembly stage accounts for only 1% of the whole stage.

(3) The carbon footprint analysis of the unit's use stage shows that the carbon emissions of
refrigerant leakage account for about 15% of the total emissions. Compared to units charged with
R404A, units charged with R407A, R407F, and R448A show reductions in emissions by 10.56%,
14.11%, and 16.39% respectively. Therefore, the use of low-GWP refrigerants not only reduces

energy consumption of the units but also effectively lowers the carbon emissions resulting from



refrigerant leakage.

(4) The study findings indicate that the GHG emissions of the cold storage units can be
reduced by 1% to 27.17% due to the influence of ambient temperature and national energy
structure. Lower ambient temperatures can lead to reduced energy consumption and decreased
GHG emissions during the use stage of the units, thereby mitigating their environmental impact.
Furthermore, changes in the national energy structure play a crucial role in promoting green and
low-carbon operations, which can help alleviate the exacerbation of greenhouse effects and reduce
environmental burdens. Therefore, selecting appropriate ambient temperature and national energy
structure is beneficial for minimizing the environmental impact of the units.

In practical engineering, modifications can be made to the units, and the level of maintenance
during operation can also impact their environmental impact. However, in this study, existing
R404A units were used without considering the modification process. Further research is needed
to explore materials for unit modifications and maintenance measures to mitigate the negative

environmental effects.
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Highlights:

A carbon footprint evaluation model for the units was established.
Influencing factors of carbon footprint are studied numerically and experimentally.
By GHG assessments, the optimal refrigerant and external conditions were determined.

Alternative refrigerants reduce carbon emissions for cold storage units by 8.8%-24.92%.
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