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Abstract

Several media report highlight on that the pharmaceutical companies require
ultra-low temperatures —80°C to transport and store its COVID-19 vaccines.
This research presents the thermodynamic analysis on cascade refrigeration
system (CRS) with several refrigerant pairs which are R32/R170, R123/R170,
R134a/R170, R404A/R170, R407¢/R170, R410/R170, and the hydrocarbon
(HC) refrigerant pair Propane/Ethane, namely R290/R170. Besides, the re-
sults of R22/R170 pair, which is not recommended to be used due to phase
out of R22 as per Montréal Protocol, are included as base case to compare the
novel hydrocarbon pairs in CRS and the old trend of refrigerant pairs. Ther-
modynamic properties of all these pairs were investigated and compared un-
der different intermediate temperature used in CRS heat exchanger, which
thermally connected both the Low and High temperature cycles (LTC) and
(HTC). By applying the first law of thermodynamics, the coefficients of per-
formance (COPs) and the specific power consumptions (SPC) in kW/TR are
presented and compared. In addition, by applying the second law of thermo-
dynamics the exergetic efficiencies were estimated. The results reveal the
promising opportunity of using the HC pair (R290/R170). The minimum
SPC in kW/TR is recorded for the pair R123/R170. One the other hand, the
highest exegetic efficiency values are observed to be 40%, 38%, and 35% for
the pairs R123/R170, R290/R170, and R134/R170, respectively. This research
concludes that the HC pair (R290/R170) is highly recommended for CRS ap-
plications either to transport the COVID-19 or store it in cold storage rooms
in hospitals and clinics. All precautionary measures should be carefully ap-
plied in design and operation of HC pair (R290/R170) due to its flammability
hazard.
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1. Introduction

As the world gears up to produce and distribute the COVID-19 vaccines, the
vaccines are gradually moving closer to becoming available. Scientists around
the world developed vaccines for COVID-19 in record time, which is less than a
year, the race is on to inoculate the greatest number of people in the shortest
time as reported by Wood [1]. The transportation and storage processes for
some vaccines require license for distribution which may complicate the existing
supply chains and make them more challenging. This is particularly true of cut-
ting-edge mRNA vaccines, which must be kept at constant super-low tempera-
tures to avoid spoiling: as low as —170°F ahrenheit. Recently, several researches
have been conducted on vaccine production, transportation, storage techniques,
and influences on peoples in different ages, countries, gender, and health condi-
tions. Even though COVID-19 vaccines are being developed more quickly than
usual, vaccine safety is still a top priority in all phases of vaccine development,
approval, and post-approval monitoring. On the other hand, more traditional
viral vector vaccines can be produced, transported and stored around 40°F, mak-
ing use of existing cold chain logistics infrastructure. Figure 1(a) displays the
COVID-19 vaccine supply chain challenges in its long journey starting from the
factory to national storage facility, to regional storage facility, to clinics, and at
the end to reach all children and adult also in remote villages, as presented by
Biyani [2]. Figure 1(b) depicts the infographic in which comparison between
cold supply chain 1 dedicated for mRNA vaccine, and cold supply chain 2 dedi-
cated to viral vector vaccine presented by Wood [1]. Figure 1(b) classifies the
two different cold supply chain journeys for two different vaccines, highlighting
the issues that distributors must overcome to safely transport their medical
marvels around the world. Figure 1(c) demonstrates the proposed vaccination
plan in India, presented by Kaul [3], based on three phases which are: phase 1
for vaccine transportation, phase 2 for identifying, issuing shots, and phase 3 for
follow up after vaccination.

The rest of the paper proceeds as follows. Section 2 presents the literature re-
view which is classified into four main parts for cascade cycle optimization, us-
ing different refrigerant types in cascade refrigeration cycle, innovation for cas-
cade refrigeration system components, and finally the vaccine transportation
and production requirements. Then, the research objectives are clearly presented
to cover the research gap and to answer the research highlighted question. Sec-

tion 3 presents the materials and methodologies used in the current research.
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The long road to vaccination

Vaccines must be kept between 2°C - 8°C all the way from the factory

to some of the most remote places on earth.
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Cold Supply Chain 1: mRNA Vaccine Shipments must maintain temperatures between -78°C (-109F) and —20°C (-4F) from manufacturer to end user.
This requires the construction of new warehouses and upgrading of air and road transport.
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Cold Supply Chain 2: Viral Vector Vaccine Shipments must maintain temperatures between -78°C (-109F) and -20°C (-4F) from manufacturer to end user.
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How India’s vaccination drive will work

Officials have listed the modalities of the vaccine delivery plan. Those in the at-risk group (above the age
of 50 yrs and those under 50 yrs with comorbidities) will be vaccinated under the following logistics plan
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Figure 1. The COVID-19 vaccine supply chains, and vaccination plan and long road from factories to Clinics. (a) COVID-19 vac-
cine supply chain long road challenges presented by Biyani [2], (b) Classification of vaccine supply chains presented by Wood [1],
and (c) transportation to jabs center outlines COVID-19 vaccination plan in India presented by Kaul [3].

The materials are classified into three subsections which are Classification of
COVID-19 vaccines, classification of cold storage and refrigeration machines,
and theory of operation for cascade refrigeration cycle. Then the current re-
search methodology is described. The results and discussion are presented in
Section 4. At the end of this article the recommendation and suggestions for Fu-

ture work are explored and presented in Section 5.

2. Literature Review

This section described the current literature review which is divided into two
main parts; the first part, listed in Subsections 2.1, 2.2, and 2.3, is for Engineer-
ing and technologies for cascade refrigeration systems (CRS) in providing ul-
tra-low temperature for many applications, and the part second, listed in Sub-
section 2.4, is for the medical and pharmaceutical demand for ultra-low temper-
ature to keep, store and transport the COVID-19 vaccine. The first part is classi-
fied into three research groups based on their research interests. The first group,
listed in Subsection 2.1, focuses on the optimization of cascade refrigeration

cycles. The second group, listed in Subsection 2.2, focuses their interest on the
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influence of using different refrigerant types on the energy and/or exergy per-
formance of cascade refrigeration cycle. However, the third group, listed in Sub-
section 2.3, focuses on innovation of cascade refrigeration systems using ad-
vanced system components and cycle arrangements and/or configuration. At the
end of this section, the research objective, listed in Subsection 2.5, is clearly hig-

hlighted to cover the currently observed research gap.

2.1. Cascade Refrigeration Cycle Optimization

Wang et al [4] experimentally investigated the pull-down performance of a
—80°C ultra-low temperature freezer. They concluded that the volumetric effi-
ciency of high temperature cycle (HTC) compressor deteriorated more obvious-
ly during the pull-down process, and had higher potential for performance im-
provement compared with that of LTC. Ustaoglu et al [5] optimized the per-
formance of a vapor compression cascade refrigeration cycle by considering the
statistical analysis methods, Taguchi and ANOVA approaches. They concluded
that the COP and exergy efficiency within the range of the operating parameters
in the evaluation were found to be 3.274% and 37.63%. Rui et al [6] proposed a
novel ternary mixture, R600a/R23/R14, for ARC systems for 190 K (-83°C) ap-
plications. Their results demonstrated the feasibility of the proposed R600a/R23/R14
ternary mixture as an environmental benign alternative for Auto-Refrigeration
cascade systems. Roy and Mandal [7] numerically investigated energetic, exeget-
ic, economic and environmental performances of a 50-kW cooling capacity cas-
cade refrigeration system using four different refrigerant pairs, namely R41/R404A,
R170/R404A, R41/R161 and R170/R161. They conclude that the COP and exer-
getic efficiency of the system to be maximum with R41/R161 refrigerant pair fol-
lowed by R170/R161 for the same operating conditions.

2.2. Influence of Refrigerant Types on Cascade Refrigeration
Cycles

Roy and Mandal [8] conducted a numerical study of cascade refrigeration sys-
tem using two different refrigerant pairs, namely, R41/R404A and R170/R161.
They concluded that R170/R161 is in higher optimal COP as well as exergetic ef-
ficiency for system compared to R41/R404A system. The refrigeration perfor-
mance parameters of two binary azeotropic mixtures of R170/R23 and R170/R116
and a ternary azeotropic mixture of R170/R23/R116 were measured systemati-
cally in the low-stage loop of a two-stage cascade system by Gong et al. [9]. They
concluded that these mixtures show good potential as low-temperature stage re-
frigerants for applications in the —80°C temperature range. Zou et al. [10] expe-
rimentally investigated the heat transfer coefficients for saturated flow boiling in
a horizontal tube of the binary mixtures of R170/R290. They conclude that the
comparison of the experimental heat transfer coefficient with the predicted value
shows that the total mean deviation is 15.97% for R170/R290 mixtures. Zhuang
et al. [11] compared experimental data with various well-known correlations of
condensation heat transfer coefficient and pressure drop of R170 in a horizontal
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tube with inner diameter of 4 mm. Chen et a/. [12] conducted a theoretical study
on a modified vapor compression refrigeration cycle (MVRC) with zeotropic
mixture R170/R290 for freezers. They concluded that the proposed cycle has po-
tential advantages for application in the freezers. Park and Jung [13] presented
the thermodynamic performance of R170/R290 mixture on a heat pump bench
test in an attempt to substitute R22. They conclude that the coefficient of per-
formance (COP) and capacity of R290 are up to 15.4% higher and 7.5% lower,
respectively than those of R22 for two conditions. Sun et al [14] presented a
comparative analysis of thermodynamic performance of cascade refrigeration
systems (CRSs) for refrigerant couples R41/R404A and R23/R404A to discover
whether R41 is a suitable substitute for R23. They concluded that the theoretical
analysis indicates that R41/R404A is a more potential refrigerant couple than
R23/ R404A in CRS. Sun ef al [15] investigated the suitability of using R23, R41
and R170 in the low-temperature cycle (LTC) and R32, R1234yf, R1234ze, R161,
R1270, R290 and R717 in the HTC refrigerant in CRS. They recommended R161
for use in HTC, and R41 and R170 for use in LTC. Nawaz et al [16] evaluated
the performance of R290 (propane) and R600a (isobutane) as substitutes for
R134a (a HFC) for heat pump water heating (HPWH). They concluded that a
significant reduction in system charge and lower condenser discharge tempera-
tures as additional benefits. Liu and Yu [17] proposed the using of an ejector
subcooling refrigeration cycle (ESRC) with zeotropic mixture R290/R170 for low
temperature freezer applications. They conclude that the performance characte-
ristics of the proposed cycle demonstrate its potential applications in
low-temperature freezers. Aktemur et al [18] proposed using R41 in low-tem-
perature circuit (LTC), and using R1243zf, R423A, R601, R601A, R1233zd (E)
and RE170 for a high-temperature circuit (HTC). They concluded that there is a
maximum COP improvement of 13.05% compared to studies in the literature.
Turgut and Turgut [19] presented a comparative investigation on performance
analysis of cascade refrigeration systems using R744/R717, R744/R134a, and
R744/R1234yf refrigerant pairs. Das and Samanta [20] conducted a comparative
analysis on energy and exergy of cascade refrigeration system using different
pairs of refrigerants. They concluded that R744/R717 attained the highest COP
value equivalent to 7.848, and the highest ECOP value of 0.9838 was also at-
tained by R744-R717. Xie et al [21] proposed using the pairing consists Hydro-
carbons, such as R170 and R290 as natural working fluids instead of R22/R23 in
cascade refrigeration cycles. They concluded that R290/R170 can be used as the
substituting refrigerants to R22/R23 in the cascade refrigeration cycle. Wang et
al [22] investigated the performance of a single-stage Linde-Hampson refrige-
rator (LHR) operating with six different binary refrigerants (R23/R134a, R23/
R227ea, R23/R236ea, R170/R290, R170/R600a and R170/R600) with ozone dep-
letion potentials (ODPs) of zero was conducted using a new approach at the
temperature level of —60°C. They introduced two useful new parameters, the en-
tropy production per unit heat recuperated and the ratio of heat recuperating
capacity to the power consumption of the compression. Fatouh and El Kafafy
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[23] conducted an investigation on Liquefied petroleum gas (LPG) of 60% pro-
pane and 40% commercial butane to substitute for R134a in a single evaporator
domestic refrigerator with a total volume of 10 ft* (0.283 m?). Their results reveal
that lower on-time ratio and energy consumption of LPG refrigerator are ob-
served by nearly 14.3% and 10.8%, respectively, compared to those of R134a re-
frigerator were achieved. They conclude and proposed using LPG as an appro-
priate long-term candidate replacing R134a in the domestic refrigerators, except
capillary tube length and initial charge.

2.3. Innovation for Cascade Refrigeration Cycles

Pan et al [24] provided a literature review of the cascade refrigeration system
(CRS) to achieve an evaporating temperature as low as —170°C. Jain et al [25]
developed a thermodynamic model for cascaded vapor compression—-absorption
system (CVCAS) which consists of a vapor compression refrigeration system
(VCRS) coupled with single effect vapor absorption refrigeration system (VARS).
They use the first and second laws of thermodynamics to perform their compar-
ative study for a design capacity of 66.67 kW. The results show that the for
CVCAS the electric power consumption is reduced by 61% meanwhile the COP
of vapor compression cycle is improved by 155%. Cheng et al [26] conducted a
novel double internal auto-cascade two-stage compression system suitable for
refrigerant mixtures, which can effectively modulate the concentration of the re-
frigerant going to the evaporator and the injection port, drive the refrigerant rich
in high-pressure composition to enter the evaporator, thereby improving the
system performance. Dixit et al [27] investigated the proposal of integration of a
two-stage absorption refrigeration system with a compression refrigeration sys-
tem for utilizing low-temperature heat and reducing electric energy consump-
tion. They compared this proposed system with vapor compression system from
the viewpoint of energy, exergy, environment and economics. The proposed

system reduces the electricity consumption by 89.3%.

2.4. Vaccine Supply Chain Recent Requirements

Bulula et al [28] proposed to use Medical Store Department (MSD) to the Ex-
panded Program on Immunization (EPI) to reduce costs of the vaccine supply
chain responsibilities in Tanzania. Zhao et al [29] conducted their study on a
mixed solution of tetradecane (TD) and lauryl alcohol (LA) was selected as the
base liquid. They developed a new type of cold storage equipment for vaccine,
which can monitor the temperature of the vaccine in real time on the user’s mo-
bile phone. They stated that coupling the developed low temperature phase
change material with the cold storage equipment can ensure that the vaccine is
always in the required low temperature environment. Recently, Holm and Pol-
and [30] stated that it is important for providers to be familiar with the practi-
calities of vaccine packaging, storage, preparation, and administration. Several of
these vaccines require ultra-cold or have cold-storage requirements that are dif-

ferent than what vaccine administrators are prepared for. More recently, Mou-
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neer [31] conducted many case studies on health and safety applications to high-
light the importance of sustainable development under COVID-19 in Egypt.
These cross sectional studies included the COVID-19 transportation and vacci-

nation plan in many countries.

2.5. Research Objective

The research objective is to compare different pairs of refrigerants included hy-
drocarbon refrigerant pair Propane/Ethane namely (R290/R170) to be used in
cascade refrigeration systems (CRS) to cool down the evaporating temperature
to store COVID-19 vaccines which may need keeping temperature either during
transportation or during storage processes at low temperature reaches to —80°C.
The aims of this objective is to evaluate the thermodynamic analysis on both the
first law for COP values and the second law for exegetic efficiencies for the pro-
posed alternatives consist of lower side and higher side refrigerant vapor com-
pression cycles, which work together to achieve the cooling down the cold stores
for COVID-19 vaccines along its journey through cold supply chain either in
cold storage in cold in hospitals and clinics or in transportation via refrigerated

tucks, ships, and aviation.

3. Materials and Methods

This section demonstrates the materials and methods of the current research
such as; the classification of COVID-19 vaccines, types of cold stores for vaccines
transportation and storage, cascade refrigeration systems and system components,
and refrigerant classification tree. This research methodology is presented in this

section.

3.1. COVID-19 Vaccines Classification

Holm and Poland [30] reported that each vaccine has different packaging and
requirements for storage, preparation, and administration, as reported by. Re-
cently, Shervani et al [32] presented useful data and very important results in
containing, treating and eliminating pandemic COVID-19. They Classified the
COVID-19 vaccines according to its production companies, dosing, and storage
requirements. More recently, Williamson [33] reported in one article on BBC
that UK government have classified the COVID-19 vaccines into seven types
of vaccines based on their origin countries in the as follows: 1) Oxford Univer-
sity AstraZenca of UK, 2) Moderna (mRNA-1273), 3) the Pfizer-BioNTech
(BNT162b2), 4) Gam-COVID-Vac Sputnik V, the Russian vaccine, 5) Corona-
Vac (Sinovac), the Chinese vaccine, 6) Novavax, the American vaccine, and 7)
Johnson & Johnson (JNJ-78436735), as reported in BBC by Williamson [33],
as can be seen in both Figure 2(a) and Figure 2(b). Figure 2(a) depicts the
COVID-19 classification in tabulated form as shown in Figure 2(a). Meanwhile,
Figure 2(b) compares between the final prices for most of these vaccines, using

the bar chart for the cost per jab of COVID-19 vaccine candidates, presented by
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How some of the Covid-19 vaccines compare
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Figure 2. Comparison for the specifications of the COVID-19 vaccines. (a) Type, Dose and storage requirements for the
COVID-19 vaccine as classifed and reported by Williamson [33] reported in one article on BBC, (b) the cost per jab of COVID-19
vaccine candidates as reported in Dec 01 2020 by Reuters, Financial Times, CNBC, Russian Ministry of Health reported by
McCarthy [34], (c) HIV vaccine enterprise for COVID-19 vaccine research as reported by AVAC [35] early in May, 18 2020.
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McCarthy [34]. Figure 2(c) shows the HIV vaccine enterprise for COVID-19
vaccine research as reported by AVAC [35]. Figure 3 shows the classification of
the COVID-19 vaccines. Figure 3(a) displays the transportation container used
to keep the COVID-19 vaccine in —80°C, meanwhile Figure 3(b) shows the
standard COVID-19 vaccine bottle. The first vaccine type, produced by the
company Moderna named (mRNA-1273), which also acts on the mechanism of
mRNA. It has dosing schedule consists of two doses, 28 days apart. This type
requires Frozen between —13°F to 5°F (-25°C to —15°C). It can be stored refri-
gerated from 36°F to 46°F (2°C to 8°C) for up to 30 days prior to first use. Si-
nopharm’s vaccine can be stored at 2 to 8°C (36°F to 46°F), or a normal refrige-
ration temperature. The second vaccine is produced by Sino pharm company
(China) named CoronaVac or SinoVac, as shown in Figure 3(e). The third vac-
cine type produced by two joint venture companies Pfizer/BioNTech named
(BNT162b2), as can be seen in Figure 3(c), acts on the mechanism of mRNA. It
has dosing schedule consists of Two doses, 21 days apart. This type requires Ul-
tra-cold freezer works between —112°F to -76°F (-80°C to —60°C) for up to 6
months. The fourth vaccine is Russian vaccine and it has named Sputnik V. The
fifth vaccine is produced by Johnson & Johnson/Janssen (JNJ) companies and it
has named JNJ-78436735, as shown in Figure 3(d). It has one dosing schedule
and two-dose regimen is under evaluation. It is stable for 2 years at —4°F (-20°C)
but can be stored for at least 3 months at typical refrigeration temperatures of
36°F to 46°F (2°C to 8°C). The sixth vaccine is the American vaccine and it is

produced by Novavax company.

Fight COVID-19 I
Together

\ chmcu-aq\:fnnm@‘

[ W W

(c) (d)

Figure 3. COVID-19 vaccines classification (a) Transportation Container to keep
COVID-19 vaccine in —80°C, (b) standard packing bottle for vaccine, (c) Pfizer vaccine
(BNT162b2), (d) Johnson & Johnson (JNJ) vaccine, and (e) Sinovac vaccine (CoronaVac).
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3.2. Cold Stores for Vaccines Transportation and Storage

Figure 4 presents the cold stores and freezers for transportation and storage for
the COVID-19 vaccines. The vaccine refrigerators and refrigeration machines
can be classified into three types according to energy sources as follows: 1) vapor
compression units which are electric power driven machines as can be seen in
Figure 4(a) and Figure 4(b), 2) photovoltaic units which use solar energy dri-
ven machines as can be seen in Figure 4(c), and 3) absorption units which
named bottled gas or kerosene driven machines as can be seen in Figure 4(d).
Ice-lined refrigerators are the preferred option where there is reliable mains
electricity for at least eight hours per day. Even with periodic breaks in electrici-
ty, the inner lining of the unit can preserve the +2°C to +8°C holdover time. A

few models are available that can operate effectively on as little as four hours of

Figure 4. Cold stores and freezers for transportation and storage for the COVID-19 vac-
cines. (a) —80°C movable freezers for vaccine transportation, (b) —80°C vaccine freezer
with double doors, (c) using solar energy for vaccine freezers, (d) freezers with top sliding
doorway for vaccine, (e) cold store for vaccine storage, and (f) Mobile cold room (Trailer
Container) for vaccine transportation.
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electricity per day. Ice-lined refrigerators can expose vaccines to freezing tem-
peratures if vaccines are not loaded properly. Solar energy refrigerators (photo-
voltaic units) are more expensive to buy and install than electric refrigerators,
but they have no running costs, apart from cleaning and preventative mainten-
ance. There are two types for solar refrigerators which are: 1) solar-battery units
connected to a battery bank, which is charged by the solar panels, and 2) solar
direct-drive units that are powered directly by the solar panels. Absorption units
Bottled gas (or kerosene) refrigerators may be necessary in places where there is
insufficient sunshine for a solar-powered unit. Gas-powered units are better
than kerosene models because they need less maintenance and have better tem-
perature control. Bottled gas and kerosene refrigerators can expose vaccines to
freezing temperatures. Keeping vaccines in the +2°C to +8°C range is particu-
larly difficult with kerosene refrigerator. Another classification for refrigerators
and their types is presented according to mobility and transportation as follows:
1) Cooling stores (rooms) as can be seen in Figure 4(e), and 2) Portable (Mo-
bile) fridge as can be seen in Figure 4(f). Outdoor events that affect vaccine can
be a major concern without adequate cold storage containers with necessary
cooling capacity. This is the very reason pharma companies recommend to use
mobile fridge and cold storage solutions. Several refrigerated compartments and
buildings were designed for storage vaccine in an environment below the out-
door temperature. Many vaccines must be stored at low temperatures, some be-
low —15°C (between —25°C and —15°C), and others between 2°C and 8°C. If

vaccines are not stored correctly, they can lose their effectiveness.

3.3. Cascade Refrigeration Cycles

A cascade refrigeration cycle can be considered as a multi-stage compression
thermodynamic refrigeration cycle. In the cascade refrigeration system, more
than one vapor compression cycles (two or more) with more than one refrige-
rant are circulated as primary refrigerants. The evaporating and the condensing
temperatures of both cycle are sequentially lower with some overlap to achieve
the desired total temperature drop, with carefully selected refrigerants to effi-
ciently work in the desired temperature range they have been designed to pro-
vide it together. The low temperature cycle absorb heat from the cold store to be
cooled down using the low temperature cycle evaporator, then it transfers this
removed heat to a heat exchanger, namely cascade condenser, is cooled by the
evaporation of the refrigerant of the high temperature cycle. Therefore, the high
temperature cycle transfers this amount of heat to the condenser of the high
temperature cycle, to carry the rejected heat outside of the cascade refrigeration
system, either using air cooled condenser associated with fans, or water cooled
condenser associated with cooling water pumps and cooling towers. In the cur-
rent thermodynamics analysis, a two-stage cascade system uses two pairs of
compressor plants, working individually with different refrigerants, connected
among themselves so that evaporator one system is used to serve as the capacitor
to a lower temperature of the system (Z.e. the evaporator with the first unit cools
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the condenser of the second unit). In practice, an alternative approach utilizes a
common capacitor with a booster circuit to provide two separate temperature of
the evaporator. Clearly, diagram in two stages of the cascade refrigerating sys-
tem, as shown that the compressor is reduced and the amount of cooling load
(capacity) in the evaporator increases as a result of the cascade. Figure 5 depicts
the Cascade Refrigeration System (CRS), which is proposed in the current study
as innovative refrigeration system for COVID-19 vaccines transportation and
storage. Figure 5(a) and Figure 5(b) demonstrate the presentation of cascade
refrigeration cycle (CRS) with its both individual cycles consists of low temper-
ature cycle (LTC) and high temperature cycle (HTC) on T-s diagram and p-h
diagram, respectively, as presented by Aktemur ez al [18], for both cycles LTC
and HTC. Figure 5(c) shows line diagram for cascade refrigeration cycle with
LTC and HTC, as presented by Alhamid et a/l [36]. They conducted a study to
investigate the characteristics and COP of cascade refrigeration system using
hydrocarbon refrigerant (Propane, Ethane) and CO, at LTC. Their study con-
structed a prototype cascade refrigeration machine using the environmentally
friendly hydrocarbon refrigerants (Propane, Ethane) and CO,. Their results are
that the characteristics of the pressure and temperature of each component and
the COP value at low temperature circuit of load variations using an electric
heater at 90 W, 120 W and 150 W result in a COP value of 0.35, 0.48 and 0.60,

respectively.
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Figure 5. Cascade refrigeration cycle proposed as innovative refrigeration system for COVID-19 vaccines transportation and sto-
rage. (a), (b) CRS presented on T-s diagram and on p-h diagram, respectively, presented by Aktemur et a/. [18], and (c) Line dia-
gram for CRS with LTC and HTG, presented by Alhamid et al. [36].
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3.4. Classification of Refrigerants

As can be seen on Figure 5(b), the p-h diagrams dramatically influence the per-
formance of the selected refrigerant, due to its thermodynamic properties. Fig-
ure 6 depicts the methods can be used to classify the refrigerant either based on
their chemical composition, as can be seen in Figure 6(a), or based on their
working temperature ranges, as can be seen in Figure 6(b). The decision tree is
shown in Figure 6(a). depends on classifying the refrigerants into three groups;
which are; the first group is HCFC group, such as R22, R23, R32, and R410A4, the
second group is HFC group, such as R123, R134a, and R407c, and the third
group is Halogen free refrigerant either pure hydrocarbon refrigerant such as
R50 (pure Methane), R170 (pure Ethane), and R290 (pure Propane), or Inor-
ganic such as NH;, and CO,. The hydrocarbon refrigerant may have active mix-
tures as mixture hydrocarbon refrigerants such as Propane/Iso-butane, as can be
seen in Figure 6(a). On the other hand, Figure 6(b) classifies the refrigerant
tested in the current article to achieve this research goals into three groups based

on their working temperature ranges, which are high temperature ranges such as

Alternative
Refrigerants

HCFC HFC

(with chlorine) (no chlorine) Halogen free

Pure Mixtures Pure Mixtures Pure Mixtures

e.g.R22 = (R410A)  e.g.R134a (R407C) e-gb':‘o’::::‘a' e-lg- Pb’°tpa"e/
So-butane

()

*R404 (HFC)
*R407C (HFC)

Al *R410 (HCFC)
Temperature

Refrigerants
*R22 (HCFC)

*R32 (HFC)
ol *R123 (HFC)
Temperature *R134a (HFC)

Refrigerants

*R170 (HC, Ethane)
*R290 (HC, Propane)
*R717 (Ammonia)
*R744 (CO,)

(®)

Figure 6. Refrigerant classification based on their chemical composition, and on their
working temperature ranges. (a) based on their chemical composition, (b) based on their
classification on their working temperature ranges, high, low, and ultra-low temperature
ranges, which are numerically investigated in the current research.
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R404, R407c, R410 and R507, Low temperature ranges such as R22 (used as base
case only), R32, R123 and R134a, and Ultra Low temperature such as R170, and
R290, as shown in Figure 6(b).

3.5. Research Methodology

The research methodology aims to present a thermodynamic analysis on both
first law and second law of thermodynamics for proposed cascade refrigeration
systems using coupling of refrigerants. This cascade refrigeration system (CRS)
is proposed to cool down the evaporating temperature to store COVID-19 vac-
cines which may need keeping temperature either during transportation or dur-
ing storage processes at low temperature reaches to —80°C. The numerically in-
vestigated cascade refrigeration machine consists of two refrigeration circuits, of
low temperature cycle and high temperature cycle. The first refrigeration cycle is
the high-temperature circuit (HTC) using several environmentally friendly re-
frigerants such as R22 as old reference commonly used since 1960s, R32, R123,
R134a, R404, R407c, R410, and finally the most promising pure hydrocarbon re-
frigerant which is the propane namely as R290. On the other side, the second re-
frigeration cycle in the current study is the low temperature circuit (LTC) which
uses also a pure hydrocarbon refrigerant namely Ethane (R170). Both systems
are simulated to be interconnected to each other through the intermediate heat
exchanger (also can be named cascade condenser), as can be seen in Figure 5(c).
This intermediate heat exchanger is commonly used of the plate heat exchanger
type. The different expansion devices of HTC and LTC are due to the fact that
working pressures are not the same between the two circuits, as reported by Al-
hamid ef al. [36]. The working principle between HTC and LTC are the same as
a refrigeration cycle in general. The current research methodology focusses the
interest on evaluating the commonly used parameters and metrics for both the
energy analysis and the exergy analysis of the proposed CRS using different re-
frigerant pairs under different operating conditions by varying the intermediate
temperature ( Ziner) from —25°C to +5°C.

3.5.1. Energy Analysis Using the First Law of Thermodynamics

By applying the first law of thermodynamics, Energy analysis can be per-
formed using the list of balance equations listed in Table 1. Most of these bal-
ance equations are commonly used by applying the first law of thermodynamics
by several researches conducted on Energy analysis for cascade refrigeration
systems, as presented by Ustaoglu et all [5], Sun et al. [15], and Jain et al [25].
To produce the results of this energy analysis study using the first law of ther-
modynamics the Coefficients of Performance (COPs) and Specific power con-
sumptions (SPCs) in kW/TR can be numerically computed to compare between
different opportunities of refrigerant pairing used under different operation condi-
tions using different intermediate temperature ( Ziner) from —25°C to +5°C. Table
1 depicts all these thermodynamics correlations and balance equations used to

estimate the parameters and metrics of the first law of thermodynamics, using

DOI: 10.4236/wjet.2021.92022

323 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2021.92022

T. A. Mouneer et al.

Table 1. Balance Equations commonly used in Energy Analysis by applying first law
analysis for the cascade refrigeration cycle and its system components, [5] [15] [25].

. Actual enthalpy at compressor outlet at LTC.

Thisen = h =N Equation (1)
hz - h1
d Actual enthalpy at compressor outlet at HTC.
_ th — h5 i
Tlisen = h —h, Equation (2)

o Mass flow in LTC (heat balance over LTC evaporator)

Myre th_°°h4 Equation (3)
o Mass flow rate in HTC (heat balance over intermediate heat exchanger)
My =My * h,—h, Equation (4)
h—h,
. Work of LTC compressor (energy balance over LTC compressor)
Wire com = Mire *(h, = hy) Equation (5)
. Work of HTC compressor (energy balance over HTC compressor)
W,rc comp = Mire * (N = 1) Equation (6)
. Heat transfer in intermediate heat exchanger (energy balance over entire LTC)
Qi = Qu +Wirc comp Equation (7)
d Heat rejected by the upper cycle condenser (energy balance over entire HTC)
Qi = Qui *Wirc comp Equation (8)

o Coefficient of performance (COP)

COP,. = W4Qcc Equation (9)
LTC,Comp
COP — anl .
We T W Equation (10)
HTC,Comp
COP, . - S Equation (11)
RS T\ +W q

HTC,Comp LTC Comp

the thermodynamic properties at different corners of the cascade refrigeration
cycles numerically tested in the current research. The isentropic efficiencies (7isen)
are estimated in the current study using the definitions presented by Elakdhar et
al [37], and Brunin et al. [38].

3.5.2. Exergy Analysis Using the Second Law of Thermodynamics

By applying the second law of thermodynamics, Exergy Analysis can be executed
using the list of equations listed in Table 2. Most of these balance equations are
commonly used by applying the second law of thermodynamics by several re-
searches conducted on Exergy analysis for cascade refrigeration systems, as pre-
sented by Ustaoglu et al [5], Sun et al [15], and Jain et al [25].To perform
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Table 2. Balance Equations commonly used in Exergy Analysis by applying the second
law analysis on the cascade refrigeration cycle and its system components, [5] [15] [25].

. Exergy analysis over HTC, compressor
Kere.com = T * My (S, —5,) Equation (12)
. Exergy analysis over HTC, condenser
Ko = (Ta # M # (5, = 5,)) + (M (N, =) Equation (13)
. Exergy analysis over HTC, evaporator
Xrcop = Ta ¥ Myrc (S8 - 57) Equation (14)
. Exergy analysis over intermediate heat exchanger
D ——L (( M (h,—h, )) MM x (S, )) Equation (15)

. Exergy analysis in LTC, comp.

XLTQCump :Ta * mLTC (Sz - Sl) Equation (16)
. Exergy analysis over LTC, evaporator
Xircom = T, # M (54 - Sa) Equation (17)

. Second law efficiency (Exergetic Efficiency)

_ WLTC‘Comp +WHTC‘Cnmp - XTulaI

T = Mexergetic — W W

LTC,Comp HTC,Comp

Equation (18)

Exergy analysis using the second law of thermodynamics the Exergetic Efficien-
cies can be generated to compare between different opportunities of refrigerant
pairing used under different operation conditions using different intermediate
temperature (Ziner) from —25°C to +5°C. Table 2 depicts the thermodynamics
parameters and metrics of the second law of thermodynamics using the ther-
modynamic properties at different corners of the cascade refrigeration cycles

presented in this article.

4. Results and Discussion

This section presents the results of Cascade Refrigeration Systems (CRSs) using
several tested pairs of refrigerants, which are grouped into three groups of refri-
gerant pairs, (R32/R170, R123/R170 and R134a/R170), (R404/R170, R407¢c/R170,
and R410/R170), and (R22/R170, and R290/R170) versus different intermediate
temperature (Ziner) —25°C, —15°C, —5°C, and +5°C. The results are classified
based on applying the first law of thermodynamics to estimate the coefficients of
performance, discharge temperatures for both LTC and HTC, and the specific
power consumptions (SPCs) in kW/TR, and by applying the second law of ther-
modynamics to evaluate the exergetic efficiencies (77u) Or (7exergetic). The results of
the first law analysis are generated using the governing (balance) equations listed
in Table 1, however, the results of the second law analysis are evaluated using

the governing (balance) equations listed in Table 2.
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4.1. Results of the First Law Analysis

The results of the first law of thermodynamics for the coefficients of perfor-
mance discharge temperatures for both LTC and HTC, Tischarge,2 and Taischarge, 6>
respectively, are presented in Figures 7-9. The discharge temperatures for both
LTC and HTC, ( Taischarge, 2 and Taischarge, 6)»> respectively, are plotted versus different
intermediate temperature (Ziner) —25°C, —15°C, =5°C, and +5°C. The results of
the specific power consumptions (SPCs) in kW/TR are presented in Figures

10-12, and discussed in the next subsection 4.2. Figure 7 shows the coefficients

R32/R170 vs.R123/R170 vs.R134a/R170
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Figure 7. Coefficients of performance and discharges temperatures (75 at HTC) for three
refrigerant pairs (R32/R170, R123/R170 and R134a/R170) versus different intermediate
temperature ( Ziner) —25°C, =15°C, —=5°C, and +5°C.
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Figure 8. Coefficients of performance and discharges temperatures (76 at HTC) for three
refrigerant pairs (R404/R170, R407¢/R170, and R410/R170) versus different intermediate
temperature ( Ziner) —25°C, =15°C, =5°C, and +5°C.
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R22/R170 vs.R290/R170
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Figure 9. Coefficients of performance and discharges temperatures (7> at LTC and 7s at
HTC) for two refrigerant pairs (R22/R170, and R290/R170) versus different intermediate
temperature ( Ziner) —25°C, —15°C, =5°C, and +5°C.
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Figure 10. Specific power consumptions in kW/TR and Exergetic Efficiencies (7u) for
cascade refrigeration cycles consist of three refrigerant pairs (R32/R170, R123/R170 and
R134a/R170) versus different intermediate temperature ( Zinwer) —25°C, —15°C, =5°C, and
+5°C.

of performance and discharges temperatures (75 at HTC) for three refrigerant
pairs (R32/R170, R123/R170 and R134a/R170) versus different intermediate
temperature ( Ziner) —25°C, —15°C, =5°C, and +5°C. Figure 8 displays the coeffi-
cients of performance and discharges temperatures (75 at HTC) for three refri-
gerant pairs (R404/R170, R407¢/R170, and R410/R170) versus different interme-
diate temperature (Ziner) —25°C, —15°C, =5°C, and +5°C. Figure 9 shows the
coefficients of performance and discharges temperatures (7; at LTC and 7 at
HTC) for two refrigerant pairs (R22/R170 and R290/R170) versus different in-
termediate temperature ( Ziner) —25°C, —15°C, =5°C, and +5°C.
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Figure 11. Specific power consumptions in kW/TR and Exergetic Efficiencies (7u) for
cascade refrigeration cycles consist of three refrigerant pairs (R404/R170, R407¢/R170,
and R410/R170) versus different intermediate temperature (Ziner) —25°C, —15°C, —=5°C,
and +5°C.
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Figure 12. Specific power consumptions in kW/TR and exergetic efficiencies (7m) for
cascade refrigeration cycles consist of two refrigerant pairs (R22/R170, and R290/R170)
versus different intermediate temperature ( Ziner) —25°C, —15°C, =5°C, and +5°C.

4.2. Results of Specific Power Consumption (SPCs) in KW/TR

The current numerical analysis applied by the first law of thermodynamics gives
that the SPCs for CRS applications in the COVID-19 vaccines transportation
and storage is starts from 4.8 KkW/TR up to 6 kW/TR. The results of specific
power consumptions (SPCs) in kW/TR are presented in Figures 10-12, for the
three sets of refrigerant pairs versus different intermediate temperature ( Ziyer) of
-25°C, -15°C, =5°C, and +5°C. Figure 9 depicts the SPCs per refrigerated ton-
nage in kW/TR for the refrigerant pairs (R32/R170, R123/R170 and R134a/R170)
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versus different intermediate temperature (Zin.r) of —25°C, —15°C, =5°C, and
+5°C. Figure 9 shows that the pair R123/R170 gives the minimum SPC at 4.8
kW/TR, numerically recorded for Ziy. = —10°C and —-5°C. For other pairs,
which contain high temperature range as HTC, as can be seen in Figure 6(b),
such as R404/R170, R407¢/R170, and R410/R170, the results depicted from Fig-
ure 11 give that all of them have the highest three values of the specific power
consumption from 5.5 to 6.6 kW/TR, numerically recorded for all Ty temper-
ature range from —25°C to 5°C, as can be seen in Figure 11. Therefore, it will be
recommended to not use these three pairs tested in this article objective either in
the presence of the COVID-19 pandemic or after this pandemic. However, Fig-
ure 12 shows that the base case used for this current study, which is R22/R170
gives the minimum specific power consumption at 5.2 kW/TR, numerically rec-
orded for Tiner = —5°C. Meanwhile, the highly recommended HC refrigerant pair
in this article, which is depending on pure hydro carbon pair consists of both
Ethane (R170) in LTC and Propane (R290) in HTC, gives almost constant and
moderated value of the specific power consumption from 5.4 to 5.7 kW/TR,

numerically recorded for all Tiy.r, as can be seen in Figure 12.

4.3. Results of Second Law Analysis

The exergetic efficiency (7exergetic) is one of the most important parameters of the
second law of thermodynamics. The current thermodynamic analysis gives that
exergetic efficiencies (Zexergetic) for CRS applications in the COVID-19 vaccines
transportation and storage starts from 25% up to 43%, as can be seen in Figures
10-12. Figure 10 depicts the 7jexergeic for the refrigerant pairs (R32/R170,
R123/R170 and R134a/R170) versus different intermediate temperature ( Ziner) of
-25°C, -15°C, -5°C, and +5°C. Figure 11 shows the exergetic efficiency
(7exergetic) for the refrigerant pairs (R404/R170, R407¢/R170 and R410/R170) ver-
sus different intermediate temperature ( Ziner) of —25°C, =15°C, =5°C, and +5°C.
Figure 12 shows the exergetic efficiency (/esergeic) for two refrigerant pairs
(R22/R170, and R290/R170) versus different intermediate temperature ( Zier) of
-25°C, -15°C, =5°C, and +5°C. Figure 10 presents the pair R123/R170 gives
that the Zexergetic is recorded its numerically maximum value equal to 43%, at Tiye
= —5°C. Figure 11 presents that results of the three pairs of high temperature
range as HTC, which are R404/R170, R407¢/R170, and R410/R170 as classified
in Figure 6(b), give that all of them have the lowest three values of the Zexergetic
and its range starts from 25% to 32% and 39%, as can be seen in Figure 11.
These findings confirm on the recommendations of applying the first law of
thermodynamics by calculating the specific power consumption per refrigerated
tonnage for CRS. Figure 12 shows that the base case used for this current study,
which is R22/R170 gives a stable and relatively minimum values of the Zexergetic
which starts from 30% to 32% as recorded for Ziyer = —25°C and —15°C. On the
other side, the most promising pair in future few decades, which is proposed in
current article as well as R290/R170 gives almost constant and moderated value
of the Rexergetic 0f 30% at Tiner = —25°C, —15°C, and +5°C, however, it increases
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rapidly to 40% at Tiye = —5°C, as can be seen in Figure 12.

These findings of both Energy and Exergy Analysis reveal the opportunity of
using the pair consists of R290/R170 is highly recommended in these vaccine
applications, besides, the unfeasibility of using some pairs in these transporta-
tion and storage applications such as R404/R170, R407¢/R170, and R410/R170.
The data and results presented in this article are very important and useful in
providing the refrigeration solutions to containing the transportation and sto-
rage missions by production companies, and governments in many countries

during the existing pandemic COVID-19.

5. Concluding Remarks and Recommendations

This article is dedicated to focus on the possibility of using cascade refrigeration
for ultra-low temperature required for COVID-19 vaccines with focus the inter-
est also on the opportunity of using different pairs of refrigerants included R170,
as pure hydrocarbon refrigerant, in the low temperature cycle. The concluding
remarks are listed as follows:

* Cascade Refrigeration system (CRS) can be efficiently used to provide the ul-
tra-low temperatures (from —40°C to —80°C) to be used in both storage and
transportation of COVID-19 vaccines with most of their types and specifica-
tions.

* Using R170 (Ethane) as pure hydrocarbon is promising free halogen refrige-
rant however, the precautionary measures shall be taken into consideration
during utilizing R170 in the proposed CRSs either in trailers and tucks dur-
ing transportation, or in cold stores inside clinics, hospital, and vaccination
centers in remote villages.

* The efficient operation of CRS is dependent on both the low temperature to
be reached and on the refrigerant pairs to be selected during CRS design
stage.

* The influence of the selective cascade condenser temperature (intermediate
temperature) can affect the coefficient of performance and it should be care-
fully selected during design stage regarding to the selected refrigerant pairs.

Finally, the recommendation for future work is to experimentally study the
performance of these pairs or the most promising pairs to experimentally vali-
date the current thermodynamic analysis to achieve the predicted isentropic ef-
ficiencies used to complete this current study, with those expected measured
values which will be based on actual electrical power measurements. Meanwhile,
the opportunities of using both compression and absorption cycles in one cas-
cade refrigeration systems besides using solar energy for the absorption cycle, on
higher temperature cycle, and electrical power for compression cycle, shall be
carefully investigated either as thermodynamic analysis or experimentally meas-
ured using ready-made absorption machines with the smallest available capacity
for experimental setup purposes. The recommendation for future work is to

perform a complete 4Es analysis (Energy, Exergy, Economy, and Environment),
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which will focus on certain designs for vaccines transportation and storage in

future decades while using the highly recommended and promising refrigerant

pair consists of purely hydrocarbon of both LTC and HTC, by using Ethane
(R170) in LTC, and Propane (R290) in HTC, respectively.
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Nomenclature
COPcxs coefficient of performance for cascade refrigeration cycle (--)
COPurc coefficient of performance for gas driven chiller (--)
COPy1c coefficient of performance for hybrid chiller plant (--)
h enthalpy (J/kg)
myre Refrigerant mass flow rate at high temperature cycle  (kg/s)
e Refrigerant mass flow rate at low temperature cycle (kg/s)
p pressure (kPa)
Qc cooling capacity at evaporator of low temperature cycle (kW)
Qhnter Heat rejected in intermediate heat exchanger (kW)
s entropy (J/kg-K)
SPC Specific Power Consumption per Refrigerated Tonnage (kW/TR)
T temperature 4 9)
Teond Condensing temperature *Q)
Tevap Evaporating temperature ®)
Tinter Intermediate temperature at cascade heat exchanger *C)
Wirc, comp  Work of compressor in high temperature cycle (kw)
Wirc,comp Work of compressor in law temperature cycle (kW)
Xrotal total exergy loss (kw)
X exergy loss (kw)
Greek Symbol
Texcergetic exergetic efficiency (%)
T second law efficiency (%)
Tlisen isentropic efficiency (%)
Subscripts
cc cooling capacity
comp compressor
cond condenser/condensing
CRS cascade refrigeration system
evap evaporator/evaporating
HTC high temperature cycle
LTC low temperature cycle
inter Intermediate
S Isentropic process state
1,2,3,4  state points of LTC in Figure 6.
56,7,8 state points of HTC in Figure 6.
Abbreviations
CO, Carbon Dioxide
COP coefficient of performance
COVID Corona Virus Dieses
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CRS Cascade refrigeration system

HC Hydro Carbon

HCFH Hydro Cluoro Fluoro Carbon
HEX Heat Exchanger

HEC Hydro Fluoro Carbon

Li-Br Lithium Bromide

NH; Ammonia

SPC Specific Power Consumption
TR refrigeration tonnage

USD United States Dollar
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