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Abstract

The efficacy of vaccine storage is significantly impacted by temperature fluc-
tuations within the cooler, often exacerbated by using phase change materials
in existing cooler designs for remote areas. These materials can undergo
uneven melting and phase separation, leading to temperature instability and
vaccine potency loss. In response to this challenge, the present study intro-
duces a novel design of a portable, locally-made solar-powered cooler opti-
mized for longer storage periods. The cooler's performance in terms of tem-
perature distribution, airflow dynamics, and the coefficient of performance
(COP) is meticulously examined through computational fluid dynamics (CFD)
simulations. The simulated results were validated using experimental data
from the open literature, ensuring accuracy and reliability. The findings
indicate that the developed cooler achieves significant improvements over
traditional models. For instance, the current model reaches a temperature of
+12°C in just 84 min, compared to 208 min, as reported in the literature
results. Moreover, the current model reaches a temperature of —12°C in
195min and it has energy efficient with a COP of 4.5. Statistical analysis
further confirms the reliability of the simulation results, with root mean
square and mean absolute percentage errors of 6.587 and 24.2%, respectively.
Additionally, a comparative study of five insulative materials highlights
polyurethane (Po) as the top performer, with a heat transfer performance of
14.3%, followed by feather fiber (Fe) (18.7%), fly ash (F1) (19.8%), fiberglass (Fi)
(21.9%), and coconut fiber (Co) (25.9%). Notably, net present value (NPV) of
$689.336 and $448.01 was obtained for economic analysis of the current model
over the existing model, showing the feasibility of the study. Hence, the
cooler's effectiveness in storing vaccines in isolated regions exceeds that of
conventional models, providing a hopeful solution to tackle vital challenges in
vaccine distribution and preservation.
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1 | INTRODUCTION

Vaccine demand has increased dramatically in Africa
recently."” Vaccines are temperature sensitive® and must
be kept in a cold chain between +2°C and +8°C*’ to
remain potent. However, some vaccines, including
COVID-19, go beyond —15°C%; as a result, maintaining a
cold chain system to deliver vaccines to end users is
challenging, increasing the number of unused and mis-
managed discarded vaccines.” Distribution of the vac-
cines to the general populace in Sub-Saharan Africa is
still tricky, particularly in rural or suburban areas where
small towns, pharmacy chains, and hospitals might not
have the electricity and necessary facilities to keep the
vaccine at the right temperature for a more extended
period. Globally, 1.3 billion individuals still lack access to
power,® the majority of whom live in Africa and Asia,” of
which 600 Million live in Sub-Saharan Africa.'” The
intermittent and fluctuating electric power supplies, high
humidity and extreme ambient temperatures signifi-
cantly impact vaccine storage.'' These conditions can
compromise the effectiveness and safety of vaccines, as
they require consistent and stable storage environments
to maintain their potency. Ensuring a reliable power
supply and proper climate control is crucial to preserving
the integrity of vaccines, preventing spoilage, and safe-
guarding public health.

Most existing coolers in off-grid systems use phase
change materials, for example, ice packs.'> These mate-
rials undergo uneven temperature distribution,'® super-
cooling,"* and cause corrosion,'® resulting in vaccine
potency loss. Therefore, for a continuous supply of cold
chains, solar-powered vaccine storage is inevitable in
supplementing the absence of electricity. The solar-
powered cooler presents an innovative method to address
the challenges of remote locations and unreliable power
supplies in most remote areas. This innovative approach
is particularly valued for its potential to overcome the
challenges of using phase change materials. A few
studies are available in the open literature on solar-
powered vaccine storage cooling processes.'® designed
and fabricated solar vapor compression refrigeration for
vaccines and medicine with a 9-L capacity. The results
indicated that a minimum storage temperature of 6°C
was maintained within the year of operation. Ray et al.'’
conducted a study on the cooling performance of vaccine
storage for cylindrical and cuboid boxes integrated with
phase change material (SP-50) using computational fluid
dynamics (CFD). The results indicated temperature dif-
ferences within the vaccine cold boxes. The top and
corners exhibited higher temperatures compared to the
mid surfaces. This was attributed to concentrated heat
flux at ambient temperatures of 45°C and 30°C. The

differential heat distribution highlighted the importance
of considering various factors when designing thermal
management systems for vaccine cold boxes. Zhang
et al.'® explored the temperature distribution inside
refrigerated containers, created a three-dimensional CFD
model, and confirmed that CFD can accurately forecast
the temperature distribution inside such containers. This
validation enhances the reliability of CFD as a predictive
tool in this research. Ng et al.'® studied temperature-
controlled vaccine cold box transportation in cold chains
using coolant packs. The results indicated that a larger
polystyrene foam box with five coolant packs successfully
sustained the desired temperature for up to 23 h. On the
contrary, setups involving a polystyrene foam box with
four coolant packs and a substantial vaccine cold box
with two coolant packs could not maintain temperatures
below 8°C for the entire 24-h. However, the major
drawback of the configuration was the increased risk of
freezing.

Most previous works on solar-powered coolers have
focused on large-scale systems,” overlooking the devel-
opment of portable coolers essential for the remote dis-
tribution of vaccines. This oversight is particularly criti-
cal in regions with poor road infrastructure, especially in
the Sub-Saharan area. Reliable, portable, and efficient
cooling solutions are paramount to ensure vaccines’
practical storage and distribution. The studies on solar-
powered systems using CFD research have primarily fo-
cused on two areas: forced convection-based containers
designed for the storage of vaccines*" and the analysis of
airflow characteristics in various configurations** with
less emphasize on temperature variation within the
cooler and optimization of the insulation materials used.
Existing research predominantly focuses on conventional
cooling systems,* leaving a notable gap in the compre-
hensive analysis of the thermal performance and effi-
ciency of innovative insulating materials explicitly tai-
lored for solar-powered vaccine coolers. Despite
advancements in solar-powered cooling technology,
there remains a significant need to understand the
effectiveness of various insulating materials in main-
taining the ultra-low temperatures required for vaccine
storage. Addressing this gap is crucial for enhancing the
reliability and efficiency of vaccine storage solutions,
particularly in off-grid and resource-limited settings.

In this study, a reliable, portable, and efficient solar-
powered cooler was explicitly developed for vaccine dis-
tribution in remote areas, and its performance was
thoroughly analyzed. The research also evaluated various
insulating materials, including feather fiber, fly ash, fi-
berglass, polyurethane, and coconut fiber, to enhance the
cooler’s effectiveness. These insulating materials were
carefully selected and designed to maintain a distinct
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separation between the container's indoor environment
and the external ambient conditions. Additionally, the
modeling results from this study were used to guide ex-
perimental efforts, thereby reducing the number of trials,
as well as saving time and costs.

2 | MATERIALS AND METHODS

The components used in this study were categorized into
two parts: a power supply unit and a cooling system unit,
as shown in Figure 1 and in the numerical model
Figure 2. A power supply unit includes a solar panel,
solar battery, and charge controller, while a cooling
system unit includes a compressor, condenser, eva-
porator, and capillary tube. This cooling system is em-
bedded with galvanized sheets, aluminum sheets, and
polyurethane foam (Po). The outer cover of the cooling
system termed a cooler is surrounded by a galvanized
sheet material 1.5 mm thick, and an aluminum sheet of
1.5mm is in the inner cover between the galvanized
sheet and aluminum sheet. Polyurethane foam acts as an
insulation material of 72 mm. The insulating material
significantly impacts an object's ability to resist heat.**

| -~
, Filter &
L{ Capillary

tube

Evaporator
Compressor

| |

Vaccine
storage (30Itr)

: Condenser (1/5hp)

(12V DC, 1/5hp)

b

Cooling system unit

FIGURE 1

Due to the availability of insulation materials in the local
market, five categories were found. However, a compar-
ison through simulations was conducted to find the best
material to use. The simulation utilized in this work to
analyze the heat transfer rate involved five insulation
materials, as indicated in Table 1. The best thermal
conductivity for cold storage is found in all materials,
albeit slight variations exist. Four different external
temperatures, 313, 308, 303, and 298 K, were used for
CFD steady-state thermal analysis. The simulation used a
constant of 2Wm ™ 2K™! heat transfer coefficient,
assuming the ambient temperature was 295K and the
internal temperature was 253 K throughout the simula-
tion. These materials have low thermal conductivity.
Additionally, the availability in the local market and low
thermal conductivities were the most critical factors
during the selection of these insulation materials.
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A schematic diagram of vaccine storage system key components.
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SECTION H-H

FIGURE 2 Assembly vaccine cooler. (A) Folded placed at the top of the cooler. (B) Cross section view.

TABLE 1 Thermal conductivity of insulation material.

Thermal conductivity

Insulating material (Wm 'K
Coconut fiber (Co) 0.048
Fiberglass (Fi) 0.04

Fly ash Fiber (Fl) 0.035
Feather fiber (Fe) 0.033
Polyurethane foam (Po) 0.024

400 x 280 x 280 mm (height X length X width), respectively.
It involves the identification of many significant parts in each
design component.

2.1.1 | Determination of the solar panel

A 200 W, 12V, foldable solar panel has been used. The
solar panel's folded dimensions are 435 X 375 X 22 mm
(length X width X thickness), making it reasonably
portable. Equations (1) and (2) were applied to
determine solar panels.”* To determine the total
appliance utilized for the vaccine cooler, sunlight is
expected to be present for 6h every day. The

Author
Kumar?®

Pavithra et al.?®

Massoudinejad et al.>’
Dieckmann et al.*®

Xu et al.?®

compressor has a power rating of 86 W, so the total
appliance utilized will be as follows:

power consumption = daily load X peak hour

, €]
sunshine,
number of photovoltaic cell panel needed =
total photovoltaic cell panel capacity
panel size rating ’
©)

According to Atsu et al,*' photovoltaic panels can
operate effectively for 25 years. However, there are
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challenges concerning the durability and performance of
these modules that require attention. Factors like panel
temperature,’ system load,* dust deposition,* irradiance,*
and sun direction,*® dust accumulation,”” shadows,®
humidity,* wind speed,® and damaged panels.* To prevent
these impacts, actions should be implemented such as panel
cleaning,* solar trackers for sun direction,” avoiding even
partial shadow,* cooling methods for overheating and real-
time monitoring for panel damage.**

2.1.2 | Storage battery

Two 85Ah deep cycle lead acid batteries keep the cooler
for keeping immunizations powered up. The appliance
use is assumed to be 16 h per day, days of autonomy (the
number of days the system will function without elec-
tricity from PV panels) is supposed to be 1, battery loss is
assumed to be 0.8, and nominal battery voltage is con-
sidered 12. Equation (3) was considered to determine the
number of solar batteries used.*

Battery size =
total watt X hours per day used by

appliances X days of autonomy

0. 8 X nominal battery voltage

(3

Sahajwalla and Hossain* noted that the battery lifespan
typically spans around 15 years, achievable through proper
maintenance and care. Factors like discharging batteries to
higher depths*’” and exposure to elevated temperatures™ can
impact battery longevity. Maintaining the water level in each
battery cell is crucial for its charging and discharging cycles.
Keeping the water level at an optimal level requires regular
watering; however, both overwatering and underwatering
can harm battery life.** Periodic discharging and recharging
of batteries result in water consumption during charging.
Charging should commence only when the battery voltage
hits the minimum level.* Regular checks on liquid levels in
battery cells and adding water to depleted cells as per
manufacturer guidelines are necessary. When batteries are
part of a PV system, they must be situated in well-ventilated
areas without extreme temperatures to ensure optimal
performance.

2.1.3 | Charge controller

The charge controller of 12V, 20 A of maximum power
point tracking (MPPT) was selected, of which 25% was
considered a safety factor due to the panel producing

more power. Equation (4) was used to calculate the size
of the charge controller:>

power = voltage X current. 4)

The charge controller employs MPPT to acquire the ideal
solar power necessary for maximizing output.”’ PV panels
demonstrate a nonlinear voltage-current profile, with a
defined peak power point affected by environmental factors
such as temperature and sunlight exposure. Solar panels
need to consistently operate at this optimal point to achieve
peak power generation, disregarding environmental changes.
The MPPT system effectively supervises and adjusts the
operational point to boost the power yield from PV panels.
The performance of a solar-powered cooler heavily relies on
efficient maintenance and durability. Failing to upkeep the
system properly can lead to reduced efficiency, increased
energy usage, and the risk of system malfunctions in the
long run. Consistent maintenance guarantees the optimal
operation of the cooler and extends its longevity.

2.1.4 | Compressor

The compressor selected was 12V, DC hermetic 1/5hp
because this type helps to minimize gas leakage out of
the system. Equation (5) was used for the compressor
determination.”

compressor power (Qp)

= mass flow rate(m) x work done by compressor (W;).

5

A compressor integrates mechanical compression
components with an electric motor for efficient opera-
tion.>* Various factors like component quality, operating
conditions, and maintenance practices influence the
lifespan of a DC compressor. A DC compressor can
typically last 10 years under regular operating condi-
tions.>* Maintaining a DC compressor is crucial for en-
suring its longevity and optimal performance. Regular
maintenance helps prevent potential issues, such as
decreased efficiency, increased energy consumption, and
system failures. By conducting routine inspections,
cleaning, and servicing, the lifespan of the compressor
can be extended to ensure its operation efficiently.

2.1.5 | Condenser

A condenser of dimension length 1160 mm X width
450 mm, 1/5hp, wire, and tube was selected to enable
natural and forced convection to effectively remove heat

85U8017 SUOWILLIOD @A 18810 3|cedldde 8y Aq pausenob ae el VO ‘8sn JO Se|nJ o} Akeid 178Ul UO A8]IAA UO (SUORIPUOD-PUR-SLUIB)ALIO" A [IM"AeIq Ul UO//:SANL) SUORIPUOD pUe SWid | 8U1 8eS " [7202/2T/70] uo Akiqiauluo Ao M ‘E1uezue ) dSYNI AQ STET €858/200T 0T/I0p/W0D A8 im Akelqijeul|uo's fuanol1os//:sdny wouy pepeojumod ‘TT *v202 ‘G0S00502



MARWA ET AL.

from the surface. Equation (6) was used for condenser
determination.””

condenser load (Q;) = mass flow rate (m)

X heat by condenser.

(6)

2.1.6 | Evaporator

The evaporator has a dimension length of 1200 mm and a
width of 40 mm. Aluminum coils were selected because
they guard against pinhole leaks, metallic corrosion, and
rusty tube sheets. Equation (7) was used to calculate the
evaporator sizing.>®

evaporator load (Qg) = mass flow rate (m)

X heat by evaporator.

(7)

2.1.7 | Coefficient of performance

A cooler's coefficient of performance (COP) is given as
4.5. COP is the ratio of energy taken away from the
cold reservoir to the work input. The higher the COP,
the more efficient the cooler, the less energy (power)
consumption, and therefore reduced running costs.
Equation (8) was used to determine the COP of a
system.'®

COP = refrigerating effect

(®)

work done by the compressor

2.1.8 | Heat transfer across the wall

The heat transfer rate within the wall at the vaccine
cooler was determined using conduction and convection
calculation formulas. Equation (9) was used to determine
the heat transfer rate®”:

Aw(fi — To)

1 Xa XB Xc 1
hi+kA+kB+kc+ho

Q=

©)

where A,, is the surface area of the wall (m?), h; the heat
transfer coefficeints at the inner (Wm™2K™), h, the
heat transfer coefficients at the outer (W m 2K ™1), x4 the
thickness of aluminum sheet (m), xg the thickness of
galvanized sheet (m), xc the thickness of polyurethane
foam (m), k5 the thermal conductivity of aluminum
sheet (Wm ™" K™), kg the thermal conductivity of gal-
vanized sheet (Wm™" K™), k¢ the thermal conductivity
of polyurethane foam (Wm™ K™'), T; the Inner tem-
perature (K), and T, the outer temperature (K).

2.1.9 | Evaluation methods

The length and information level of the experimental data
set for simulation model evaluation must be carefully ex-
amined since they have a significant impact on model per-
formance. Thus, techniques for identifying crucial time
intervals in observations with the most information for
parameter identification may provide valuable recommen-
dations when choosing the evaluation data series.”® The
statistical performance measures were used to compare the
simulated model outputs to the numerical data to estimate
error using the root mean squared error (RMSE) and mean
absolute percentage error (MAPE). The RMSE formula
computes the squared error of the prediction when com-
pared to observed values, as well as the squared root of the
summation value. It provides high confidence in the model's
anticipated values. Equations (10) and (11) were used to
evaluate the root mean square error and mean average
percentage error.”

RMSE =
\/ Zn (predicted value-observed value)?
i=1 number of obervation

(10)
and

c lue-predi 1
MAPE = 1 Z observed value-predicted value
ni=

observed value 11)

2.2 | CFD simulation of the cooler

CFD is a fluid dynamic that studies heat transfer
and fluid flow problems. Numerical methods and algo-
rithms are used to examine and solve problems. The
model and analysis of CFD are utilized to analyze fluids
in various systems.”” The fundamental advantage of
employing numerical methods is that the problem is
resolved by discretizing it based on a set of parameters. A
mathematical model represents the actual physical sys-
tem, which can be solved and examined.®!

The CFD investigation's foundation is modeling vaccine
storage in the ideal cooler. ANSYS version 2021R2 software
was utilized to run the simulation, while ANSYS FLUENT
was used to mesh and design a modeler to model the
cooler. It is significant to note that a model can created and
simulated using CFD without the model ever being built.
Due to the availability of effective computer systems,
numerical modeling techniques, including but not limited
to CFD approaches, have become well-known in the aca-
demic and industrial sectors. By employing CFD
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simulations to understand physiochemical parameters in-
side the model and optimize system design and operation,
the system can be characterized with fewer experiments.
Simulations generate spatial and temporal profiles of many
system parameters that are either difficult to measure or
can only be obtained through pricy experiments.

2.3 | Details of mesh

The geometric model was meshed using ANSYS Meshing
version 2021R2. Figure 3 displays the cooling cabinet's
mesh and three-dimensional (3D) geometric domains.
The names of the six walls of the cooling cabinet are
presented in Figure 3a, a geometric illustration. The
cooling cabinet's width is along the x-axis, its depth is
along the z-axis, its height is along the y-axis, and gravity
operates in the negative y-axis. The six walls that com-
prise the CFD geometry are designated top, bottom, back,
side, and front. They consider natural convection from
environmental interactions and heat transfer through
conduction in the insulating material. The condenser is
fixed on the back of the vaccine storage structure.

An unstructured grid of tetrahedron elements was
constructed, and the results are displayed in Table 2. The
size or distinctive length of each element in the mesh is
referred to as 3 mm, resulting in the element number of
6,792,615 of the nodes 9,468,051 employed as the initial
meshed values of the geometry domain. The mesh
quality was medium, with a growth rate of 1.2.

2.3.1 | Mesh generation
The mesh quality significantly impacts the accuracy of

the solutions in CFD simulations.®® Geometry must

(A)

Front wall

o / Top wall

>

v\4-""‘ Back wall

" Side walls

A " Bottom wall ‘/I\
%00 0250 2500(r b

0125 0375

include grids or meshes, and meshing is a crucial step in
the CFD process. The method selected at the meshing
stage determines the mesh's quality. Mesh divides a
3D fluid system model into thousands of smaller flow
domains, each of which can have its governing equations
discretized and solved. Meshes that are considered

TABLE 2 Mesh values.
Parameter
Defaults
Physics preference
Element order
Element size
Sizing
Growth rate
Maximum size
Mesh defeaturing and size
Minimum edge length
Quality
Smoothing
Inflation
Inflation option
Transition ratio
Maximum layers
Growth rate
Statistics
Nodes

Elements

Abbreviation: CFD, computational fluid dynamics.

(B)

0.00 0200 0.400 (m
- ]

FIGURE 3 (A) Three-dimensional geometry domain. (B) Meshed domain.

Value

CFD
Program controlled

3mm
1.5
Default (10 mm)

Yes, 0.25865 mm

0.5 mm

Medium

Smooth transition

0.272

1.2

9,468,051

6,792,615
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acceptable produce outcomes with a reasonable level of
accuracy, given that the other model inputs are trust-
worthy.®® The primary objective of mesh quality analysis
is to correct these errors. To reduce errors with mesh
quality, it is essential to understand the standard metrics
for mesh quality, regardless of the types of mesh being
utilized.

The first main criterion for evaluating a mesh's
quality is element quality inspection. The element quality
ratio used in this study is 0.83. This indicates that the
mesh quality is sufficient to execute a credible simula-
tion. The element quality evaluation provides the com-
posite quality metric, which varies from 0 to 1. A value of
1 denotes a perfect element, whereas an element with a
value of 0 has poor element quality.®* The second main
criterion for evaluating a mesh's quality is skewness.®
The average skewness ratio used in this analysis is 0.229.
The meshing quality is ideal if the skewness ratio is
between 0 and 0.25 out of the ranges from 0 to 1.°* When
these elements’ quality and skewness are within the
standard range, it sounds reasonable to trust the results
obtained.®® The mesh's quality ensures the best analysis
findings for the problem, reduces the need for extra
analysis runs, and increases predictive capabilities. The
mesh quality influences the accuracy and convergence of
the CFD solution®” measured by geometric metrics for
each cell in the mesh. Extremely skewed computational
cells can compromise the solution's stability and
accuracy.®®

2.3.2 | Mesh refinement

A study on mesh refinement has been carried out to
investigate the impact of mesh on computation speed and

7010000
6010000
5010000
4010000
3010000

2010000

Element number

1010000

0.05 0.01 0.009

accuracy. The size of the elements significantly affects
the problem's convergence and computing time.*® The
structure to be assessed and the extent of the study are
the primary determinants of the mesh size selection. It is
not possible to obtain adequately accurate results with a
high mesh size’®: while smaller element sizes can lead to
a more accurate answer as the design behaves, they also
significantly increase calculation time and memory
requirements. Both computational time and numerical
accuracy are impacted by mesh size. Increased element
size causes inconsistent simulation results and conver-
gence issues.

Reducing the size of the elements and analyzing how
this affects the correctness of the solution are steps in the
mesh convergence process. Less than 10% of the pro-
jected element number is considered accurate enough for
engineering applications to obtain the ideal element
size.”® Although the processing time increases, the
results usually get more precise as the element size
lowers. The element number for various element mesh
sizes, as determined by ANSYS Fluent, is shown in
Figure 4. The element count rises as the element mesh
size decreases. The element number does not continue to
grow after reaching the optimum value simultaneously.
As a result, the value at which precise results were
obtained in this study is 0.003 m while considering the
lower bound. Furthermore, reducing the mesh size will
make the computational system work harder.

2.3.3 | Boundary condition

The cooling cabinet has an internal volume of 0.03 m3
and is entirely insulated with a 72-mm-thick layer of Po,
ensuring optimal thermal efficiency. All walls of the

10000 — ezt - l I I I I

0.007 0.005 0.004 0.003 0.002

Element size (m)

FIGURE 4 Effect of element mesh sizes.
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vaccine storage unit were configured as no-slip walls,
minimizing heat exchange with the surrounding ambient
environments. Figure 5 illustrates the composition of the
cabinet's walls, consisting of three material layers. The
insulation is achieved through Po sandwiched between
an inner aluminum sheet and an outer galvanized sheet
serving as the exterior cover. The thickness and thermal
conductivity of the insulation materials were carefully
incorporated into the analysis. The thermal conductivity
values for the insulating materials were sourced from
previous studies, as outlined in Table 1. This compre-
hensive approach allowed for a detailed examination

o

Table 3 outlines the key characteristics of these ma-
terials, emphasizing their role in enhancing the vaccine
storage cabinet's insulation and thermal regulation
properties. The combination of materials and insulation
design plays a crucial role in maintaining stable internal
temperatures, safeguarding the stored vaccines from ex-
ternal temperature fluctuations, and ensuring the overall
efficiency of the cooling system. By incorporating
high-quality insulating materials like Po and a meticu-
lous design approach, the vaccine storage cabinet can
effectively uphold the required temperature conditions to
preserve vaccine efficacy and safety.

The convective heat coefficients (k) for the walls were
calculated based on natural convection using the

of heat transfer dynamics in different thermal
environments.

Inner part

T=253K

h=2 Wm3K!

Surroundings

T1=309K

Aluminum sheet —» |« »  [«— QGalvanized sheet
Polyurethane
Insulation
FIGURE 5 Walls of the vaccine storage cabinet.
TABLE 3 Properties and thickness of the wall materials.
P k Cp X T; h

Boundary Condition (kg m™) (Wm K™ Jkg™K™) (m) (K) (Wm 2K
Galvanized sheet NA 8055 15.1 480 1.5 NA NA
Polyurethane foam NA 32 0.0245 1450 72 NA NA
Aluminum sheet NA 2702 237 903 1.5 NA NA
R143a NA 4.25 0.01409 1425 NA NA NA
Top wall Convective NA NA NA NA 309 2.2
Front wall Convective NA NA NA NA 309 1.8
Side walls Convective NA NA NA NA 309 2.4
Back wall Convective NA NA NA NA 316 2.0
Bottom wall Convective NA NA NA NA 309 2.3
Pressure inflow Convective NA NA NA NA 305 NA
Pressure outflow Convective NA NA NA NA 253 NA

Abbreviation: NA, not applicable.

85U8017 SUOWILLIOD @A 18810 3|cedldde 8y Aq pausenob ae el VO ‘8sn JO Se|nJ o} Akeid 178Ul UO A8]IAA UO (SUORIPUOD-PUR-SLUIB)ALIO" A [IM"AeIq Ul UO//:SANL) SUORIPUOD pUe SWid | 8U1 8eS " [7202/2T/70] uo Akiqiauluo Ao M ‘E1uezue ) dSYNI AQ STET €858/200T 0T/I0p/W0D A8 im Akelqijeul|uo's fuanol1os//:sdny wouy pepeojumod ‘TT *v202 ‘G0S00502



MARWA ET AL.

dimensionless Nusselt number, Prandtl number, Ray-
leigh number, and Grashof number®’ (Equations 12-16).

Nuk
L.’

h = (12)

The heat transfer coefficient by convection is highly
dependent on velocity; the higher the velocity, the
greater the convection heat transfer coefficient. Natural
convection involves low fluid velocities, usually less than
1ms """ As a result, compared to induced convection,
natural convection typically has substantially lower heat
transfer coefficients. The equations used to calculate Nu
are:

The front, back, and side walls have been assumed to
be vertical plates®’

0.387Ra; /6 2 )
[1 + (0.492/Pr)°/16]8/27 [

Nu = {0.825 +

The top and bottom walls used to be horizontal plate
Nu = 0.54Ra; /% (14)

where

_ 3
88 (Ty — T,)L, p

Ra; = Gr,Pr = 5 r. 15)
v

The top and bottom are considered the characteristic
length (L.) for horizontal walls, while the front, rear, and
side are the characteristic length (L.) for vertical walls.

Le= —. (16)

The surface and ambient air temperature were
determined using the cabinet walls’ values for (Ts) and
(T..). Ps represents the specific wall's perimeter, while
(A) represents the wall's surface area.

2.3.4 | Model assumptions
For the boundary condition to be performed, several as-
sumptions were made to simplify the model:

i. The vaccine storage cabinet consists of both fluid
and solid domains.
ii. Energy dissipation due to viscosity is negligible.
iii. The temperature difference in the cabinet is due to
the density differences.

iv. The flow is laminar, and the airflow within the
cabinet is constant.
v. There is no-slip in boundary conditions.

The governing equations considered for the fluid flow
and heat transfer include continuity, momentum, and
energy equations>’ (Equations 17-19).

i. Continuity equation

V.V =0. a17)
ii. Conservation of momentum

ou ou
u— +v—
ox oy

o’u
=v— + T — Toc . 18
P 8h( ) (18)
This equation governs the fluid boundary layer
movement due to the effect of buoyancy. Note that the
momentum equation involves the temperature; thus, the

momentum and energy equations are solved
simultaneously.
iii. Conservation of energy
oT oT 0T
Uu— +v— = (19)

=a—,
0x Oy 0y?

where the boundary conditions are:

At y=0: u(,0)=0, v(x,0 =0,
T(x,0=T
At y—o: u(x,0)—0, v(x,0)—0,

T (x, 0)—>T.

2.4 | Simulation temperature validation
The experimental and numerical temperature results from
the literature were validated in the current simulation CFD
model, as shown in Table 4. The simulation model was
conducted by comparing the vaccine storage of 9L in dif-
ferent locations with different insulation materials. The
simulation ran under CFD steady-state analysis at 28°C
ambient temperature. In this validation, only the cooling
temperature was modeled. The literature temperatures were
much higher than those of the simulation CFD model.
Nonetheless, the results of the present study reveal a rea-
sonable agreement between the experimental and modeling
data. As a result, the model is regarded as validated and
suitable for use in the analysis of vaccine storage.
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TABLE 4 Comparison of parameters.

Parameters
Model
Refrigeration cycle
Refrigerant
Source of power
Size capacity
Compressor
Condenser

Outer material

Literature model®
Vaccine refrigerator
Vapor compression
R134a

Solar

9L

12V, DC

Plate type and finned

Galvanized

Current model
Vaccine cooler
Vapor compression
R134a

Solar

30L

12V, DC

Wire and tube

Galvanized

Location Indira Gandhi Institute of Nelson Mandela Institutions
Technology of Science and Technology
Ambient temperature 32°C 28°C
Insulation material Glass wool Po
Insulation thickness 32mm 72 mm
2.5 | Economic feasibility Moreover, labor costs (Lb,) for constructing and installing

The significance of comparing the economic feasibility of
the designed storage vaccine cooler (DSVC) system with
the existing storage vaccine cooler (ESVC) cannot be
overstated. This evaluation considers both the initial
capital outlay and the yearly operational costs of the en-
tire system. The investment in the storage vaccine cooler
includes expenses related to construction, operation, and
maintenance. = The  cost analysis from an
economic perspective can be divided into three key cat-
egories: capital costs involve the initial investment, en-
compassing installation expenditures, operating costs
account for maintenance and operational charges, and
residual and salvage value of the materials.

2.5.1 | Initial investment cost

During the economic analysis process, expenses incurred
before a system's operational phase fall under the cate-
gory of initial investment costs (I.). These costs play a
fundamental role in the overall assessment of economic
viability. The initial investment includes acquiring the
storage vaccine cooler and procuring materials for its
construction. The materials cost (M.) accounts for the
expenses of obtaining the necessary components for the
cooler system. Additionally, integrating photovoltaic sys-
tem costs (PV,.) is part of the initial investment, com-
prising vital components like solar panels, a charge con-
troller, and a thermostat for temperature regulation.

these systems are included in the initial investment ex-
penditure. The reliance on solar power in weather con-
ditions highlights the significance of solar battery costs
(B.) during periods with limited sunlight. These costs
(Equation 20) significantly influence the project's eco-
nomic landscape, impacting its long-term sustainability
and effectiveness.

I.= M.+ PV, + Lb, + B.. (20)

2.5.2 | Operation and maintenance costs

The operation and maintenance costs (OM.) for both
systems encompass manpower and overhead (MOc),
including cleaning and leak maintenance, depreciation
cost (Dc), and charging of refrigerants (CRc). MOc was
assumed to be 3% of the investment cost, covering
labor and administrative expenses, as presented by
Alrwashdeh and Ammari.”> D, was set at 5% of the
investment cost, reflecting the system's devaluation. CR.
is assumed to be 3% of the overall operation and main-
tenance costs, covering refrigerant recharging expenses
for system efficiency. Considering these maintenance
and operation costs, Equation (21), a more precise eco-
nomic evaluation can be achieved, offering insights into
the long-term financial sustainability of the vaccine
cooler system.

OM, = MO, + D; + CR.. (21)
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where science
meets b

2.5.3 | Residual value (salvage value)

The salvage value of the cooler system components (SC.)
is approximated to be approximately 10% of the initial
costs, as specified by Wang et al.”*> The salvage value of
photovoltaic panels (SP,) recycling is presumed to be 10%
of their total worth. This aspect Equation (22) signifi-
cantly influences the overall cost-effectiveness and
potential returns of the project components.

S, = SC¢ + SP.. (22)

2.54 | Net present value

When evaluating the economic feasibility of both proj-
ects, the net present value method was utilized to
determine the equivalent cash flows (Cg) of yearly sav-
ings and costs over a specified 10-year period. This
assessment incorporates a real discounting rate of 5% to
discount future cash flows to their present value. The
study utilizes the net present value (NPV) technique to
economically compare different cooler system configu-
rations. This method converts the costs and benefits of
each option into present value, selecting the option with
the highest NPV as the preferred choice among alter-
natives. The mathematical Equation (23) of NPV value
according to Chen et al.”* was given as

N
net present value (NPV)= ) (15—7F)" - L.
i

n=1

(23)

2.5.5 | Payback period

The payback period offers a direct assessment of the time
required to recoup an investment, it is crucial to sup-
plement this analysis with other financial metrics for a
comprehensive project evaluation. It determines the
duration required for an investment to generate adequate
cash flows to offset its initial cost. According to De and
Ganguly,” it is calculated by dividing the capital cost by
the average annual net income as Equation (24).

I
Py =

= fs (24)

2.5.6 | Energy saving

Both systems were assumed to have equal energy savings
in providing necessary refrigeration capacity. The annual
savings in energy were estimated by taking into account

the energy needed to run a standard refrigeration system
with specific parameters: a 130 W cooler capacity oper-
ating 8 h a day for 365 days. This analysis Equation (25)
demonstrates the potential cost savings and environ-
mental advantages of using solar power for refrigeration,
emphasizing the efficiency and sustainability of renew-
able energy sources in industrial settings.”®
E; = Powerompressor X hoursg,y X days, ... X energy rate.
(25)

year

3 | RESULTS AND DISCUSSIONS

3.1 | Experimental and simulation
comparison

The current CFD simulation results were validated using
experimental data from a portable vaccine refrigerator
with the same model, refrigeration cycle, refrigerant gas,
and power source. The comparison of this study's vaccine
storage cooler model's simulation results and the ex-
perimental results is shown in Figure 6. To validate the
simulation results, they were compared with experi-
mental data. This study uniquely demonstrates signifi-
cantly enhanced cooling performance compared to lit-
erature reports, as observed in the studies conducted by
Aich and Nayak,'® Al-Madhhachi and Al-Najideen,”” and
Kherkhar et al.”® Specifically, while Aich and Nayak'®
reported a cooling temperature of +12°C after 208 min,
this study's results displayed a temperature of —12°C
after 195 min. Additionally, the average vaccine storage
temperature reached +4°C after 124 min in this study's
model, whereas the literature model maintained a tem-
perature of 17°C for the same duration. These findings
highlight the superior cooling capabilities of this study's
model, highlighting substantial improvements over pre-
viously reported numerical and experimental results.
This suggests that this study's model offers a more
effective solution for practical vaccine storage, ensuring
the maintenance of required temperatures.

However, statistical analysis revealed deviations
ranging from 6.587% for RMSE to 24.2% for MAPE. These
differences stem from variations in the type and thick-
ness of insulative materials used in different studies.**
Addressing this through the standardization of materials
and experimental conditions will increase the accuracy of
future simulations and reduce errors. In that regard, the
uniqueness of this study lies in its comprehensive
approach to validating CFD simulation results with ex-
perimental data despite potential differences in model
size and cycle. While the simulation and experimental
setups may not be identical in all aspects, efforts were
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FIGURE 6 Comparison of simulation and experimental results.

made to align critical parameters, such as the model,
refrigeration cycle, refrigerant gas, and power source, to
ensure meaningful comparison. This thorough validation
process, coupled with the significant improvements in
cooling performance, distinguishes this study from ex-
isting literature and provides a solid foundation for
future research and practical applications in vaccine
storage solutions.

3.2 | Insulation materials

An essential aspect of designing efficient insulation sys-
tems involves utilizing a modeling approach to evaluate
transfer processes within insulation materials. A simu-
lation was conducted using conduction and convection
thermal modeling with ANSYS Fluent version 2021R2 to
analyze the heat transfer rate across a wall, including
various surrounding air temperatures (303 and 313 K) for
hot climate regions and (278 and 288 K) for cold climate
regions aimed to address different climate conditions.
Throughout the simulation, the inner temperature
remained constant at 253 K. Enhancing insulation per-
formance provides valuable insights into heat flow and
energy transfer, ultimately improving cooling efficiency
for vaccine storage purposes.

Figures 7 and 8 present the results of a CFD simu-
lation analyzing the insulating heat transfer and external
wall temperature properties of cold and hot regions at
temperatures of 278, 288, 303, and 313 K. The simulation
outcomes reveal that, among the tested insulating ma-
terials, Po scored 20.2%, Fe scored 20.1%, Fl scored 20.0%,
Fi scored 19.6%, and Co scored 18.9% in terms of insu-
lating wall performance. In contrast, the insulative heat
transfer results indicated that Po scored 14.3%, Fe scored

18.7%, Fl scored 19.8%, Fi scored 21.9%, and Co scored
25.3%. The data illustrate that Po outperforms other
insulation materials regarding heat transfer and demon-
strates greater resistance to external temperature impacts
on the cooling cabinet at both cold and hot region cli-
mate conditions. Across various reference temperatures,
Po exhibits the lowest heat transfer rate, with Fe fol-
lowing closely behind. Utilizing highly efficient thermal
insulation materials and advanced insulation techniques
can extend insulation duration and enhance energy
efficiency significantly.”® Selecting an insulating material
with superior insulative qualities, such as Po, is crucial
for optimizing insulation effectiveness and maintaining
stable internal temperatures within the storage system.
It is evidence that the thermal conductivity factor
plays a critical role in determining the most suitable
insulating material for the cooling process. In this con-
text, the best two alternative insulative materials that
scored the highest grade in wall performance can be used
for the vaccine coolers such as Fe and Fl because their
difference is 0.1% and 0.2%, respectively. The practicality
of these insulative materials is highly commendable, gi-
ven their widespread availability in various sizes and
volumes within the local market. Equipped with this
insulation, the cooler's ability to function effectively in
various climate and environmental conditions presents it
as a promising solution for facilities that are hard to
access and suffer from unstable power sources.
Notably, Po exhibits low moisture-vapor perme-
ability, strong low density, considerable mechanical
strength, and resistance to water absorption, making
it an excellent choice for thermal insulation purposes,
as highlighted by Gama et al.** Furthermore, the
installation of Po is relatively straightforward and
cost-effective, adding to its appeal as a preferred

85U8017 SUOWILLIOD @A 18810 3|cedldde 8y Aq pausenob ae el VO ‘8sn JO Se|nJ o} Akeid 178Ul UO A8]IAA UO (SUORIPUOD-PUR-SLUIB)ALIO" A [IM"AeIq Ul UO//:SANL) SUORIPUOD pUe SWid | 8U1 8eS " [7202/2T/70] uo Akiqiauluo Ao M ‘E1uezue ) dSYNI AQ STET €858/200T 0T/I0p/W0D A8 im Akelqijeul|uo's fuanol1os//:sdny wouy pepeojumod ‘TT *v202 ‘G0S00502



MARWA ET AL.

4 mmmm Cold regions 278 K
3.5 s Hot regions 313 K

N
[T

Heat trasfer rate (W)
o P
(=) W — W N
. I
- I
. I
" I
F e
R S
~
o

Insulation materials

FIGURE 7 Insulating materials in different heat transfer rates.

310
S0 mPo mFe mFl
29
28
27
26

oS O © ©

25

(=}

278 K 288K

External wall temperature (K)

Cold regions

FIGURE 8 Insulating materials in different climate regions.

insulating material for applications requiring efficient
temperature regulation and thermal insulation.®! The
versatility, effectiveness, and practicality of Po posi-
tion it as a reliable and efficient solution for enhan-
cing thermal insulation in the context of the cooling
process, underscoring its value as a critical compo-
nent in maintaining optimal conditions within the
vaccine storage system.

3.3 | Effects of insulation thickness

Figure 9 presents a CFD simulation focusing on the
insulation thickness within the vaccine storage cabinet.
The simulation results indicate that an insulation thick-
ness of less than 0.06 m resulted in poor insulation per-
formance, leading to increased heat transfer within the
cabinet. Conversely, the simulation demonstrates that an
insulation thickness of 0.07 m performs more effectively,
serving as the baseline for the analysis. Consequently,
this study adopts an insulation thickness of 0.072m to
enhance the cooling medium's ability to maintain the

Fi mCo

308 K 313K

Hot regions

desired temperature within the cabinet over an extended
period. The selection of the optimal thickness was based
on considerations such as design requirements and
available space for accommodating the condenser on the
outer cover.

In Figure 9A, heat transfer from the interior to the
outer wall of the cabinet is observed when the insulation
thickness is below 0.06 m, highlighting the inefficiency of
inadequate insulation. In contrast, Figure 9B illustrates
the absence of heat penetration due to the presence of
thicker insulation exceeding 0.07m. The insulation
thickness and the choice of materials utilized directly
influence the effectiveness of maintaining cooling within
the cabinet. Generally, a thicker insulation layer corre-
lates with enhanced cooler performance, while thinner
insulation may compromise efficiency. The insulation
thickness serves as a critical factor governing heat ex-
change with the surrounding environment, underscoring
the importance of selecting an appropriate thickness to
optimize the cooler's overall performance and ensure
efficient temperature regulation within the vaccine stor-
age system.
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3.4 | Effects of ambient temperature

In Figure 10, the influence of ambient temperatures on
the cooling system is depicted. As the ambient temper-
ature escalates to 42°C, the temperature differential
diminishes, reducing the condenser's efficiency and
cooling power. The findings reveal that the effectiveness
of cooling diminishes as the ambient temperature rises,
with the lowest ambient temperature yielding optimal
cooling performance. Conversely, higher ambient tem-
peratures result in reduced cooling efficiency. Despite
these variations, all ambient temperatures converge at
—15°C and remain constant throughout the operational
cycle, contingent on the heat source powering the com-
pressor. Precisely, the ambient temperature of 22°C
aligns with the —15°C mark after 4740s, while the
ambient temperatures of 32°C and 42°C reach this
equilibrium after 5580 and 6540 s, respectively, reflecting
a deviation of 14.67%. This deviation underscores the
impact of ambient temperatures on the cooling process.

8000 10000 12000 14000 16000

Time (s)

It highlights the critical role of maintaining optimal en-
vironmental conditions to ensure efficient cooling per-
formance and temperature regulation within the vaccine
storage system.

The fluctuation in ambient temperature significantly
influences the cooling performance of vaccine storage
systems. Descriptive statistical analyses conducted by
Mupangwa et al.** highlight the wide range of tempera-
tures experienced in Sub-Saharan Africa, with maximum
temperatures reaching up to 43°C and minimums drop-
ping below 20°C in various regions. This study considers
the minimum, average, and maximum temperatures in
Sub-Saharan Africa to be 22°C, 32°C, and 42°C, respec-
tively.®* It is noted that as the temperature of the eva-
porator increases, the efficiency of the cooling device
decreases.®* Despite the challenges posed by high ambi-
ent temperatures, the cooling storage system demon-
strates the capability to effectively extract a substantial
amount of heat flux from electronic components, en-
suring that their temperature remains below the critical
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limit of 42°C. This resilience in cooling efficiency under
varying ambient conditions underscores the system's
ability to maintain optimal temperatures for vaccine
storage, even in environments with elevated ambient
temperatures, thereby safeguarding the integrity and
efficacy of the stored vaccines.

3.5 | Temperature distribution within
the cabinet

Figure 11 provides insight into the temperature dis-
tribution within the cabinet. The model incorporates
evaporator coils located on the vertical sides of the

FIGURE 11 Temperature volume rendering.
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FIGURE 12 Temperature distribution in the cabinet.
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vaccine storage unit. These coils facilitate cooling
within the cabinet through the vertical sides, result-
ing in temperature variations between the vertical
sides and the top and bottom sections. The vertical
sides achieve a lower temperature of 253 K, effectively
cooling the cabinet, while the uncovered top side
reaches up to 313K when ambient temperatures are
high. By integrating proper insulation materials, the
storage vaccine can maintain the required tempera-
ture and prevent the rapid loss of coldness. The sim-
ulation outcomes demonstrate that with adequate
insulation, the model can achieve a temperature of
253 K, meeting the ultra-low temperature standards

(A)

(B)

necessary for vaccine storage in remote areas. The
system exhibits efficient natural convection, a char-
acteristic favored in smaller coolers, as highlighted by
Logeshwaran and Chandrasekaran.®® In contrast,
forced convection is noted to offer enhanced tem-
perature uniformity in larger cooling systems. The
strategic placement of evaporator coils and the utili-
zation of insulation materials play a vital role in
maintaining optimal temperatures for vaccine stor-
age, particularly in challenging environments where
consistent cooling is essential.

In Figure 12, the temperature distribution within the
cabinet is illustrated. The reddish color represents the

FIGURE 13 Temperature distribution within refrigeration systems. (A—D) The temperature variations within the refrigerant flow.
(A) The temperature at 26 degree Celsius during the initial stage of compressing. (B) The refrigerant flow at the condenser stage. (C) The
refrigerant flow at the capillary tube stage. (D) The refrigerant flow at the evaporator stage.
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outer temperature in the surroundings, maintained at
approximately 300 K on the outer layer of the cooler. In
contrast, the bluish color signifies the minimum tem-
perature inside the cabinet, measuring around 253K, a
crucial temperature requirement based on the specific
type of vaccine stored at any given time. The bluish

(A) (B)

cooler area indicates the minimum temperature neces-
sary for the effective cooling of the vaccines. The simu-
lation results reveal that the inside compartment reaches
253 K, while the outer cover attains 300K at the galva-
nized sheet. These temperature settings were established
as the boundary conditions range during the vaccine

()

(D) (E)

(G) ) ()

26012/2023 1351
1.0545¢-7 Max
9.373%-8
8.2028-8
7.0316¢-8
5.8605¢-8
4.6993.8
3.5182¢-8
23478
1.175%-8

ATAIT. AN

FIGURE 14 Heat flux variation in temperature cabinet wall. (A—I) Wall temperature variations within the vaccine cooler cabinet,
through heat fluxes. This was Computational Fluid Dynamics (CFD) simulation conducted through transient thermal analysis. However,
(A) indicates the measured temperature after 10 minutes, (B) temperature measured after 20 minutes, (C) temperature measured after
30 minutes, (D) temperature measured after 40 minutes, (E) temperature measured after 50 minutes, (F) temperature measured after 60,
(G) the temperature measured after 70, (H) the temperature measured after 80 minutes, and (I) temperature measured after 80 minutes.
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storage simulation to adhere to the designated tempera-
ture of 258 K required for optimal storage conditions in
this study. By maintaining a temperature range between
253 and 281 K within the cabinet, the system ensures that
the vaccines are stored at the appropriate temperature
levels to preserve their efficacy. The color representation
provides a visual depiction of the temperature distribu-
tion, highlighting the contrast between the outer and
inner temperatures within the vaccine storage unit to
maintain the desired conditions for the safe and effective
storage of vaccines.

TABLE 5 Financial analysis of the two refrigeration technologies.

DSVC cost analysis

o

3.6 | Temperature distribution within
the refrigeration systems

Figure 13 showcases the static temperature contours
of refrigeration systems, comprising essential com-
ponents such as the compressor, condenser, capillary
tube, and evaporator that collectively form the vapor
compression cooling system. Operating at an ambient
temperature of 26°C, the compressor plays a pivotal
role in compressing the refrigerant and directing it to
the condenser. As the compressor functions to elevate

ESVC cost analysis

Types of cost Value ($)

Investment cost, $
Manufacturing materials cost 402
Purchase 200 W solar panel costs 350
Purchase solar battery 150AH costs 250
DC Compressor cost 145
Insulation materials cost 63
Evaporator cost 13
Condenser cost 21
Wiring equipment cost 25
Purchase R134a refrigerant 15
Capillary tube cost 8
Labor charge costs 85

Operation & maintenance cost, $

per year
Manpower and overhead costs, 3% 41.3
of investment cost
Depreciation 5% investment cost 68.9
Charge of leaks of refrigerant cost 3.3
3% OMc

Residual value at the 10th year, $
Residual value 10% of the initial 137.7
costs
The salvage value of PV modules is 35
10% of the total value

Energy saving, $ per year 94.9

Total ($) Value ($) Total ($)
1250

1377 1250
37.5
62.5
3

113.5 103
125
0

172.7 125
94.9

94.9 94.9
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both pressure and temperature,®® the coils of the
condenser transition to a reddish hue, indicating a
temperature rise. The condenser receives the hot,
high-pressure refrigerant and utilizes ambient air to
facilitate cooling, bringing the refrigerant to its satu-
ration temperature before condensing it into a liquid
state entirely.®” Subsequently, the refrigerant passes
through the capillary tube, where a pressure drop
occurs, causing some vaporization of the high-
pressure liquid due to decreased temperatures. This
process leads to the generation of low-temperature
liquid that effectively induces cooling within the
evaporator component. The evaporator coils, depicted
in blue color, represent the cooling effects within the
cabinet, highlighting the functionality of the refrig-
eration system in maintaining optimal temperatures
for the storage of vaccines. The color variations in the
static temperature contours offer a visual represen-
tation of the refrigeration system's operation and its
role in ensuring efficient cooling within the desig-
nated storage environment.

Subsequently, the refrigerant within the evaporator
persistently emits coldness into the cabinet through
natural convection, facilitated by the coil integrated into
the vertical sides of the wall. This cooling mechanism
progresses in the liquid phase, gradually reducing the
temperature within the cabinet from the initial 26°C
(depicted in Figure 13A) to the ultimate minimum tem-
perature of —15°C (illustrated in Figure 13D). The tran-
sition from higher temperatures in the evaporator coils to
lower temperatures continues as long as the compressor
remains operational. The sequence of Figure 13A-D
represents the temperature variations occurring within
the evaporator and compressor coils, showcasing the
dynamic cooling process and temperature adjustments
essential for maintaining optimal conditions within the
refrigeration system.

3.7 | Heat flux variation in temperature
cabinet wall

Figure 14 presents the heat flux variation in the tem-
perature cabinet wall. By conducting a transient
thermal analysis using CFD, the walls of the vaccine
storage cabinet were assessed to determine the distri-
bution of heat flux over time. The findings indicate
that the heat flux decreased to —15°C after 76 min at
an ambient temperature of 22°C, observed between
Figure 14G and Figure 14H. The reduction in heat flux
signifies the transfer of heat from the warmer areas to
the cooler regions.*® A minor inconsistency of 3.7% is
noted between the heat flux concentration and the

impact of the ambient temperature, attributed to the
varied time steps in transient and steady-state analy-
ses. Despite this slight deviation, it does not affect the
overall validity of the results obtained. Instead, it
provides robust evidence supporting the accuracy of
the findings. The comparison of heat flux variations
over time offers valuable insights into the heat transfer
dynamics within the vaccine storage cabinet, empha-
sizing the critical role of transient thermal analysis in
assessing temperature fluctuations and ensuring the
efficient preservation of vaccines at the required low
temperatures.

3.8 | Economic analysis

The economic feasibility of the storage vaccine coolers
was meticulously assessed through a comparison
between the DSVC and the ESVC. This assessment fo-
cused on crucial factors such as the initial investment
costs, operational and maintenance costs, and residual
and salvage value of material components, as detailed in
Table 5. The DSVC reflected an investment cost of $1377,
slightly higher than the $1250 for the ESVC. This cost
disparity can be attributed to the prototype stage of the
designed cooler, despite utilizing local materials. Fur-
thermore, the operation and maintenance costs of the
DSVC were notably higher, primarily due to a percentage
increase linked to the initial investment cost. In contrast,

TABLE 6 Profitability measure for net present value.

Net cash flow Present value ($)

Discount
Year rate (5%) DSVC ESVC DSVC ESVC
1 0.952380952 267.6 219.9 254.8571  209.4286
2 0.907029478 267.6 219.9 242.7211  199.4558
3 0.863837599 267.6 219.9 231.1629  189.9579
4 0.822702475 267.6 219.9 220.1552 180.9123
5 0.783526166 267.6 219.9 209.6716  172.2974
6 0.746215397 267.6 219.9 199.6872  164.0928
7 0.71068133 267.6 219.9 190.1783  156.2788
8 0.676839362 267.6 219.9 181.1222  148.837
9 0.644608916 267.6 219.9 172.4973  141.7495
10 0.613913254  267.6 219.9 164.2832  134.9995
Cumulative present value ($) 2066.336  1698.01

Net present value ($) 689.336 448.01
Rate of return on investment (%) 19.43 17.59

Payback period (year) 5.1 5.6

85U8017 SUOWILLIOD @A 18810 3|cedldde 8y Aq pausenob ae el VO ‘8sn JO Se|nJ o} Akeid 178Ul UO A8]IAA UO (SUORIPUOD-PUR-SLUIB)ALIO" A [IM"AeIq Ul UO//:SANL) SUORIPUOD pUe SWid | 8U1 8eS " [7202/2T/70] uo Akiqiauluo Ao M ‘E1uezue ) dSYNI AQ STET €858/200T 0T/I0p/W0D A8 im Akelqijeul|uo's fuanol1os//:sdny wouy pepeojumod ‘TT *v202 ‘G0S00502



MARWA ET AL.

w
o
o

N
w
o

200

Present value ($/year)
S g

w
o

FIGURE 15 Comparison of present value for coolers.

the ESVC experienced a decrease in residual and salvage
value, stemming from the absence of salvageable com-
ponents. Based on profitability analysis, Table 6 presents
key metrics such as annual net cash flow, present value,
net present value, payback period, and return on
investment. The net present value for the DSVC stood at
$689.336, while the ESVC yielded $448.01. Notably, the
return on investment and payback period were calcu-
lated at 19.43% (5.1 years) and 17.59% (5.6 years),
respectively, for the DSVC and ESVC. In conclusion,
both storage vaccine coolers demonstrated economic
viability based on the calculated parameters and under-
lying assumptions. However, the DSVC, as shown in
Figure 15, emerged as the more profitable option, given
its higher net present value. This signifies its attractive-
ness as an investment with promising returns, making it
a compelling choice for vaccine cooling solutions.

4 | CONCLUSION AND
RECOMMENDATION

A solar-powered cooler for vaccine storage is designed and
tested through CFD simulation at different temperatures of
313, 275, and 253 K. Moreover, it reveals that it can work and
successfully operate in the local climatic conditions in sub-
Saharan Africa. Furthermore, the CFD simulation for the
insulating wall of the vaccine storage shows that the Po
scores 0.49% more than other insulation materials. The
practicability and availability of the Po material found at the
local market guarantee the selection in this study. The
insulation thickness of 72 mm was accepted according to the
design structure. The evaporator coils rotate at both sides of
the vertical wall, which is very effective in natural convec-
tion. Similarly, natural convection signifies the cabinet's
effectiveness through temperature distribution within the
cabinet and volume rendering analysis.

m Current model m existing model

0 ‘I ‘I || || || || || || || II
1 2 3 - 5 6 7 8 9 10

Year

A 3D CFD model was developed for vaccine storage to
validate the cooling time within the cabinet and heat transfer
rate through different ambient temperatures. On this
remark, the present simulation shows good results compared
with the experimental and numerical results. It takes 33.3%
less than the reported experimental and numerical cooling
duration results. Furthermore, the experiment and numeri-
cal results deviate by 6.587% and 24.2% when using statistical
analyzing of RMSE and mean average percentage error,
respectively, from the current results. The ultralow temper-
ature of —12°C was reached with a COP of 4.5.

The economic analysis conducted revealed a payback
period of 5.1 and 5.6 years for the DSVC and the ESVC
respectively. The results of cost analysis have indicated
that both complete systems are cost-effective regarding
their benefits over their total costs. Additionally, the
present model can be considered as an agreement to
fulfill the requirements of the methodology and favor the
current vaccine storage for improving cooling perform-
ance. On the other hand, this is due to the proper in-
sulative material used in the vaccine storage. However,
further research is needed on CFD to integrate solar and
other renewable energy to effectively enhance vaccine
storage in remote areas during the rainy season and other
complications of sunshine and improve the simulation of
the leakage of the vaccine storage for betterment and
effectiveness of the vaccine storage technology.

NOMENCLATURE

3D three dimension

Ag surface area (m?)

Ay surface area of the wall (m?)
B, batteries costs ($)

Cr Cash flow ($)

Co coconut fiber
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APPENDIX A

Calculations
Al. Solar panel required

where 3.43 is taken as the panel generation factor.

Power consumption = 86 W X 62 = 516W—h.
day day
(A1)

Total photovoltaic cell needed = 516W—h X 1.3

day
= 670W—h.
day
(A2)
where 1.3 is taken as energy lost in the system.
Total photovoltaic cell panel capacity = %
(A3
Wh = 197.3 W,
day
89,90
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Number photovoltaic cell panel needed =
197.3 W,
200 W,

~ 1 module. (A4)

A2. Solar battery needed

86W X 18h x 1days
0.8 X 12V (A5)
= 161.25Ah.

Total battery size =

Battery size available in the market = 85Ah.

Number of battery required

_ total battery size ~ 161Ah (A6)
B battery size "~ 85Ah

1. 89 ~ 2 batteries.

A3. Size of charge controller

Current = POWer - _ 200W =16. 6A
voltage 12V (A7)

X 1. 25 = 20. 75A.

A4. Compressor power

k
Compressor power = m X W, = 0. 0055—g X
: (A8)
36840— = 184. 2W.
kg

1 horsepower = 746 Watts.

184. 2
Compressor to beused = 183.2W
746 W
= 0. 2 horsepower = %hp.
(A9)
A5. Condenser power
kg J
Condenser load (Q;) = 0. 0055— X 187825—
s kg (A10)

= 1037. 83W.
A6. Evaporator power

Evaporator power (Qg) =

o
0.0055°8 x 150985-L (A11)
s kg

= 830.42W.
A7. Coefficient of performance (COP)

h— hy
COP= 21— 4
— (A12)
cop= 0LV _ ;. (A13)
184.2W
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