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ABSTRACT

This paper presents the development of a sustainable and affordable domestic refrigerator for rural areas
where grid setting is weak or non-existent. The refrigerator uses a miniature refrigeration unit based on
a micro direct current (DC) compressor, which can adjust its speed according to photovoltaic output
variation with solar radiation intensity, in order to maximize cooling production. The experimental
investigation aims to define the cooling capacity management of the refrigerator through the use of
phase change materials (PCMs). PCM packs in the fridge are charged during the period of high solar
radiation and, afterward, melting of PCM releases cooling to maintain a cold temperature for extra hours
when solar radiation is low or not available. The paper presents the design and construction of an
experimental refrigerator with a miniature refrigeration unit of a finned tube heat exchanger for the
fridge cabinet; PCM selection and, particularly, the effect of heat transfer enhancement at the condenser
are discussed. Lab-scale tests were carried in the UK and field tests were carried out in Ghana in
a collaboration project. In lab-scale tests, it is found that a condenser modification can decrease the
transient power consumption by up to 26%. In contrast, the field-testing results show that the daily power
consumption can be reduced only from 0.9 to 0.84 kWh. Additionally, field testing results show that the
cabinet temperature of the PCM-enhanced refrigerator rose from 7°C to 11°C after a period of 5 hr power
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1. Introduction

Electricity has been recognized as one of the essential needs for
modern life. It needs to be reliably available and affordable world-
wide. Although the electricity generation by renewable energy
sources is reaching a considerably advanced level as renewable
energy plants are able to supply fully dispatchable, continuous
electricity to the grid (Boretti 2021) by integration of artificial
intelligence methods (Miiller 2021), the electricity is still not acces-
sible for about 18% of the world’s population (Zubi et al. 2016). The
absence of electricity causes problems. According to the UN
Environment Programme (UN Environment Programme 2021),
poor storage and insufficient infrastructure are the main factors to
cause food wastage in Africa. It is also reported that post-harvest
losses can reach 50% due to a lack of cold storage and sustainable
cold chain infrastructure because the majority of farmers are living
in rural areas that have little or no access to electricity to power cold
chains (Kuye 2021). However, refrigeration systems require stable
grid electricity. The grid electrification for inaccessible areas has
been encouraged yet difficult to implement. To meet electrification
needs, applications of off-grid solar photovoltaic (PV) systems have
increased significantly due to the reduction in the cost of the
technology and the impact of fossil fuels (Sider, Al-Maghalseh,

and Alnather 2019). In order to avoid and reduce food spoilage
problems in Africa and developing countries, solar-powered refrig-
eration systems can be a suitable solution.

Solar-powered refrigeration can be categorized as PV-
driven and thermal-driven systems, such as absorption refrig-
eration system. PV-driven systems have advantages over ther-
mal systems in space usage and cost effectiveness (Sajid and
Bicer 2021). Although the thermal vapor absorption refrigera-
tion system is also able to use any waste heat for refrigeration
applications, PV-assisted refrigeration system suits better for
rural areas. Ammari and Ata (Bany Ata and Ammari 2015)
compared two refrigeration systems and concluded that both
systems are cost effective, but PV-driven vapor compression
system is lower in total unit cost, less bulky, easily available in
the market, simpler and requires low maintenance. Increment
of solar PV usage worldwide because of reduction of PV cost
shows that PV-driven vapor compression system is one of the
most appropriate solution for high solar radiation locations
especially for small refrigeration systems used for food and
medicine (Aste, Del Pero, and Leonforte 2017). Alrwashdeh
et al. (2019) carried out an economic comparison between PV-
powered vapor compression system and vapor absorption
refrigeration system driven by evacuated tube solar collectors.
They concluded that the PV-driven system has more benefits in
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terms of cost effectiveness. Other studies also indicated that PV
technology requires very low maintenance and repair expenses,
which make this technology operationally one of the most low-
cost options (Sharma 2011; Kumar and Kumar 2016; Su et al.
2020). According to the literature review, solar PV-driven
refrigeration system has promising advantages over thermally
driven sorption refrigeration systems; thus, this study aims to
develop a low-cost refrigeration unit to preserve foods and
medicine in remote and rural areas where the grid is not
reliable.

Regarding the PV cell materials, polycrystalline silicon-type
cells were considered, which are widely used in module man-
ufacturing and are less expensive materials in the market
(Fraunhofer 2016). Although their electricity conversion effi-
ciency is lower compared to monocrystalline cells, their cost
effectiveness made them the most popular cells in the world
market. As the proposed study aims to develop a cost-effective
unit, a polycrystalline-type solar PV panel is chosen.

Several studies are found in the literature regarding PV-
powered refrigeration systems. Modi et al. (Modi et al. 2009)
experimentally investigated the performance of the PV-
powered AC compressor refrigerator. They reported that coef-
ficient of performance (COP) can be obtained as 2.102 when
ambient temperature is 42°C. Gupta et al. (Gupta, Bhatnagar,
and Mathur 2014) carried out a modeling study of a 50 liters
AC refrigerator to determine optimum PV power and insula-
tion thickness. They found that a 200 W panel capacity is
required to operate the refrigerator with a wall thickness of
50 mm. Opoku et al. (Opoku et al. 2016) did an experiment
using a DC compressor and an AC compressor as different
cases in PV-driven refrigeration. They presented that the DC
refrigeration system is associated with less energy consumption
and better cost effectiveness compared to AC refrigeration.

Thermal energy storage systems have been used for many
applications such as in power plants (Boretti 2021), vegetable
drying processes (Pankaew et al. 2020) and in refrigeration
systems. Applications use chilled water storage, ice generation
systems and dynamic cool storage systems, which utilize phase
change materials (PCMs) (Fang, Tang, and Cao 2016). The use
of PCMs in the refrigeration system can be found in literature
as PCMs have various benefits on the system performance and
operation. The benefits are temperature stability, increased
compressor’s off time, higher evaporation temperature, and
lower condensation temperature which means a better refrig-
eration performance. Oro et al. (Oré et al. 2012) investigated
the cold storage capacity of PCMs in freezer during power
failure periods. They showed that temperature remains lower
when PCMs are placed compared to the case without PCMs.
Yilmaz et al. (Yilmaz, Mancuhan, and Yilmaz 2020) observed
the influence of PCM locations in the cabinet and found that
placement on the shelves keeps cabinet temperature more
homogeneous and results in energy saving. PCMs have been
put in different places in a refrigerator, for example, Azzous
etal. (Azzouz, Leducq, and Gobin 2009) used PCM on the back
side of the evaporator, and they found that the integration of
PCM reduces the number of the compressor on/off cycles,
increases COP of the system by 5-15% and keeps the fridge
cold for extra 5-9 hr. Sonnenrein et al. (Sonnenrein et al. 2015)
used PCMs on the condenser of a refrigerator to increase the

performance of the system. They reported power consumption
was reduced up to 10%. Liu et al. (Liu et al. 2017) used the
PCMs in the fresh food and freezing chambers of the fridge and
tested off-peak and normal control modes. They presented
PCM usage increases energy consumption during the off-
peak period when used in the freezer cabinet; however, in
normal operation, PCM usage in the cabinet decreases the
consumption. Recently, Karthikeyan et al. (Karthikeyan et al.
2020) experimentally investigated the performance of the
fridge with PCM arrangement in different locations (i.e. in
cabinet, freezer and condenser coil). Their main conclusion is
that PCM placement reduces the temperature fluctuations in
the fridge. PCM modification reduces temperature fluctuation
in the cabinet by 0.4°C. Table 1 shows PCM placement in the
refrigerators and their positive contributions. In addition to the
utilization in cabinet and condenser, Bakhshipour et al
(Bakhshipour, Valipour, and Pahamli 2017) located the PCM
with a melting temperature of 21°C on refrigeration line
between condenser and expansion valve. They reported that
COP is increased by 9.58%. Possible benefits of the use of
PCMs in the refrigerators can be found in a well-structured
review paper written by Omara et al. (Omara and
Mohammedali 2020).

Some studies investigated solar-powered refrigerator per-
formance with thermal heat storages. Bahloul et al. (El-Bahloul,
Ali, and Ookawara 2015) experimentally investigated the per-
formance of the solar-powered refrigerator. They tested the
unit for 23 days and announced that for setting temperature
of 0°C, average COP value was found to be 1.22. Coca-Ortegon
et al. (Coca-Ortegon et al. 2019) tested the performance of the
PV-driven refrigerator with PCMs, which have melting tem-
peratures of 5°C and 9°C. They installed the PCM slabs on the

Table 1. Application of PCM in fridges (the text is arranged in the format of PCM
name — melting temperature — performance improvement).

Locations in refrigerator

Ref. Condenser Fridge cabinet Freezer cabinet
(Yilmaz, Mancuhan, and - Not given —
Yilmaz 2020) _6°C — makes
temperature
homogenous
in cabinet
(Azzouz, - Eutectic mixture of -
Leducq, PCM - -3°C -
and Gobin improves
2009) performance
(Sonnenrein  Paraffin and - -
et al. copolymer-bound
2015) PCM - 34 °C -
improves
performance
(Liu et al. - Demineralized PCM 18% NaCl
2017) water — 0.41°C - solution —
improves 18.98°C -
performance keeps
temperature
stable
(Karthikeyan OM32 - 32°C — reduces OMO03 - 5°C — HS3N - —3°C -
et al. condensation temp. reduces Reduces
2020) from 46°C to 40°C fluctuation 0.4 °C fluctuation
OM29 - 29°C - 0.6°C
reduces

condensation temp.
from 43.8°C to 39°C




evaporator to increase cold storage capacity and concluded
that, apart from the advantages, the use of thicker PCM slabs
increases the compressor’s on time and power consumption.
Khan et al. (Khan, Afroz, and Karim 2017) investigated the
effect of PCM usage on temperature change during the door
opening and power failure periods. They concluded that PCM
can eliminate rapid temperature increment and maintain the
temperature in a desired range for 2 hr. In the refrigeration
systems, R134a and R600a are commonly used refrigerants by
considering energy efliciency and low global warming poten-
tial. This presented study adopts a miniature DC compressor
suitable for R134a as suggested by its manufacturer. Elarem
et al. (Elarem et al. 2017) conducted an experimental study of
an R134a-used domestic refrigerator integrated with a PCM
heat exchanger in the cabinet. Their results show COP is
increased by 8% when PCM is used. Geete et al. (Geete,
Singh, and Somani 2018) carried out an experimental study
using PCMs in evaporator, with COP improvement achieved
up to 20%.

Literature studies show that PV-driven refrigerators and
the use of PCM in the refrigeration system have promising
outcomes. Thus, this study aims to present a sustainable and
affordable refrigerator unit for weak/oft-grid settings. This
would be achieved using suitable PCM storage, affordable
insulation and high-performance compressor, and condenser
units. Unlike the literature studies, a miniature refrigerator
and a second fluid loop were used by connecting a finned-
tube heat exchanger in the fridge cabinet. Since the unit is
proposed for developing countries with no access to electri-
city or weak-grid settings, cost comparison with commercial
products in the market is carried out. Apart from the lab-scale
tests, field tests were carried out in Ghana to evaluate the
performance of the micro-DC compressor and the effect of
condenser modification. The paper is organized as follows:
experimental apparatus and procedure, design of the finned-
tube heat exchanger, PCM selection, testing of an experimen-
tal apparatus in laboratory and a prototype fridge onsite
under real weather conditions and results of the condenser
modification.

2. Experimental apparatus

The proposed unit development is considered in three parts,
namely, fridge cabinet, vapor compression unit and PCM
packs. Figure 1 shows the importance of PCM usage in the
refrigerator with power outage frequency per month and aver-
age power outage duration for various countries (World Bank
2019). As it is seen, in the event of an 8-hr electricity cut, a cold
temperature should be provided by PCM cold storage units.
We can assume that daytime electricity cuts can be supplemen-
ted by solar PV; thus, 8-hr cold storage is the target.

For the fridge cabinet, different sizes of refrigerators are
available in the market, fridges’ inner volume varies from 100
liters to 250+ liters according to the number of people in the
household. For a fridge cabinet, a 47- x 112- x 47-cm-sized box
is chosen, which can be fit for many families. The chamber is
well insulated to minimize heat gains from the room. For
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Figure 1. Weak-grid electricity supply conditions for some developing countries
(World Bank 2019).

insulation, high performance PU material is used to form
fridge cabinet. A wooden structure frame covered with insula-
tion gives rigidity to the cabinet.

A vapor compression unit is adapted for refrigeration. The most
common refrigeration systems have four major components: com-
pressor, condenser, expansion device, and evaporator. The com-
pressor increases the pressure and temperature of the working fluid.
Later, heat is ejected, and the gas phase of the working fluid changes
to liquid state in the condenser. After that, refrigerant pressure and
temperature are reduced by an expansion device (capillary tube).
Cold refrigerant absorbs heat from the refrigerated space and makes
it cool, while its state is changed to gas through the evaporator. In
this study, a secondary fluid loop is adopted to circulate heat transfer
fluid (HTF) (glycol water) between the evaporator of the refrigera-
tion unit and the heat exchanger in the fridge cabinet. The study
aims to develop an affordable PCM-enhanced fridge by using
a commercially available low-cost miniature DC-powered refrigera-
tion unit for sub-Saharan countries. The fridge enclosure can be
formed by low-cost insulation material and inexpensive efficient
finned-tube heat exchanger, while a secondary fluid loop links the
heat exchanger with the miniature DC refrigeration unit. The
evaporator of the refrigerator is chosen to be a plate-type evaporator.
A schematic view of the components of the refrigerator system is
shown in Figure 2.

This miniature refrigeration system adopts a micro-DC
compressor and efficient heat exchangers. It can produce
a cooling power of 100-400 W with a range of evaporation
temperature between —18°C and 30°C. The chiller unit uses
R134a as the refrigerant.

The micro-compressor has a rated voltage of 12 V DC, which
makes it suitable for PV applications. Additionally, the refrigerator
system has a power control unit to adjust the compressor frequency
under voltage fluctuations. Voltage and current range are given as
9-16 V and 1-9 A, respectively. Displacement volume of the com-
pressor is 1.9 cm’ with rated refrigerating capacity of 245 W and
rated input power of 85 W.

The evaporator is a stainless-steel plate heat exchanger, and
the condenser is a finned-tube type. The fan for the condenser
also requires 12 V electricity supply. Summary of the product
specifications are given in Table 2.
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Figure 2. Schematic of the micro-compressor vapor compression system.

Table 2. Datasheet of the chiller and properties of the refrigerant and the
secondary fluid.

Refrigerant R134a Condenser Fin tube
Rated voltage 12V Fan voltage 12V @ 3200 rpm
Voltage range 9-16 V Noise < 48 Db(A)
Temperature range —18°C-30°C Vibration < 0.65 m/s?
(evap)
Work current range 1-9 A Net weight 3 kg
Cooling capacity 100-400 W Motor speed 2000-4500 rpm
Evaporator Stainless steel  Driver board Variable frequency
plate controller
R134a Ethylene glycol-water mixture (15%)
Critical 101.06°C Freezing —5.44°C
temperature temperature
Critical pressure 4.059 MPa Density @ 0°C 1021 kg/m?
oDP 0 Specific heat @  3.952 kl/kg-K
0°C
Global warming 1300 Viscosity @ 0°C  0.002728 kg/m-s

potential

The vapor compression refrigeration system is placed on the
top of the compartment; a finned tube heat exchanger
enhanced with PCM improves the cooling inside the chamber.
HTF is circulated between the finned tube heat exchanger and
refrigerator’s evaporator. Proposed system schematic is given
in Figure 3.

3. Design of the finned tube heat exchanger for the
fridge cabinet

The fridge cabinet is chosen as a 47- x 112- x 47-cm-sized
box with a thickness of 5 cm. Inside the box, the finned
tube heat exchanger is placed. Fin sizes of 7.5 x 7.5 cm
with a thickness of 0.4 mm were chosen for the heat
exchanger with a spacing of 4.5 mm. The total length of
the heat exchanger can be determined according to the
calculated sufficient heat transfer rate.

Evaporator

Fin and tube
Heat exchanger

Figure 3. Schematic drawing of the unit.

Temperature
274.38
274.36
274.34
274.32
274.30
274.28
274.26
274.24
274.22
274.21
27419
27417
274.15
27413
274.11
274.09
274.07
274.05
274.03

[K]

Figure 4. Temperature distribution on fin.

In order to calculate the heat transfer rate, fin efficiency
should be determined. Unal et al. (Unal, Erdinc, and Kutlu
2017) used fin efficiency as 0.73 in their study for air cooling
system. However, the efficiency depends on the dimensions
and configuration of the heat exchanger; thus, it needs to be
recalculated for each geometry of fin. To determine fin effi-
ciency, computational fluid dynamics (CFD) study has been



carried out. For aluminum fins, air-side temperature and heat
transfer coefficient are assumed as 8°C and 5 W/m’K, respec-
tively. The fluid inside the tube has a temperature of —2°C and
heat transfer coefficient of 380 W/m’K. Figure 4 shows tem-
perature contour on the fin. Based on the results, fin efficiency
is found 0.93.

Ethylene glycol water mixture was used as HTF, and pre-
liminary analysis shows that flow is laminar for the given
conditions. Nusselt number for laminar flow is given for devel-
oping flow conditions as (Cengel 2003):

0.065 - (Di/Lpipe) - Re - Pr

Nu = 3.66 + ¥
1+ 0.04 - [(Di/Lpipe) - Re - Pr]

1)

where D; and Ly, are inner diameter and length of the copper
pipe, respectively. Re indicates Reynolds number and Pr is
Prandtl number. Heat transfer coeflicient can be found from
Nusselt number by Eq. (2):

hi - D;

kH TF

Nu (2)

where h; is the heat transfer coefficient in the tube and kyrr is
the thermal conductivity of the HTF. Transferred heat is cal-
culated by total thermal resistance, which consists of the inside
of pipe, wall, and air-side resistances. Air-side heat transfer
(h,) is assumed to be 5 W/m?K and effective heat transfer area
is calculated by Eq. (3):

Ae = Abare + ’7fm . Afin (3)
Apare is pipe surface area without fins, ;, is fin efficiency and

Afy is area of the fin surface. The areas are calculated by
Equation (4)and Equation (5):

Abare:ﬂ'Do'Lpipe_n'ﬂ'Da'Sﬁn (4)

Afin=2-n- a-b—Z-Doz}ﬁ—sﬁn-bA-n (5)

where D, is the outer diameter of the pipe, 7 is the number of
fins, sg, is fin thickness. a and b are the length and width of the
fin, respectively. Total thermal resistance is calculated by Eq. (6):

1 n Sy n 1
hi A ky-An  h,- A,

Riotar = (6)
where k,, and s,, are pipe thermal conductivity and pipe thick-
ness, respectively. A,, is logarithmic mean area and calculated

by Eq. (7):
A, — A,

Applying given equations, the heat transfer rate can be found
according to temperature difference. The length of the pipe
depends on the number of fins; thus, fin number can be
calculated according to the required heat transfer rate.

By using predetermined fin efficiency, Figure 5(a) shows the
effect of the number of fins on heat transfer rate; the figure also
shows various temperature differences of the air and HTF,
which are indicated as AT. As the air temperature in the fridge

A, = (7)
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Figure 5. Heat transfer rate variation with number of fins (a) and HTF flow rate (b).

varies with time, cooling load also changes. However, HTF flow
rate also has an influence on heat transfer. Figure 5(b) shows
heat transfer change with the flow rate of the HTF.

Heat transfer rate from the room to the cabinet is calculated
by Equation (8). Upyerann comprises outside wall and inside wall
heat transfer coefficients and wall conduction coeflicients,
which includes insulations.

anin = Acabin'Uoverall'(Troom - Tair) (8)

Based on heat gain calculation, the maximum expected heat
gain is found around 20 W. Thus, the minimum required heat
transfer should be 20 W in order to maintain the cold tem-
perature inside the cabinet. Therefore, 180 fins are chosen for
the heat exchanger.

4. PCM selection

This section includes results of the work carried out to define
the PCM that will be integrated into the unit to extend the time
that the enclosure remains at the optimum temperature for
applications. Used PCMs in the refrigeration applications can
be categorized as organic, inorganic and eutectic PCMs.
Organic PCMs have carbon-based composition; inorganic
PCMs can be classified as salt-hydrate and metallic PCMs
(Bista et al. 2018). Eutectic PCMs are two or more organic or
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inorganic components combined into one substance (Omara
and Mohammedali 2020). Each PCM type has advantages and
disadvantages; thus, PCM selection was conducted. By consid-
ering the application in this study, PCM slabs will be placed on
the shelves in the fridge. As there are no contact between PCMs
and the evaporator wall, PCM melting temperature needs to be
selected considering the minimum and maximum air tempera-
tures in the fridge during the operation. This consideration is
required for recharging the PCMs when the refrigeration unit
is on. As the proposed unit has no freezer section, sub-zero
PCMs are eliminated, and targeted PCM melting temperature
range is maintained as between 2°C and 5°C. Literature studies
also used similar temperature ranges in fresh food cabinet
application. According to the main PCM provider in the UK,
PCM Products Ltd, salt-hydrate and paraffin-type PCM were
offered, which are ready to commercialize and relatively
cheaper, safer, etc. For more information about the PCMs for
different applications or PCMs on developing stage, useful
articles are suggested to the readers (Mastani Joybari et al.
2015; Selvnes et al. 2020; Du et al. 2017).

The PCM was selected from various products of salt
hydrates and paraffins, which were produced, tested and eval-
uated. The PCMs need to be selected by taking into considera-
tion factors such as technical performance, economic feasibility
and safety. The selected PCM has an influence on the overall
week/off-grid effectiveness of the unit. Some criterion was
considered for PCM selection: small phase transition tempera-
ture range, high volumetric heat capacity, uniform freezing and
melting with minimal subcooling during discharge, non-toxic,
non-flammable, non-hazardous, non-corrosive, low cost and
readily available. A suitable PCM candidate would meet as
many criteria as possible.

In order to determine which of the PCM:s available are most
suitable, salt-hydrate and paraffin PCMs were tested with dif-
ferential scanning calorimeter (DSC) analysis and water bath to
determine the thermal energy storage potential of each candi-
date material in the laboratory in PCM Products Ltd (https://
www.pcmproducts.net). The DSC analysis showed that salt-
hydrate PCMs are not suitable for this application as results
had a broad peak and a significant low-temperature shoulder,
indicative of a PCM with a large difference between freezing
and melting points. The water bath test also shows supercool-
ing and a very wide phase transition region in Figure 6(a).
These confirm that these PCMs are not suitable for the system.
Therefore, organic PCMs were tested. Figure 6(b) shows the
thermal performance of the selected PCM PlusICE A4. It has
a narrow phase transition zone but does suffer a small amount
of supercooling. This supercooling is negligible and should not
have any major impact on the candidate PCM.

Therefore, Organic PCM PlusICE A4 is selected and used in
the tests, which has a melting temperature of 4°C. PCM prop-
erties are summarized in Table 3.

5. Construction of the system

According to the given information and design considerations,
the unit has been set up at University of Nottingham’s labs.
Vapor compression system was purchased from commercial
sources. Heat exchanger is constructed and installed to the

cabinet. Heat exchanger pipes are connected to a circulation
pump and also HTF goes through the evaporator of the vapor
compression unit. The refrigeration unit is placed on the top of
the cabinet. Photos of the experimental set up are given in
Figure 7. A DC power source is connected to the control panel
to represent a solar collector power input.

In order to test the performance of the micro-compressor,
the modified condenser and PCM storage potential under real
conditions, a test rig was set up in the Council for Scientific and
Industrial Research-Institute of Industrial Research (CSIR-IIR)
test room in Ghana. The components to be integrated into the
fridge (PCM packs and micro-compressor) were shipped from
the UK to Ghana to be assembled. The IIR, in Ghana, subse-
quently purchased a 45-liter refrigerator to conduct the pre-
scribed tests. Figure 8(a) shows the temperature-measuring
locations of the fridge. Figure 8(b) shows the compressor
replacement with micro-compressor and Figure 8(c) shows
one of the testing installment of water bottles and PCM
packs. Measured temperatures of the normal fridge and the
micro-compressor-installed fridge are compared in the follow-
ing section.

6. Results and discussions

6.1. Lab-scale testing of the prototype experimental
fridge

Testing of the system aims to observe temperature variation in
the prototype and specified components. K-type thermocou-
ples were placed inside the cabinet on various places. A 16-
channel data logger was used to record the temperature read-
ings using sevenK-type thermocouples. It has an accuracy of
0.05% according to the manufacturer. Power consumption was
measured by plug-in energy meter with a measurement accu-
racy of £2%. While conducting the experiments, different cases
were considered. Test data for each case are given separately,
then comparisons are conducted.

The first test was conducted to observe temperature variation
by time in the prototype and the heat exchanger surface. Since
CFD analysis showed that temperature on the fin surface can be
3-4°C higher than the HTF temperature, the test would give
information about the evaporation temperature of the cooling
unit. In the test, the prototype was empty to eliminate sensible
and latent heat capacities of the containers. Figure 9 shows
temperature variation by time. When the room temperature is
around 20°C, air temperature in the box remains at 8°C and
heat exchanger surface temperature was varied around 3°C.

PCMs were filled in plastic containers; the mass of each
container was 0.3 kg. In the second experiment, the perfor-
mance of the charged PCMs was tested. When the refrigerator
was off, temperatures were measured; the variation by time is
given in Figure 10.

The figure shows that PCM container temperature remains
the same for 1 hr. Water temperature reduces during the testing
period from 12°C to 9°C because of cold storage, but air tem-
perature increases slightly after 1 hr because PCM absorbs the
maximum latent heat, and its temperature also increases.
Although PCM temperature is lower than the air, temperature
rise in the PCM decreases heat transfer rate from air to PCM.
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Figure 6. Thermal performance test results of the PCM with water bath, which was

Table 3. Thermophysical properties of water, plusICE hydrated salt S5, and plusICE
organic A4 (Phase change material products 2020).

Water PlusICE S5 PlusICE A4
Specific heat (kJ/kgK) 4.2 1.9 2.18
Density (kg/m°) 1000 1475 766
Latent heat capacity (kJ/kg) 334 130 235
Thermal conductivity (W/m-K) 0.55 0.44 0.21

In the next experiment, only water bottles (1.5 liters in total) were
placed in the box; the measured temperatures are given in Figure 11.
The temperatures were recorded for 4 hr. Refrigerator compressor
was operated during the first 2 hr, and then the compressor was
turned off. It is seen from the figure that air temperature decreases
from 13°C to 8°C and bottle temperature reduces from 14°C to

taken in PCM Products Ltd.

11°C. After the compressor is turned off, air temperature increases
to 13°C, but the water temperature in the bottle increases only 1°C at
the end of 2 hr.

6.2. Field tests on the effect of using PCM packs in
a common 45-liter fridge in Ghana

For real condition testing to evaluate the effect of the PCM on
air temperature, a 45-liter refrigerator was installed with
16 K-Type thermocouples in various location inside the refrig-
erator to determine the spatial temperature distribution within
the interior of the fridge. During the tests, fridge door openings
were included to simulate real conditions. The thermocouples
were attached with tape on the walls, hanging in the air, on the
tray, and on the evaporator inlet pipe inside the fridge. At the
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Figure 8. The modified fridge with the installation of a micro-compressor and PCM packs for onsite testing in Ghana.

exterior of the fridge, thermocouples were attached to the
compressor inlet and outlet pipes, condenser outlet pipe, and
to ambient temperature. The data logger was configured to
record temperature readings at 1-min intervals.
Thermocouples were connected to the data logger and then
to various regions within the interior and exterior of the
system. In each test, 4 liters of water were placed in the cabinet

to represent thermal mass. Two packs of PCMs were also
placed for some experiments. Figure 12 shows the cold air
temperatures of cases with and without PCM in the cabinet.
The main difference is maximum and minimum temperatures.
Since PCM has a melting temperature of 4°C, continuous heat
transfer from air to PCM and from PCM to air happens during
the test. When the temperature of the air is lower than 4°C,
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Figure 13. Air temperature of fresh food compartment for different PCM positions
(off-grid).

PCM absorbs heat from the air, which does not allow the air
temperature to reduce fast. The temperature difference
between the minimum and maximum points are also slightly
lower in the PCM case. It can be concluded that PCM place-
ment in the cabinet results in slightly higher air temperature in
the PCM charging period.

Figure 13 shows the temperature of the fresh food cabinet
for different PCM locations during the compressor-oft period.
As mentioned before, two PCM packs were used for testing
and, in the first test, both packs were placed in the freezer side.
In the second test, one of the PCM pack was placed in the fresh
food cabinet. The experiment was conducted for 5 hr, and cold
air temperatures were measured. The figure shows that air
temperature in the first test increases more compared to
the second test. This effect was from one pack of PCM placed
in the food container. The air temperature reaches 15°C at the
end of the test. This temperature is higher than the normal
operating temperature, but this temperature is the air tempera-
ture, and food temperatures are lower than the air. Moreover,

the temperature in the second case was measured as 12.5°C.
Therefore, the results show that PCM location has an influence
on the required time for food spoilage in power-off periods.

6.3. Lab-scale testing of the prototype experimental
fridge with condenser modification

One of the targets of this paper is to improve the performance
of the refrigeration system. To address this, power consump-
tion needs to be reduced. One of the main issues of the con-
ventional refrigeration condensers is their slow process of
cooling due to the small air velocity at the condenser surface
and its relatively high (room) temperature. This leads to poor
heat transfer; as a result, condenser temperature increases and
compressor electricity consumption increases with a low coef-
ficient of performance of the refrigerator. To address this key
issue, a design approach is proposed, which would increase the
heat transfer surface of the condenser unit.

A similar idea of the heat pipe can be applied to modify the
condenser. Wet clothes are covered by aluminum foil and edges
are sealed to be a strip. Long aluminum bags, including wick and
water, enhances the heat transfer. These aluminum strips can be
attached on condenser fins or condenser tubes. Therefore, addi-
tional heat transfer area can be obtained. As the prototype fridge
condenser has a fan coil heat exchanger, small wet cloth strips
were attached to tubes in order to benefit from evaporative
cooling. Four sets of data are given in the lab-scale testing section.
Air temperature in the fridge, condenser outlet temperature and
power consumption were measured and given in the figures.

The first test was conducted when the condenser was not
modified in order to show conventional refrigerator perfor-
mance. Figure 14 shows the measured temperatures from the
normal unit and modified unit. As the fridge has a thermostat,
the compressor stops when the air temperature drops to setting
temperature. During the test, condenser outlet temperature
reaches 45°C and electricity consumption starts at 70 W and
decreases to 64 W. Regarding modified condenser results, the
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Figure 15. Comparison of power consumptions.

condenser outlet temperature reaches a maximum of 36°C and
the power consumption starts with 50 W and ends by 58 W.
Compressor-oft time is different in the cases because the initial
cabinet temperature of the modified condenser test was slightly
higher as tests were conducted at different times.

In order to make a good comparison of the power consump-
tions, Figure 15 is given for different saturation levels of the
cloths. In the figure, four sets of data are compared, which are
from without modification case to saturated cloth case. For each
case, the amount of water content is increased, and power con-
sumption is reduced. It is clearly shown that this condenser
modification reduces power consumption considerably according
to saturation level. The figure shows that power consumption can
be decreased by 26% by modifying the condenser.

6.4. Field tests of a 45-liter fridge with a modified
condenser in Ghana

The condenser of the 45-liter fridge in Ghana was modified as
described in section 6.3 and tested. Figure 16 gives measured
temperatures of normal and modified condenser outlet. For the

unmodified condenser, its outlet temperature varies between 55°C
and 58°C when the average room temperature is 30°C. The mea-
sured outlet temperature from the modified condenser is around
40°C, which indicates a lower condensation temperature and hence
results in a reduction in electrical consumption. The daily power
consumption was obtained as 0.9 kWh for normal operation of the
fridge and 0.84 kWh for modified condenser in operation.

6.5. Field test of a 45-liter modified fridge with a
micro-DC compressor in Ghana

The micro-compressor was installed in the 45-liter fridge
and a power source was connected to run the compressor
for testing. Figure 17 shows condenser outlet temperature
and cold air temperatures for the cases without PCM and
with PCM. Since the condenser was modified, its outlet
temperature changes between 40°C and 37°C. In the case
with no PCM, the cabinet temperature reduces faster than
in the case with PCM. However, the first cooling period of
the PCM-used experiment takes a long time, around 4 hr,
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Figure 17. Test results for micro-compressor installed fridge.

to reach the set temperature. Liquid PCM packs cause this
long compressor running period; because PCMs are also
cooled, their high latent heat capacity result in longer time
of cooling. Temperature variations show that an installed
micro-compressor can successfully provide cooling of the
system in desired temperature ranges.

7. Cost-effectiveness analysis of the proposed
PCM-enhanced domestic refrigerator

The cost breakdown of the system components is shown in
Table 4. The figures are based on the results of market analysis.
To make a good comparison for the proposed unit,

a commercial PV-driven fridge in Ghana has been used. The
product is $724, including a 250 W PV collector, 20

Table 4. Summary of cost breakdown of the system.

Component

Cost $ USD

Miniature vapor compression refrigeration unit
250 W PV collector + regulator
Kingspan insulation + frame

Finned tube heat exchanger construction and
installation

PCM packs including shipment

Circulation pump + Heat transfer fluid+ cables

Total

$200 (Mini VCC unit 2021)

$110

$46 (Kingspan insulation
2021)

$30

$15
$50
$451




A controller and battery (PV-fridge 2021). The proposed sys-
tem has no battery as the use of PCMs can store cold for the
night periods. Table 4 shows the cost breakdown of the system.
The total cost is found to be $451 when all items are bought at
market price. The costing shows that the proposed unit is 37%
cheaper than the equivalent product.

8. Conclusions

The development stages of a sustainable and affordable refrig-
erator unit for rural areas have been given in the paper. In order
to fulfil the aims of the paper, PCM storage, efficient condenser
modification and use of efficient micro-compressor objectives
were carried out. Lab-scale tests and field tests were conducted
at the laboratory of the University of Nottingham and the test
room of CSIR-TIR in Ghana, respectively. A miniature DC
compressor refrigeration unit was connected to a finned tube
heat exchanger in the fridge cabinet via a secondary fluid loop.
Since this PCM-enhanced fridge unit is proposed for developing
countries with no access to electricity or weak-grid settings, cost
comparison with commercial products in the market was car-
ried out, and it was found that the system can be constructed
37% cheaper than a commercial product.

The miniature refrigerator uses a DC variable-speed com-
pressor, which was adapted to operate by PV collectors.
A finned tube heat exchanger was dimensioned to maintain
cabinet temperature in the desired temperature range. PCM
slabs were placed inside the cabinet to keep the cold tempera-
ture during the refrigerator off time. The findings from the tests
can be summarized as follows:

e Parallel to literature studies, PCM usage on the shelves
reduces the temperature fluctuation inside the fresh food
cabinet.

e The lab-scale experiment results show that adding PCM
packs to the fridge can maintain the desired temperature
in the fridge for a longer time to cover average electricity
cut period.

e Condenser modification tests were carried out and, in
order to reduce condenser temperature, aluminum foils
with wetted wick were used on the system condenser. In
this way, heat transfer was enhanced, and the power
consumption of the fridge was reduced by 26%.

e Field testing results showed that the cabinet temperature
of the refrigerator attained a temperature of 11°C during
power outage simulation of 5 hr at an average ambient
temperature of 33.8°C.
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Nomenclature
A Area, m?
D Diameter, m
h Heat transfer coefficient, W m2K™
k Thermal conductivity, W m’K’
n Number of fins
L Length, m
Nu Nusselt number
Pr Prandtl number
Q Heat transfer rate, W
R Thermal resistance, K W'
Re Reynolds number
s Thickness, m
T Temperature,’C
U Overall heat transfer coefficient, W m-2K-1
Greek symbols
n Efficiency
AT Temperature difference
Subscripts
e Effective
HTF Heat transfer fluid
| inner
m Logarithmic mean
o Outer
w Wall
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