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Abstract

This experimental study analyzed the use of solar photovoltaic energy for operating a novel twin-circuit DC
milk chiller without batteries using water-based cold thermal energy storage for different seasons in Chennai,
India. HFC-134a and HC-600a were used as refrigerants in the two individual circuits. For each season, the test
was conducted continuously for 18 days to analyze the quantity of generated ice that could be utilized to chill 10
L of milk in the morning and in the evening. The average quantity of ice formed per day in the ice bank during
monsoon, winter, and summer seasons was found to be 3.61, 19.75, and 27.97 kg, respectively. Thus, it is
evident that the use of solar energy with thermal energy storage is effective for operating the milk chilling unit
for two seasons, namely winter and summer. However, the system requires an additional power source for
continuous operation during the monsoon season. In this study, solar photovoltaic power was observed to be a
good choice for chilling milk in the context of global warming and energy consumption. The use of thermal
energy storage also allows the initial cost to be reduced.

Keywords: Solar energy; milk chiller; thermal energy storage; DC compressor; HC-600a; HFC-134a

Introduction

The demand for refrigeration for cooling/freezing and food preservation is continuously increasing because
of improving living standards and economic development throughout the world (Albayati et al. 2020). The
refrigeration sector requires a significant amount of conventional electrical energy, which indirectly results in
global warming and CO2 emissions. According to the International Institute of Refrigeration, approximately 1.5
billion domestic refrigerators and freezers are used globally (Coulomb et al. 2015), and each system requires
approximately 450 kWh of power annually (Barthel and Gotz 2012). Globally, this results in annual greenhouse
gas emissions of more than 480 million tons of CO2-eq, which is 4% of the global electricity demand (Coulomb
et al. 2015). In the dairy industry, refrigeration plays a vital role in reducing loses related to milk spoilage and
also aids in improving the quality of milk, thereby allowing an access to new markets and services. As the initial
cost can be high, small to medium sized vapor compression refrigeration (VCR) systems play an important role
in cost-effective refrigeration. In the dairy industry, the use of VCR system is very important for cooling raw
milk to 4-5 °C within 2-3 hours to control its microbial count and maintain its quality (FAO and WHO 2011)
Many developing countries are exploring realistic solutions to store and preserve milk for 24 hours (Ndyabawe
and Kisaalita 2014). The need for electric power operated milk cooling in rural area is also increasing

tremendously; though it had huge (around 22.4%) transmission and transportation losses (Ghafoor and Munir
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2015). Recently, solar refrigeration systems have received significant attention as they can reduce the usage of
conventional VCR systems and it can completely eliminate electrical losses from conventional grid supply
(Kamalapur and Udaykumar 2011). Solar refrigeration can be of two types: (i) solar photovoltaic (PV) and (ii)
solar thermal. The solar thermal systems require a higher investment than the solar PV systems, but can be a
better option for high-capacity systems, such as vapor absorption and adsorption refrigeration systems (Selvaraj
and Victor 2020; Mostafa et al. 2021) Most recently, Devarajan et al. (2021) used solar thermal system for
operating small ejector based refrigeration unit.

The main problem with solar PV systems is that they require a battery bank and direct current (DC) to
alternating current (AC) converters to operate existing VCR systems. This increases operational and running
costs and reduces the energy conversion efficiency (Gao et al. 2021). Kattakayam and Srinivasan (2000) found
that the use of solar PV instead of conventional power increased the AC compressor’s operating temperature,
which could reduce its life. Opoku et al. (2016) investigated the performance of a VCR system with AC and DC
compressors and found similar variations in the cabin and cooling coil temperatures. However, the DC
compressor’s power consumption was found to be 170-350 W lower than that of the AC compressor. Thus, DC
compressors consume less power and eliminate the need for DC-AC converters. Previous studies have also
recommended the use of DC compressors for solar PV refrigeration systems (Torres-Toledo et al. 2016; Sidney
and Mohan 2016; Daffallaha 2018; Li et al. 2021)

A major drawback of solar PV systems is the frequent failure of batteries used to store energy. The
experimental results of Fezai et al. (2021) elucidated that the battery bank of these systems plays a major role in
their reliability and life cycle cost. Batteries can be replaced with thermal energy storage (Driemeier and Zilles
2010) and it can also provide a proper balance between energy required and energy availability (Sharma et al.
2020). Axaopoulos and Theodoridis (2009) developed the first solar PV-based VCR system without batteries for
ice generation. They found that the system could run efficiently even with a low solar insolation with four
compressors connected in parallel. The experimental results showed that the system could produce 4.5 and 17
kg of ice per day at a solar insolation of 3 and 7.3 kWh.m?2, respectively. El-Bahloul et al. (2015)
experimentally studied the performance of a solar PV driven refrigerator (50 L) operating with a DC compressor
and HFC-134a refrigerant. Experiments were conducted to analyze the effects of thermal energy storage (TES)
inclusion in the system. The inclusion of TES resulted in a higher coefficient of performance (COP) than that of
a system without TES, and the temperature of the refrigerating cabin could be maintained with low thermal
losses during overcast conditions. Kabeel et al. (2018) observed that the power consumption of an air-
conditioning system was significantly reduced with TES.

De Blas et al. (2003) fabricated a 150 L milk chiller with two 24 V DC motors, which were directly
coupled to separate compressors. The PV energy obtained during sunshine hours was stored in the form of
sensible and latent heat of frozen water (450 L) in a tank surrounding a cylindrical milk tank. Only 80% of the
water underwent a phase change and was able to support the system for 2.5 consecutive cloudy days by
maintaining the milk temperature at 4 °C. In this study, the compressors were powered using a fixed DC power
source and not directly with a PV source. Hence, the effects of varied solar insolation could not be reviewed.
Torres-Toledo et al. (2015) developed a system to rapidly cool 17 L of milk in a 20 L milk can using 3 kg of ice.
Two DC compressor refrigerators were used, one operating at -10 °C to produce 6 kg of ice and the other at 4 °C

to preserve 17 L of milk. Both compressors were operated at 12 V. Water was used as a substitute for milk. The



79  use of ice rapidly cooled the milk from 33 to 15 °C, which aided in reducing the risk of spoilage. Sidney et al.
80 (2020) used DC compressors to store cool thermal energy in a 14 L ice bank tank (IBT) to chill 20 L of milk.
81 Breen et al. (2020) elucidated that the use of batteries for small PV systems in dairy farms could be avoided by
82 using TES.

83 Based on previous studies, using a DC compressor and including TES may be a good option when
84 using solar PV power for operating VCR-based milk chillers. Moreover, studies on twin-circuit VCR systems
85 operated with DC compressors and water TES solar PV power are limited. In this study, we examined the
86 feasibility of a solar PV powered twin-circuit (one with HFC-134a and another with HC-600a) DC compressor
87 milk chiller with water-based TES under different climatic conditions. This study can pave the way for using
88 solar energy to run VCR systems in rural areas of India and can help reduce greenhouse gas (GHG) emissions.
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90 Nomenclature

91 m; Refrigerant mass flow rate (kg s™)
92 AC Alternating Current
93 COz-eq Carbon dioxide equivalent
94 COP  Coefficient of Performance
95 DC Direct Current
96 evap  Evaporator
97 GHGs Green House Gases
98 |h Specific enthalpy (kJ Kg™!)
99 HC Hydrocarbon
100 HFC  Hydrofluorocarbon
101 I Current
102 IBT Ice Bank Tank
103 PCM  Phase Change Material
104 PUF  Polyurethane Form
105 PV Photo Voltaic
106 Q Heat Transfer (kW)
107 r Refrigerant
108 rpm Rotations per minute
109 RTD  Resistance Temperature Detector
110 TES Thermal Energy Storage
111 v Voltage
112 VCR  Vapor Compression Refrigeration
113 Wele Electrical power used by the compressor (kW)
114 Wea  Electrical power used by the condenser fan (kW)
115 |W, Peak Wattage
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119 Fig. 1. Schematic representation of the experimental setup

120 A schematic representation of the customized milk chiller with a milk tank and an IBT for TES is shown in
121 Fig. 1. The milk tank was made of food-grade standard stainless steel with a storage capacity of 20 L, and
122 encapsulated in a 40 L IBT made of food-grade standard stainless steel with copper evaporator tubes wound
123 over the milk tank. The IBT served as a TES to store solar energy. Two evaporator tubes were used, each with a
124 length of 14 m and diameter of 9.525 mm. The use of the IBT helped minimize the requirement for battery
125 backup during overcast and nocturnal hours. The entire unit was insulated with 100 mm polyurethane foam
126 (PUF). The milk chiller had two separate refrigerant circuits with individual compressors, condensers,
127 evaporators, and capillary tubes with the same dimensions that were made of the same material. Forced
128  convection air-cooled condensers with a condenser tube diameter of 9.525 mm and 10 fins per inch were used
129 for both circuits. In the liquid line, two separate drier filters were used to filter the contaminants. Sight glasses
130 were used to visually confirm the refrigerant flow in the liquid line to confirm undercharging conditions and the
131 absence of any impediment. Both circuits were operated with capillary tubes with a length of 4.57 m and
132 diameter of 0.7874 mm. These dimensions were based on prior capillary tube optimization using the system of
133 Sidney et al. (2020) and the required refrigerant charge was also optimised (Shaji et al. 2021). The IBT and milk
134 tanks had inlet and outlet openings at the top and bottom, respectively. The commencement of freezing was
135 monitored by the discharge of water through the IBT overflow tube. A photograph of the horizontal milk chiller
136 is shown in Fig. 2.

137
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Fig. 2. Photograph of the horizontal milk chiller

Variable-speed DC compressors were used in the milk chiller. The use of variable-speed compressors
permitted the system to start cooling early in the morning and late in the afternoon to better utilize the variable
solar energy. Furthermore, the use of two compressors enabled the operation of at least one compressor during
low solar insolation and operation with two compressors during reasonably good solar insolation. The HC-600a
compressor performs better at both low and high solar insolation than the HFC-134a compressor. The cooling
effect is higher in the HFC-134a circuit, which is more dominant when the insolation is high. This combination
of compressors aids the milk chiller’s functionality under certain conditions. These variable-speed compressors
have an electronic control circuit that starts the compressor within a time interval of 1 min when powered under

a low solar insolation. When the compressor was powered, the initial speed was 2,500 rpm. However, when the
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PV panels did not deliver sufficient power, the compressor stopped, and tried to start again by reducing the
speed to 400 rpm after a 1 min interval. If the start failed again, the compressor tried to restart after another
minute with a minimum speed of 200 rpm. Once the power from the solar panels was sufficient, the compressor
started at a low speed, which increased at a rate of 12.5 rpm (Danfoss 2009). Based on the load requirement, two
polycrystalline PV panels (Warree), with a capacity of 150 W, were connected in parallel. The specifications of

the PV panels are listed in Table 1.

Table 1. Specifications of the installed PV module.

Model WS-150/24V

Nominal Maximum Power, Py, (W) 150

Open circuit voltage, Ve (V) 44.3

Short circuit current, Is.(A) 4.51

Voltage at maximum power, Vpp, (V)  35.85

Current at maximum power, Inp (A) 4.19

Module Efficiency (%) 14.91%

Length x Width x Thickness (mm) 1490x675x35

Weight (kg) 13

Cells Per module (units)/Arrangement  72/(12x6)

Cell type Polycrystalline
Silicon

Front cover (Material/Thickness) Tempered & Low
Iron Glass, 3.2/4.0
mm

Temperature Coefficient of 0.0051

Current/°C

Temperature Coefficient of -0.2775

Voltage/’C

Temperature Coefficient of Power/°C ~ -0.3859

The temperatures across all major components of the refrigeration circuits, suction/discharge pressures,
refrigerant mass flow rates, temperatures of IBT and milk, current, and voltage were interfaced with a computer
via an Agilent data logger. Resistance temperature detectors (RTDs, PT100, + 0.15 °C) were used to measure
the temperatures. The suction/discharge pressures were measured using pressure transmitters (MEAS — M5156,
+5%). The refrigerant mass flow rates were measured along the liquid line using Micro Motion ELITE Coriolis-
type mass flow meters (Micro Motion ELITE, +0.15%). An ammeter and a voltmeter were fixed between the
solar panels and compressors to measure the power consumed by the compressors. The solar insolation, ambient

temperature, and wind speed were measured and logged using a DAVIS-Vantage Pro-2 weather station.

Selection of phase change material (PCM)

The PCM selection was based on the application type and operating range. For a milk chilling application,
the raw milk has to be maintained at approximately 4-5 °C to control its microbial count. Referring to the
required application temperature, water was used as the phase change material (PCM) in the IBT, with a phase
change temperature of 0 °C. Water is advantageous because of a high latent heat during phase change, apart
from being non-toxic and non-flammable. As the system is used for food storage, the use of water as a PCM is

appropriate.
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Experimental procedure

The experiments were carried out during three different seasons (monsoon, winter, and summer) at Anna
University, Chennai (13.0076 °N, 80.2397 °E). The field test was carried out by directly connecting the PV
panels with the DC compressors without any other charge controller or battery backup. Before commencing the
seasonal experiments, the IBT temperature of the milk tank was maintained at 30 °C. The experiments were
carried out in a climate chamber maintained at 32 °C for all three seasonal conditions. The experiments were
carried out continuously for 18 days during each season to analyze the operational feasibility of the designed
milk chiller without any battery backup. When ice formation started in the IBT, an equivalent volume of water
from the IBT was sent off through the overflow tube because of the change in the specific volume of ice. The
overflown water was collected and measured, based on which the ice weight was determined. A similar method
has been used previously by Xu et al. (2017) and Han et al. (2019).

The experiments used water in the place of milk [21]. Two milking phases were considered in the study.
Morning milk was added at 07:30 h, while evening milk was added at 18:00 h. In both conditions, water was
used in place of milk and heated to 37 °C to mimic the temperature immediately after milking. The following
day, the milk was discharged at 07:00 h and transported to the milk processing center in a single trip. This
process reduces the farmers’ transportation cost. The quality of the milk is not affected during transport as it is
already below 4 °C, unlike in the conventional method of taking milk directly to the processing center, which
increases the possibility of a bacterial growth. As shown in Fig. 3, solar insolation is converted into electrical
energy, which is used to operate the twin DC compressors of the milk chiller to produce cold thermal energy,

which is then stored in the form of ice/TES in the IBT. This TES is used to chill 10 L of milk in the morning and

evening.
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Fig. 3. Energy storage and energy release schedule
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Performance analysis of a vapor compression based refrigeration unit

The COP of a VCR-based milk chilling unit is defined as the ratio between the cooling capacity of the
refrigeration unit and the electrical power consumed by the compressor and the condenser fan (Rajendran et al.

2019; Prabakaran et al. 2021).

cop = % (1)
(WeietWran)
where Qcvap, Weie, and Wry, are the refrigeration capacity, compressor electrical power, and power used by the
fan condenser, respectively. The refrigeration capacity can be calculated with the help of the refrigerant mass

flow rate and enthalpy change across the cooling coil, as shown in Equation (2).
Qevap = mr (hevap_out - hevap_in) (2)
Uncertainty analysis

In this study, the temperature/pressure across each component of the unit, refrigerant mass flow rate, volume
of overflow, voltage, current, ambient temperature, and solar insolation consumed by the compressors were
measured to calculate the COP and power consumption. The uncertainties of the calculated parameters were
estimated using the following equations (Moffat 1998). The uncertainties of COP and power consumption were

found to be 5.57% and 5.6%, respectively.

1

acop _ | (3evap)’ + (6Power)2 z 3)
TCOP Qevap Power

1
2 2 2
(aTevap_in) + (aTevap_out)Z + (aPevap_in) + 2
aQevap _ Tevap_in Teva_out P evap_in

2
Qevap (apevap_out) + (amr)z
Pevap_out mr

(4)

1

dPower av\2 anz]z
Power [(7) + (T) ] (5)
Results and discussion

The performance of the milk chiller with a pair of DC compressors was continuously evaluated for 18 days
for each of the three seasons in Chennai: monsoon, winter, and summer. Performance parameters such as
seasonal solar insolation, compressor power consumption, ice formed, and temperatures across the VCR system

components, system COP, and overall efficiency of the unit are discussed for each climatic season.
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Before analyzing the performance of the unit, the solar insolation for Chennai was measured and recorded

from September 9 to 26, 2018 for the monsoon season; from January 22 to February 8, 2019 for the winter

season; and from May 4 to 21, 2019 for the summer season. The solar insolation and average ambient

temperatures for all seasons are shown in Fig. 4. In the monsoon season, the solar insolation was found to be

less than 200 W.m™ for days 12—14 because of the overcast conditions. During the monsoon season in Chennai,

the average insolation and ambient temperature were observed to be 413.81 W.m™ and 29 °C, respectively. In

the winter season, solar insolation was higher than that during the monsoon season because of clear sky

conditions. In the winter season, the average solar insolation and ambient temperature were 532.66 W.m™ and

28.4 °C, respectively. The summer season had the highest solar insolation and ambient temperatures compared

to the other seasons. The average solar insolation and ambient temperature were 726.06 W.m? and 35.8 °C,

232
233

respectively. The overall seasonal operation of both refrigeration circuits is discussed in the following section.
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Monsoon season field analysis
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Fig. 5. Solar insolation and power consumption of the compressors during the monsoon season field test
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The monsoon is a rainy season that is accompanied by overcast conditions. Figure 5 depicts the operation of

238
239
240
241

both the HC-600a and HFC-134a compressors in the field application when powered with two PV panels (150

W/p) connected in parallel. The running time of the compressor was determined using solar insolation. The

power consumption of the HFC-134a compressor was always higher than that of the HC-600a compressor;

hence, it always started later when the insolation was sufficient. This could be because of a higher pressure ratio

242
243
244
245

and refrigerant mass flow rate in HFC-134a than in HC-600a owing to its thermophysical properties (Joybari

2013). The average difference in power consumption between the HFC-134a and HC-600a compressors was 5—

15 W. As seen in Fig. 5, only the HC-600a compressor was able to function during days 7, 8, 9, and 14; on days

12 and 13, both did not operate as the insolation was less than 250 W.m2 because of the extremely overcast

246
247
248

conditions. The effects of overcast conditions could be observed on ice formation in the IBT. The overall

operation of the milk chiller was dependent on solar insolation. To analyze the performance of the milk chiller
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under different solar insolation conditions, three days were selected from the 18 days of experiments in the
monsoon season to represent the days with the highest and lowest average solar insolation. The 5th day
(September 13, 2018) had the highest average solar insolation during the monsoon season. The average solar

insolation during this day was 624.08 W.m™.
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Fig. 6. Variation in solar insolation, refrigerant flow rate, refrigeration capacity, and COP for the day with the

highest solar insolation (monsoon season)

Figure 6 depicts the solar insolation, refrigerant flow rate, refrigeration capacity, and COP of the day with the
highest average solar insolation in the monsoon season. When the solar insolation crossed 250 W.m2, the HC-
600a compressor started at 08:05 h. When the solar insolation crossed 400 W.m? the HFC-134a compressor
also commenced working at 08:45 h. For both circuits, the refrigerant flow rate was observed to gradually
reduce and stabilize as the heat load in the IBT decreased. The HFC-134a circuit was subjected to more cut-offs

and cut-ins when the insolation decreased and increased, respectively. The average refrigerant flow rates of the
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HC-600a and HFC-134a circuits were 0.361 and 0.847 g.s™!, respectively. The flow rate of the HFC-134a circuit
was 56.5% greater than that of the HC-600a circuit. In the evening, at 15:05 h, the HFC-134a circuit was the
first to turn off, followed by the HC-600a compressor at 16:10 h. The total operation time of the HC-600a circuit
was 485 min, while the HFC-134a circuit was operational for only 345 min.

Similar to the refrigerant flow rates, the refrigeration capacity gradually decreased and stabilized as the load
decreased. The HFC-134a circuit had a higher refrigeration capacity than that of the HC-600a circuit, which
could be because of the higher refrigerant flow rates experienced in the HFC-134a circuit. The average
refrigeration capacity of the HFC-134a circuit was 0.161 kW, whereas it was 0.129 kW for the HC-600a circuit,
leading to a difference in refrigeration capacity of 19.4%. At the end of the day, 10.1 kg of ice was available in
the IBT. Initially, the COP was high because of the higher refrigeration capacity, and it gradually decreased and
stabilized. The average COP of the HC-600a and HFC-134a circuits was 1.21 and 1.25, respectively. The COP
of the HFC-134a circuit was 3.2% higher than that of the HC-600a circuit.
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Fig. 7. Variation in solar insolation, refrigerant flow rate, refrigeration capacity, and COP for the day with the

lowest solar insolation (monsoon season)
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From Fig. 5, it can be observed that the 13th day had the lowest solar insolation, with an average solar
insolation of 36.09 W.m™. As none of the compressors could operate on that day, it was impossible to compare
the performance of both refrigeration circuits under such conditions. Thus, the day with the lowest solar
insolation, in which both compressors were operational, was selected; the 7th day (September 15, 2018), with an
average solar insolation of 323.9 W.m2. The solar insolation was observed to fluctuate excessively because of a
cloud cover in the morning, but the sky was comparably clearer in the afternoon, as seen in Fig. 7. The flow rate
in the HFC-134a circuit had more fluctuations than that in the HC-600a circuit; this was because of intermittent
cloud cover, which reduced the solar insolation. The average flow rates in the HC-600a and HFC-134a circuits
were 0.324 and 0.771 g.s™!, respectively. The flow rate in the HFC-134a circuit was 58% higher than that in the
HC-600a circuit. The HC-600a compressor started working at 08:05 h, while the HFC-134a circuit started at
10:00 h. The HFC-134a compressor was the first to turn off completely at 13:55 h, while the HC-600a
compressor turned off at 15:00 h. The total operation time for the HC-600a circuit was 330 min, while it was

195 min for the HFC-134a circuit.

The effect of the variation in the refrigerant flow rate was observed in the refrigeration capacity of both
circuits. The average refrigeration capacities of the HC-600a and HFC-134a circuits were 0.114 and 0.128 kW,
respectively. The refrigeration capacity of HFC-134a was 10.9% higher than that of HC-600a because of the
higher refrigerant flow rate. The COP of both circuits was observed to be zero when the solar insolation was
below 400 W.m-2 for the HFC-134a circuit and below 250 W.m-2 for the HC-600a circuit. The average COP of
the HFC-134a circuit was 1.13, while that of the HC-600a circuit was 1.09, being 3.5% lower. At the end of the

day, no ice was stored in the IBT.
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Figure 8 shows the pull-down characteristics of the IBT and milk during the monsoon season, along with the
quantity of ice formed per day and the time required for chilling milk in the morning and evening from 37 to 4
°C. During the monsoon season, at the end of day 1 of operation, ice was not available in the IBT. This was
because of low solar insolation, which resulted in few hours of operation for both compressors. At the end of
day 2, 4.1 kg of ice was available in the IBT, but this was insufficient to chill 10 L of milk from 37 to 4 °C; thus,
milk was not added the next morning (3rd day). At the end of day 3, 6.8 kg of ice was available in the IBT,
which was sufficient to chill 10 L of milk to 4 °C. On day 4 at 07:00 h, 10 L of milk were added at 37 °C.
Within 120 min, the milk was observed to reach 4 °C, with cooling provided only from the cold thermal energy
stored in the IBT. By the end of day 4, 5.5 kg of ice was available in the IBT. By 18:00 h, evening milk (10 L)
was added at 37 °C, and cooled to 4 °C within 70 min. On day 5, the previous day’s (4th day) milk was
dispensed at 06:00 h. and transported to the milk processing center at a temperature below 4 °C. This process
reduces the transportation cost, as milk received from two different sessions can be transported in a single phase.
The same procedure was repeated on successive days. On day 7, the solar insolation was low and only one
compressor was observed to be operational; by the end of the day, no cold thermal energy was available in the
IBT. The evening milk was added at 18:00 h. and reached a minimum temperature of 14 °C in 5 h. Considering
all 18 days of testing in the monsoon season, the IBT could support the chilling of milk for only 4.5 days, that is,
for days 4-6, day 7 (morning milk only), and day 18. This was because of the overcast conditions during the
monsoon season. The results elucidate that solely depending on the IBT for chilling milk during the monsoon
season is insufficient, and that an external power supply is necessary.

The experimental results revealed that the operation time of HFC-134a was lower than that of the HC-600a
circuit for all days. On days 7-9 and 14, only the HC-600a circuit was operational, and on days 12 and 13,
neither compressor was able to operate because of an extremely low insolation. The overcast conditions
impacted the overall operation and ice formation in the IBT. Four individual days were analyzed in detail to
understand the milk chiller’s performance: day 1 (day with maximum heat load), the day with the highest
average solar insolation, and the day with the lowest average solar insolation.

For all the days considered, the power consumption was higher for the HFC-134a circuit, which also had
higher refrigerant flow rate than the HC-600a circuit. The COP of the HFC-134a circuit was higher than that of
the HC-600a circuit, as HFC-134a had a better refrigeration effect. The hours of operation of the HC-600a
circuit were longer than those of the HFC-134a circuit for all days. For the day with the lowest average solar
insolation, the HC-600a compressor was operational for 330 min, while the HFC-134a was operational for only
195 min. Out of all 18 days of testing in the monsoon season, milk could be chilled from 37 to 4 °C for only 4.5
days. This means that solely depending on the IBT without any power backup is not favorable in the monsoon

s€ason.

Winter season field analysis

The winter season in places like Chennai is characterized by cool ambient temperatures and a clear sky. In
India, the winter season extends from December to February. In the present study, the winter field test was
conducted from January 22 to February 8, 2019. Figure 9 shows the power consumed by both compressors
during the winter season, along with the solar insolation. Generally, for all the days, the HC-600a compressor

was observed to start first when the solar insolation was low in the morning (approximately 250 W.m-2). The
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HFC-134a compressor was observed to start once the solar insolation was above 400 W.m-2. On day 3, the solar
insolation was observed to be uniform, and the operation of both compressors was observed to be smooth. From
the 7th to 9th day, as seen in Fig. 9, solar insolation was interrupted by some intermittent cloud cover, and the
compressors were subjected to frequent cut-offs and cut-ins. When compared to the monsoon season, the
operation of both compressors during the winter season was observed to be smoother because of better solar
insolation, clearer sky, and lower ambient temperature. To analyze the performance of the milk chiller under
different solar insolation conditions in the winter season, three days were selected from the 18 days of
experiments. Each day represented a day with the highest and lowest average solar insolation.
Days
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Fig. 9. Solar insolation and power consumption of the compressors during the winter season field test

The day with the highest average solar insolation during the winter season was the 3rd day of testing (January
24, 2019). The average solar insolation during this day was 577.9 W.m. Figure 10 depicts the solar insolation,
refrigerant flow rate, refrigeration capacity, and COP of the day with the highest solar insolation in the winter
season. The solar insolation was observed to increase up to 300 W.m™, following which, owing to some minor
cloud cover, it fell below 200 W.m2, after which clear sky was observed. As the solar insolation was reasonably
high, both compressors could operate continuously and attain the peak operation speed. This was because of the
inbuilt AEO unit, which controlled the speed of the compressor and helped it to directly attain the peak speed of
3500 rpm within an hour with sufficient power (Danfoss 2009). In both circuits, the refrigerant flow rate was

observed to gradually reduce and stabilize with a reduced heat load in the IBT. A significant reduction in flow
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rate could be seen as ice was already present in the IBT. The average refrigerant flow rates of the HC-600a and
HFC-134a circuits were 0.422 and 1.022 g.s™!, respectively. The flow rate of the HFC-134a circuit was 58.7%
higher than that of the HC-600a circuit. The trend of the refrigeration capacity gradually stabilized, and thus,
matched that of the refrigerant flow rate. The average refrigeration capacity of the HFC-134a circuit was 0.192
kW, whereas that of the HC-600a circuit was 0.139 kW. The average refrigeration capacity of the HFC-134a
circuit was 27.6% higher than that of the HC-600a circuit. This could be because of the higher refrigerant flow
rate in the HFC-134a circuit.
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Fig. 10. Variation in solar insolation, refrigerant flow rate, refrigeration capacity, and COP for the day with the

highest solar insolation (winter season)

The COP of the HFC-134a circuit was higher than that of the HC-600a circuit. This could be because of the
higher refrigeration effect of the HFC-134a circuit. The average COP of the HFC-134a circuit was 1.25 while it
was 1.34 for the HC-600a circuit. The average COP of the HFC-134a circuit was 7.72% higher than that of the
HC-600a circuit. The HC-600a compressor started at 08:30 h, while the HFC-134a compressor started at 09:45
h. While the HFC-134a compressor turned off by 15:50 h because of low insolation, the HC-600a circuit turned
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off by 16:45 h. The total operation time of the HC-600a circuit was 505 min, while the HFC-134a circuit was
operational for only 375 min. The extra hours of operation of the HC-600a circuit could balance the difference

in refrigeration capacity and COP. At the end of the day, 24.4 kg of ice was available in the IBT.
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Fig. 11. Variation in solar insolation, refrigerant flow rate, refrigeration capacity, and COP for the day with the

lowest solar insolation (winter season)

Figure 11 illustrates the solar insolation, refrigerant flow rate, refrigeration capacity, and COP of the day
with the lowest solar insolation in the winter season, the 15th day of testing (February 5, 2019). The average
solar insolation during this day was 353.9 W.m™. Similar to that in other conditions, the HC-600a compressor
was the first to start at 08:15 h, while the HFC-134a compressor started at 09:10 h. HFC-134a stopped at 15:50
h and HC-600a stopped at 16:55 h. The HC-600a circuit was operational for 495 min, whereas the HFC-134a
circuit was operational for only 300 min. The average refrigerant flow rates of the HC-600a and HFC-134a
circuits were 0.392 and 0.912 g.s!, respectively. The average flow rate was 57.1% higher in the HFC-134a

circuit than in the HC-600a circuit.



387
388
389
390
391
392
393
394
395
396
397
398
399
400

401

402

403
404
405
406
407
408

18

The trends of the refrigeration capacity of both circuits matched those of the refrigerant flow rate. The
average refrigeration capacity of the HFC-134a circuit was 0.186 kW, whereas it was 0.134 kW for the HC-
600a circuit. This shows that the average refrigeration capacity of the HFC-134a circuit was 27.9% higher than
that of the HC-600a circuit. This could be because of the higher refrigerant flow rate of the HFC-134a circuit
than that of the HC-600a circuit. The COP trends were observed to decrease and stabilize with time and matched
those of the refrigeration capacity. The average COP of the HFC-134a circuit was 1.30, while that of the HC-
600a circuit was 1.22. The COP of the HFC-134a circuit was 6.2% higher than that of the HC-600a circuit. At
the end of the day, 25.5 kg of ice was available in the IBT.

The trends of refrigerant flow rate, refrigeration capacity, and COP for all three conditions (highest and
lowest) were observed to gradually decrease and stabilize with time. The refrigerant flow rate, refrigeration
capacity, and COP were found to be higher in the HFC-134a circuit than in the HC-600a circuit. The HC-600a
circuit was observed to operate for a longer duration as it could operate at a lower solar insolation (minimum
250 W.m?) than the HFC-134a circuit. The refrigeration capacity and COP were observed to be better than

those during the monsoon season because of a clearer sky with lower cloud cover.
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Fig. 12. Pull-down characteristics during the winter season along with the quantity of ice formed

Figure 12 shows the pull-down characteristics of the IBT and milk tank along with the amount of ice formed
at the end of each day. The hours of operation of the compressors were higher than those during the monsoon
season, which enabled an increased level of cold TES in the IBT. At the end of day 1, 8.73 kg of ice was
available in the IBT. On day 2, at 07:00 h, 10 L of milk was added at 37 °C and it was observed to chill to 4 °C
within 55 min. At the end of day 2, the quantity of ice available in the IBT was 18.5 kg. At 18:00 h, 10 L of

milk was added at 37 °C in the evening. When the evening milk was mixed with morning milk, the milk



19

temperature rapidly dropped to approximately 20 °C, and then, uniformly chilled to 4 °C within 35 min. From

409
410
411
412
413
414
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day 1 onward, the quantity of ice formed in the IBT was observed to increase, but after the 6th day, this trend

was observed to be affected by some intermittent cloud cover. However, after the 9th day, the quantity of ice

formed was observed to increase again. After the 10th day, the amount of ice formed was observed to be greater

than 25 kg. The average pull-down time of the morning milk was found to be 40.1 min, while the average pull-

down time of evening milk was 26.5 min. Owing to good solar insolation, a surplus amount of cold thermal

energy was stored in the IBT in the form of ice every day, which enabled the system to operate without any

battery backup during the winter season. In the case of overcast conditions, the surplus amount of cold thermal

416
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energy stored in the IBT could effectively cool the milk without battery backup.

Summer season field analysis
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Fig. 13. Solar insolation and power consumption of the compressors during the summer season field test
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In Chennai, the summer season generally has a clear sky and high ambient temperatures. The summer season

421

in Chennai occurs from March to May and can be possibly extended in the case of a delay in the monsoon rains.
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Figure 13 shows the power consumed by the compressors during the summer season for the HC-600a and HFC-
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134a circuits. The summer season has longer days, which results in more hours of solar insolation, which leads
to longer hours of operation for the compressors. As shown in Fig. 13, the average solar insolation is more than
400 W.m?2, and thus, both compressors could operate smoothly. In the summer seasons, on some days, such as
day 5, the solar insolation was observed to reduce because of intermittent cloud cover, resulting in intermittent

cut-offs and cut-ins for both compressors.
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Fig. 14. Variation in solar insolation, refrigerant mass flow, and compressor power in the summer season (May

4,2019)

Figure 14 shows the variation in solar insolation, refrigerant mass flow rate, and power consumed by each
compressor for day 1 in the summer season. Similar to other seasons, the HC-600a compressor was observed to
start first at 08:10 h, when the insolation crossed 250 W.m™. This was followed by the start of the HFC-134a
circuit when the insolation crossed 400 W.m™ at 09:10 h. The HFC-134a circuit stopped at 16:10 h, while the
HC-600a circuit stopped at 16:50 h. The overall operating time of the HC-600a circuit was 510 min, whereas the
HFC-134a circuit was operational for only 400 min. The trends of the refrigerant mass flow rate and power
consumption were similar to those in the other two seasons, except that both compressors operated for more

hours.
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Variations in the refrigerant temperatures at various locations in the HFC-134a and HC-600a circuits were
considered only for the summer season, as shown in Fig. 15. In this season, the number of cut-offs because of
overcast conditions was lower than that in other seasons. This shows that the refrigerant temperature at the
compressor outlet increased with time, whereas the temperature at the compressor and evaporator inlets
decreased for both circuits. At about 12:30 h, the HFC-134a compressor turned off because of the cloudy
conditions, which caused a drop in temperature at the compressor outlet and a corresponding increase in the
evaporator inlet temperature. Compared to the HC-600a circuit, the drop in the evaporator temperature was
faster for the HFC-134a circuit, and the temperature reached 0 °C by 09:30 h. For the HC-600a circuit, 0 °C was
attained at 12:45 h. This could be because of the higher refrigerant mass flow rate in the HFC-134a circuit than
in the HC-600a circuit. Similar to the other two seasons, two days were selected to represent days with the

highest and lowest solar insolation from the 18 days of field experiments in the summer season.
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Fig. 15. Refrigerant temperature across each component in the HFC-134a and the HC-600a circuits during the

summer season (May 4, 2019)

Figure 16 depicts the solar insolation, refrigerant flow rate, refrigeration capacity, and COP for the day with
the highest solar insolation in the summer season, the 17th day of testing (May 20, 2019). The average solar
insolation during this day was 731.3 W.m™. On this particular day, there was no cloud cover, and the solar

insolation was observed to uniformly increase until noon and gradually decrease toward the evening. During
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such conditions, the compressors performed consistently at a peak speed of 3500 rpm because of the AEO
control unit. In both circuits, the refrigerant flow rate was observed to gradually decrease and stabilize because
of a reduction in the heat load in the IBT. The refrigerant flow rate was higher in the HFC-134a circuit than in
the HC-600a circuit. The HC-600a compressor started first at 07:15 h. This was followed by the HFC-134a
circuit at 08:20 h. Both compressors cut off at the same time from the 7th day onward, by 14:30 h. The milk
temperature was observed to be below 1 °C, and both compressors turned off automatically because of the
thermostat settings to ensure that milk was not frozen. The average refrigerant flow rates of the HC-600a and
HFC-134a circuits were 0.454 and 1.22 g.s!, respectively. The average flow rate of the HFC-134a circuit was
62.8% higher than that of the HC-600a circuit. The trends of the refrigeration capacity were observed to match
those of the refrigerant flow rate; they gradually decreased and stabilized. The average refrigeration capacity of
the HC-600a circuit was 0.15 kW and that of the HFC-134a circuit was 0.208 kW, being 27.9% greater. This
resulted in better cooling from the HFC-134a circuit. The COP of the HFC-134a circuit was higher than that of
the HC-600a circuit. This could be because of the better refrigeration effect of the HFC-134a circuit. The
average COP of the HFC-134a circuit was 1.45, while that of the HC-600a circuit was 1.34. The average COP
of the HFC-134a circuit was 7.58% higher than that of the HC-600a circuit.
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Fig. 16. Variation in solar insolation, refrigerant flow rate, refrigeration capacity, and COP for the day with the

highest solar insolation (summer season)
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Fig. 17. Variation in solar insolation, refrigerant flow rate, refrigeration capacity, and COP for the day with the

lowest solar insolation (summer season)

Figure 17 shows the solar insolation, refrigerant flow rate, refrigeration capacity, and COP of the day with
the lowest solar insolation in the summer season, the 5th day of testing (May 8, 2019). The average solar
insolation during this day was 573.1 W.m™. The solar insolation was observed to gradually increase when
approaching noon, with some intermittent cloud cover. The solar insolation was consistently above 250 W.m2,
which facilitated the continuous operation of the HC-600a circuit, while the HFC-134a circuit had some
intermittent cut-offs. The flow rate trends were observed to match those of other seasons. The average
refrigerant flow rates of the HFC-134a and HC-600a circuits were 1.08 and 0.43 g.s!, respectively. The
refrigerant flow rate of the HFC-134a circuit was 60.6% higher than that of the HC-600a circuit. The average
refrigeration capacity of the HC-600a circuit was 0.141 kW, and that of the HFC-134a circuit was 0.191 kW,
being 26.9% higher. This resulted in better cooling by the HFC-134a circuit, owing to the higher refrigerant

flow rate.
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The COP of the HFC-134a circuit was higher than that of the HC-600a circuit. The average COP of the HFC-
134a circuit was 1.27, while that of the HC-600a circuit was 1.37. The average COP of the HFC-134a circuit
was 7.3% higher than that of the HC-600a circuit. The HC-600a circuit was operational from 08:15 to 16:05 h,
while the HFC-134a circuit was operational from 09:00 to 16:00 h. The trends of refrigerant flow rate,
refrigeration capacity, and COP for both conditions (highest and lowest solar insolation) gradually decreased
and stabilized with time. The refrigerant flow rate, refrigeration capacity, and COP were found to be higher for
the HFC-134a circuit than for the HC-600a circuit. The refrigeration capacity and COP were observed to be

better than those during the monsoon and winter seasons because of the higher solar insolation in the summer

season.
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Fig. 18. Pull-down characteristics during the summer season along with the quantity of ice formed

The pull-down characteristics of the IBT and milk temperatures along with the quantity of ice formed during
the 18 days of the study in the summer season are shown in Fig. 18. In the summer season, even though the
ambient temperature was high, the performance of the PV panels was not significantly affected because of a
high solar insolation. Owing to the good operating conditions and longer sunshine hours, a surplus of cold
thermal energy was stored in the IBT as ice. From day 2 onward, more than 20 kg of ice was maintained in the
IBT. After day 7, the milk temperature was observed to go below 1 °C, and the compressor was cut off
automatically because of the thermostat settings to avoid freezing the milk. Thus, after day 7, as the compressors
were cut off earlier, the power from the PV panels was not utilized. This excess power can be fed to the grid or
used to charge solar-powered gadgets. In the summer season, the ambient temperatures were always higher, and
consequently, the heat infiltration losses would also be higher. Owing to the surplus cold thermal energy stored
in the IBT, the system could maintain the milk temperature below 4 °C in case of sudden rain or cloudy

conditions for up to 2.5 days.
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Of all seasons, ice formation was the highest in the summer season, followed by that in the winter and
monsoon seasons. The operation of the milk chiller depending solely on the IBT was observed to be feasible in
the winter and summer seasons. In the monsoon season, however, battery backup would be necessary. The
summer season also required the compressors to be cut off when the milk temperature was below 1 °C. Thus,

the power produced after the cut-off can be fed to the grid.

Conclusions

The feasibility of a novel twin-circuit (HFC-134a and HC-600a) DC compressor milk chiller with water-
based TES operated by solar PV was studied under different climatic conditions in Chennai, India. The test was
conducted for 18 days continuously for each season, and the quantity of ice formed in the IBT was assessed for
cooling milk from 37 to 4 °C twice a day. The average amount of ice formed per day in the TES during
monsoon, winter, and summer seasons was found to be 3.61, 19.75, and 27.97 kg, respectively. The
experimental study revealed that ice formation and milk chilling time were the best in the summer season,
followed by those in the winter and monsoon seasons. The operation of the milk chiller depending solely on the
IBT is observed to be feasible in the winter and summer seasons; however, in the monsoon season, a battery
backup is necessary. The use of two circuits is more advantageous than a single big system as it enables the
operation of at least one compressor during low solar insolation. It was found that the HC-600a circuit
consumed 5-15 W less than the HFC-134a circuit. However, the drop in the evaporator temperature is faster for
the HFC-134a circuit. The running time of the HC-600a circuit is longer because it consumes less power and is
capable of starting and operating at a lower solar insolation, making it operational for longer hours, which
counterbalances its operational performance. The results from the summer season also show that the
compressors automatically cut off when the milk temperature is below 1 °C. The power produced after the cut-

off can then be fed into the grid.

TES provided the stored cold thermal energy in the evening and the following morning for cooling raw milk.
This circumvents the use of batteries and their supporting components, which aids in decreasing the overall
system investment cost. The outcome of this study can promote the use of eco-friendly solar PV for rural milk

chilling applications with comparatively lower initial costs using TES.
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