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An independent solar photovoltaic (PV) refrigerated warehouse system with ice thermal energy storage is constructed in this
paper. In this system, the vapour compression refrigeration cycle is directly driven by a PV array, and the frequency of the
compressor varies with the solar radiation intensity. The refrigeration performance and the matching characteristics of the
system driven by different PV capacities are studied. The results show that the intensity of solar radiation required for the
compressor to work at the same frequency decreases by approximately 7.8% when the ratio of PV capacity to compressor-
rated power increases by 10%, and the time required for the temperature in the refrigerated warehouse to drop from ambient
temperature to 0°C is reduced by 32min on average. The energy efficiency ratio of the vapour compression refrigeration
subsystem and the coefficient of performance (COP) of the refrigerated warehouse system increase with the ratio of PV
capacity to compressor-rated power α. When α increases from 1 to 1.3, the growth rate of the COP is very slow. For the PV
direct-drive refrigerated warehouse system with a compressor-rated power of 4.4 kW, the suitable ratio of PV capacity to
compressor-rated power α is about 1.3. When the refrigerated warehouse system is driven directly by a 5.4 kW PV array, the
overall COP is approximately 0.19. In the cycle mode of refrigeration and cold energy storage during the day and cold energy
release at night, the stored cold energy can still meet the refrigeration required by the load for 48 hours after eight days of
continuous operation. According to the current market price of cold storage, during the service life of the system, the income
per unit volume of cold storage is about 2.2 times the investment.

1. Introduction

With the improvement in living standards, the demand for
fresh fruits and vegetables is also higher. However, agricul-
tural products are still alive after they are harvested; it is a
great challenge to maintain the nutrition and fresh quality
of agricultural products after being harvested due to their
perishable nature [1]. Huge losses in fruits and vegetables
have been caused by improper processing and a lack of ade-
quate refrigeration infrastructure and cold chain logistics

facilities [2]. Fruit and vegetable loss accounts for 40-50%
of annual food loss by weight worldwide [3, 4]. Currently,
the postharvest wastage rate of agricultural products is still
high [5], and the distribution of a large number of agricul-
tural products in rural areas is hampered by inadequate
refrigeration infrastructure and poor electricity supply.
Temperature management is considered to be the most
important factor in controlling the deterioration of the
physiology and pathology of agricultural products [6]. Low
temperature reduces respiratory intensity and metabolism
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and inhibits bacterial reproduction, thus slowing spoilage
[7]. At the same time, concern for energy shortages and
environmental degradation has made green refrigeration a
consensus. The good matching of solar energy resources
and refrigeration requirements makes solar refrigeration
one of the preferred refrigeration solutions.

Solar refrigeration can be divided into solar thermal refrig-
eration and solar-electric refrigeration [8]. Solar PV (photo-
voltaic) refrigeration uses electric energy to drive the vapour
compression refrigeration cycle with high energy efficiency
ratio, and with the reduction of PVmodule cost and improve-
ment of efficiency, solar PV refrigeration is considered to have
greater application potential [9]. Solar PV refrigeration com-
bined with vapour compression refrigeration cycle can be
divided into grid-connected photovoltaic refrigeration system
and independent photovoltaic refrigeration system according
to the power supply mode [10]. Independent photovoltaic
cooling technology can build the system according to the
actual cooling demand, and the system is more flexible,
especially in remote areas without power grids. Therefore,
independent photovoltaic cooling technology is considered
to have more application potential [8].

As early as 2009, Modi et al. [11] redesigned a 165 L tra-
ditional household refrigerator into a solar-powered refrig-
erator by adding battery packs, inverters, and transformers.
The solar refrigerator reached the maximum COP of 2.10
at 7:00 am. Currently, researchers have researched photovol-
taic air conditioning [12, 13], solar ice makers [14, 15], and
solar refrigerators [11, 16]. The system performance of the
solar photovoltaic refrigeration system with the battery bank
was studied by researchers. Lei et al. [17] studied a photovol-
taic driven miniature refrigeration system. Under cloudy
and sunny weather conditions, the average cooling output
of the system was 416W and 399W, and the corresponding
average COP was 3.42 and 3.02, respectively. Torres-Toledo
et al. [18] conducted an experimental study on the milk
cooling performance of a PV-DC refrigeration system
applied to a small farm milk tank. Using an insulated milk
tank with an integrated ice tray to transport milk in the
morning and store it in the evening, 8 kg of ice was pro-
duced, keeping 30L of milk at low temperature and effec-
tively preventing bacterial reproduction [19].

In these independent photovoltaic refrigeration systems,
the battery bank serves as an essential energy storage unit to
ensure stable and continuous operation due to the inherent
intermittency and unstable nature of solar energy [10].
However, there is a problem that cannot be ignored; the bat-
tery life is much shorter than that of PV modules in such
systems. Frequent replacement of batteries increases the
investment and operating cost of the system and may cause
environmental pollution [14, 20].

The researchers studied the battery-free solar indepen-
dent photovoltaic refrigeration system to eliminate the use
of batteries and charging controllers and their associated
economic and environmental problems. El-Bahloul et al.
[21] conducted experimental studies on solar DC vapour
compression refrigerators with/without phase change energy
storage materials in dry hot areas, and the results showed
that COP was higher without phase change energy storage

materials, but when there was a lack of solar radiation, the
temperature in the refrigerator changed rapidly due to the
absence of phase change energy storage materials and other
compensations; when the refrigerator with phase change
energy storage materials operates at full load outdoors, the
COP is 1.22. Mishra et al. [22] constructed an independent
photovoltaic cold storage system using a split household
air conditioner, and the refrigerator was integrated with sen-
sors based on the Internet of Things for remote monitoring
of temperature, humidity, and stored items; the average
annual utilization rate of 10-ton cold storage in India is
70% and the payback period is 2.1 years. Axaopoulos and
Theodoridis [14] designed a battery-free solar photovoltaic
driven ice-making system, using a dedicated controller to
provide power management for the four compressors, and
the efficiency from solar to the compressor is about 9.2%.

Meanwhile, some studies have compared the perfor-
mance of the battery, ice, and phase change materials as an
energy storage unit in the independent photovoltaic refriger-
ation system. The results show that the power consumption
of the ice thermal storage system and the phase change
material storage system is 4.59% and 7.58% lower than that
of the conventional storage battery, respectively, and the
ice thermal storage system and the phase change material
storage system can significantly reduce CO2 emissions [23].
Primary energy saving rates for the battery as the energy
storage and phase change material as cold energy storage
are 2.8 times and 1.9 times higher than those without energy
storage, respectively [24]. Luerssen et al. [25] proposed a
tiered storage cost model to compare electrical and thermal
energy storage for refrigeration applications. The results
indicate that thermal energy storage has greater potential
for applications with larger cooling demands, such as hotels
and refrigerated warehouses. In addition, ice storage tech-
nology can help reduce the maximum capacity of cooling
equipment [26].

Based on the analysis above, it is not difficult for us to
conclude that solar PV refrigerated warehouse meets the
requirements of green refrigeration and has great develop-
ment potential. Actively developing solar photovoltaic
refrigerated warehouses has great social and economic bene-
fits in reducing the loss of fruits and vegetables after harvest
[17]. Our research group carried out research work on the
PV direct-drive air-conditioning system with ice-making
and verified the feasibility of ice thermal energy storage
instead of battery energy storage in a stand-alone PV system
[27, 28]. And, under the impedance matching strategy, the
system can provide continuous cooling for a room of
25.5m2 for 8.5 hours [13].

Based on the previous work of the research group, in this
paper, a photovoltaic direct-drive vapour compression
refrigeration refrigerated warehouse system combined with
ice thermal energy storage technology is proposed, which
can store excess cold energy while supplying cooling. To
obtain the refrigeration performance influence rule and
matching characteristics of the constructed refrigerated
warehouse system driven by different PV capacities under
different irradiation conditions, theoretical analysis and
experimental study on sunny and cloudy were carried out
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in this paper. The purpose of this paper is to provide some
references for the application of the independent photovol-
taic direct-drive refrigerated warehouse system.

2. System Description

2.1. Components of the Refrigerated Warehouse System and
Working Principle. The independent PV refrigerated ware-
house system with ice thermal energy storage consists of
three parts: PV power generation subsystem, vapour com-
pression refrigeration subsystem, and ice thermal energy
storage and cooling subsystem. Among them, the PV power
generation subsystem includes PV arrays and inverter con-
trollers; the vapour compression refrigeration subsystem
includes variable frequency compressors, condensers, expan-
sion valves, and air coolers; ice thermal energy storage and
cooling subsystem include ice storage tanks, working
medium pump, and fan coil. The schematic diagram of the
independent PV refrigerated warehouse system with ice
thermal energy storage is shown in Figure 1.

The operation process of the system is as follows: in the
daytime, the PV array converts solar energy into direct cur-
rent, and the inverter controller converts the direct current
into a three-phase alternating current to drive the vapour
compression refrigeration cycle. To enable the compressor
to operate stably under irradiance fluctuations, the system
adopts maximum power point tracking technology to ensure
optimal energy conversion and a stable power supply. In the
vapour compression refrigeration cycle, the refrigerant is
compressed into high-temperature and high-pressure gas
in the compressor and then condensed into medium-
temperature and high-pressure liquid in the air condenser.
After being throttled by the throttling valve, the refrigerant
is a low-temperature and low-pressure liquid. The refriger-
ant flows into the interior of the air cooler in the refrigerated
warehouse to absorb the heat of air to cool the refrigerated
warehouse; then the refrigerant flows through the ice-
making evaporator in series with the air cooler. When the
refrigerant flows through the ice-making evaporator
immersed in water, it continuously absorbs the heat of the
water in the ice storage tank, then the water phase transition
in the ice storage tank and the excess cold energy is stored in
the form of ice thermal energy. Under the condition of lack
of solar irradiance during the day or no solar irradiation at
night, the refrigerated warehouse can adjust the circulating
pump according to temperature to melt ice and release cold
energy. The cold exchange coil pumps the cold energy stored
in the ice storage tank to the fan coil to supply cold to the
cold storage, thus achieving continuous and stable cooling.

2.2. System Performance. To determine the matching
relationship between the PV capacity and the compressor-
rated power, the ratio between the PV capacity PPV and
the compressor-rated power Pcomp is defined as the system
capacity ratio, which is expressed by α, namely:

α = PPV
Pcomp

: ð1Þ

PV arrays with capacities of 4.5 kW, 5.4 kW, and 6.6 kW
are used as driving energy sources, respectively, and the pho-
toelectric and refrigeration performance of the system is
studied.

2.2.1. Photoelectric Performance. The power quality of PV
power generation can be evaluated according to the three-
phase current and voltage imbalance proposed by the Inter-
national Council on Large Electric Systems. The specific
expression is as follows [29]:

εI = 3 × Max I1, I2, I3ð Þ −Min I1, I2, I3ð Þ
I1 + I2 + I3

, ð2Þ

εU = 3 × Max U1,U2,U3ð Þ −Min U1,U2,U3ð Þ
U1 +U2 +U3

, ð3Þ

where I1, I2, and I3 are the three-phase current output of the
inverter controller, A; U1, U2, and U3 are the effective three-
phase voltage output of the inverter controller, V.

The calculation formula for photoelectric conversion
efficiency is [9]:

ηpv =
Qpv

qpv × Spv
:100%: ð4Þ

Compressor utilization efficiency is expressed as

η =
Qcomp

qpv × Spv
: ð5Þ

In the formula, QPV is PV array energy output, MJ; qPV is
cumulative solar radiation received per unit area of the PV
module, MJ/m2; SPV is PV array area, m2; Qcomp is compres-
sor energy consumption, MJ.

2.2.2. Refrigeration Performance. The cold energy stored in
the photovoltaic refrigerated warehouse system in no-
load mode includes the cold energy of water in the ice
storage tank, the change in latent heat of the water
phase to ice, a small amount of the cold energy of
supercooled ice, the cooling consumption of air in the
refrigerated warehouse, and the cooling loss through the
maintenance structure. The calculation formula can be
expressed as follows:

Qref =
ðTew

Tbw

Cwmwð ÞdT +
ð0
Tbw

Cwmiceð ÞdT +micehwi

+
ðTew

0
Cimiceð ÞdT +

ðTec

Tbc

Cvmairð ÞdT

+
ðTec

Tbc

KAa To − Tið ÞdT:

ð6Þ

In the formula, Qref is the cold energy, MJ; Cw is the
specific heat capacity of water, 4:2 × 103 J/(kg·°C); mw is
the mass of water in the ice storage tank at the end of
the experiment, kg; Tbw is the temperature of the water
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at the beginning of the experiment, °C; Tew is the tem-
perature of the water at the end of the experiment, °C;
mice is the mass of ice, kg; Tei is the temperature of
the ice at the end of the experiment, °C; Ci is the spe-
cific heat capacity of ice, 2:1 × 103 J/(kg·°C); hwi is the
latent heat of the phase transition between ice and water,
3:36 × 103 J/kg; Tbc is the temperature of the refrigerated
warehouse at the beginning of the experiment, °C; Tec is
the temperature of the refrigerated warehouse at the end
of the experiment, °C; Cv is the specific heat capacity of
air, 1:005 × 103 J/(kg·°C); mair is the air mass in the
refrigerated warehouse, kg; K is the heat transfer coeffi-
cient of the refrigerated warehouse maintenance struc-
ture, W/(m2·°C); A is the area of the refrigerated
warehouse maintenance structure, m2; a is the tempera-
ture difference correction coefficient on both sides of
the maintenance structure; To is the temperature outside
the maintenance structure, °C; Ti is the temperature
inside the maintenance structure, °C; ta and tb are the
time when the experiment begins and ends.

The coefficient of performance (COP) of the indepen-
dent PV refrigerated warehouse system is the ratio of the
refrigerating capacity of the system to the solar radiation
received by the PV array. The refrigeration performance
of the vapour compression refrigeration subsystem is
expressed by the energy efficiency ratio (EER), that is,
the ratio between the refrigerating capacity and the energy

consumption of the compressor, which can be calculated
using the following formula [27]:

COP = Qref
qpv × Spv

, ð7Þ

EER = Qref
Qcomp

: ð8Þ

In the formula, Qcomp is the compressor energy con-
sumption, MJ.

Cooling capacity supply performance is one of the
important indicators of refrigerated warehouse system per-
formance. The average cooling capacity supply of units of
space per minute is expressed by Qave, and its calculation
formula is the following:

Qave =
Qref

Vhou ×Hpv
: ð9Þ

In the formula, Vhou is the volume of the refrigerated
warehouse, m3; Hpv is the system uptime, min.

2.3. Experiment and Testing Instrument. The volume of the
constructed PV refrigerated warehouse is 24.47m3, and the
capacity of the PV array is adjustable from 4.5 to 6.6 kW.

PV array Compressor

Condenser

Trottle valve

Air cooler

Fan coil unit 

Cool storage tank

Working medium pump

Inverter and
controller

Electricity

Refrigerant

Cold exchange fuid

Combiner boxPV array

Electricity output

Fan coil unit
Air cooler

Working medium pump

Cool storage tank

Refrigeration unit 

Inverter and controller Frequency converter

Solenoid valve

Cold storage copper coil 

Figure 1: Schematic diagram of the photovoltaic refrigerated warehouse system with ice thermal energy storage.
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The experimental device and its parameters are shown in
Table 1.

The maximum power point tracking technology is
adopted in the system to ensure that the PV array optimizes
solar energy into electric energy under the condition of fluctu-
ation of irradiance. The compressor variable frequency oper-
ates according to the photovoltaic output power. During the
experiment, the data collector recorded the temperature of
the refrigerant at the inlet and outlet of the compressor, the
temperature of the refrigerant at the inlet and outlet of the
condenser, the temperature of the refrigerant at the inlet and
the outlet of the evaporator, the water temperature in the
upper, middle, and lower positions of the ice storage tank,
and the ice temperature and the internal temperature of the
refrigerated warehouse. The PV output voltage, current, and
power of the compressor as well as the frequency of the com-
pressor during the operation of the system are automatically
recorded and stored by the computer software through the
sensor. The main instrument models, parameters, and accu-
racy of the experimental test instrument are shown in Table 2.

2.4. Uncertainty Analysis. Uncertainty is an important
parameter to analyse the experimental results. The accuracy
of the instrument, the operating environment, the location
of the test points, and the observation method can cause
experimental errors. formula (7) shows that the measure-
ment error of the system COP is affected by the uncertainty
of the cooling capacity of the system Qref , cumulative solar
radiation qpv, and the area of photovoltaic module Spv. The
uncertainty of the system COP is calculated by equation
(10) [30, 31]:

wCOP =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂COP
∂Qref

wQref

� �2
+ ∂COP

∂qpv
wqpv

 !2

+ ∂COP
∂Spv

wSpv

 !2
vuut :

ð10Þ

In formula (10), wQref
, wqpv

, and wSpv
represent the error

of the system cooling capacity, the error of the accumulated
solar irradiance, and the error of the area of the photovoltaic
array, respectively. From the system cooling capacity expres-
sion given by equation (6), it can be known that the test of
system performance involves the measurement of tempera-
ture and mass, and the measurement of wQref

can also be
analogous to the calculation of equation (10).

wQref
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〠

∂wQref

∂mi
wmi

� �2
+〠

∂wQref

∂Ti
wTi

� �2
s

: ð11Þ

In formula (11), wmi
and wTi

represent the measurement
error of mass and temperature, respectively. The measure-
ment uncertainty of parameters such as solar radiation,
ambient temperature, the mass of ice, photovoltaic modules
output current, and voltage in the experiment are deter-
mined by the measurement accuracy of the instrument.
The parameters are shown in Tables 1 and 2. Substituting
the values, the wQref

is calculated to be about 0.51%; and then
substituting into formula (10), the error wCOP of the system
COP is about 1.22%. It shows that the experimental platform
test in this study has high measurement accuracy and the
experimental results are reliable.

3. Experimental Results and Analysis

3.1. Photoelectric Performance Analysis of the System under
Different PV Capacities. Three sets of PV capacity of
4.5 kW, 5.4 kW, and 6.6 kW were used as driving power
sources to drive the vapour-compressed refrigeration sub-
system with a 4.4 kW compressor-rated power. The refriger-
ation performance of the PV refrigerated warehouse system
under the three sets of different PV capacities was studied in
direct-drive mode. The changes in solar radiation intensity,

Table 1: Experimental device and its parameters.

Subsystem Main components Model Parameter value

PV power generation subsystem
PV module STP300S-20

Vmp: 32.6 V; Imp: 9.21 A
Pmax: 300W

Inverter and controller HPS30 U in: 480-820V; Uout: 380V ± 5%

Refrigeration subsystem

Compressor 503DHV-80D2 f : 10-50Hz; U : 380V; P: 4.4 kW

Condenser FNF-10.2/50 P: 0.4 kW

Air cooler DJ-30 Q: 4.3 kW; q: 7000m/h

Cold energy storage and supply subsystem

Working fluid pump SRS25/7-130 Pin:118W; q: 62 L/min

Fan coil FP-68 q: 680 m3/h

Ice storage tank / V : 0.72m3

Table 2: Parameters of the experimental test instrument.

Device Model Measuring range Accuracy

Meteorological monitoring station TYD-ZS2 0-2000W/m2 ±5%
Temperature test instrument CSG solar test system -50-200°C ±0.1 °C

Electronic balance Naikesi 0-100 kg 0.001 kg
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Figure 2: Continued.
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compressor frequency, compressor power, PV energy gener-
ation, compressor energy consumption, and temperature in
the refrigerated warehouse during the experiment with dif-
ferent PV capacities are shown in Figure 2.

As can be seen in Figure 2(a), when the solar irradiance
reaches 481W/m2, the compressor frequency reaches 20Hz
and the compressor starts to operate, at this time, the power
is approximately 2.0 kW. The maximum irradiance of the
system during operation is 987W/m2 throughout the day,
the frequency of the compressor is 39Hz, and the power of
the compressor is 3.7 kW. It can be seen in Figure 2(b) that
with a 5.4 kW PV capacity when solar irradiance reaches
547W/m2, the compressor starts to operate at a frequency
of 20Hz and a power of 2.0 kW. During the experiment,
the maximum real-time power of the compressor appears
at 12:06, and the maximum value is 4.2 kW. At this time,
the compressor frequency is 45Hz and the instantaneous

solar irradiance is 934W/m2. Figure 2(c) shows that the
PV capacity of the system is 6.6 kW. When the solar irradi-
ance reaches 555W/m2, the frequency is 29Hz and the
power of the compressor is 2.4 kW. The highest instanta-
neous irradiance during operation is 1082W/m2, the
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Figure 2: Changes in system operation performance parameters with different PV capacities.

Table 3: The photoelectric performance characteristic of the
system is driven by different PV capacities.

PV power/kW ηPV/% η/% εI/% εU /%

4.5 17.19 80.7 9.78 0.26

5.4 17.35 81.0 7.56 0.54

6.6 15.38 81.4 5.50 0.48
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Figure 3: The electronic performance of the system is driven by
different PV capacities.
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compressor frequency is 52Hz, and the power of the com-
pressor is 4.4 kW. During the experiment, the maximum
compressor frequency at 12:27 is 58Hz, the compressor
power is 4.4 kW, and the instantaneous irradiance is
1054W/m2.

In the PV direct-drive mode, the PV refrigerated ware-
house system enables the compressor to achieve driving
automatic operation in the instantaneous irradiance range
of 435-555W/m2 with a PV capacity of 4.5-6.6 kW. The
results of the experiment show that for every 10% increase
in α, the solar radiation required to maintain the compressor
at the same frequency is reduced by 7.8%.

Table 3 shows the photoelectric performance character-
istics of the system driven by different PV capacities. It can
be seen from Table 3 that the whole-day utilization efficiency
of the compressor is between 80.7% and 81.4% under three

different PV capacities; the unbalance of the three-phase
current is between 5.50% and 9.78%, and the unbalance of
the three-phase voltage is between 0.26% and 0.54%. The
photoelectric conversion efficiency is between 15.38% and
17.35%. Figure 3 shows the changes in electrical perfor-
mance parameters when driven by different PV capacities.
As can be seen in Figure 3, when the system is driven by
5.4 kW, the highest photoelectric performance is 17.35%.

3.2. Performance of the Refrigeration of the System under
Different PV Capacities. Figure 4 shows the changes in ambi-
ent temperature and the refrigeration temperature in the
refrigerated warehouse with time when the system is driven
by different PV capacities. As can be seen in Figure 4, when
three different PV capacities are used as driving power
sources, the internal refrigeration temperature of the

10:06 11:06 12:06 13:06 14:06 15:06 16:06
–5

0

5

10

15

20

25

30

35

Te temperature in the
refrigerated warehouse drops quickly

Shut down at 16:15 and the
lowest temperature inside 
the refrigerated warehouse 
reaches -0.9°C

At 14:03, the lowest temperature
inside the refrigerated
warehouse reached –1.8°C

At 12:35, the internal temperature 
of the refrigerated warehouse was 0°C

At 9:17, the internal temperature
of the refrigerated warehouse was 15.2°C

Te
m

pe
ra

tu
re

 (
°
C)

Time (hh:mm)

Te initial temperature of the
refrigerated warehouse at 9:07 was 20.3°C

Te maximum external 
ambient temperature is 31.5 °C

Refrigerated warehouse temperature (°C)
Ambient temperature (°C)

(a) Driven by a 4.5 kW PV array

10:05 11:05 12:05 13:05 14:05 15:05 16:05 --

–5

0

5

10

15

20

25

30

35

Time (hh:mm)

Te temperature drops quickly

Shut down at 16:42 and
the lowest temperature 
inside the refrigerated
warehouse reaches –1.4°C

At 14:44, the internal temperature of the 
refrigerated warehouse was –3.2°C

At 11:46, the internal temperature 
of the refrigerated warehouse was 0°C

At 9:17, the internal temperature of the
refrigerated warehouse was 15.2°C

Te
m

pe
ra

tu
re

 (
°
C)

Te initial temperature of the refrigerated warehouse
at 9:06 was 20.5°C

Te maximum external 
ambient temperature is
31.2°C

Te refrigeration temperature is below 0 °C

Refrigerated warehouse temperature (°C)
Ambient temperature (°C)

(b) Driven by a 5.4 kW PV array

ambient temperature is 30.8 °C

Shut down at 17:17 and the 
lowest temperature inside the 
period of rapid temperature

10:16 11:16 12:16 13:16 14:16 15:16 --

–5

0

5

10

15

20

25

30

Te temperature drops quickly

Te maximum external 

Te refrigeration temperature is below 0 °C

drop reaches –4.9°C

At 11:30, the internal temperature of the 
refrigerated warehouse reached 0°C

At 9:32, the internal temperature of the 
refrigerated warehouse was 11.8°C

Te
m

pe
ra

tu
re

 (
°
C)

Time (hh:mm)

At 9:17, the internal temperature of the 
refrigerated warehouse storage was 18.8°C

Refrigerated warehouse temperature ( °C)
Ambient temperature (°C)

(c) Driven by a 6.6 kW PV array
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refrigerated warehouse system can reach below 5°C, which
meets the refrigeration temperature requirements of fruits
and vegetables. When the system is driven by a 4.5 kW PV
array, the temperature in the refrigerated warehouse reaches
0°C after 3.5 h of the startup, and the lowest temperature
reaches -3.2°C. The average cooling capacity per unit volume
is 7.97 kJ/(m3·min). In the initial stage of system startup, the
cooling rate is the fastest, reaching 0.51°C/min. When the
system is driven by a 4.5 kW PV array, the temperature
reaches 0°C after 2.67 h of the startup, and the lowest inter-
nal temperature is -1.4°C. The average cooling capacity per
unit volume reaches 10.11 kJ/(m3·min). When 6.6 kW of
PV power is connected, the temperature reaches 0°C after
2.25 h of startup and the lowest internal refrigeration tem-
perature reaches -4.9°C. The average cooling capacity per
unit volume is 8.47 kJ/(m3·min). The temperature change
trend of the refrigerated warehouse reflects the refrigeration
performance of the system. From the above experimental
analysis, it is concluded that for every 10% increase of α,
the time required for the temperature of the refrigerated
warehouse to drop to 0°C decreases by 32min on average.

Figures 4(a)–4(c) show that the internal refrigeration
temperature of the refrigerated warehouse has been declin-
ing, and the cooling rate is fast at first, and then cooling rate
is slow. This is because when the air cooler starts to run, the
temperature difference between the air outlet temperature of
the air cooler and the internal temperature of the refriger-
ated warehouse is large, the heat transfer rate is fast, and
the sensible heat inside the refrigerated warehouse is quickly
taken away. As the internal temperature of the refrigerated
warehouse gradually decreases and then becomes closer to
the temperature of the air cooler, the temperature difference
is smaller and the sensible heat inside the refrigerated ware-
house becomes smaller. Additionally, the ambient tempera-
ture is higher in the afternoon, and the heat transfer
capacity of the condenser from the air is weakened, resulting
in a lower cooling rate.

Table 4 shows the experimental results driven by different
PV capacities. It can be seen from the table that the mass of ice
produced by the system is 80.4-144.1 kg, the COP of the sys-
tem is between 0.18 and 0.19, and the mass of ice produced
increases with the photovoltaic capacity in the PV direct-
drive mode. The EER of the refrigeration cycle is 1.31-1.50.
With 5.4 kW PV capacity, the maximum average cooling
capacity per unit space and time is 10.11 kJ/(m3·min).

Combined with the analysis of the PV performance char-
acteristics of the system under different PV capacities in
Table 3, the photoelectric conversion efficiency of the PV
modules can reach 17.35%. It can be seen that 5.4 kW is the
more suitable PV power supply capacity for the PV refriger-
ated warehouse system among the three different PV capaci-
ties. From the analysis of the system operating data, it can be
found that the energy utilization efficiency of the PV direct-
drive refrigerated warehouse system is affected by multiple
factors such as photoelectric efficiency, EER, and meteorolog-
ical conditions. As the ratio of PV capacity to compressor-
rated power α gradually increases from 1, the system EER
and COP increase gradually, and the growth rate of COP is
extremely slow when α reaches 1.3.

The system operates under different PV capacities show-
ing that increasing the capacity of PV modules in the system
can reduce the time required to reach 0°C in cold storage.
When the system works near the optimal ratio of PV capac-
ity to compressor-rated power, the time to get 0°C in the
refrigerated warehouse can be shortened by about 35min
for each additional 1 kW photovoltaic module. The propor-
tion of stored cold energy to total cooling capacity and the
duration of available cold energy increases with the system
capacity ratio, but there is no significant change after reach-
ing the optimal ratio of PV capacity to compressor power.
Considering that the growth rate of the system COP also
slows down, the PV module capacity exceeding the optimal
ratio of PV capacity to compressor-rated power of the sys-
tem has no positive effect on the system refrigeration
performance.

3.3. Continuous Operation Experiment with Load Driven by
5.4 kW. To further obtain the operating performance of the
system with load, the refrigerated warehouse system experi-
ment was carried out with 500 kg onions as load. After plac-
ing the onions in a natural ventilated environment outside
the refrigerated warehouse for two days, the onions with a
total weight of 500 kg were placed in the basket at approxi-
mately 10:00 am on 23 April 2021 and placed in the cold
storage, the refrigerated warehouse continued to operate
until May 3.

Temperature and humidity sensors were placed at differ-
ent positions in the refrigerated warehouse and at different
positions of the loaded onions to monitor the temperature
and humidity during the experiment. The experimental results
showed that there were few differences in temperature and
humidity in different positions of the onion, which was
approximately 0.2°C. The changes in air temperature in the
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refrigerated warehouse, the average onion temperature in each
position, and the outside ambient temperature of the refriger-
ated warehouse during the experiment are shown in Figure 5.

As can be seen in Figure 5, the temperature of the onions
before storage is 17°C, which is 14°C higher than the air tem-
perature in the refrigerated warehouse. Then the tempera-
ture of the onions gradually decreased to almost the same
temperature as the air in the refrigerated warehouse. After
that, the onion temperature and the air temperature in the
refrigerated warehouse showed the same trend of change,
but the onion temperature changed less. That is because
the specific heat capacity of the air is much smaller than that
of the load. After the system has been running continuously
for eight days, after the refrigeration cycle was closed, the
temperature-changing trend of air in the refrigerated ware-
house was quite different from that of the onion. The air
temperature in the refrigerated warehouse had the same
trend of change as the temperature at night and day, while
the onion temperature rose slowly. After closing the refriger-
ation cycle at 17:05 on 30 April, only the cooling release
cycle was operated and it reached 6.2°C at 10:20 am on
May 3, then ending the experiment.

4. System Economic Analysis

The investment cost of the solar photovoltaic direct-drive
refrigerated warehouse system with ice thermal energy stor-
age Ctotal is mainly composed of three parts: the initial
investment cost of the system Cs, the operation and mainte-
nance cost during the service life Com, and the nonrecurring
cost during the service life Cac.

Among them, the initial investment cost of the solar
photovoltaic direct-drive refrigerated warehouse system with
ice thermal energy storage Cs mainly includes the costs of
equipment, accessories, transportation and installation, and
auxiliary materials. The operation and maintenance cost
Com mainly consist of cold energy storage medium or batte-
ries that need to be replaced regularly during the service life
of the system, as well as the consumables in the process of
use, etc. The nonrecurring costs Cac are mainly the mainte-
nance or replacement of unpredictable and probabilistic
equipment failure parts, generally 15% to 25% of the initial
equipment cost. The present value of the total investment
cost of the solar photovoltaic direct-drive refrigerated ware-
house system with ice thermal energy storage can be
obtained by converting and adding to the operation and
maintenance cost and nonrecurring cost of the system dur-
ing the service period into the initial investment cost.

The volume of the solar photovoltaic direct-drive refrig-
erated warehouse constructed in this paper is 30m3. The dif-

ference between the annual average temperature and the
cold storage temperature in Kunming, China, where the cold
storage is located and calculated as 15°C, the daily average
peak sunshine is 4.5 hours, and the system guarantee coeffi-
cient is 1.2. The energy efficiency ratio of the compression
refrigeration subsystem is estimated at 2.5, the system is
equipped with a 5.4 kW independent photovoltaic array.
Based on the PV module price of 4 yuan/W when the system
was built, the cost of PV modules was 21,600 yuan. The ini-
tial investment required for the system is shown in Table 5.

The economic benefits of the system come from the rev-
enue from refrigerated items. According to the current cold
storage charge of 4-4.5 yuan/(ton·day) in Kunming and esti-
mated according to the comprehensive utilization rate of
50% of the refrigerated warehouse volume, the photovoltaic
direct-drive refrigerated warehouse system constructed in
this paper can recover the initial investment cost in 6-6.5
years.

The service life of photovoltaic modules is about 25
years, and the service life of other equipment in the photo-
voltaic direct-drive refrigerated warehouse system is gener-
ally shorter than that of photovoltaic modules. According
to the comprehensive use of the system for 20 years, the
net income of the average cold storage per cubic meter vol-
ume is about 3.2-3.3 thousand yuan/m3, which is 2.2 times
the investment of the refrigerated warehouse per unit
volume.

5. Conclusions

In this paper, a PV refrigerated warehouse system with ice
thermal energy storage is constructed, and the performance
of the system under different PV capacities is studied. The
photoelectric performance and refrigeration performance
of the system are analysed. The conclusions are as follows:

(1) In the PV direct-drive mode of 4.5-6.6 kW, the
instantaneous irradiance for the compressor to
achieve automatic drive operation is 435-555W/m2,
and the internal temperature of the refrigerated
warehouse meets the requirements of fruit and vege-
table refrigeration. With 5.4 kW of PV capacity, the
average cooling capacity per unit of space and time
of the refrigerated warehouse system is the highest,
which is 10.11 kJ/(m3·min)

(2) The whole-day utilization efficiency of the compres-
sor is between 80.7% and 81.4% under different PV
capacities, the unbalance of the three-phase current
is between 5.50% and 9.78%, and the unbalance of

Table 5: Initial investment cost of the photovoltaic direct-drive refrigerated warehouse system (unit: thousand yuan).

PV subsystem Enclosure and refrigeration unit Auxiliary materials
Transportation
and installation

Total

PV
modules

Controllers Inverters
Enclosure
structure

Refrigeration
units

Instrumentation Bracket
Cables

and pipes
Control
cabinet

Transportation
and installation 46.5

21.6 1.5 1.7 7.5 5.5 0.7 2.0 2.0 1.0 3.0
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the three-phase voltage is between 0.26% and 0.54%.
The photoelectric conversion efficiency is 15.38%-
17.35%

(3) When the ratio of PV capacity to compressor-rated
power of the system increases by 10%, the intensity
of solar radiation required for the compressor to
work at the same frequency decreases by about
7.8%; the average time required for the temperature
of the refrigerated warehouse to drop to 0°C is
reduced by 32min. The EER of the vapour-
compressed refrigeration system and the COP of
the refrigerated warehouse system increase with the
ratio of PV capacity to compressor-rated power α
from 1. When α increases to 1.3, the COP growth
rate is very slow. For the PV direct-drive ice thermal
energy storage refrigerated warehouse system with a
compressor-rated power of 4.4 kW, the suitable ratio
of PV capacity to compressor-rated power α is about
1.3

(4) The refrigerated warehouse system is driven by
5.4 kW and can run continuously and stably with
load under different weather conditions. Under the
mode of refrigeration and cold energy storage during
the day and only the cold release cycle at night, the
stored cold energy can still meet the refrigeration
required by the load for 48 hours after eight days
of continuous operation. According to the current
market price of cold storage, during the service life
of the system, the income per unit volume of cold
storage is about 2.2 times the investment
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