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Abstract
To identify an energy-saving solution to cool Chinese solar greenhouses during summer nights, we 
present a design for a seasonal ice storage system that uses a storage tank to store winter cold energy 
in water to serve as a source of cold air in the summer. The parameters of the seasonal ice storage 
system were designed based on the cooling demand of the greenhouse in the summer. To optimize the 
cooling effect in the heat exchange system, a computational fluid dynamics model was developed to 
select the size of the heat transfer pipes, and a validation experiment was conducted in the greenhouse. 
The impacts of the insulation material and size of the heat exchange pipes on system performance 
have been discussed. The field experiment was conducted in Shenyang to validate the performance of 
the ice storage system. The best cooling effect in cultivation area was 6.7℃, and the average 
temperature difference between the beginning and end of the run in the greenhouse was 4.4℃. This 
system increased heat exchange performance while lowering air temperature in the greenhouse.

Discipline: Agricultural Engineering
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Introduction

Solar greenhouses have realized the cultivation of 
crops at −20℃ in winter in northeast China because of 
the heat storage structure; however, because the heat 
storage structure stores too much heat during the day in 
summer, the temperature in the greenhouse at night is too 
high, affecting the quality and yield of crops 
(Álvarez-Prado & Ploschuk 2008, Ghani et al. 2019, Kim 
2007, Kumar et al. 2009, Pakari & Ghani 2019, Verheul 
et al. 2007). At the same time, the temperature difference 
between day and night not only affects the morphological 
characteristics of crops, such as internode length 
(Davies et al. 2002) and plant height (Blanchard & 
Runkle 2011, Patil & Moe 2009), but also significantly 
affects crop growth and fruit yield and quality (Chen  
et al. 2014, Fleisher et al. 2006) by affecting material 
accumulation and distribution (Hwang et al. 2005, Mao 
et al. 2012, Yang et al. 2014) and flower bud differentiation 
(Catley et al. 2002, Erwin et al. 2002, Warner & Erwin 
2001). Therefore, considering crop production, it is 

important to cool Chinese solar greenhouses at nighttime 
during summer.

At present, the main cold resources for greenhouses 
are water and soil. Evaporative cooling is often used in 
greenhouses, with water as cold resources (López et al. 
2012, Perdigones et al. 2008). Additionally, the heat 
exchange system uses water and soil as cold resources. 
The geothermal heat pump system uses surface soil or 
groundwater as a cold or heat source to drive the 
circulation through the pump, which runs all year round. 
In winter, the underground soil or water source heat is 
sent to the greenhouse through a heat pump for 
warming in the solar greenhouse. In summer, the excess 
heat in the room is transferred to the soil or water for 
cooling in the solar greenhouse. Although the system has 
high energy-saving efficiency, its initial investment is 
large, and construction is inconvenient (Cui et al. 2019, 
Sellami et al. 2019). A water source heat pump uses 
shallow water source on the surface of the earth to form 
low-grade thermal energy resources, such as solar energy 
and geothermal energy absorbed in groundwater, rivers, 
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and lakes. This new technology is more energy efficient, 
environmentally friendly, and convenient than a 
geothermal heat pump; however, it is only applicable for 
water-rich areas (Ni et al. 2007, Sun et al. 2017). The 
earth–air heat exchange system (Bordoloi et al. 2018, 
Ozgener & Ozgener 2010, Yıldız et al. 2012) uses indoor 
air and surface soil temperature difference for the heat 
exchange to cool. The underground aquifer–air heat 
exchange system (Sethi & Sharma 2007) uses the 
underground aquifer or surface water as cold source to 
exchange heat with the indoor hot air. Compared with 
the heat pump technology, this system cooling principle 
is directly conducted through the temperature difference 
between the cold source and indoor air without the heat 
pump unit. However, although this technology has a low 
initial cost and simple construction, the temperature 
difference between the greenhouse air at night in 
summer and the surface soil or water storage layer is  
small, the heat transfer performance is reduced, and the 
cooling capacity is insufficient. On one hand, the 
temperature of the water and soil is relatively high, which 
cannot meet the demand of forced cooling at night in 
solar greenhouses during summer. On the other hand, the 
ice temperature is low; however, it has not been applied in 
greenhouse cooling.

The seasonal cold storage technology aims to store 
the natural cold energy of winter for the summer, 
realizing energy conservation and promoting 
environmental improvement (Yu et al. 2005). The cooling 
sources of the seasonal cold storage can be natural ice 
and snow, artificial snow and ice produced by cold 
ambient air, or frozen soil and rocks in winter. The first 
seasonal ice storage tank air conditioning system was 
built in 1979 at Princeton University. In winter, a part of 
the water is extracted from the ice storage tank; it is then 
made into snow by a snow making machine (Kirkpatrick 
et al. 1985). In Canada, Vigneault et al. (1990) used an 
abandoned storage space to build a wooden ice storage 
pool for vegetable preservation. This system consists of 
an ice making system and a vegetable precooling system. 
In the 1990s, the Illinois State University established a 
seasonal snow storage air conditioning system in an 
underground parking garage. The system was filled with 
a specified amount of gravel and water in an underground 
ice storage container, and the coils were precisely 
arranged in the container (Francis & Tamblyn 1987). In 
Japan, Hamada et al. established a hybrid snow storage 
and melting air conditioning cold source system that 
combined an air cooling system and a water loop cooling 
system for cooling in a building (Hamada et al. 2007, 
2012). In Sweden, Sundsvall Hospital used a water loop 
cooling system for seasonal snow storage cooling studies. 

The system used the heat exchange between water and 
snow to complete the extraction and distribution of the 
cold. In the summer, the water that melted at the bottom 
of the snow storage tank was cooled by the heat exchanger 
to the air conditioning system; then, the circulating water 
was returned (Skogsberg 2002).

In northern China, remarkable results have been 
achieved (Li et al. 2003). For example, based on the actual 
situation of air conditioning cooling in the cold regions of 
northern China, Liu and Guan (2009) built a snow storage 
pool near the airport cooling station for cooling the 
building during summer. Yu et al. (2010) established a 
heat transfer mathematical model for a cylindrical 
underground storage based on the steady-state heat 
transfer and lumped-parameter method for four typical 
buildings in Beijing. Additionally, Li et al. (2015) 
established the mathematical model for the unsteady heat 
transfer in an underground cylindrical ice storage to 
undertake the central air conditioning project of a 
gymnasium in Harbin and Shijiazhuang. Yan et al. 
(2016a) described a system with a storage volume of 450 m3 
that could provide about one-third of the total cooling 
demand of a building with a total gross area of 2,000 m2. 
Yan et al. (2016b) also studied a compound system with a 
storage volume of 351 m3 that could provide sufficient 
cooling for a 2,000 m2 building in Beijing. Numerous 
studies have shown that, as a renewable natural cold 
source, seasonal ice storage technology has the 
advantages of being effective, economic, and 
environmentally friendly and having reduced noise, and 
most projects are cost effective.

Although seasonal cold storage systems have been 
used in some residential applications, it has not yet been 
reported in solar greenhouses. Most solar greenhouses in 
China are built in cold regions, where the natural cold 
resource is abundant. Therefore, an investigation on the 
use of seasonal ice storage for cooling solar greenhouses 
is potentially of great value. Existing studies have 
validated the use of this method; however, there remains 
no systematic exploration of the implications of using this 
type of cooling system in a greenhouse. To fill this gap, 
our study introduces the design of an ice–air heat 
exchange system that uses ice as cold source for Chinese 
energy-saving solar greenhouses (CESG) to reduce the 
temperature during summer nights based on the 
phenological conditions suitable for cold storage in 
northeastern China. The parameters of the seasonal ice 
storage system have been calculated, and the heat 
exchange of the pipes in the ice storage tank was also 
calculated using a computational fluid dynamics (CFD) 
model for characterizing the dynamic process. The 
simulated and monitored data were analyzed based on a 
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field application in Shenyang to demonstrate the effective 
performance of the proposed system. This system solves 
the problem of high temperature at night for Chinese 
solar greenhouses during summer.

Design of the seasonal ice storage system

A schematic diagram of the seasonal ice storage 
cooling system used for solar greenhouses is shown in 
Figure 1. The system consists of two parts: the ice storage 
heat exchanger and the ice storage tank. The ice storage 
heat exchanger tank is located outside the greenhouse, 
using a stratified, open underground storage method.  
In winter, the outdoor cold energy is used to freeze the 
water in the ice storage tank to store the cooling energy 
used for cooling in summer. In the summer, indoor  
hot air is circulated with a fan to the heat exchanger  
in the ice storage tank, and the cooled air is sent  
back to the greenhouse.

Methodology

1. Calculation of parameters for the seasonal ice 
storage system

The total cold storage capacity of the ice storage 
tank should satisfy the total cooling capacity of the stored 
ice, which is greater than or equal to the cooling capacity 
required for summer cooling and the cooling loss during 
storage. According to formula 2.3 in Li (2015), the ice 
storage volume was calculated as follows (Eq. 1):

= ( + ) / (0− ) + ℎ + ( − 0)  
 (1)

According to the air energy calculation formula 
(formula 2.4) in Ou (2015), where Qcool=Qf+Qc, Qf was 
calculated as follows (Eq. 2):

= ( − )  (2)

According to Yang and Tao (2006) in Chapter 1 of 
Heat Transfer (pages 4-15), Qc was calculated as  
follows (Eq. 3):

= ( − ) + ℎ ( − )+ n( − ) 
 (3)

where hs is obtained using the empirical formula 
Nu=0.27(GrPr)1/4, hs=NuLs / λ. The parameter values were 
substituted into the equation to obtain the total energy 
from June to August: Qcool = 1.75 × 1010 J. 

Qloss was calculated using Eq. 4:

= ∆  (4)

where = 1 / ( / ). In this study, we only 
considered the thermal resistance of brick walls and 
insulation materials. δb was the conventional construction 
standard of 0.24 m.

To reduce the external surface area of the ice storage 
tank, its shape was designed as an equilateral long cube. 
In the winter of Shenyang from December to February, 
the maximum accumulated freezing index was 24 Kh, 
and the minimum accumulated freezing index was 18.5 Kh 
(Kusakabe 1962). The frozen soil layer in Shenyang was 
1.5-m deep, and the lowest temperature that could be 
reached was –20 °C K. It was difficult to dig below 2 m; 
therefore, we changed the depth of the ice storage tank to 
2 m. In Eq. 1, it is shown that the thicker the thermal 
insulation material, the smaller the heat loss and smaller 
the ice storage tank volume. Therefore, the thickness of 
the thermal insulation material and the size of the ice 
storage pool determined the total cost.

The heat loss rate was calculated using Eq. 5, 
according to equations 2.1-2.10 of Li (2015) (pages 19-20):

1 − = 2 (0− ) + ℎ + ( − 0) = 25.47 // /  
 (5)

Fig. 1. Schematic diagram of the seasonal ice storage system  
(a) Principle of cooling; (b) ice storage tank detail
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The heat loss rate increases with the length of the ice 
storage tank, approaching 100%. The expanded 
polystyrene board was selected as the insulation  
material. As the thickness of the insulation material 
increases, the volume of the required ice storage tank 
decreases and becomes closer to the effective ice storage 
volume of Qcool.

2. Heat transfer model
To optimize the cooling effect in the heat exchange 

system, a CFD model was developed using COMSOL 
Multiphysics to select the size of the heat transfer pipes 
and the validation experiment. Based on the actual heat 
storage structure of the ice storage tank, the calculation 
was large, requiring a long calculation time. The internal 
heat exchange tubes were arranged side by side, and each 
shape was of the same size; the difference between each 
inlet speed was small. For the convenience of calculation, 
two heat exchanger branches were selected for the 
modeling analysis. The geometric model parameters are 
shown in Figure 2. The heat exchange tube had a length 
of 16.2 m and a tube diameter of 0.05 m. The distance 
between the two tubes was 0.18 m. The tube was 0.5 m 
from the side wall of the ice storage tank and 0.4 m from 
the bottom.

3. Physical model simplification and boundary 
condition settings

According to the calculated size of the ice storage 
pond, we observed the changes in the internal conditions 

of the ice storage from winter to summer. It was  
found that there was still a lot of ice in the pool  
during summer, and the temperature in the pool was 
below zero. The physical model was simplified based  
on the above information.

The temperature of the ice was maintained at 0°C 
during the calculation.

The influence of water vapor condensation in the 
heat exchange pipe on the temperature and flow field  
was ignored.

Heat exchange varied in the different tubes, but at a 
short distance, it was considered equal.

The boundary condition parameters are shown in 
Table 1.

Table 1. Boundary condition parameters

Boundary condition Parameters
Inlet temperature (℃) 30

Inlet speed (m/s) 14.3
Ice density (kg/m3) 900

Specific heat capacity (J/ kg·k) 2.1×103

Thermal Conductivity (W/ m·k) 2.2

4. Mathematical model
Generally, the flow with a Reynolds number of less 

than 2,300 is laminar; Reynolds number of 2,300-4,000 
indicates the transition state; and Reynolds number of 
greater than 4,000 is turbulent. This is calculated using 

Fig. 2. Geometric model
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the following formula from Yang and Tao (2006) in 
Chapter 6 of Heat Transfer (pages 250-252): Re = ρvL / μ. 
This paper designed the number of heat transfer tubes 
mainly based on the CFD model. The fluid condition in 
the tube was not specifically analyzed, and a laminar 
flow model was selected to save calculation time.

5. Heat exchange pipe length calculations
The main factors affecting the heat exchange 

efficiency (ƞ) and the cost of the heat exchange structure 
were the length, number, and diameter of the tubes, as 
well as the material from which they were made. The 
relationship between the tube length and other parameters 
were calculated as follows (Eq. 6) (Wang et al. 2007):

= △ = ( − )  (6)

Ignoring the thermal resistance of the melting water 
layer, k was calculated using Eq.7:

= / [1 / ℎ + ( ) / 2 ]  (7)

h was calculated using Eq. 8:

ℎ = /  (8)

When the fluid was cooled, the forced convection 
heat transfer in the tube was calculated as follows (Eq. 9):

= 0.023 . .  (9)

where Re=uD1 / v
Based on Eq. 6-9, the pipe lengths were determined 

using Eq. 10:

= ( )[ℎ + ( ) / 2 ] /  
 (10) 

The greenhouse cooling supply air rate was 
calculated as follows (Eq. 11):

= / (ℎ − ℎ )  (11)

where hN and hL were found in the humidity enthalpy 
chart (Li 2007).

Finally, we chose a centrifugal fan with a fan power 
of 2.5 KW.

6. System performance
System performance was mainly analyzed using ƞ, 

Qh, and coefficient of performance (COP), where 
ƞ=(tin-tout / tin-tic ), Qh=cama(tin-tout ), and COP=Qh / E, 
according to Mongkon et al. (2014) (Eq. 17-22).

Experimental validation of the model

1. The greenhouse
The test greenhouse (Fig. 3(a)) is a CESG located at 

the experimental station of Shenyang Agricultural 
University; the greenhouse is usually used to cultivate 
tomatoes in summer. Figure 3(b) shows the structural 
diagram of the greenhouse. The thermal cover of the 
greenhouse is composed of an insulating layer that can be 
moved at night in winter to maintain the thermal 
resistance of the greenhouse and opened in the day to 
receive energy from the sun. During the day, the side top 
vents can be used to take advantage of the natural 
ventilation of the greenhouse. To use the seasonal ice 
storage cooling system and reach the cooling temperature 
at night, the greenhouse was enclosed, and the thermal 
cover was closed at night. The test greenhouse’s main 
structural parameters are given in Table 2.

Fig. 3.  The experimental greenhouse  
(a) Photograph of the greenhouse; (b) greenhouse structural diagram
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2. Basic principle behind the seasonal ice storage 
cooling system

Figure 4 shows the indoor and outdoor hourly 
temperatures for the test greenhouse without cooling 
during the summer in Shenyang. It is shown that the 
difference between the indoor and outdoor temperature is 
small at night and that the indoor temperature remains 
higher than the greenhouse design standard of 17°C  
(Li 2014). To meet the indoor maximum temperature 
cooling demand, the highest environmental parameters 
in July were used as the design reference.

3. Experimental details
The proposed seasonal ice storage system was 

applied to the CESG in Shenyang, and the heat exchange 
tubes are shown in Figure 5(a). The key parameters of the 
seasonal ice storage system are presented in Table 3 to 
validate the CFD model for the simulation of the heat 
exchange characteristics in the heat exchange tubes and 

obtain the optimum inlet and outlet temperatures, and a 
field experiment was performed as shown in Figure 5(b).

The test was designed as a simulation using two heat 
exchange tubes in the complete system to validate the 
CFD model. The measured fan exit speed was 28.5 m/s, 
and the fan outlet pipe diameter was 0.05 m. Ignoring the 
flow loss due to wall friction, the inlet speed of the branch 
was 14.25 m/s. On February 13, 2017, a plastic pipe was 
used to connect the heat exchange tube and greenhouse 
with the working high-pressure fan. The plastic pipe had 
better thermal insulation, and the thermal conductivity 
was 0.65 W/m·K. The distance between the heat  
exchange tubes and the greenhouse was 2 m. The  
T-type thermocouple wire of the CR-3000 data collector 
was placed in the inlet and outlet ends of the heat 
exchange tube and inside the ice tank to record the 
temperature data.

Table 2. Test greenhouse parameters

Width (m) 10
Length (m) 55
Height (m) 5
Area (m2) 550
Greenhouse volume (m3) 2,158.8
Roof lighting angle (°) 41.5
Enclosure thickness (m) 0.25
Enclosure thermal resistance (rock wool color steel plate) (m2·K/W) 5.2

Fig. 4.  Outdoor and indoor temperatures for the experimental greenhouse without cooling in June, July, and    
August of 2017
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Table 3. Key parameters of the seasonal ice storage system

Parameters Values Parameters Values Parameters Values
ca 1,005 J/kg·℃ Tlim 10℃ Tind 17℃

(Fang 2006)
cic 2,100 J/kg·℃ T0 0℃ Toutd 21.6℃
cwa 4,200 J/kg·℃ Tb-ind 26℃ Ts 26℃

(Ghosal & Tiwari 2006)
ρa 1.29 kg/m3 AGe 942 m2 Δtu-loss 8.5℃

(Li 2015)
ρic 900 kg/m3 As 550 m2 Δtt-loss 19.5℃
ρwa 1,000 kg/m3 n 0.6 h λb 1 W/m·K

(Zhang et al. 2013)
hfg 33,500 J/kg hs 0.49 W/m2·K λeps 0.041W/m·K
kGe 0.19 W/m2·K D 92 d

Fig. 5.  Experimental apparatus and materials  
(a) Implementation of the heat exchange system; (b) diagram showing the design of the experimental cooling system

4. Model verifications
Figures 6(a) and 6(b) show the measured tube inlet 

and outlet temperatures and temperature changes in the 
tank during the test. The inlet temperature was controlled 
at 30°C, and the outlet temperature was controlled at 2°C. 
Figure 6(c) is a curved-surface diagram showing the 
simulation results of the internal temperature change in 
the heat exchange tube, using the same inlet temperatures 
and speeds that were tested. The test measured an outlet 
temperature of 2.1°C and a simulation result of 1.6°C, and 
an outlet velocity of 13.9 m/s and a simulation result of 
15.3 m/s. The temperature in the tank was measured as 
0.8°C, and the simulated layer showed that the 

temperature in the tank was about 0°C. The simulation 
results show the same tendencies as the test results, and 
the values are similar.

5. Cooling effect verification test
The test was conducted at 11:00 on February 15, 

2017. At 12:25, we closed the greenhouse to simulate the 
environment of a summer night and then started the fan 
at 13:12 to run the system. The cooling effect of each 
measuring point was recorded using CR-3000. The test 
placement photos and measuring point layout are shown 
in Figure 7.
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Fig. 7.  Cooling test equipment  
(a) Test photo; (b) equipment placement diagram (unit: m); (c) greenhouse measuring 
point layout (unit: m)

Fig. 6.  Model verification  
(a) Tube inlet temperature; (b) outlet and tank temperatures; (c) computational fluid 
dynamics (CFD) simulation results. Inlet T = 303 K, V = 14.25 m/s
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Results and discussion

1. Impact of the type of insulation material
To obtain the optimal tank volume for the actual 

construction, the thermal characteristics and cost of the 
insulation materials were considered. The total cost of 
the tank was determined by the block wall and insulation 
layer. As shown in Table 4, two insulation materials 
commonly used in ice storage tanks were selected. From 
the cost calculation, based on the thickness of the 
insulation material, heat loss from the ice storage tank 
decreased with increasing thickness of the insulation 
material, but the cost of construction was increased. 
When the thickness of the insulation layer was between 
0.07 m and 0.1 m, the relative variation in heat loss tended 
to stabilize, and the cost of the ice storage tank was 
$2689, which is good in terms of price/performance ratio 
(Fig. 8).

2. Impact of the tube outlet temperature
The number and lengths of the tubes in the heat 

exchanger affected the outlet temperature. Figure 9 shows 
the different outlet temperatures corresponding to the 
length of the tubes with the two commonly used diameters 
of 0.05 m and 0.01 m and different tube numbers (10, 20, 
30, 40, and 50). When the outlet temperature was 
decreased from 10 to 1°C, the tube length was  
increased twice.

For the same outlet temperature, as the number of 
tubes in the heat exchanger increases, the required length 
of the tubes becomes shorter, but the metal cost saved by 
the reduction in the tube length was far less than the 
increase in the number of tubes. For example, when the 
outlet temperature was set at 1°C and the tube diameter 
was 0.05 m, the number of tubes required was 10, 20, 30, 
40, and 50, corresponding to tube lengths of 22.2 m,  
19.3 m, 17.8 m, 16.7 m, and 16 m, respectively. The cost of 
a stainless steel pipe was $11.536 per meter; therefore, the 
corresponding costs were calculated as $2561, $4441, 
$6160, $7706, and $9229, respectively.

We also considered the heat dissipation of the fan 
during operation and the heat absorption during 
transportation. For the preliminary experiment in 

Shenyang, we selected a structure with 30 tubes that were 
16 m in length with a tube diameter of 0.05 m.

3. Greenhouse cooling effect
Figure 10 shows that the greenhouse temperature 

was stable at a certain temperature when the greenhouse 
was closed at 12:25, and the temperature began to drop 
when the cooling system ran at 13:12. The cooling effect 
was best in the first end of bag air duct; the maximum 
cooling effect was 6.7°C, and the average cooling effect 
was 4.1°C. This was because the fluid velocity at the end 
of the pipe was small, increasing the heat exchange 
between the pipe and indoor air; therefore, the cooling 
effect was not obvious.

The best cooling effect of each group was at the 
measuring point of 2.5 m, with an average cooling effect 
of 4.8°C and maximum cooling effect of 6.7°C. The 
reason for the analysis is that the greenhouse air supply 
duct was arranged 3.5 m away from the greenhouse floor, 
and the measuring point of 2.5 m is the closest to the air 
supply duct; therefore, the measuring point of 2.5 m had 
the lowest temperature. The side wall of the air supply 
duct was inclined downward, and the density of the cold 
air is large and sinks; therefore, the measuring point of 
4.5 m was the smallest. In summary, this cooling system 
had a certain effect in the cultivation area with a 
greenhouse length of less than 45 m.

4. Heat exchange pipe performance
Figure 11 shows the internal pipe temperature, heat 

transfer performance, and COP change inside the tubes. 
In the beginning, the temperature inside the tube drops 
rapidly, and then the temperature slows down later. The ƞ 
and COP inside the heat exchange tubes increase as the 
length increases, and the rate gradually decreases. When 
the inlet temperature was 26°C, the maximum 
temperature difference between the inlet and outlet was 
26°C, the maximum COP was 5.6, and the ƞ was 100%. 
The ƞ and COP of the exchange tubes were obviously 
reduced when the length of tubes was less than 8 m. 
Combined with the ice storage construction cost, it was 
more suitable to select 8 m for the heat exchange tube.

Table 4. Insulation material detailed parameters

Density 
kg/m3

Thermal conductivity
W/(m·K)

Cost
$

Block wall 2,150 0.24 Material and labor cost/m3: 72.5
Material cost/m3: 72.5

Expanded 
polystyrene 22 0.04 Installation cost/m2: 29
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Fig. 8.  (a) Relationships between insulation material thickness, storage tank heat loss, and tank side length; (b) ice 
storage tank cost for different thicknesses of insulation material

Fig. 9. Outlet temperature is directly related to the length of the pipe
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Fig. 11.  (a) Simulation surface map (inlet: T = 299 K, V = 15.2 m/s); (b) changes in ƞ and COP inside 
the tube vs. tube length

Fig. 10. Greenhouse measuring point cooling effect
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5. Ice storage cooling system performance
Using ice as a heat source for the heat exchanger can 

make the heat transfer performance of the heat exchange 
tube more stable because the ice water mixture is always 
at 0°C. Soil and water may increase the temperature 
along with the continuous absorption of air heat, which 
greatly affects the heat transfer performance.

Table 5 compares the performance of different heat 
exchange cooling systems: earth-to-air heat exchanger, 
water-to-air heat exchanger, and ice storage cooling. 
Using ice as a cold source, a higher temperature  
difference between the inlet and outlet can be obtained, 
obtaining more cooling capacity; this can also reduce the 
flow of the fan, reducing the power of the fan, achieving 
an energy-saving effect.

6. Application prospect
The ice storage cooling system is suitable for 

greenhouse cooling in areas with abundant natural cold 
sources. Considering the heat loss of the ice storage tank, 
the effective ice storage volume is 50.7 m3, which can 
save 1.74 × 1010 J of power.

Combined with the initial construction of the system 
and the analysis of summer operation costs, the system is 
more suitable for use in greenhouses with better  

insulation and tightness in natural cold source areas. 
Greenhouses are suitable for summer high-quality or 
off-season vegetables and fruits, as well as the  
cultivation environment that requires low-light conditions 
for edible fungi.

Conclusions

In this study, we initially presented an energy-saving 
solution for the design of a practical cooling system for 
Chinese solar greenhouses. Using the seasonal ice storage 
system, cold energy can be stored in water in the winter 
and used as a cooling source to supply cold air in the 
summer. The parameters of the seasonal ice storage 
system were designed based on the cost of the materials 
and the cooling demands of the greenhouse during 
summer. We developed a CFD model and validated it for 
the selection of heat transfer pipes. Compared with other 
new energy-efficient cooling equipment, the proposed 
solution reduced the electricity consumption and 
increased the heat exchange performance to lower the air 
temperature. Additionally, our results will enable 
greenhouse architects and designers to develop more 
attractive and efficient designs for cooling in different 
areas around the world.

Table 5. Performance comparison of different heat exchange cooling systems

Inlet and 
outlet

temperature
(℃)

Temperature 
difference

(℃)

Cooling 
capacity

(W)

Fan flow
(m3/h)

Greenhouse 
size
(m3)

Cooling 
effect
(℃)

COP

Earth-to-air 
heat exchanger 32.5-28.5 4.0 243.5 208.8 45.0 1.0-3.7 1.9

Water-to-air 
heat exchanger 30.0-25.0 5.0 3,241.0 1,800.0 60.0 1.0-2.0 4.3

Ice storage 
cooling 26.0- 1.7 24.3 31,518.2 3,220.0 2,158.8 1.0-6.7 5.6

Table 6. Nomenclature and subscripts

AGe greenhouse enclosure surface area (m2) Toutd outdoor air temperature (℃)

An each area of the ice storage pool (m2) Tlim the max water thaw temperature (℃)

As greenhouse floor area (m2) Ts soil temperature (℃)

b ice storage tank side length (m) Tic soil temperature (℃)

Ca specific heat capacity of air (J/kg·℃) tin tube inlet temperature (℃)

Cic specific heat capacity of ice (J/kg·℃) tout tube outlet temperature (℃)

Cwa specific heat capacity of water (J/kg·℃) Δttw inside and outside the tube wall temperature difference (℃)

D cooling days (d) Δtloss
temperature difference between the two sides of the ice storage 
tank enclosure (℃)

 (Continued on next page)
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Table 6. Nomenclature and subscripts (Continued)

D1 inner diameter (m) Δtu-loss
temperature difference between ice storage tank and 
underground soil (℃)

D2 external diameter (m) Δtt-loss
temperature difference between the top of the ice storage tank 
and the outdoor air (℃)

E fan power (w) u tube flow rate (m/s)

G the greenhouse cooling supply air rate (m3/h) v the air speed property parameter (m2/s)

Gr Grashof number (dimensionless) VG greenhouse volume (m3)

h convective heat transfer coefficient (W/m2·K) Vi ice storage tank volume (m3)

hfg ice melting heat (J/kg) ρ density (kg/m3)

hL greenhouse indoor supply air enthalpy (KJ/kg) ρa air density (kg/m3)

hN greenhouse indoor air enthalpy (KJ/kg) ρic ice density (kg/m3)

hs
heat transfer coefficient from soil to greenhouse air 
(W/m2·K) ρwa water density (kg/m3)

k heat transmition coefficient (W/m2·K) λ thermal conductivity (W/m·K)

kGE
greenhouse enclosure heat transmition coefficient 
(W/m2·K) λa air thermal conductivity (W/m·K)

kn
each area of the ice storage tank enclosed structure 
(W/m2·K) λb brick walls thermal conductivity (W/m·K)

ktu tube heat transmition coefficient (W/m2·K) λn
ice storage tank enclosure structure material thermal 
conductivity (W/m·K)

L length (m) λtu tube thermal conductivity (W/m·K)

Ls greenhouse floor length (m) λeps eps thermal conductivity (W/m·K)

Ltu tube length (m) δb brick walls thick (m)

ma air quality (kg) δn ice storage tank enclosure structure material thick (m)

n the per unit time air changes (h) Ƞ heat exchange efficiency (%)

Nu Nusselt number (dimensionless) µ dynamic viscosity (N·s/m2)

Pr Prandtl number (dimensionless) Ꞷ ice storage tank heat loss rate (%)

qc greenhouse cooling load per unit time (J) Φ heat transfer tube total heat transfer quantity (W)

qv inlet air flow (m3/s) Subscripts

Qc
when the room temperature reaches set value, the 
greenhouse cooling load (J) a air 

Qcool summer cold energy (J) G greenhouse 

Qf
before the room temperature reaches set value, the 
greenhouse cooling load (J) Ge greenhouse enclosure

Qloss the cooling loss during ice storage (J) ic ice

Qh heat exchange energy (J) ind indoor

Re Reynolds number (dimensionless) outd outdoor

T0 initial temperature of ice (℃) s soil

Tb-ind cooling preconditioning period temperature (℃) tu tube

Tind indoor air temperature (℃) wa water
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