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and optimal selection of the thermal insulation quilt 

 
Yachen Sun1,7†*

, Yao Zhang2,3†
, Chenmeng Zhu4

, Shaonan Xu5
, Bowen Liu6

, Yanfei Cao7
,  

Changji Zhou8
, Yaqi Zhou9

, Zhirong Zou7
, Encai Bao2* 

(1. College of Architecture and Urban Planning, Tongji University, Shanghai 200092, China;  

2. Institute of Agricultural Facilities and Equipment, Jiangsu Academy of Agricultural Science, Key Laboratory of Protected Agriculture 

Engineering in the Middle and Lower Reaches of Yangtze River, Ministry of Agriculture and Rural Affairs, Nanjing 210014, China; 

3. School of Engineering, Anhui Agricultural University, Hefei 230036, China; 

4. Department of Management, City University of Hong Kong, Tat Chee Avenue Kowloon, Hong Kong 999077, China; 

5. Qinghai College of animal husbandry and veterinary technology, Xining 812100, China; 

6. School of Ocean and Earth Science, Tongji University, Shanghai 200092, China;  

7. Key Laboratory of Protected Horticultural Engineering in Northwest, Ministry of Agriculture and Rural Affairs, Department of 

Horticulture, Northwest A&F University, Yangling 712100, Shaanxi, China; 

8. Academy of Agricultural Planning and Engineering, Ministry of Agriculture and Rural Affairs, Beijing 100125, China;  

9. School of Karst Science, Guizhou Normal University, Guiyang 550001, China) 

 

Abstract: The objectives of the present work are focused on exploration of the reasons for temperature difference in different 

envelopes, the sensitivity of envelopes of solar greenhouse to thermal disfigurements and optimal selection of the thermal 

insulation quilt.  Theoretical analysis and derivation are conducted according to the experimental results of surface 

temperature, convective heat transfer, and heat flux density in different envelopes which with thermal disfigurements of solar 

greenhouse using heat transfer theory.  The results revealed that the difference of intrinsic thermal conductivity and thickness 

of the envelopes leads to difference in the thermal flux and thus in the surface temperature of different envelopes.  Compared 

with the front roof and back roof, the wall is more sensitive to thermal disfigurements.  According to the influence of thermal 

disfigurements on solar greenhouse temperature, the allowable thermal disfigurements area fraction of front roof and back roof 

are given.  Based on the analysis of heat transfer theory and test results, the work given the expression of the thickness and 

thermal conductivity of thermal insulation quilt under different outdoor minimum temperatures for optimal selection of thermal 

insulation quilt based on comprehensive considering factors of the solar greenhouse structure, crop demand, outdoor minimum 

temperature, and insulation quilt properties.  The results of this work give technical criterion for whether the envelopes with 

thermal disfigurements needs to be repaired or replaced, and it also provides theoretical and technical support for design the 

solar greenhouse as well as methodological guidance for the optimal selection of the thermal insulation quilt. 
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1  Introduction

 

Thermal insulation is the most important measurements to 

reduce the heat loss of solar greenhouse.  The existence of thermal 

disfigurements in envelopes will deteriorate the thermal insulation 

performance of solar greenhouse envelopes and thus be detrimental 

to keeping indoor temperature high enough at night.  The previous 

work[1] showed that the temperature difference can be displayed in 

the thermal infrared images of compartment envelopes, the surface 
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temperature of the front roof was the lowest, followed by the back 

roof, the wall surface temperature was the highest.  And the 

existence of thermal disfigurements will lead to the increase of 

convective heat transfer coefficient and heat flux in the 

disfigurements area, while the temperature will decrease.    

Generally speaking, the larger the thermal disfigurements area, the 

more obvious the temperature drop.  However, the reason for the 

difference in the surface temperature of different envelopes is not 

clear.  And the knowledge about the influence degree of per area 
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of thermal disfigurements on convective heat transfer coefficient 

and heat flux increase or temperature decrease of different 

envelopes is lacking.  In particular, there is no answer to the 

maximum scale of thermal disfigurements in the envelopes that can 

be allowed to ensure the solar greenhouse works properly.  

Therefore, it is difficult to provide reasonable support for the 

assessment of the influence of thermal disfigurements on solar 

greenhouse performance and give technical criterion for whether 

the envelopes with thermal disfigurements needs to be repaired or 

replaced.  On the other hand, though it is demonstrated that 

construction of brick wall at the bottom of south side of the front 

roof is helpful to increase the inner surface temperature of the front 

roof, its beneficial effect is partially and limited.  Moreover, the 

wall constructed at the bottom of south side of the front roof will 

affect the indoor lighting which is unfavorable to crops growth.  

In practice, the thermal insulation of the front roof mainly depends 

on the performance of the thermal insulation quilt[2-5].  As a result 

it is necessary to explore the considerations on the selection of 

thermal insulation quilt to ensure the front roof insulation. 

Lots of works have been conducted on the material, thickness 

and thermal insulation performance of the thermal insulation quilt 

sold on the market[2,6-8].  For example, Zhang[9] summarized the 

quality evaluation indices of thermal insulation quilt including 

specification and size, strength, waterproof performance and 

thermal conductivity performance.  And it is pointed that the 

tensile strength, waterproof and heat transfer coefficient are the 

most important parameters for quality evaluation of thermal 

insulation quilt.  Research of Liu et al.[10] pointed out that when 

the heat transfer coefficient of the thermal insulation quilt is large 

and the emissivity of its upper surface is small, the heat transfer 

coefficient of the quilt increases with the increase of the outdoor 

wind speed.  When the heat transfer coefficient of the heat 

preservation quilt is small, the emissivity of the upper surface of 

the heat preservation quilt is larger, and the heat transfer coefficient 

of the heat preservation quilt decreases with the increase of the 

outdoor wind speed.  The heat transfer coefficient of thermal 

insulation quilt decreased with thickness increasing or heat 

conductivity coefficient of thick cover materials reducing.  

Furthermore, the relationship between the heat transferred by 

means of convection and radiation was established[11].  And thus, 

the heat transfer flux density and heat transfer coefficient of quilt 

could be simulated and forecasted according to the infrared 

radiation characteristics, thermal conductivity, structural 

parameters and working environment of the quilt materials. 

The above research provides a certain technical reference for 

the selection of thermal insulation quilt in solar greenhouse.  

However, the proportion of the front roof area of the solar 

greenhouse varied with the structure of greenhouse[12], which will 

lead to heat loss through the front roof was different.  Moreover, 

crop demand determines the lowest indoor temperature which can 

guarantee the growth of the crop.  Consequently, for the selection 

of thermal insulation quilt, it is necessary to consider the factors of 

solar greenhouse structure and crops concerned besides outdoor 

environments factors and intrinsic parameters of thermal insulation 

quilt.  Unfortunately, reports on the selection of thermal insulation 

quilt comprehensive considering the above factors are lacking. 

Based on the experimental results of our earlier work about the 

influence of thermal disfigurement on the convective heat transfer 

of solar greenhouse, the present work mainly focused on exploring 

the reason for the difference in the surface temperature of different 

envelopes and analyzing the sensitivity of different envelopes of 

solar greenhouse to thermal disfigurements.  After that the work 

tried to give the allowable scale of the thermal disfigurements in 

envelopes of the tested solar greenhouse.  Finally, it deducted 

considerations on the selection of thermal insulation quilt including 

the factors of solar greenhouse structure and crops concerned 

besides outdoor environments factors and intrinsic parameters of 

thermal insulation quilt. 

2  Materials and methods 

The experiment was conducted in the No. 1 solar greenhouse 

in Northwest A&F University, Yangling, China in December, 2018.  

The length of the solar greenhouse is 50.0 m, and the net span is 

8.0 m.  The north wall (back wall) height is 2.2 m, with a 

thickness of 1.0 m, and a 10 cm thick polystyrene board.  The 

ridge height of the solar greenhouse is 3.5 m.  The thickness of 

east and west clay brick walls is 1.0 m.  The back slope is made of 

color steel bond-polystyrene with a thickness of 101 mm (the 

thickness of polystyrene board is 100 mm) and width is 1.7 m, 

respectively.  The front roof is covered by thermal insulation quilt 

with a thickness of 3 cm and thermal conductivity of 0.03 W/(m·K).  

There is a 3.0 m×3.0 m auxiliary room in the east of the solar 

greenhouse.  The greenhouse is divided in to 5 compartments with 

the color bond-polystyrene board as shown in Figure 1. 

 

Figure 1  Plan view of experimental solar greenhouse 
 

The west compartment (GH-E, the length is 16 m) and east 

compartment (GH-W, the length is 8 m) of solar greenhouse are 

chosen for thermal disfigurements study.  Different thermal 

disfigurements are prefabricated for each envelope.  For the front 

roof, considering the thermal insulation quilt may be partially 

damaged or thinned in practical use, this work takes the partial 

thinning of the thermal insulation quilt for the two selected 

compartments as the thermal disfigurements.  The gap between 

the polystyrene board joints is set as the thermal disfigurements of 

the back roof.  And local thinning of the back wall (the wall is set 

with holes with a depth of 240 mm) and the entrance of the gable in 

the east compartment are regarded as thermal disfigurements of 

walls.  Figure 2 shows the photos of thermal disfigurements such 

as the gap between polystyrene board on the back roof and the local 

thinning of the back wall.  The other three compartments in the 

middle are free of the above thermal disfigurements. 

The C2 thermal infrared imager produced by FLIR Ltd., 

America was used for detecting the surface temperature of 

envelops of the solar greenhouse.  Data was collected on a cloudy 

day (Dec. 10, 2018) at 17:30-18:30, and the greenhouse was 

covered with thermal insulation quilt.  Details of the experimental 

process are described in the previous work[1]. 
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a. Gap between polystyrene board                            b. Local thinning of back wall 

Figure 2  Photos of the prefabricated thermodynamic disfigurement (a) Gap between polystyrene board; (b) Local thinning of back wall 
 

3  Results and discussion 

3.1  Sensitivity of envelopes of the solar greenhouse to thermal 

disfigurements 

Table 1 lists the test results of thermal disfigurements area 

fraction, average surface temperature, surface convective heat 

transfer coefficient, heat flux and calculated relative changes of 

them of different envelopes of the solar greenhouse. 

Table 2 lists the normalized area of thermal disfigurements on 

convective heat transfer coefficient, heat flux and temperature of 

different areas in the solar greenhouse based on the tested results 

listed in Table 1.  In general, the increment of convective heat 

transfer coefficient and heat flux of the wall with thermal 

disfigurements are significantly higher than those of the front roof 

and back roof, the same to the decrement of surface temperature.  

This suggests when the area fraction of thermal disfigurements is 

the same, the change of thermal performance of the wall is the most 

obvious, i.e. the wall is more sensitive to thermal disfigurements. 
 

Table 1  Area fraction of thermal disfigurement, convective heat transfer coefficient, heat flux density, surface temperature and 

their relative change of different regions in the solar greenhouse 

 

Table 2  Effects of the normalized area of thermal 

disfigurements on convective heat transfer coefficient, heat flux 

and temperature of different areas in the solar greenhouse 

Compartment of 

greenhouse 
Region 

Relative changes /% 

Average convective 

heat transfer coefficient  

Average heat 

flux density  

Average 

temperature 

GH-E 

Front roof +1.23 +6.69 −2.21 

Back roof -- -- -- 

Wall +23.50  +408.99  −5.13  

GH-W 

Front roof +2.65  +11.40  −3.81  

Back roof +4.68  +23.98  −2.75  

Wall +23.31  +149.30  −7.69  
 

In the present work, the solar greenhouse is the same and the 

temperature difference between the east and west compartment is 

small (3.5°C).  The thermal conductivity of solids is usually linear 

with temperature.  Thus, it can be considered that the thermal 

conductivity of each envelops which are free of thermal 

disfigurements in the east and west compartment of the solar 

greenhouse is basically the same.  According to Fourier's law, the 

heat flux through solid, q can be expressed as[13,14]: 

T T
q

x
 



 
  


                  (1) 

where, q is the heat flux through solid, W/m2; λ is the thermal 

conductivity, W/(m·K); δ is the thickness of solid, mm; ∆T is the 

temperature difference between the two sides of the solid, K. 

In the present work, the thickness and thermal conductivity  

of the wall are 1 m and 0.58 W/(m·K), respectively.  The 

thickness and thermal conductivity of the back roof are 0.101 m 

and 0.08 W/(m·K), respectively.  The thickness and thermal 

conductivity are δquilt = 0.03 m and λquilt = 0.03 W/(m·K) for the 

thermal insulation quilt, and δPO=0.0001 m and λPO=0.03 W/(m·K) 

for the PO film, respectively.  According to Equation (1), the 

thermal flux through the wall qw and back roof qbr can be described 

as qw = 0.58∆T and qbr = 0.8∆T, respectively.  While the thermal 

flux through the front roof qfr can be described as[15,16]: 

fr
quiltPO

PO quilt

T
q T



 


 



                (2) 

Therefore, when the indoor temperature is the same and there 

are no thermal disfigurements, the heat flux through every kind of 

envelope is different.  And heat flux through the front roof is the 

highest, while that through the back wall is the lowest, indicating 

the front roof is the main channel of indoor heat loss. 

The surface emitted heat conduction λr from solid to 

environment by radiation can be expressed as follows[17]: 

Compartment Envelope 

Thermal disfigurements Non-thermal disfigurements Relative changes/% 

Average 

temperature 

/°C 

Area fraction of 

thermal 

disfigurement /% 

Average 

convective heat 

transfer 

coefficient 

/W·(m
2
·°C)

-1
 

Average 

heat flux 

/W·m
-2

 

Average 

temperature 

/°C 

Average 

convective heat 

transfer 

coefficient 

/W·(m
2
·°C)

-1
 

Average 

heat flux 

/W·m
-2

 

Average 

temperature 

Average 

convective 

heat transfer 

coefficient 

Average 

heat flux 

density 

GH-E 

Front roof 5.4 16.5 4.27 31.35 8.5 3.55 14.90 −36.47 +20.28 +110.40 

Back roof -- -- 0.00 0.00 10.6 2.82 5.93 -- -- -- 

Wall 9.8 4.8 2.66 7.84 13.0 1.25 0.38 −24.62 +112.8 +1963.16 

GH-W 

Front roof 10.0 2.6 4.04 25.02 11.1 3.78 19.30 −9.91 +6.88 +29.64 

Back roof 12.6 3.4 2.84 10.22 13.9 2.45 5.63 −9.35 +15.92 +81.52 

Wall 13.5 1.3 2.58 6.97 15.0 1.98 2.37 −10.00 +30.30 +194.09 
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3
r rn T l                     (3) 

where, λr is surface emitted heat conductivity from solid to 

environment by radiation, W/(m·K); n is refractive coefficient; ζ is 

Stephen Boltzmann’s constant, 5.67×10-8 W/(m2·K4); T is the 

surface temperature of solid, K; lr is mean free path of photons, m. 

As the surface temperature of envelops of the west 

compartment is higher than that of the east compartment.  

Therefore, according to Equation (3), the surface emitted heat 

conduction of each envelope to outdoor by radiation in the west 

compartment is greater than that in the east compartment.  

Moreover, the indoor temperature of the west compartment is 

higher than that of the east compartment.  Therefore, according to 

Equation (1), the heat flux through envelopes in the west 

compartment is higher than that in the east compartment.  As a 

result, in the case of the area fraction of thermal disfigurements in 

every kind of envelope is the same, the change of convective heat 

transfer coefficient, average heat flux and indoor temperature of the 

west compartment will be more obvious than those of the east 

compartment.  The above analysis and discussion also indicate the 

difference of intrinsic thermal conductivity and thickness of the 

envelopes leads to a difference in the thermal flux. 

When there are penetrated thermal disfigurements, such as the 

entrance on the wall and the rupture of the thermal insulation quilt, 

the thickness of the disfigurements area will become 0.  

According to Equations (1) and (2), the heat flux at such penetrated 

thermal disfigurements will tend to infinity, that is to say, it will 

lead to rapid and dramatic heat conduction.  As a result, the 

temperature around penetrated thermal disfigurements would be 

obvious lower as demonstrated that there are abnormal increment 

of convective heat transfer coefficient and average heat flux 

through the wall in the east compartment due to there is an entrance 

in the wall.  When there are non-penetrated thermal 

disfigurements, such as the area of local thinning of wall or thermal 

insulation quilt, the thermal flux through such non-penetrated 

thermal disfigurements area will increase significantly.  It is 

conceivable that the larger the thermal disfigurements area, the 

greater the corresponding thermal flux and convective heat transfer 

coefficient increment.  

On the other hand, it should be noted that for the front roof, in 

most case, PO film should be free of rupture, only the thermal 

insulation quilt may have penetrated rupture.  According to 

Equation (2), the thermal flux through the front roof around the 

penetrated rupture would be limited to sharp increase due to the PO 

film is free of thermal disfigurements.  As a result, when there are 

penetrated thermal disfigurements and the area is the same, the 

increment of thermal flux around penetrated thermal 

disfigurements through front roof should be lower than that through 

the wall as shown in Table 1 for both the east and west 

compartment.  As the thermal conductivity of the back roof is 

significantly smaller than that of the wall, the relative increment of 

thermal flux around penetrated thermal disfigurements through 

back roof should be lower than that through the wall as shown in 

Table 1 for the west compartment. 

As a result, according to the above results and discussion, it 

can be concluded that the wall is the most sensitive envelope to 

thermal disfigurements than the back roof and the front roof.   

It should be noted that the above results and conclusions are 

based on there is thermal insulation quilt on the front roof.  If 

there is no thermal insulation quilt, the front roof, i.e. merely PO 

film should be the most sensitive envelope to thermal 

disfigurements due to its thickness is significantly smaller than that 

of the back roof and the wall. 

3.2  Allowable scale of the thermal disfigurements in 

envelopes of greenhouse 

According to the above results and analysis, it can be 

concluded that the envelopes directly affect the indoor temperature 

of solar greenhouse.  Thermal disfigurements in envelopes make 

the thermal flux through the relevant envelopes increased and thus 

increased the indoor temperature drop.  Consequently, in order to 

ensure that the indoor temperature drop is within the allowable 

range, it is necessary to limit the scale of thermal disfigurements. 

Assuming the influence of thermal disfigurements in envelopes 

on the temperature is proportional to its area fraction under the 

condition that the solar greenhouse can work normally.  

Supposing the area fraction of thermal disfigurements in envelopes 

is ε, the influence of normalized per area thermal disfigurements on 

temperature is β, the surface temperature of the envelope without 

thermal disfigurements is Tf, and the temperature of the envelope 

with thermal disfigurements is Td.  Thus the relationship of ε, β, Tf 

and Td can be expressed as: 

(1 )d fT T                      (4) 

1
(1 )

d

f

T

T



                      (5) 

According to the tested results listed in Table 1, the 

temperature of middle compartment which can be considered as 

free of thermal disfigurements in envelopes is Tf = 12.316°C.  

According to the results listed in Table 2, the value of β for both 

the west and east compartments with thermal disfigurements in 

front roof, is βfr  w = –3.81% and βfr  e = –2.21%, respectively.  

Setting aside the influence of thermal disfigurements in the other 

two envelopes, and the average surface temperature of front roof 

of the west compartment is Td  w = 11.1°C and that of east 

compartment is Td e = 8.5°C, respectively.  According to Equation 

(5), it can be calculated that the area fraction of thermal 

disfigurements in front roof of the west compartment is εfr w=2.59% 

and that of the east compartment is εfr e = 14.02 %, respectively.  

These estimated results are very close to that of the tested results  

εfr w = 2.60% and εfr e = 16.5% as listed in Table 1, indicating 

Equation (5) can be applied to evaluate the allowable size of 

thermal disfigurements in envelopes. 

Assuming the allowable lowest indoor temperature is 8°C.  

According to Equation (5), it can be calculated the allowable area 

fraction of thermal disfigurements in front roof of the west and east 

compartment is εfr w max=9.20% and εfr e max=15.86% for the present 

concerned solar greenhouse, respectively. 

Similarly, it can be estimated that when only the back roof    

has thermal disfigurements, the allowable area fraction of thermal 

disfigurements in front roof of the west compartment is         

εbr w max=17.05%. 

For the wall, due to the thermal disfigurements is mainly 

thickness thinning.  However, due to the large thickness of the 

wall, the extent of thickness reduction varies greatly.  And thus, 

the influence of normalized per area thickness thinning in wall on 

temperature β is difficult to quantitative determine.  Evaluation of 

the allowable area fraction of thermal disfigurements in wall is not 

conducted. 

3.3  Considerations on selection of thermal insulation quilt 

According to the above results and analysis, when there are no 

thermal disfigurements in envelopes, the heat loss of solar 

greenhouse is mainly through front roof.  Therefore, intensive 
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attentions should be paid to improving the insulation of the front 

roof.  The adopted PO film for given solar greenhouse is usually 

fixed, namely the thermal conductivity and thickness of it keep the 

same.  Therefore, considerations on the selection of thermal 

insulation quilt are particularly important. 

To simplify the analysis, assuming that the temperature of the 

front roof on the indoor side is always equal to the average indoor 

temperature and the outdoor temperature, To keeps constant.  

When front roof is covered by the thermal insulation quilt, the 

average indoor temperature is Th while the final average lowest 

indoor temperature is Tl.  The heat transferred through the 

envelopes Qd should be equal to the released heat of the indoor air 

Qa caused by indoor air temperature drop.  According to Equation 

(1), the heat transferred through the front roof Qdfr during the 

period from thermal insulation quilt closing to the next opening, t 

can be described as: 

h O
dfr fr fr fr fr

quilt quiltPO PO

PO quilt PO quilt

T T T
Q q A t A t A t

  

   

 
  

 

     (6) 

As the heat transferred through the front roof Qdfr accounts for 

70%-80% of the total heat loss of the solar greenhouse[18].  To 

simplify the analysis, it can be gained that: 

Qdfr=0.8 Qa                    (7) 

Combine Equations (4) and (5), it produces: 

0.80

quilth O PO
fr

a PO quilt

T T
A t

Q



 


                (8) 

The released heat of the indoor air Qa can be described as: 

Va v a v aQ C m T C T                  (9) 

where, Cv is the specific heat capacity of air; m is the mass of the 

air in the solar greenhouse; ∆Ta is the difference of average indoor 

temperature corresponding to the time of the thermal insulation 

quilt is closing and next opening; ρ is the density of air, which is 

1.293 kg/m3; V is the volume of air in the solar greenhouse, namely 

the indoor volume of solar greenhouse.  In the present work, ∆Ta 

can be expressed by 

∆Ta = Th – Tl                  (10) 

At the range of 0°C-300°C, the specific heat capacity of air, 

Cv can be described as[19]: 

10×1000.5+71591.0=ˆ-10×1000.5+0026.1= 5-5- TRTCv
 (11) 

where, R̂  is the ideal gas constant, which is 8.314 J/(mol·°C); T is 

the air temperature. 

Considering during the period from thermal insulation quilt 

closing to the next opening, the average indoor temperature is 

usually at the range of 6°C-20°C, the value of Cv is varied from 

0.7162 to 0.7169 kJ/(kg·°C).  And to simplify the analysis, take 

Cv=0.7165 kJ/(kg·°C).  Substituting Equations (9)-(11) into 

Equation (8) gives: 

1

0.80 0.8

fr quilth O PO h O PO
fr

a PO h l v PO quilt

AT T T T
A t t

Q T T C V

 

   

 
     


 (12) 

In Equation (12), the ratio of thickness of PO film or thermal 

insulation quilt to its thermal conductivity is thermal resistance R, 

which is merely depended on the properties of themselves.  The 

item of 
h O

h l

T T
t

T T




 is mainly depended on the indoor and outside 

temperature as well as the period from thermal insulation quilt 

closing to the next opening.  The item of 
1

0.8 vC
 is merely 

related to the air, and can be taken as constant k for a very limited 

temperature range concerned in the present work.  The ratio of 

front roof area Afr to indoor volume of the solar greenhouse V 

depends on the structure of the solar greenhouse.  And the present 

work defines c1=
frA

V
 as solar greenhouse structural constant.  

1
h O

PO quilt

h l

T T
t k c R R

T T


   


            (13) 

For a given type of solar greenhouse in a given area, the solar 

greenhouse structural constant c1 is usually fixed.  Moreover, 

under normal conditions, the period from thermal insulation quilt 

closing to the next opening is basically fixed, and the thermal 

resistance of PO film is also fixed.  The lowest indoor temperature 

should be higher than that of the outdoor.  As crop demand 

determines the lowest indoor temperature which can guarantee the 

growth of the crop, the allowable lowest indoor temperature, Tl can 

be regarded as a fixed value for given crop.  On the other hand, 

the drop of indoor temperature lags behind that of the outdoor 

temperature, especially for a given crop, it is usually necessary to 

adjust the daily average indoor temperature of the solar greenhouse 

to a relatively small range.  Therefore, the indoor temperature Th 

can also be regarded as a fixed value at the time of the thermal 

insulation quilt begins to close.  Lower outdoor temperature 

means higher ratio of Th – To to Th – Tl, and thus thermal insulation 

quilt should have higher thermal resistance.  Moreover, better 

thermal insulation of the envelopes suggests the higher of the 

lowest indoor temperature and the ratio of Th – To to Th – Tl.  As a 

result, thermal insulation quilt should have higher thermal 

resistance, namely thicker or with lower thermal conductivity.   

Take the middle compartment with the width and length of 8 m 

and 8 m and planted with tomato as example.  The thermal 

conductivity and thickness of PO film is λPO=0.29 W/(m·K) and 

δ=0.1 m, respectively.  The allowable lowest indoor temperature 

for tomato is 8°C, i.e. Tl=8°C.  According to the structure and size 

of the solar greenhouse, it can be gain that the indoor volume 

V=160.2 m3, the front roof area Afr=68 m2, and thus c1=0.424.  

Assuming the indoor temperature Th =15°C at the time of the 

thermal insulation quilt begins to close and its close duration t =  

14 h.  In order to compare, assigned c1 with different value, i.e. 

0.30, 0.35, 0.40, 0.45, 0.50.  Figure 3 gives the thermal resistance 

of thermal insulation quilt under different outdoor temperature and 

solar greenhouse structural constant or the allowable lowest indoor 

temperature. 

It can be seen that the lowest outdoor temperature has 

significant effect on the thermal resistance of thermal insulation 

quilt as discussed above.  In the case of the allowable lowest 

indoor temperature keeps constant, higher solar greenhouse 

structural constant requires the thermal insulation quilt should have 

higher thermal resistance.  In the case of the solar greenhouse 

structural constant is fixed, higher the allowable lowest indoor 

temperature requires the thermal insulation quilt should have higher 

thermal resistance.  When the indoor volume of solar greenhouse 

keeps constant, higher solar greenhouse structural constant means 

has higher front roof area and thus higher thermal transfer area.  

As a result, in order to keep a higher indoor temperature, the 

thermal insulation quilt should have higher thermal resistance.  

Therefore, from the point of thermal insulation, it is necessary to 

reduce the solar greenhouse structural constant as much as possible 

in solar greenhouse design.  In practice, when the width of solar 

greenhouse is fixed, lower solar greenhouse structural constant can 

be achieved by appropriately increasing the height of back wall 
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while decreasing the slope of back roof as well as change the 

cross-section shape of gable. 

 
a. 

 
b. 

Figure 3  Thermal resistance of thermal insulation quilt under 

different outdoor temperature with (a) greenhouse structural 

constant or (b) the allowable lowest indoor temperature 
 

4  Conclusions 

Different intrinsic thermal conductivity and thickness of the 

envelopes will lead to difference in the thermal flux and thus in the 

surface temperature of different envelopes.  When the indoor 

temperature is the same and there are no thermal disfigurements, 

the heat flux through the envelope is different.  And the 

temperature decreased in the order of front roof > back roof > back 

wall, indicating the front roof is the main channel of indoor heat 

loss.  When there are thermal disfigurements in envelop, the 

increment of convective heat transfer coefficient and average heat 

flux, the drop of temperature of the wall are greater than those of 

the back roof and the front roof.  Compared with the front roof 

and back roof, the wall is more sensitive to thermal disfigurements.  

Under the assumption that the influence of thermal 

disfigurements on solar greenhouse temperature is monotonic 

linear, the allowable thermal disfigurements area fraction of front 

roof and back roof are given.  Based on the analysis of heat 

transfer theory and the test results, comprehensive considering 

factors of the solar greenhouse structure, crop demand, outdoor 

lowest temperature, and thermal insulation quilt properties, the 

relationship of required thickness and thermal conductivity of 

thermal insulation quilt under different outdoor temperature and 

solar greenhouse structural constant or the allowable lowest indoor 

temperature is given. 
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