

  agronomy-12-01104




agronomy-12-01104







Agronomy 2022, 12(5), 1104; doi:10.3390/agronomy12051104




Article



A Study on Optimum Insulation Thickness in Walls of Chinese Solar Greenhouse for Energy Saving



Hui Xu, Juanjuan Ding[image: Orcid], Tianlai Li, Chunyan Mu, Xuan Gu and Rui Wang *





Horticultural College, Shenyang Agricultural University, National & Local Joint Engineering Research Center of Northern Horticultural Facilities Design & Application Technology, Shenyang 110866, China









*



Correspondence: ruiwangsyau@126.com







Academic Editors: Jean-Claude Roy, Thierry Boulard and Shumei Zhao



Received: 28 March 2022 / Accepted: 28 April 2022 / Published: 30 April 2022



Abstract

:

Chinese solar greenhouses (CSGs) are characterized by unique walls to reduce the transmission of heat and promote the energy conservation in winter production, which promotes cultivation in the northeast region of China in winter. Effective selection of insulation material is important for the CSG based on the energy consumption and economic analysis. However, choosing the thickness of the insulation material in walls often discussed with the structure of CSG. There is a lack of research combing the optimal insulation thickness for improving the energy conservation. The aim of this study was to find the optimum insulation thickness during the energy conservation based on the structure of walls, the energy consumption in local climatic conditions, the cost of insulation material, and economic payback period over a lifetime. By the economic analysis of insulation thickness, thermal resistance, lifetime energy saving, and payback period, three kinds of typical walls (clay brick (CB), hollow concrete block (HCB) and fly ash block (FAB)) combed with four insulation materials including the expanded polystyrene, the foamed PVC, the perlite, and the rock wool were calculated. The optimum insulation thickness can be found when energy savings reached the maximum. In the northeast region, the association of FAB with rock wool as the insulation layer was the most economic composite wall structure. The optimum insulation thickness was 0.05 m, with the cost only 5 USD/m2. The thermal resistance of composite wall had a significant effect on the payback period. When thermal resistance increased from 0.2 to 1.2 m2K/W, the payback period varied from 0.4 to 4.3 years. What is more, the energy consumption in local climatic conditions had a more significant effect on payback period. It can be assumed that insulation materials are more favored in cold climatic regions where heating degree-days over 1600 °C days for payback periods is less than 2 years. These results have strong practical and economical significance in saving energy and improving the environment of CSG.
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1. Introduction


In the northeast region of China, Chinese solar greenhouses (CSGs) are a typical horticultural facility widely used to produce vegetables and fruits in winter. CSGs are composed of transparent film on the south roof through which the sunlight can be transferred into the greenhouse and walls used in north, east, and west sides which reduce the transmission rate of heat and then energy consumption.



As an energy saving production building, the thermal environment in CSG based on both solar collection and the energy conservation must ensure a sufficient night temperature for production especially in cold areas. In order to obtain good thermal performance, the design of the shape, including the south facing roof, and good insulation of the north wall and sidewalls were discussed and simulated by several researchers [1,2]. Guohong et al. simulated the dynamic thermal characteristics of wall configurations with insulation layers and showed the importance of the structure and conservation characteristics for energy storage in CSG. Results showed the necessity of using good heat insulation material for the wall layers, and those with high thermal conductivity and volumetric specific heat should be used for the inner layers. The proper use of wall materials is important to reduce energy consumption and secure winter vegetable production.



In order to maintain the best temperature conditions inside CSGs, researchers analyzed the effect of walls in different aspects. Mobtaker et al. (2019) determined the material of the north side of the greenhouse and average value of the cover transmittance in six shapes of greenhouses [3]. Duansheng et al. measured the thermal environment of CSGs and showed the wall body with the heat preservative layer composed of a heat-conducting and exothermic material outside and with a heat-insulating layer in the middle was the ideal wall body structure of CSGs [4]. To determine the heat transfer properties of walls composed of different materials, Guohong et al. analyzed theoretical values of heat flux through walls using the frequency response method and suggested that polystyrene foam plastic is a better thermal insulation material and brick is an adequate thermal storage material [5]. Other studies have reported that similar applications of various walls improved the thermal characteristics of CSGs [6,7].



On the other hand, due to the limited energy intercepted by CSGs in winter, decreasing the transmission rate of heat and energy becomes important in utilization of protected horticulture. To determine the optimum structure and material of north walls, the dynamic heat storage/release characteristics of the wall materials, such as phase-change material wallboard, the block bricks, and the insulation board were simulated by numerical models [8]. Zhang et al. analyzed the temperature distribution in a closed and empty CSGs and demonstrated that temperature stratification and non-uniformity were more obvious when the north wall was thinner, suggesting a desirable thickness of the north wall for energy conservation [9]. Li et al. compared the effects of heat preservation of different wall materials by measuring the heat gained, the temperature of the wall, and the inner air temperature of the greenhouse [10]. The arrangement of materials plays an important role in the performance of heat preservation of walls. Guohong et al. confirmed that the thermal properties of the greenhouse are largely determined by the combination of wall mass, thermal resistance, and insulation thickness [1]. Zhang et al. highlighted the way to use phase-change materials for improving the thermal characteristics in CSGs [11]. However, although several kinds of wall materials and constructions have been practically applied in CSG, there is a lack of research combing the structure of walls with an economic analysis. Moreover, the optimal insulation material thickness and its applicability are insufficient.



Although there is research on the determination of the selection of proper insulation material in civil buildings [9,10,11,12], as the energy source requirements and the structure of CSGs are quite different from civil buildings, it is difficult to identify the same results.



Some researchers tried to use a new heating system to improve the heating effect, such as an electric warm-air machine or a diesel hot-air stove [13,14]. Mazzeo et al. (2021) analyzed the performance of a venlo solar greenhouse and identified the effect of location and the choice of the glass [15]. Bonuso et al. (2020) focused on the ventilation analysis of solar greenhouses with a symmetrical flat pitched roof and single span located in a warm temperature climate [16]. Mahdavi et al. (2019) studied the energy and exergy and showed the effect of heat exchangers and photovoltaic/thermal collectors in raising and lowering the temperature in summer and winter [17].



However, the hot-blast stove is still the main heating system used in CSGs which offers heat by consuming coal [18]. The assessment of economic investment includes not only the construction cost of a CSG but also the running costs. The cost of walls is the largest part of the construction cost and the heating cost is the largest part of the running cost. Therefore, how to balance the initial cost and running cost is an unavoidable problem [19,20].



Due to the deficiency of systematic building design standards or guidelines for CSGs, there is lack of research on the optimal combination of insulation thickness and wall structure to achieve energy conservation of CSGs in cold areas [21,22]. The goal of this study was to find the optimum insulation thickness based on the structure of walls, the energy consumption in local climatic conditions, the cost of insulation material, and economic payback period over a lifetime. In order to contribute to the initial design and construction of CSG walls, three typical walls of CSGs were selected, with consideration of four insulation materials including expanded polystyrene, foamed PVC, perlite, and rock wool to determine the optimum insulation thickness of external walls in CSG.




2. Materials and Methods


In this study, a typical kind of CSG was used as shown in Figure 1, located in Shenyang city, China (Longitude, 123.4 E, Latitude, 41.8 N). The annual variations in air temperature are shown in Figure 2. Three common materials used for the construction of the main walls in the CSG including the brick, the hollow concrete block, and the fly ash block as shown in Figure 3 were considered. From the interior to the exterior, the composite wall consists of a 240-mm-thick layer of each wall material, and a 20-mm-thick layer of the external plaster and variable-thickness insulation materials. Four insulation materials including expanded polystyrene, foamed PVC, perlite, and rock wool were chosen to determine the optimum insulation thickness of external walls in greenhouses as shown in Figure 4. The values of the parameter used in the calculations for the insulation materials and walls are given in Table 1, Table 2 and Table 3.



The cost of the CSG included initial costs and running costs. The cost of insulation materials belonged to the initial cost of construction. The cost of energy consumption belonged to the running cost. To decrease the running cost of energy consumption, the thick insulation materials were often used in walls which caused a high initial cost of CSG. Therefore, the economic analysis of the CSG was performed using the P1, P2 method of life cycle savings [23]. The optimum insulation thickness was estimated by maximizing the energy saving which balances the initial cost and running cost [24]. More information about the nomenclature used in the study has been listed in Nomenclature Section.



	(1)

	
Heating load for walls







The hot-blast stove is one of the most widely used heating equipment for CSGs in cold winter at present. It is composed of stove burning by coal and a blast pump which can blow the heated air into the greenhouse. When evaluating the heating energy in the CSG, heat loss in the unit surface of the wall was calculated with Equation (1)


  q = U  (   T o  −  T i   )   



(1)




where q (W/m2) is the heat loss per unit area of external wall, U is (W/(m2 K)) the overall heat transmission coefficient of external walls.    T o    is the outside ambient temperature,    T i    is the constant inside ambient temperature.



The annual energy consumption for heating per unit area of external wall can be calculated by:


   Q  h e a t   = 86400 · U · H D D  



(2)







HDD is degree-days described in Equation (2).



The overall heat transmission coefficient U for a typical wall with insulation is given by:


  U =  1   R i  +  R w  +  R  i n s   +  R 0     



(3)




where Ri and Ro (m2K/W) are the thermal resistance of heat transfer coefficients of the inside and outside environment, respectively, Rw (m2K/W) is the thermal resistance of wall without insulation materials, where Rins is the thermal resistance of insulating material, which can also be expressed as x/kins, where x (m) is the thickness of insulating material, kins (W/mK) is the thermal conductivity of the insulating material.


   R  i n s   =  x   k  i n s      



(4)







Total resistance of the main wall Rwt is as follows:


   R  w t   =  R i  +  R w  +  R 0   



(5)







So, the overall heat transmission coefficient is expressed as follows:


  U =  1   R  w t   +  R  i n s      



(6)







The annual energy requirement for heating per unit area of external wall can be estimated written as:


   E  h e a t   =    Q  h e a t    η   



(7)







Then, the    E  h e a t     is expressed as:


   E  h e a t   =   86400 · U · H D D    (   R  w t   +  R  i n s    )  η    



(8)







	(2)

	
Calculation of degree-days







The degree-days method, which is the most efficient way to determine the heat transfer in the envelope, is used to calculate the degree-days in CSG. In northeast of China, CSGs are used as the main horticultural structure to provide the environment for overwinter plants [19]. There are no cooling systems inside the CSG, so the cooling degree-days was zero. The heating degree-days (HDD) is calculated to be the sum of difference between the outside temperature (Tout) and the inside setting temperature (Tset). Tout is calculated by the mean monthly temperature from the meteorological data based on China Meteorological Agency in Shenyang regions (Latitude, 123°23′, Longitude, 41°48′). The inside temperature (Tset) is set at 15 °C for heating at night [25,26]. When the inside temperature is below 15 °C, the heating system works.


  H D D =   ∑   j = 1  n     (   T  s e t   −  T  o u t    )   j     T  o u t   ≤  T  s e t    



(9)







	(3)

	
Economic assessment for the optimum insulation thickness







By using insulating material in CSG, heat loss through the CSG was significantly reduced. However, the optimal thickness should be determined by the difference in the saved energy cost and the cost of insulating material during the lifetime of CSG.



The saved energy costs for unit walls are calculated with the following equation:


   C  h e a t   =   86400 × H D D ×  C  c o a l      (   R  w t   +  R  i n s    )  ×  H u  × η    



(10)







Ccoal is the cost of coal. Hu is the heating value of the coal and  η  is the efficiency of the heating system.



The cost of insulation is given by


   C  i n s   =  C i  x  



(11)







Cins is the cost of insulation in USD/m2 and Ci is the cost of insulation in USD/m3. x is the thickness of insulation.



The economic analysis of total cost was performed using the P1, P2 method of life cycle savings. The optimal thickness was found by maximizing the life cycle saving. P1 and P2 are determined from economic parameters. P1 is the ratio of the life-cycle fuel cost to the first year fuel cost. P2 is the ratio of the life cycle expenditures to initial investment.



Life cycle saving (LCS) is the difference between the saved energy cost over the lifetime and the insulation payout:


  L C S =  C  h e a t   × P W F −  P 2   C i  x  



(12)







The optimum thickness of insulation material can be determined by maximizing the LCS. So, x can be calculated by setting the differential of LCS with respect to x.



The present worth factor (PWF) is calculated based on the inflation and interest rates.


   P 1  = P W F  (  d , i , n  )  =   ∑   j = 1  N       (  1 + i  )    j − 1        (  1 + d  )   j     {       i  d − 1    [  1 −    (    1 + i   1 + d    )   N   ]              i f     i ≠ d        N  1 + d               i f   i = d        



(13)






   P 2  = 1 +  P 1   M s  −  R v     (  1 +  d f   )    − N    



(14)




where Ms is the ratio of the annual maintenance and operation cost to the original first cost, Rv is the ratio of the resale value to the first cost. P2 can be taken as 1 if the maintenance and operation cost is zero. N is the lifetime and is 10 years based on research [27,28].



The payback period of insulation cost, Np can be calculated by setting the LCS to be zero, the payback period Np for heating is given by:


   N p  =   ln [ 1 −  (   P 2   C i   H u  η  (   R  w t   +  R  w t  2   k  i n s    )   (  d − i  )  / 86400 H D D  C i   (  1 + d  )   ]    ln  [   (  1 + i  )  /  (  1 + d  )   ]     



(15)







If i = d, the payback period Np can be calculated by:


   N p  =    P i   C i   H u  η  (   R  w t   +  R  w t  2   k  i n s    )   (  1 + i  )    86400 H D D  C  c o a l      



(16)








3. Results


Using an economic analysis of total cost, the optimum insulation thickness was calculated based on the thermal characteristic of wall and insulation materials, energy consumption, and payback period. Three types of typical walls (clay brick (CB), hollow concrete block (HCB), and fly ash block (FSB)) combined with four insulation materials including the expanded polystyrene, foamed PVC, perlite, and rock wool were calculated.



3.1. Effect of Insulation Thickness on the Energy Saving for Three Typical Walls


Figure 5 shows the energy saving over the life time of 10 years of four insulations on the thickness for three typical walls. With the increase in insulation thickness, there were dramatic increases in the energy savings and the maximum energy saving values were reached in all three typical walls. Then, with the increase in insulation thickness, variations in energy saving are gentle. It means that the increase in thickness will not influence the energy savings when the insulation thickness reached fairly thick. It can be seen that the maximum energy cost varies between 4.2 and 7.3 USD/m2 depending on the wall and the price of the insulation material. The maximum energy saving for the clay brick wall is 4.89 USD/m2 with expanded polystyrene at 0.17 m. The maximum energy saving for the hollow concrete block wall is 7.3 USD/m2 with rock wool at 0.15 m. The maximum energy saving for the fly ash block wall is 4.2 USD/m2 with rock wool at 0.13 m. Variations in energy savings showed almost the same trends using expanded polystyrene and rock wool as insulators. This can be explained by the fact that two insulation materials have similar values in thermal conductivity and cost. The least economical insulation material is foamed PVC as when the thickness of insulator is over the optimum value the energy saving showed a decrease trend. This result is in conformity with results in other literature [29,30].




3.2. Annual Cost of Heating versus Insulation Thickness for Different Insulating Materials


Figure 6 shows the total cost of the fuel and insulating materials used in three walls. The relationship between the insulation cost and thickness is a linear relationship. It can be noted from these figures that the total cost was correlated with the cost of insulating material. The cost of fuel decreases obviously with the increase in the insulation thickness and then the cost tends to be a constant value. The variations in the total cost are near parabolic curves. The optimum insulation thickness can be found when then the total cost reaches the minimum value of the curve. The minimum cost appears at the point of insulation thickness of 0.05 m for the clay wall with the rock wool, 0.04 m for the foamed PVC with the rock wool, and 0.05 m for the fly ash block wall with rock wool. The total cost of the fly ash block with rock wool as the insulation layer is the lowest among all wall and insulation material compositions, with the total cost only 5 USD/m2. This result identified the composition function of insulation materials and wall materials which can be used as a supplement to other theoretical results [30].




3.3. Impact Factors on the Optimum Insulation Thickness


Figure 7 illustrates the effect of thermal resistance of the composite wall on the optimum insulation thickness. The optimum insulation thickness will decrease linearly with the increase in Rwt. For the insulating material of expanded polystyrene, perlite, and rock wool, the optimum simulation thickness was in the range of 0.1–0.2 m and was 0.05–0.1 m for that in the insulation of foamed PVC, with the Rwt of 0.2–1.2 m2K/W. According to the result, the optimum insulation thickness can be proposed in Shenyang for these representative materials.



Figure 8 shows the effect of Rwt on the payback period for different insulating materials at the optimum thickness. It can be found the payback period appears linearly with the increase in Rwt and the increase rates are different in four insulating materials. As the price of foamed PVC is higher than other materials, the payback period of foamed PVC is over 4 years and is relatively longer than other insulating materials. Although high thermal characteristics are important for maintaining the optimum thermal environment theoretically, based on the result in the payback period the suggested Rwt for insulating materials is in the range of 0.2–1.2 m2K/W. This means that the improvement in the thermal characteristic of walls is a practical method for the actual running of the CSG.



Figure 9 illustrates the effect of degree-days on the optimum insulation thickness which is based on different degree-days and calculated from Equation (12). The degree-days in Shenyang city is about 2070 (°C day) and the optimum insulation thickness for each material can be found on the vertical axis. According to these results, the optimum insulation thickness for different areas can be proposed. With the increase in HDD, the optimum insulation thickness showed an increasing trend. The insulator of foamed PVC showed better thermal characteristics than other insulators, so it can be suggested for use in high HDD regions.



Relationships between payback period and optimum thickness of insulating material are shown in Figure 10 based on the optimum insulation thickness of different insulating materials. With the increase in energy consumption days, the payback period tends to decrease. It can be found that the payback period decreases dramatically from 200 to 2000 °C days of HDD. While, the variations in payback periods became gentle after the HDD over 1600 °C days and are within 2 years for four insulations. According to Equation (9), values of HDD are decided by the meteorological parameters and the setting temperature in CSG. It can be seen that the insulation materials are more economic for the cold climate areas where the HDD over 2000 °C days.





4. Discussion


CSGs are currently widely used in the northeast of China and realized the low energy consumption in the horticultural sector, regardless of the low temperature in winter. To improve the thermal insulation ability and the practicality, research has been focused on the structure and the material of CSGs to improve the energy store and conservation. To clarify the effect of material and structure combined with the economical characteristics during conservation, in this study, the optimal combination of the insulation thicknesses and the economic benefit of external walls of CSGs were analyzed in Shenyang region of China which is the representative vegetable production area. The optimum insulation thickness is estimated by maximizing the energy saving in conservation. In order to contribute to the assessment of CSG, we focused on three kinds of walls which are widely applied in the production including clay brick, hollow concrete block wall, fly ash block and wall, and four types of insulation materials including expanded polystyrene, foamed PVC, perlite, and rock wool were proposed using cost analysis in this research.



Based on structure of main walls, it can be found that the main part of CSGs with hollow concrete blocks showed high-energy saving characteristics in the energy conservation. This occurs because the structure of the hollow concrete block improves the thermal insulation compared with other materials. So, the main wall made by hollow concrete blocks with insulating material can be suggested as an economic composite structure to the cold area where the HDD over 2000 °C days.



Regarding the energy consumption in local climatic conditions (Shenyang city) and the cost of insulating materials, expanded polystyrene and rock wool are recommended insulating materials. Although the foamed PVC has lower thermal conductivity, it is not fit for use as an energy-saving material due to the high price.



Regarding the economic payback period over a lifetime, it can be found that the energy consumption in local climatic conditions had a significant effect on payback period. The cost of the fly ash block with rock wool is the lowest, with the cost only 5 USD/m2. Based on the calculation of HDD, it can be found that the insulating materials are more economic for the cold climate areas.



Energy store and conservation are two important functions of walls to realize the thermal environment of CSGs. In this study, we focused on the function of energy conservation to analyze the optimum insulation thickness in walls. All structures of walls and insulating materials are the most representative of CSGs in the northeast of China using coal as an energy source for heating. The practical value and significance of this research provide a useful tool for selecting the economic insulation materials according to the structure of walls in CSGs. Moreover, the results of this study can be extended to the analysis of other materials and greenhouses in different climates. Future work can involve the energy efficiency calculations in different regions to achieve more globally energy savings in CSGs.
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Nomenclature










	Ci
	cost of insulating material (USD/m3)
	    Q  h e a t     
	energy consumption for heating per unit area of external wall (W/m2)



	Cheat
	total heating cost (USD/m2 year)
	Rins
	thermal resistance of insulating material (m2K/W)



	Ccoal
	cost of coal (USD/m2 year)
	Rwt
	total resistance of the main wall (m2K/W)



	    C  i n s     
	cost of insulating material (USD/m2)
	Rv
	the ratio of the resale value to the first cost (%)



	d
	interest rate (%)
	Ri
	heat transfer coefficients of the inside (m2K/W)



	    E  h e a t     
	energy requirement for heating per unit area of external wall (W/m2)
	Ro
	heat transfer coefficients of the outside (m2K/W)



	HDD
	heating degree-day (°C days)
	Rw
	thermal resistance of insulation of wall without insulation materials (m2K/W)



	Hu
	heating value of coal (J/kg)
	    T  s e t     
	inside setting temperature of CSG (°C)



	i
	inflation rate (%)
	    T i    
	inside ambient temperature (°C)



	kins
	thermal conductivity of insulating material (W/(mK))
	    T o    
	outside ambient temperature (°C)



	LCT
	life cycle total cost (USD)
	    T  o u t     
	average outside temperature for recent five years (°C)



	LCS
	life cycle saving (USD)
	U
	overall heat transmission coefficient of external wall (W/(m2 K))



	Ms
	ratio of the annual maintenance and operation cost to the original first cost (%)
	x
	insulation thickness (m)



	N
	lifetime of CSG (years)
	η
	efficiency of the heating system



	P1
	ratio of the life-cycle fuel cost to the first-year fuel cost
	  ρ  
	density of material (kg/m3)



	P2
	ratio life-cycle expenditures to initial investment
	j
	first count of heating degree days



	PWF
	present worth factor
	n
	last count of heating degree days



	q
	heat loss per unit area of external wall (W/m2)
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Figure 1. A photo showing the appearance of the CSG in this study. 
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Figure 2. Average air temperature in Shenyang city (2014–2018), China. 
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Figure 3. The inside surface of three typical walls used in CSGs. (a) Clay brick wall. (b) Hollow concrete block wall. (c) Fly ash block wall. 






Figure 3. The inside surface of three typical walls used in CSGs. (a) Clay brick wall. (b) Hollow concrete block wall. (c) Fly ash block wall.



[image: Agronomy 12 01104 g003]







[image: Agronomy 12 01104 g004 550] 





Figure 4. Typical structure of walls (unit, mm). 
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Figure 5. Lifetime energy savings versus thickness of insulating materials for three typical walls. (a) Clay brick wall. (b) Hollow concrete block wall. (c) Fly ash block wall. 
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Figure 6. Effect of thickness of insulating materials on the total cost for three typical walls. (a–d) For the clay brick wall, (e–h) for the hollow concrete block wall, and (i–l) for the fly ash block wall. 
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Figure 7. The effect of Rwt on the optimum thickness of insulating materials. 
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Figure 8. The effect of Rwt on the payback period for different insulating materials at the optimum thickness. 
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Figure 9. The effect of degree-days on the optimum thickness of insulating materials. 
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Figure 10. The relationship between degree-days and the payback period for different insulating materials at the optimum thickness. 
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Table 1. Thermal characteristic and cost of insulating materials.
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	Insulation Material
	Thermal Conductivity (W/mK)
	Cost of Insulation Material (USD/m2)





	Expanded polystyrene
	0.040
	41.00



	Foamed PVC
	0.030
	98.80



	Perlite
	0.060
	51.50



	Rock wool
	0.038
	36.98
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Table 2. Thermal characteristic of wall materials.
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	Wall Material
	Thermal Conductivity (w/mk)
	Specific Heat (J/kgK)
	Density (kg/m3)





	Clay brick
	0.465
	1800
	880



	Hollow concrete block
	0.671
	1250
	860



	Fly ash block
	0.242
	1550
	800
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Table 3. The parameters used in calculations.
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	Parameter
	Value





	Price of coal
	0.33 USD/kg



	Efficiency of the heating system (η)
	0.65



	Heating value of coal (Hu)
	  29.295   ×   106 J/kg



	Inflation rate (i)
	4%



	Interest rate (d)
	4%



	Lifetime of CSG (N)
	10 years



	Present worth factor (PWF)
	9.52



	Heat transfer coefficients of the inside (Ri)
	0.13 m2K/W



	Heat transfer coefficients of the outside (Ro)
	0.04 m2K/W



	Ratio of the annual maintenance and operation cost to the original first cost (Ms)
	1.2%
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