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Abstract

:

Ventilation and heating can be necessary for pig production during winter in China. However, it is challenging to balance the ventilation rate and heat loss due to the ventilation. Therefore, it is essential to design the minimum ventilation and heating load properly in order to reduce energy loss. In this paper, a VBA (Visual Basic for Applications) model based on energy balance is established. Meteorological data, pig body masses, outdoor temperatures, feeding densities, and building envelope thermal insulance factors were involved in the model. A model pig house with a length and width of 110 m × 15 m was used to investigate the ventilation, heating time, load, and power consumption in different climate zones, i.e., Changchun, Beijing, Nanning, Wuhan, and Guiyang, representing five major climate regions in China. Based on the simulation results, the models of minimum ventilation and heating load were fitted. The results showed that there is a logarithmic relationship between the minimum ventilation volume and body mass, R2 = 0.9673. The R2 of heating load models for nursery pigs and fattening pigs were 0.966 and 0.963, respectively, considering the feeding area, the outside temperature, the body masses of the nursery and fattening pigs, and the thermal insulance factor of the enclosure. The heating requirements of commercial pig houses within the same building envelope followed the trend in Changchun > Beijing > Guiyang > Wuhan > Nanning. Increasing the building envelope’s thermal insulance factor or using precision heating could reduce the pig house’s power consumption. The analysis of the heating load and energy consumption of winter pig houses in various climate regions provided a reference for precise environmental control and the selection of building thermal insulance factors in China.
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1. Introduction


A suitable environment in pig houses in winter is crucial for pig breeding. Low temperatures in the thermal neutral zone of animal housing cause a series of physiological changes in pigs, including accelerated breathing, vasoconstriction, enhanced endocrine activities, and accelerated nutrient and energy metabolism to maintain a normal body temperature, all of which compromise their health and welfare [1,2,3,4]. When pigs are under cold stress, their body mass gain rate decreases, and their feed intake and feed-to-mass ratio increase, seriously affecting the economic benefits of pig farms [5,6].



China has a vast territory with various climatic types, and regional differences are also noticeable. Due to the wide range of winter climates, different areas should adopt different thermal insulation and heating methods to maintain a stable environment for pigs. Pigs raised in heated pig houses grow faster and suffer from fewer diseases than those raised in unheated ones [7,8,9]. However, heating methods can significantly increase energy consumption [10]. According to the survey, thermal energy consumption accounts for 69.2% of overall consumption in pig houses [11].



Over the past decades, studies have been conducted on various topics to save energy consumption by changing the way energy is used [12,13,14], reducing nighttime temperatures [15], and using a PID controller [16], etc. Several studies have reported that ventilation rate, stocking density, and building envelope thermal resistance can significantly impact heating loads [17,18]. Therefore, to maximally save heating energy in fattening pig houses essentially, it is of great significance to design the minimum ventilation and heating load scientifically, which simultaneously meets the requirements of precision control of pig houses.



Models based on various environmental control strategies were constructed for precise environmental management [19,20]. Many of them were based on energy mass balance [21,22]. Among them, Xie et al. [23] developed a novel dynamic thermal exchange model using the energy balance equation to improve indoor thermal environment control and energy conservation. Costantino et al. [24] created a new dynamic energy simulation model for the estimation of the energy consumption for climate control of mechanically ventilated growing–finishing pig houses. However, there have been few studies on the energy consumption generated by ventilation selection and heating load in winter. These studies were based on energy balance and took into account environmental factors, building structure, and pigs’ growth stages, making them complex works [25]. To the authors’ knowledge, however, the detailed analysis of the winter ventilation control of different climate zones in China was still missing, making the energy consumption of pig houses a big problem, especially considering the large volume of pig production there.



Therefore, the main objective of this work was to explore the calculation model for the minimum ventilation and heating load needed in winter, in order to add this missing information to the literature. Furthermore, the heating and energy consumption situation of pig houses in different regions of China were analyzed, which provided a reference for the winter environmental regulation of pig houses in different environments.




2. Materials and Methods


2.1. Construction of VBA (Visual Basic for Applications) Model


Energy balance equations were used to build a VBA model that could simulate the ventilation and environment of pig houses in winter under different breeding conditions. The simulation process is shown in Figure 1. To ensure the model could produce precise results, the model was verified first; the validation of the calculation model is presented in Section 3.1.



The internal equations of the VBA model refer to CIGR [26,27]. The heat balance can be written as follows:


   Q s  × Y +  Q m  +  Q p  =  Q w  +  Q v  +  Q e  ,  



(1)




where    Q s    is the sensible heat produced by each pig, W;   Y   is the number of pigs, head;    Q m    is the heat dissipated by lighting, motors, and equipment, W, which value was often ignored;    Q w    is the heat consumption of the building through the envelope, W;    Q v    is the sensible heat loss of the air, W;    Q e    is the sensible heat due to water evaporation, W. Because some of the sensible heats have already considered this factor, it is generally not calculated separately;    Q p    is the supplementary heat of the heating radiator, W. Therefore, the equation of ventilation heat consumption can be simplified as:


   Q v  +  Q s  +  Q w  = 0 .  



(2)







The value is positive when the air inside the house is heated, and the value is negative when the air inside the house loses heat.



The minimum ventilation rate in winter can be calculated by moisture balance or the limit of CO2 concentration in the house, as shown in Equation (3) [28].


   V  min   =  max   {   V t  ,  V    CO  2    ,  V h   }  ,  



(3)




where    V  min     is the minimum ventilation rate in winter in pig houses, m3 h−1;     V t    is the ventilation volume determined by the heat balance without heating, m3 h−1;     V    CO  2      is the ventilation volume determined by the CO2 balance, m3 h−1;     V h    is the ventilation volume determined by the humidity balance, m3 h−1.



The amount of winter ventilation determined by the heat balance is derived from Equation (2) and shown in Equation (4).


   V t  =   −  Q s  × Y +  Q w     C p   ρ w  Δ t   ,  



(4)




where    C p    is the specific heat capacity of air at constant pressure,    C p    = 0.28 W h (kg∙°C)−1;     ρ w    is the air density,    ρ w  = 353 /  (  t + 273  )   , kg m−3;    Δ t   is the temperature difference between inside and outside the house, °C.



The relationship model between sensible heat production and total heat production is as follows:


   Q S  =  [  0.8  (  1000 + 12 ·  (  20 −  t 1   )   )  − 0.38 ·  t 0    2   ]  ×    Q  t 20     1000   ,  



(5)




where    t 1    is the indoor temperature, °C;     Q  t 20     is total heat production of pigs at 20 °C, W.



The total heat production model of pigs is as follows:


   Q t  = 5.09  m  0.75   +  [  1 −  (  0.47 + 0.03 m  )   ]   (  5.09 n  m  0.75   − 5.09  m  0.75    )  × 0.8  (  1000 + 12 × 20 −  t 1   )  ,  



(6)




where    Q t    is total heat production of pigs, W;    m   is the body mass of the pig, kg;  n  is the multiple of the daily energy intake and the energy required to maintain the daily activities of pigs, which is typically 3.



The heat consumption of the building through the envelope is as follows:


   Q w  =  ∑  e k A Δ t  



(7)




where  e  is the heat transfer correction coefficient;  k  is the heat transfer coefficient, W m−2 °C−1;    A   is the surface area of the considered roof and wall, m2;   Δ t   is the temperature difference between the spaces separated by the wall or the roof, °C. By determining the low-limit critical temperature    t  imin     inside the house and the ambient temperature  t  outside the house, the temperature difference   Δ t   between the inside and outside can be calculated. The low-limit critical temperature inside the house    t  imin     satisfied the Equation (8). (The linear regression equation was obtained by analyzing the low-limit critical temperature requirements of pigs with different body masses in CIGR [29]).


   t  imin   =  {      − 0.2299 m + 26.794 ( m < 60   k g )       13  (  m ≥ 60   k g  )        ,  



(8)




where    t  imin     is the low-limit critical temperature inside the house, °C;  m  is the body mass of the pig, kg. The ventilation rate determined by the moisture balance in winter is shown in Equation (9).


   V h  =    F V     ρ w   (   d i  −  d 0   )  × 3.6 ×   10  6    ,  



(9)




where    F V    is the amount of water vapor removed by the ventilation of the pig house, g h−1;     d i    is the moisture content of the air inside the house, kg kg−1;     d 0    is the moisture content of the air outside the house, kg kg−1; 3.6 × 106 is the unit conversion coefficient, 1 kg s−1 = 3.6 × 106 g h−1.



The amount of winter ventilation determined by the CO2 balance is shown in Equation (10).


   V    CO  2    =   0.185 ×  Q  t 20   ×  A ′    1000 ×  (   C i  −  C 0   )    × Y ,  



(10)




where    Q  t 20     is the total heat output at 20 °C, W;     C i    is the CO2 concentration, and the upper limit concentration inside the house is 3.0 × 10−3, m3 m−3;     C 0    is the CO2 concentration outside the house, which is 0.3 × 10−3, m3 m−3; 0.185 is the constant factor, and the carbon dioxide production is approximately 0.185 m3 h−1, which corresponds to a medium feeding level for pigs.    A ′    is relative animal activity, which can be approximated by the following sinusoidal equation:


   A ′  = 1 − a · sin  [   (  2 ×  π  24    )   (  h − 6 −  h  min    )   ]  ,  



(11)




where a is constant (expressing the amplitude with respect to the constant 1); h is the time point;    h  min     is the time of the day with minimum activity (hours after midnight). Information was obtained from the table where  a  is 0.43, and    h  min     is 1.3.



When    V  min     =    V t   , the heating load    Q p    is 0, and the relative humidity and CO2 concentration are both lower than the limit. When    V  min     =    V    CO  2      or    V h   , and the heating load    Q p    is not 0, the sensible heat production of pigs in the pig house is lower than the heat consumption of the building envelope and the ventilation heat dissipation. So the corresponding heat needs to be supplemented in the house to maintain the heat balance. This additional heating load satisfies the following model:


   Q p  =  Q w  +  C p   ρ w  Δ t  V  min   −  Q s  × Y .  



(12)







Through the analysis of the heating load equation, it was found that the heating load of each pig was determined by the body mass of the pig, the temperature outside the house, the stocking density, and the thermal insulance factors of the building envelope.




2.2. Calculation of Minimum Ventilation Based on Different Environments in China


This research quoted the thermal zoning standard in the ’Code for Thermal Design of Civil Buildings’, which divided the building into five major thermal zonings: severe cold climate zone, cold climate zone, hot summer and cold winter climate zone, hot summer and warm winter climate zone, and temperate climate zone. In order to study differences in thermal engineering and environmental control parameters of nursery and fattening pig houses in different climate regions, this research selected a typical city in each climate region, including Changchun (severe cold), Beijing (cold), Wuhan (hot summer and cold winter), Nanning (hot summer and warm winter), and Guiyang (mild). The year-round weather data with hourly nodes were used for the analysis in this work.



The meteorological data used in the simulation were derived from Meteonorm 7, which could obtain the annual weather data of each place with an hour as a node. The obtained data (temperature and relative humidity of the five cities) were plotted as a cumulative probability graph, as shown in Figure 2. The graph showed that the lowest temperatures in Changchun, Beijing, Wuhan, Nanning, and Guiyang were −26.7 °C, −13.4 °C, −4.1 °C, 2.1 °C, and −4.2 °C, respectively. The annual temperature difference in Changchun is large, while the annual temperature in Guiyang is relatively moderate, without extreme high and low temperatures. The relative humidity and temperature have basically the same trend, that is, the relative humidity is lower when the temperature is lower. However, the relative humidity in Beijing is lower and in Guiyang and Nanning is higher, which may be related to the location and local geography. In summary, Changchun and Beijing are cold and dry, while Nanning is warm and wet in winter. Therefore, heating in nursery and fattening pig houses in Changchun is relatively important, and the building should apply higher thermal resistance. There were no sub-zero temperatures in Nanning in winter, so the heating demand was lower.



The minimum ventilation rates in winter under different body masses were generated by inputting the external temperature and humidity data of the five regions and the corresponding indoor environmental parameter thresholds into Equation (3) algorithm through the VBA model language implementation.




2.3. Calculation of Heating Load Based on Cold Environment in China


In order to determine the effects of four factors (the feeding area of pigs, the outside temperature, the body mass of the pig, and the thermal insulance of the enclosure) on the heating load of nursery and fattening pigs, the geometric dimensions of an actual pig house were used as an example, and different gradients of stocking density and building thermal insulance factors were set as initial values and imported into the simulation computing platform for multiple calculations.



A pig house whose size is shown in Table 1, was used as a model.



In production, if the stocking density was too high, pigs would attack and fight each other. If the stocking density was too low, it would increase the average heating load of each pig, which was not a good practice for saving production costs [30]. Considering the above factors and pig feeding welfare requirements, the feeding density of nursery and fattening pigs should meet the criteria shown in Table 2. The weight gain of the pigs is stable.



The temperature and humidity data of Changchun City, which had the lowest winter temperatures and the longest low-temperature periods among the five cities, were taken as the initial input of outdoor environmental data. The specific input parameters are shown in Table 3.



The heating load of each pig in the house was obtained through the VBA model. Then, SPSS was used to perform a multiple regression analysis and obtain a mathematical model of the heating load of pigs and the four factors. The simulation process is shown in Figure 3.




2.4. Discussion on the Difference of Heating Time and Load in Different Regions


In order to obtain the differences in heating time and heating load related to one year of nursery and fattening pig houses in different regions, the environmental data of different cities and the size parameters, thermal parameters, stocking density, and other parameters of nursery and fattening pig houses were input to the VBA model. The simulation process was the same as Figure 3.



Environmental data were the same as in Section 2.2, and the size parameters of the pig house were the same as in Section 2.3. The stocking densities of the nursery and fattening stages were 0.35 m2 head−1 and 0.8 m2 head−1, respectively.



The thermal insulance factor of the building envelope needed to be greater than the low limit of the thermal insulance factor    R 0    which, according to the Code for Thermal Design of Civil Buildings, should meet the Equation (13).


   R 0  =  (     (   t i  −  t 0   )    Δ  t y     )   R n  .  



(13)




where    R 0    is the low limit of the thermal insulance factor of the building envelope, m2 °C W−1;    t i    is the indoor low-limit critical temperature in winter, °C;    Δ  t y    is the permissible temperature difference between the room and the building envelope, °C;     R n    is the thermal insulance factor of the inner surface of the building envelope, m2 °C W−1.



The low limit of the thermal insulance factors proposed for the pig house based on the Equation (13) were obtained: Nanning was no low limit of the thermal insulance factor R0, Changchun’s R0 was 0.767, Beijing’s R0 was 0.469, Wuhan’s R0 was 0.479, and Guiyang’s R0 was 0.282. Therefore, for the convenience of calculation, the thermal insulance gradients of the building envelope were set up as 0.5, 1, 2, 3, 4, 5, and 6 m2 °C W−1, respectively. Simulation of the thermal insulance factor of 0.5 m2 °C W−1 as calculated for Changchun was not performed.





3. Results and Discussion


3.1. Verification of VBA Model


In this study, the accuracy of the VBA model was verified by comparing it with the environmental conditions in an actual pig house after regulation. The experiment period is from 21 November to 4 December 2019. The measured data and simulation results are shown in Figure 4.



Through comparison, it was found that the maximum absolute error of the simulated temperature is 1.9 °C, the average absolute error is 0.5 °C, the maximum relative error is 9.9%, and the average relative error is 2.8%. The simulation accuracy of the VBA model for the temperature of the experimental house is similar. The relative errors between the simulated temperature and the measured value is within 5%.



The maximum absolute error between the simulated value of relative humidity and the measured value is 8%, the average absolute error is 3%, the maximum relative error is 14%, and the average relative error is 3.9%. Compared with the temperature simulation, the error of the relative humidity simulation value is a little larger, which may be caused by the following reasons: (1) There is a slight difference in the amount of moisture produced by different breeds of fattening pigs. Therefore, there is a difference between the amount of moisture produced by fattening pigs raised in the experimental house and the amount of moisture produced in the model, which leads to deviations between the simulation results and the actual values. (2) In the course of the experiment, it was observed that the individual size of the fattening pigs differed greatly, and the uneven body mass of the pig population led to this difference.



Due to a power outage caused by the improper operation of on-site workers during the experiment, we excluded the short-term untested data time point related to the power outage of the sensor. Through comparison, it can be seen that the maximum absolute error between the simulated CO2 value and the measured value is 144.2 ppm, the average absolute error is 30.6 ppm, the maximum relative error is 15.2%, and the average relative error is 4.2%. The change of CO2 concentration in the house has the same change trend as the forecast model. However, the CO2 concentration in the house is greatly affected by the amount of animal activity, so the measured value has a large variation amplitude and a large relative error.



Therefore, the model has a certain accuracy in estimating the environmental parameters of a house with a known ventilation rate and can be used to study the construction and environmental control parameters of nursery and fattening pig houses in different regions.




3.2. Minimum Ventilation Model in Winter for Nursery and Fattening Pigs of Different Masses


The relationship between minimum ventilation and pig body mass was obtained through the VBA model simulation, as shown in Figure 5.



In this research, a regression analysis of pig body masses and the corresponding theoretical winter minimum ventilation rate was conducted under a comprehensive consideration of the temperature conditions, relative humidity conditions, and CO2 concentrations in the house. The winter minimum ventilation rate was established as shown in Equation (14).


   V  min   = 5.1667 · ln  ( m )  − 8.4354 ,  



(14)




where   m   is the body mass of the nursery and fattening pig, kg. This equation established a model of the relationship between the masses of nursery and fattening pigs and the minimum ventilation needed in winter. By using it, the winter ventilation demand of the nursery and fattening pig houses could be quickly estimated. Moreover, under the winter ventilation rate, if the pig house still cannot meet the suitable temperature requirements for pig production, additional heating measures should be considered.



According to this equation, the minimum ventilation needed for pigs varies as a logarithmic function of body mass. With an increase in body mass, the minimum ventilation demand per unit body mass decreases gradually. For pigs weighing 8, 20, 25, 30, 40, 60, 80, and 100, the ventilation per body mass is 0.45, 0.32, 0.30, 0.28, 0.25, 0.21, 0.18, and 0.16, respectively. The ventilation demand calculated by this model is lower than the ‘Environmental Parameters and Environmental Management for Intensive Pig Farms’ in China [31], but it is essentially the same as the US MWPS [32] standard. The explanation could be that this model took into account the winter climate characteristics of different climate zones in China and precisely regulated the indoor environment, thus narrowing the range of minimum ventilation. The minimum ventilation obtained according to this equation can meet the ventilation demand, lower the heating load, ensure a suitable indoor environment, and significantly reduce the energy consumption of ventilation and heating systems.




3.3. Mathematical Model of Heating Load for Nursery and Fattening Pigs


The influence of four factors (the feeding area of pigs, the temperature outside the house, the body mass of pigs, and the thermal insulance factor of the enclosure) on the heating load of nursery and fattening pigs could be expressed by the following equations.



For nursery pigs, the heating load model for each pig in the house is shown in Equation (15).


   Q  psi   = 31.13 × n − 3.048 ×  t 0  + 3.72 ×  m  0.75   +   16.37  R  − 0.61 ×    t 0   R  − 1.89 × m − 15.27 ,  



(15)




and for fattening pigs, the heating load model for each pig in the house is shown in Equation (16).


   Q  psi   = 31.09 × n − 5.42 ×  t 0  − 52.01 ×  m  0.75   +   31.52  R  − 1.08 ×    t 0   R  − 13.06 × m + 226 ,  



(16)




where    Q  psi     is the heating load for nursery and fattening pigs, W;    n   is the feeding area of pigs, m2 head−1;     t 0    is the temperature outside the house, °C;    m   is the body mass of the pig, kg;    R   is the thermal insulance factor of the enclosure, m2 °C W−1.



The correlation coefficients R2 of Equations (15) and (16) are 0.966 and 0.963, respectively. Analysis of the stocking density showed that the coefficient before the stocking density in two equations was approximately 31, which meant that for every increase of 0.1 m2 head−1 in the stocking density, the heating load of each nursery and fattening pig would decrease by approximately 3.1 W. Analysis of the temperature outside the house showed that, taking the thermal insulance factor of the enclosure as 2 m2 °C W−1 as an example, for every 1 °C decrease outside the nursery pig house, the heating load of each nursery pig increased by approximately 3.3 W. For every 1 °C decrease outside the fattening pig house, the heating load of each fattening pig increased by approximately 5.9 W. Analysis of the relationship between the thermal insulance factor of the building envelope and the heating load of each nursery and fattening pig showed the reciprocal of the thermal insulance factor, that is, the heat transfer coefficient has a linear relationship with the heating load. Since the sensible heat production of the nursery and fattening pigs had a non-linear relationship with mass, the relationship between the heating load and masses of the nursery and fattening pigs was a non-linear calculation model.



Equations (15) and (16) can provide a reference for the calculation of the heating load of nursery and fattening pig houses in winter. Based on the temperature of the local coldest month, the associated heating demand can be determined, providing a theoretical foundation for assembly of heating equipment in pig houses in winter.




3.4. Differences in Heating Time and Heating Load of Nursery and Fattening Pig Houses in Different Regions


The heating time and load of the nursery and fattening pig houses in different zones obtained through the heating simulation process are shown in Figure 6. The integrated heating days are shown in Table 4.



As shown in Figure 6, due to the large differences in temperature and relative humidity in the climatic regions of the five cities, the heating time and heating load of a year varied significantly. The overall heating conditions of the five areas under the same thermal insulance factor of the building envelope were Changchun > Beijing > Guiyang > Wuhan > Nanning. Figure 6a shows the heating situation in different cities of the nursery pig house. When the thermal insulance factor of the building envelope was 1 m2 °C W−1, the heating time in Changchun was 3397 h, accounting for 38.78% of the annual. Moreover, its heating load was 40.84 W/head, which was 2.2, 3.7, 4.5, and 10.4 times that of Beijing, Guiyang, Wuhan, and Nanning, respectively. With an increase in the thermal insulance factor of the building envelope, the heating time and heating load gradually decreased, and the extent of reduction decreased with the increase in the thermal insulance factor. For Changchun, when the thermal insulance factor of the building envelope exceeded 3 m2 °C W−1, increasing the thermal insulance factor had no obvious effect on shortening the heating time and reducing the heating load. Therefore, the building thermal insulance factor of nursery pig houses in Changchun area should not be greater than 3 m2 °C W−1. In the same way, the thermal insulance factor of the building envelope of the nursery pig houses in Beijing, Wuhan, and Guiyang should not be greater than 2 m2 °C W−1. For Nanning, when the thermal insulance factor was 0.5 m2 °C W−1, the annual heating time was only 123 h, approximately 5.13 days, so the heating demand almost could be ignored. Therefore, 0.5 m2 °C W−1 of the thermal insulance factor in Nanning could basically meet the requirements of winter heat preservation.



Figure 6b shows the heating situation in the fattening pig houses in different cities. It could be clearly observed that the winter heating demand of the fattening pig houses was much lower than that of the nursery pig houses. The reason might be that the fattening pigs produced a large amount of heat. With the increase of the thermal insulance factor of the building envelope, the change trends of the heating time and heating load are the same as those shown in Figure 6a. Therefore, the thermal insulance factor in Changchun and Beijing should not be greater than 3 and 2 m2 °C W−1, respectively. When the thermal insulance factor was 0.5 m2 °C W−1, the heating time in Wuhan and Guiyang were 81 and 162 h, respectively. Therefore, when selecting the thermal insulance factor of the fattening pig house, Wuhan, Guiyang, and Nanning should not exceed 0.5 m2 °C W−1. This provided a reference for the selection of the thermal insulance factor, which was the most economical value to use, in different types of pig houses in different regions.



The precise heating time obtained in Table 4 is shorter than the actual operating period because most pig houses are heated with continuous or intermittent heating. According to the research, the heating period of pig houses in Beijing is 125 d [33], compared with 4 months in cold areas [34]. Precise heating based on actual demand can greatly shorten the heating time, which reduces energy consumption.



As heating for fewer than 10 days is negligible, it can be considered that there is no need for heating in Nanning nursery pig houses and no need for heating in Nanning, Wuhan, and Guiyang fattening pig houses in winter.




3.5. Energy Consumption Generated by Heating


The annual heating power consumption of each pig in different regions can be obtained by heating time and load (Table 5). Increasing the thermal insulance factor of the building envelope could reduce the power consumption of the pig house. In Changchun, when the thermal insulance factor was selected as 2, 3, 4, 5, 6 m2 °C W−1, the power consumption of a single pig would be reduced by 30.53, 40.32, 45.1, 47.96, 49.86 kW·h, respectively, compared with when the thermal insulance factor was selected as 1 m2 °C W−1. Therefore, increasing the thermal insulance factor of the building envelope could greatly save electricity costs for the winter heating of large-scale pig farms. However, in Changchun, even if an enclosure with a thermal insulance factor of 6 m2 °C W−1 is selected, the power consumption of a single pig was still greater than that in other regions with an enclosure with a thermal insulance factor of 0.5 m2 °C W−1. Therefore, the climate environment had a greater impact on the environmental control design and regulation of pig farms. “Reasonable site selection” and “Take actions that suit local circumstances” are the two magic weapons for pig farms to reduce costs and increase efficiency.



The thermal insulance factor of the building envelope in Beijing was selected as 1 m2 °C W−1. The resulting unit heating capacity is only 0.05 kW·h·m−2, approximately 12.8 percent of the current heating load daily [35]. Therefore, the use of precise ventilation and heating in winter can greatly reduce energy consumption.




3.6. Research Limitations and Perspectives


In order to simplify the calculations, some details were ignored in this research, such as the growth curve of pigs and the service period to clean the livestock building, etc. In addition, due to space limitations, only the models of nursery and fattening pigs were constructed. In future studies, the relevant model construction of pigs in other growth stages will be explored and the details of the model will be improved. In addition, the model established in this paper is steady-state; therefore, how to build a transient model is also the target of further research. Furthermore, this study mainly regulated the environment by controlling the minimum ventilation. In the future, CFD (Computational Fluid Dynamics) can be adopted for more accurate air distribution regulation, so as to further improve the precision of environmental control and reduce energy consumption.





4. Conclusions


This article developed mathematical models to calculate the minimum ventilation, heating loads, and power consumption in the nursery and fattening pig houses in winter. Main conclusions can be drawn from the results:




	
The minimum ventilation model proposed in this paper took into account the winter climate characteristics of different climate zones in China and precisely regulated the indoor environment, thus narrowing the range of minimum ventilation.



	
By constructing heating load models for nursery and fattening pigs, it was found that every increase of 0.1 m2 head−1 in stocking density reduced the heat load of each nursery and fattening pig by approximately 3.1 W. The heating load had a linear relationship with the outside temperature and the heat transfer coefficient of the building envelope and a non-linear relationship with the pig body mass.



	
Heating requirements of commercial pig houses in typical cities of different climatic regions under the thermal insulance factor of the same building envelope followed the trend in Changchun > Beijing > Guiyang > Wuhan > Nanning.



	
Increasing the building envelope’s thermal insulance factor or using precision heating could reduce the pig house’s power consumption and regulate the temperature. However, the climate environment still had a more significant impact on the environmental control design and regulation of pig farms.
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Figure 1. VBA (Visual Basic for Applications) model simulation process. 
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Figure 2. Ambient dry bulb temperature and relative humidity. 
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Figure 3. Heating simulation process. 
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Figure 4. Measured and simulated environmental data and relative errors of pig house. 
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Figure 5. The minimum ventilation rate in winter for pigs with different masses. 
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Figure 6. Heating time and heating load of year in nursery and fattening pig house. 
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Table 1. Size of the model pig house.






Table 1. Size of the model pig house.





	Length (m)
	Width (m)
	Canopy Height (m)
	Ridge Height (m)
	Number and Area of Pens (Number, m2)
	Number and Area of Doors (Number, m2)
	Number and Area of Windows (Number, m2)





	110
	15
	3
	4.75
	72, 3 × 6
	4, 2.1 × 1
	56, 0.9 × 1.5
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Table 2. Feeding process parameters of nursery and fattening pigs.
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	Type of Pigs
	Body Mass (kg)
	Feeding Age
	Daily Gain (kg)
	Stocking Density (m2 head−1)





	Nursery
	14–34
	49–77
	0.44
	0.3–0.4



	Fattening
	34–100
	78–180
	0.97
	0.6–1.2
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Table 3. Initial input parameters of heating load calculation program for nursery and fattening pigs.






Table 3. Initial input parameters of heating load calculation program for nursery and fattening pigs.





	
Type

	
Body Mass (kg)

	
Outdoor Environmental Data

	
Stocking Density

(m2 head−1)

	
Thermal Insulance Factor of Envelopes (m2 °C W−1)






	
Nursery pigs

	
14–34

	
Environmental data of Changchun

	
0.2, 0.3, 0.4, 0.5

	
1, 2, 3, 4, 5, 6




	
Fattening pigs

	
34–100

	
Environmental data of Changchun

	
0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2
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Table 4. Integrated heating days of a year in nursery and fattening pig houses (day).
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Type of Pig House

	
City

	
Envelope’s Thermal Insulance Factor (m2 °C W−1)




	
0.5

	
1

	
2

	
3

	
4

	
5

	
6






	
Nursery pig house

	
Nanning

	
5.13

	
0.71

	
0.13

	
0

	
0

	
0

	
0




	
Changchun

	
-

	
141.54

	
130

	
125.63

	
123.42

	
122.17

	
121.08




	
Beijing

	
108.67

	
82.58

	
67.33

	
61.92

	
58.79

	
56.67

	
54.83




	
Wuhan

	
46.08

	
25.83

	
15.71

	
13.54

	
11.58

	
10.54

	
10.00




	
Guiyang

	
55.71

	
30.04

	
20.63

	
17.71

	
16.13

	
15.58

	
14.75




	
Fattening pig house

	
Nanning

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Changchun

	
-

	
78.79

	
62.42

	
56.42

	
53.33

	
51.38

	
49.33




	
Beijing

	
36.00

	
18.50

	
8.38

	
4.96

	
3.46

	
2.75

	
2.54




	
Wuhan

	
3.38

	
0

	
0

	
0

	
0

	
0

	
0




	
Guiyang

	
6.75

	
0.08

	
0

	
0

	
0

	
0

	
0











[image: Table] 





Table 5. Power consumption of a year in nursery and fattening pig houses (kW·h).
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Type of Pig House

	
City

	
Envelope’s Thermal Insulance Factor (m2 °C W−1)




	
0.5

	
1

	
2

	
3

	
4

	
5

	
6






	
Nursery pig house

	
Changchun

	
-

	
138.73

	
108.20

	
98.41

	
93.63

	
90.77

	
88.87




	
Beijing

	
70.57

	
37.56

	
24.03

	
20.05

	
18.17

	
17.08

	
16.37




	
Wuhan

	
16.04

	
5.64

	
2.45

	
1.67

	
1.33

	
1.15

	
1.04




	
Guiyang

	
20.54

	
7.91

	
3.94

	
2.90

	
2.43

	
2.17

	
2.00




	
Fattening pig house

	
Changchun

	
-

	
90.52

	
55.61

	
45.50

	
40.76

	
38.04

	
36.28




	
Beijing

	
26.25

	
6.98

	
1.76

	
0.82

	
0.53

	
0.39

	
0.32
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