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Abstract. This paper presents an engineering methodology for calculating 

the heating system of a cultivation facility, employing ceiling-mounted 

infrared radiators as the primary heat source. The methodology addresses 

the challenge of maintaining consistent soil surface temperature amidst 

fluctuating weather conditions. Gas-fired air heaters supplement the system, 

preheating incoming air to achieve the desired thermal regime within the 

space. This approach enables designers to swiftly estimate the required 

heating equipment capacity and water consumption for soil irrigation under 

specified conditions. However, for more precise calculations encompassing 

the full spectrum of microclimate parameters and heat fluxes within the 

facility, advanced computational tools are necessary. The article details the 

essential input data for the engineering calculations (including approximate 

values where applicable) and analyzes the key findings. A case study of the 

"Farmer 7.5" industrial greenhouse in Moscow, Russia, demonstrates the 

application. The calculated results for the gas-radiant heating system 

capacity (34.0 kW), preheating energy consumption (38.9 kW), and 

irrigation water requirement (32.0 kg/h) were validated through 

computational analysis. 

Keywords: gas-radiant heating; cultivation facility; gas-fired infrared 

radiator; gas-fired air heater; room microclimate. 
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Energy efficiency is a pressing issue not only for residential and public buildings but also 

for agricultural facilities [1]–[7]. Focusing specifically on cultivation structures 

(greenhouses, orangeries, winter gardens, etc.), energy efficiency can be improved through 

three key approaches: space planning and construction solutions, and the selection of an 

optimal heating method. 

The shape and orientation of a cultivation structure relative to the cardinal directions are 

particularly important when designing solar greenhouses (helioteплицы). The building 

envelope of a cultivation structure must simultaneously provide thermal protection and allow 

for the transmission of sunlight. Achieving both conditions simultaneously is challenging, as 

increasing the thickness of the structure will inevitably reduce its light transmittance. 

Nevertheless, low-emissivity energy-saving glass and thermal curtains, used at night, have 

become widely used in greenhouse farming in recent years [7]–[12]. 

Let us focus specifically on heating cultivation structures. This is a particularly important 

factor, as maintaining the required microclimate parameters is essential for successful 

generative plant development in closed ground conditions [3], [5], [9], [13]–[15]. Due to the 

specific features and purpose of the building, effective operation of a cultivation structure 

requires heating not only the air but also the soil (ground), which necessitates additional 

energy consumption. 

Gas radiant heating can be a solution to this problem. In this system, the soil surface 

receives heat from a gas infrared emitter. The heating system compensates for the heat energy 

deficit required to heat the indoor air by using a gas air heater. The use of gaseous fuel is a 

promising option, as obtaining heat energy will be cheaper than using electrical energy in 

any case. Additionally, it is potentially possible to utilize carbon dioxide from the combustion 

products of gaseous fuel for the photosynthesis reaction, which is vital for plants. The gas 

radiant heating system is autonomous, so there is no need to connect the cultivation structure 

to external heat sources [16]–[23]. 

Any heating method for a building object requires a corresponding engineering 

calculation methodology [1], [3]–[5], [7]–[11], [14], [15], [18], [22], [24]. The complexity of 

creating such a calculation lies primarily in radiant heating. The gas infrared emitter heats 

the soil surface to the required temperature, passively heating the cultivation structure. As 

previous studies have shown [5]–[15], [17]–[26], this “passive heat” is clearly insufficient to 

maintain the required thermal regime of the room during the winter period. Therefore, an 

additional heat supply is necessary. In this case, a gas air heater (calorifier unit) can perform 

this function, which is intended for heating the supply (outdoor) air. 

This heating method, in contrast to other innovative energy supply technologies for 

cultivation structures: solar heating, heat pumps, geothermal energy sources or pyrolysis 

plants, is less dependent on climatic conditions and other local factors (solar radiation 

intensity, temperature in deep soil horizons, availability of local organic waste, etc.). 

2 Methodology 

Let us enumerate the input data required for calculating gas-radiant heating in a 

cultivation facility with preheating of supply air: 

1. Indoor air parameters: The calculation requires the indoor air temperature 𝑡𝑖𝑛𝑡.𝑎𝑖𝑟 , in 

degrees Celsius (℃) and the relative humidity φ𝑖𝑛𝑡.𝑎𝑖𝑟 , in percentage (%). For year-round 

cultivation of vegetables (e.g., tomatoes, cucumbers, or greens), these parameters can be 

assumed as  𝑡𝑖𝑛𝑡.𝑎𝑖𝑟 = 15 ℃ and φ𝑖𝑛𝑡.𝑎𝑖𝑟 = 60 %, respectively. The microclimate within the 

cultivation facility is also influenced by the soil surface temperature 𝑡𝑠𝑜𝑖𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 , ℃. 

2. Outdoor air temperature: The outdoor air temperature 𝑡𝑒𝑥𝑡.𝑎𝑖𝑟 , ℃, is determined based 

on the relevant regulations applicable to the locality. 

3. Air exchange rate: The air exchange rate 𝑛𝑎𝑖𝑟 , 𝑚3 𝑚𝑖𝑛⁄  per  1 𝑚2 of calculated area is 

crucial for ventilation system design with mechanical stimulation. For instance, the 

normative air exchange rate for mechanical ventilation can be adopted as follows (minimum 
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values): 1.0 𝑚3 𝑚𝑖𝑛⁄  per 1 𝑚2 for individual winter greenhouses, 1.5 𝑚3 𝑚𝑖𝑛⁄  per 1 𝑚2 for 

industrial standard block-type greenhouses, and 2.0 𝑚3 𝑚𝑖𝑛⁄  per 1 𝑚2 for hangar-type 

greenhouses. 

4. Thermal resistance of enclosing structure: The thermal resistance 𝑅𝑒𝑛𝑐 of the enclosing 

structure 𝑚2 ⋅ 𝐾 𝑊⁄ , is determined based on thermal technical calculations. Table 1 presents 

approximate values of 𝑅огр, 𝑚2 ⋅ 𝐾 𝑊⁄ , for polycarbonate and organic glass (PMMA) 

depending on their thickness. 

These input parameters are fundamental for conducting accurate calculations pertaining 

to gas-radiant heating systems in cultivation facilities with preheating of supply air. 

Table 1 Thermal Insulation Characteristics of Enclosing Structures 𝑅огр, 𝑚2 ⋅ 𝐾 𝑊⁄  

Thickness of the 

wall 𝛅, 𝒎𝒎 
4 6 8 10 16 20 25 32 

Monolithic 

polycarbonate 
0.017 0.026 0.034 0.043 0.068 0.085 0.11 0.14 

Cellular 

polycarbonate 
0.08÷0.10 0.11÷0.15 0.12÷0.26 0.13÷0.24 0.20÷0.35 0.21÷0.40 0.49÷0.52 0.47÷0.67 

Organic glass 

(PMMA) 
0.014 0.017 0.023 0.023 – – – – 

5.  The coefficient of soil surface absorption, denoted as A, %, is dependent on factors 

such as color, roughness, slope of the surface, soil moisture, and vegetation cover. Table 2 

presents the values of the coefficient A, %, for common soil types without vegetation cover.  
Table 2 Absorptive Capacities of Various Soil Covers A, % 

Soil Type 𝑨, % Soil Type 𝑨, % 

Dry Chernozem 86 Plowed Field (Moist) 86 

Moist Chernozem 92 Surface of Clay Desert 69÷71 

Dry Serozem 70÷75 Yellow Sand 65 

Moist Serozem 88÷90 White Sand 60÷66 

Dry Blue Clay 77 Gray Sand 77÷82 

Moist Blue Clay 84 River Sand 57 

Dry Vapor Field Surface 88÷92 Light, Fine Sand 63 

Moist Vapor Field Surface 93÷95 Peat Dark Brown Fields 91 

6. Additionally, geometric parameters of the cultivation facility include the soil surface 

area 𝐹s𝑜𝑖𝑙 , m
2, and the volume of the space 𝑉, 𝑚3. 

The following parameters can be attributed to the results of calculating the gas-radiant 

heating system of the cultivation facility with preheating of supply air: 

1. The total thermal power of the gas-fired infrared radiators 𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟𝑠 , 𝑊, installed in 

the cultivation facility. 

2. The total quantity 𝑁𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟𝑠, arrangement scheme, and hanging height of the gas-fired 

infrared radiators above the soil surface. 

3. The total thermal power of the gas-fired air heaters 𝑄ℎ𝑒𝑎𝑡𝑒𝑟𝑠, 𝑊. 

4. The total quantity 𝑁ℎ𝑒𝑎𝑡𝑒𝑟𝑠 of gas-fired air heaters. 

5. The calculated water consumption for soil irrigation 𝐺пол, 𝑘𝑔 ℎ⁄ . 

6. The total quantity 𝑁𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 and arrangement scheme of irrigation devices. 

The total thermal power of the gas-fired infrared radiators and gas-fired air heaters for 

heating the cultivation facility, as well as the required water consumption for soil irrigation, 

should be determined according to the following equations: 

𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟𝑠 = 𝐶𝑅𝐶𝐴𝑞𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟𝑠𝐹пов, 𝑊,      (1) 

𝑄ℎ𝑒𝑎𝑡𝑒𝑟𝑠 = 𝐶𝑅
′ 𝑞ℎ𝑒𝑎𝑡𝑒𝑟𝑠𝑉, 𝑊,       (2) 

𝐺𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 =  𝑔𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛𝐹𝑠𝑜𝑖𝑙 , 𝑘𝑔 ℎ⁄ ,      (3) 

where 𝐶𝑅 and 𝐶𝑅
′  are correction coefficients accounting for the influence of thermal resistance 

of the enclosing structure; 𝐶𝐴 is a correction coefficient considering the absorptive capacity 

of the soil surface; 𝑞𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟𝑠  is the radiant heat flux density, 𝑊 𝑚2⁄ , determined based on 

the outside air temperature 𝑡𝑒𝑥𝑡.𝑎𝑖𝑟 , ℃, and the air exchange rate 𝑛𝑎𝑖𝑟 , 𝑚3 𝑚𝑖𝑛⁄  per 1 𝑚2, as 
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shown in Figure 1; 𝑞ℎ𝑒𝑎𝑡𝑒𝑟𝑠  is the specific thermal power of the gas-fired air heater (Figure 

2), 𝑊 𝑚3⁄ ; 𝑔𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛  is the surface water consumption for soil irrigation (Figure 3), 

𝑘𝑔 (𝑚2 ⋅ ℎ)⁄ . 

 
Fig 1 Graph for Determining the Surface Thermal Power of the Gas Infrared Radiator 𝑞𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟𝑠, 

𝑊 𝑚2⁄ , at Outside Air Temperature: 

1 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −40 ℃; 2 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −30 ℃; 3 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −20 ℃; 4 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −10 ℃; 5 – 

𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = 0 ℃; 6 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = 10 ℃ 

 
Fig 2 Graph for Determining the Specific Thermal Power of the Gas-Fired Air Heater 𝑞ℎ𝑒𝑎𝑡𝑒𝑟𝑠, 

𝑊 𝑚3⁄ , at Outside Air Temperature: 

1 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −40 ℃; 2 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −30 ℃; 3 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −20 ℃; 4 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −10 ℃; 5 – 

𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = 0 ℃; 6 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = 10 ℃ 

 
Fig 3 Graph for Determining the Surface Water Consumption for Soil Irrigation 𝑔𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛, 

𝑘𝑔 (𝑚2 ⋅ ℎ)⁄ , at Outside Air Temperature: 
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1 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −40 ℃; 2 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −30 ℃; 3 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −20 ℃; 4 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = −10 ℃; 5 – 

𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = 0 ℃; 6 – 𝑡𝑒𝑥𝑡 𝑎𝑖𝑟 = 10 ℃ 

Figure 4 illustrates a graph for determining the correction coefficients 𝐶𝑅 and 𝐶𝑅
′ . 

 
Fig 4 Graph for Determining Correction Coefficients 𝐶𝑅 and 𝐶𝑅

′  

Figure 5 presents a graph for determining the correction coefficient 𝐶𝐴. 

 
Fig 5 Graph for Determining the Correction Coefficient 𝐶𝐴 

The required quantity of gas-fired infrared radiators, gas-fired air heaters, and irrigation 

devices to be installed in the cultivation facility is determined respectively by the following 

formulas: 

𝑁𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟𝑠 =
𝑄𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟𝑠

𝑄𝑛𝑜𝑚η𝑟𝑎𝑑𝑖𝑎𝑡𝑜𝑟𝑠
,        (4) 

 

𝑁ℎ𝑒𝑎𝑡𝑒𝑟𝑠 =
𝑄ℎ𝑒𝑎𝑡𝑒𝑟𝑠

𝑄𝑛𝑜𝑚
′ ηℎ𝑒𝑎𝑡𝑒𝑟𝑠

,        (5) 

𝑁𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 =
𝐺𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛

𝐺𝑛𝑜𝑚
,        (6) 

where 𝑄𝑛𝑜𝑚 is the nominal thermal power of the gas-fired infrared radiator, W; η𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 is 

the efficiency coefficient of energy conversion of the gas-fired infrared radiator, expressing 

the proportion of energy generated during the combustion of gaseous fuel and converted into 

infrared radiation; 𝑄𝑛𝑜𝑚
′  is the nominal thermal power of the gas-fired air heater, 𝑊; 

η𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛  is the efficiency of the gas-fired air heater; 𝐺𝑛𝑜𝑚   is the water consumption of one 

irrigation device, 𝑘𝑔 ℎ⁄ . 

3 Results and Discussion 

Consideration of the engineering methodology for calculating the gas-fired heating 

system of a cultivation facility with preheating of supply air will be illustrated using the 

example of the industrial greenhouse "Farmer 7.5" located in Moscow, Russian Federation.  
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The initial data for the calculation are as follows: 

1. The calculated temperature and relative humidity of the indoor air are respectively 

𝑡𝑖𝑛 = 15 ℃ and φ𝑖𝑛 = 60 %. 

2. The calculated outdoor temperature for Moscow's conditions is 𝑡𝑜𝑢𝑡 = −25 ℃. 

3. The air exchange rate 𝑛𝑎𝑖𝑟 = 1.0 𝑚3 𝑚𝑖𝑛⁄  per 1 𝑚2 of the calculated area of the 

industrial greenhouse. 

4. The thermal resistance of the enclosing structure 𝑅𝑒𝑛𝑐 = 0.25 𝑚2 ⋅ 𝐾 𝑊⁄ . 

5. The surface absorption coefficient of the soil 𝐴 = 90 %. 

6. The surface area of the soil 𝐹𝑠𝑜𝑖𝑙 = 62.58 𝑚; the volume of the space 𝑉 = 183.085 𝑚3. 

According to Figures 1-3, the density of radiant heat flux, the specific thermal power of 

the gas-fired air heater, and the surface water consumption for soil irrigation are respectively 

𝑞𝑟𝑎𝑑 = 770 𝑊 𝑚2⁄ , 𝑞ℎ𝑒𝑎𝑡𝑒𝑟 = 250 𝑊 𝑚3⁄  и 𝑔𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 = 0.512 𝑘𝑔 (𝑚2 ⋅ ℎ)⁄ . 

In accordance with Figures 4 and 5, the correction coefficients in Equations (1) and (2) 

will have the values: 𝐶𝑅 = 0.915; 𝐶𝑅
′ = 0.85; 𝐶𝐴 = 0.77. 

Thus, according to Equations (1)-(3), we have the following results: 

𝑄𝑟𝑎𝑑 = 0.915 ⋅ 0.77 ⋅ 770 ⋅ 62.58 ⋅ 10−3 = 34.0 𝑘𝑊, 

𝑄ℎ𝑒𝑎𝑡𝑒𝑟 = 0.85 ⋅ 250 ⋅ 183.085 ⋅ 10−3 = 38.9 𝑘𝑊, 

𝐺𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 = 0.512 ⋅ 62.58 = 32.0 𝑘𝑔 ℎ⁄ . 

Based on the results of computational analysis in the "Mathcad" mathematical editor 

using the developed method for calculating the gas-fired heating system of the cultivation 

facility with preheating of supply air, the following values were obtained: 𝑄𝑟𝑎𝑑 = 31.9 𝑘𝑊, 

𝑄ℎ𝑒𝑎𝑡𝑒𝑟 = 35.0 𝑘𝑊 and 𝐺𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 = 32.1 𝑘𝑔 ℎ⁄ . As evident, the discrepancies between the 

corresponding values of 𝑄𝑟𝑎𝑑 , 𝑄ℎ𝑒𝑎𝑡𝑒𝑟  and  𝐺𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛 are within acceptable limits. 

For the heating source in the industrial greenhouse "Farmer 7.5", a ceiling-mounted 

infrared radiator of the "SPACE-RAY SRU 35" model (North Carolina, USA) with a nominal 

thermal power of 34.5 𝑘𝑊 can be installed. The weight of the unit is 66 kg. The infrared 

radiator can operate on natural gas (17÷25 mbar), propane (25÷45 mbar), or butane (20÷35 

mbar). The height of suspension of the gas-fired infrared radiator above the soil surface is 

3.8 m. In accordance with the device's technical specifications, the thermal radiation flux 

emanating from the gas-fired infrared radiator "SPACE-RAY SRU 35" will completely cover 

the soil surface area in the industrial greenhouse, as the necessary geometric conditions are 

met: 

𝑎𝑟𝑎𝑑 = 2.2ℎ = 2.2 ⋅ 3.8 = 8.36 𝑚 > 7.45 𝑚 (greenhouse width), 

𝑏𝑟𝑎𝑑 = 2.5ℎ + 𝑙𝑟𝑎𝑑 = 2.5 ⋅ 3.8 + 5.51 = 15.01 𝑚 > 8.4 𝑚 (greenhouse length). 

As a heat source for preheating supply air from the surrounding environment, the 

installation of a gas-fired air heater of the "Pakole GTV-40 A" model (Hungary) with a 

nominal thermal power of 40.0 𝑘𝑊 is possible. 

4 Conclusion 

It should be noted that the developed engineering methodology is intended solely for 

approximate calculations and yields quite acceptable results when the ratio of areas  

𝐹𝑠𝑜𝑖𝑙 𝐹𝑒𝑛𝑐⁄ = 0.4 ÷ 0.5, where 𝐹𝑒𝑛𝑐 represents the area of enclosure of the cultivation facility, 

𝑚2. However, it can be applied to other values of 𝐹𝑠𝑜𝑖𝑙 𝐹𝑒𝑛𝑐⁄ ,  since the quantities 𝑞𝑟𝑎𝑑, 

𝑞ℎ𝑒𝑎𝑡𝑒𝑟  and 𝑔𝑖𝑟𝑟𝑖𝑔𝑎𝑡𝑖𝑜𝑛  are specific indicators (although deviations from computational 

results will increase in this case). For more precise calculations and determination of such 

important parameters as the temperature of the inner surface of the enclosure of the 

cultivation facility 𝑡𝑒𝑛𝑐, ℃, the temperature of the supply air 𝑡𝑠𝑢𝑝, as well as for determining 

heat losses and gains in the space, it is necessary to perform computational calculations using 

the developed method for calculating the gas-fired heating system of the cultivation facility 

with preheating of supply air [27]. 
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