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Abstract. Commercially available greenhouses are commonly used for 
provision of year-round growing of agricultural crops at protected ground. 
In order to provide favorable conditions for plants growth these agricultural 
constructions should be equipped by artificial heating systems in cold sea-
sons. This work presents an overview of basic traditional and alternative 
heating systems which find their applications in agriculture. Advantages of 
application of roof radiant heating with infrared radiation sources for green-
houses are discussed. It was discovered that now there is no appropriate 
mathematical model of greenhouse radiant heating, which takes into account 
both heat and mass exchange processes. Here we propose a mathematical 
model of radiant heating, which includes equation system of both heat and 
mass exchange processes for greenhouse, its enclosure and soil. The numer-
ical calculations were performed for commercially available greenhouse 
“Farmer 7.5”. We investigated the impact of external air temperature and 
heat exchange rate on the following greenhouse radiant heating characteris-
tics: internal air temperature, heating system thermal power and water dis-
charge for soil watering.  

Introduction 

The considerable part of northern countries and Russian northern territory are non-favorable 
regions for open-ground planting. This is due to specific climate conditions: long-lasting and 
severe winter and short, not always warm summer. In order to enhance the capabilities of 
plant growing and increase people supply with fresh vegetables (primarily, cucumbers and 
tomatoes), various systems and approaches are used, including mathematical simulation of 
soil under various exposures [1-4]. The ground-protected constructions are extensively used 
as they artificially provide necessary conditions for plant growth.   

All ground-protected constructions can be divided into the following groups according to 
their capability of meeting the plant requirements: cold frame, greenhouse, warmed soil. In 
contrast to cold frames and warmed soil, greenhouses provide not only favorable conditions 
for plants growth, but protection of working people from unfavorable climatic factors [5]. 

Despite obvious advantages, growth of agricultural production in greenhouse conditions 
is a challenging task [6]. Garden crop quality is affected by a number of factors: temperature 
and humidity of the inner air; soil watering intensity, etc. At the simplest greenhouses with 
uncontrolled sun heating it is very difficult to create favorable conditions for plant growing. 
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At night time, especially in winter, there is no sufficient sun heating for plant growing, so 
these plants either die, or fail to produce. Equipping of greenhouses by additional heating and 
proper watering may result in increased vegetable production (for 2-3 times) and protection 
of plants from potential supercooling [7,8]. And under the current requirements of energy-
saving, the used heating technology should be energy-efficient [9-11]. 

There are various types of greenhouse heating and soil warming. The classical variants 
include water (steam), air, gas heating, or their combinations. Also it might be performed 
using electrical energy [12]. Apart from the listed above heating systems, there exist alter-
native variants, for example, using heat pumps [13,14] , or sun collectors [15,16]. Nowa-
days the systems for radiant heating are widely used in agriculture due to the following rea-
sons [17-20]:  
1) It is an artificial source for infrared (Sun) radiation; 
2) Where is no need for boiler plant and associated equipment; 
3) The process is automated; 
4) It provides favorable conditions for various types of plants, especially for young bed-
ding;  
5) This system produces even heat over the soil surface; 
6) It is possible to use carbon dioxide from combustion products of gaseous fuel (in gas in-
frared radiators) for plant nutrition, etc. 

But we believe that greenhouse radiant heating is not yet well-studied. Namely, the fol-
lowing aspects are not considered at all: influence of variable ambient environment factors 
(for example, outdoor air temperature), constructional features and technological conditions 
on radiant heating characteristics. This analysis is rather difficult to perform due to the ab-
sence of adequate mathematical model for greenhouse radiant heating, which takes into ac-
count the relation between thermal and mass-exchange processes occurring in it, while the 
heat transfer problem is rather well studied for other technological systems [21-25]. All math-
ematical models presented in literature [26-29] have some disadvantages. Some of them do 
not take into account mass-transfer processes, some of them present only mathematical equa-
tions without numerical solutions. The others are difficult and cluttered since considering 
various heat fluxes (for example, from a man, while his presence in automated greenhouse is 
not necessary). Thus, this work presents a mathematical model of greenhouse radiant heating, 
which includes a system of equations for thermal and material balances of greenhouse and 
soil. This equation system was numerically solved for a certain commercially available 
greenhouse. Investigations of various factors influence on greenhouse radiant heating char-
acteristics are presented. 

Materials and Methods 
Figure 1 presents the scheme of thermal and material balances of the greenhouse with radiant 
heating. According to Fig. 1, the radiation heat flux Qrad (W) moves from heat source 3 (and 
from Sun in warm season, not shown here). Then it is incident on the soil surface 1 with 
temperature tsurf (°C). Heat flux Qabs, which is absorbed by soil 1, is spent for convective heat 
exchange with inner air of the greenhouse Qconv, radiant heat exchange with inner surface of 
the enclosure Qradiant of temperature

 
tenc, and for water evaporation Qevap. Some portion of heat 

Qsoil penetrates into the inner soil. Heat losses in the greenhouse are also related to heat trans-
fer through enclosure Qenc and with air exchange in the building Qvent. The heat flux Qrefl 
reflected from the soil surface 1 after multiple reflections and self-irradiations is absorbed by 
greenhouse enclosure 2. At soil watering of a volume Gwat (kg/s), the liquid is absorbed by 
plants (by leaves and roots, not shown here) in the amount Gabs. Water of the discharge Gevap, 
which was evaporated from the soil surface 1, leaves the greenhouse in the amount of Gvent 
together with exhaust air through the ventilation aperture 4. Temperature and relative air 
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humidity of the greenhouse are equal to tint.air and air.int , % , respectively. The same pa-

rameters for external air are equal to text.air and ext.air . 

 
Fig. 1. The calculated scheme of thermal and material balances of the greenhouse with radiant heat-
ing: 1 - soil; 2 - enclosure; 3 - infrared radiation source; 4 - ventilation aperture (intake/exhaust) 
 

Thermal balance equation for the greenhouse with radiant heating according to the Fig.1 
is the following [17]: 

soilventencrad QQQQ 
 
(W),   (1) 

where Qrad is total heat flux from source 3 and Sun (at warm seasons), W; Qenc are heat losses 
through greenhouse enclosure 2, W; Qvent are heat losses with ventilator air, which goes out 
of the greenhouse through ventilation aperture 4, W; Qsoil are heat losses into the soil, W. 

Taking into consideration radiant heating specific features, heat losses Qenc and Qsoil are 
calculated using the expressions: 
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 RRt  is thermal resistance for heat transfer of enclosure 2, m2·K/W; Renc 

is thermal resistance of enclosure 2,
 
m2·K/W; int  is heat transfer coefficient for external 

surface of enclosure 2, 23 W/(m2·K); Fenc is total area of the greenhouse enclosure 2, m2; 

inf  is external air infiltration coefficient, for greenhouses it might be taken as 2.0 ; iF  is 

calculated surface of the i-th soil segment, m2;  itR ,  is thermal resistance of the i-th soil 
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segment, m2·K/W. For the first segment thermal resistance is equal to 1.2I, tR
 
m2·K/W; 

for the second one it is equal to 3.4II, tR
 
m2·K/W; for the third one it is equal to 

6.8III, tR
 
m2·K/W; for the fourth one it is equal to 2.14IV, tR  m2·K/W; int  is heat trans-

fer coefficient of the internal surface of the greenhouse enclosure 2, 8.7 W/(m2·K). 
The difficulties for heat flux Qenc estimation according to the formula (2) is related to 

unknown temperature tenc. This temperature, despite from traditional heating systems, is de-
termined as a solution of heat balance equation system for the internal surface of greenhouse 
enclosure 2. In this system the first equation is expression (2), the second one is the following: 
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multiple reflections of heat radiation from the soil surface 1 and internal surface of the green-
house enclosure 2 due to self-irradiations; 1A  and 2A  are absorption coefficients for  soil 

surface 1 and internal surface of the greenhouse enclosure 2, respectively; 21  is radiation 

coefficient from the internal surface of the greenhouse enclosure 2 on the soil surface 1; 22  
is self-radiation coefficient of the enclosure 2 internal surface, Qradiant is the resulting heat 
flux obtained from radiation exchange process between soil surface 1 and internal surface of 
the greenhouse enclosure 2, W; Qconv2 is heat flux from convective heat exchange of inner air 
of the greenhouse and its enclosure 2 internal surface, W. 

The resulting heat flux Qradiant obtained from radiation exchange process between soil 
surface 1 and internal surface of the greenhouse enclosure 2 under the condition that tsurf
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where 0c  is black-body radiation coefficient, 67.5 W/(m2·K); soil12  is specific relative 

coefficient of heat radiation for the soil surface 1 and the internal surface of the greenhouse 

enclosure 2; surfF  is surface area of soil 1, m2; 15.273surfsurf  tT  and 

15.273encenc  tT  are absolute temperatures of soil surface 1 and internal surface of the 
enclosure 2, respectively, K. 

The convective component of heat exchange between internal air and internal surface of 
the greenhouse enclosure 2 is calculated according to the convective heat exchange law 
(Newton-Richmann law): 

  encencint.airintconv2 FttQ  , W,    (6) 

The additional complexity of temperature tenc determination arises because heat flux Qrad 
enters both into equations (4) and (1). In equation (1) it is the target value. 

Heat losses with gone ventilator air Qvent are numerically equal to heat spent for intake air 
heating (which incomes into the greenhouse through it ventilation aperture 4), i.e.: 

 ext.airint.airwvent hhGQ  , W,     (7) 
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where Gw is mass flow rate of the dry part of wet air, which is involved in air exchange 
in greenhouse, kg/s; hint.air and hext.air are specific enthalpy of internal and external wet air, 
J/kg. 

Heat balance equations for working soil surface 1 which takes into account multiple re-
flections of heat radiation and self-radiations of internal surface of the greenhouse enclosure 
2 is the following: 
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Where Qconv1 is heat flux which is generated by a convective heat exchange between soil 
surface 1 and surface air layer in the greenhouse (it is marked as Qconv in Fig. 1), W; Qevap is 
heat flux, which is spent for water evaporation from soil surface 1, W. 

Convective heat exchange between soil surface 1 and surface air layer in the greenhouse 
is governed by Newton-Richmann law: 

  surfint.airsurfcconv1 FttQ  , W,    (9) 

where c  is heat transfer coefficient of soil surface 1, W/(m2·K). 

Heat flux Qevap, which is connected with process of vaporization on the soil surface 1, is 
calculated according to the equation: 

rGQ evapevap  , W,    (10) 

Where Gevap is water evaporation from soil surface 1, kg/s; r  is specific heat of phase 
transition, J/kg.  

Results  
We will perform the numerical calculation of the equation system for thermal and material 
balances of greenhouse and soil with radiant heating. As the example we will use commer-
cially available greenhouse "Farmer 7.5" (LLC "Volya", Moscow Region, Russia), Figure 2. 
 

 
 
Fig. 2. Commercially available greenhouse "Farmer 7.5" (face view) 
 
Figure 3 presents temperature curve for the internal air tint.air, °C, as a function of air exchange 
rate na, m3/h per 1 m2, for various external air temperatures text.air, °C. 
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Fig. 3. Internal air temperature tint.air as a function of air exchange rate na: 
1 – text.air=-30 °C; 2 – text.air=-20 °C; 3 – text.air=-10 °C; 4 – text.air=0 °C; 5 – text.air=10 °C 

 

The relation between heat flux density qrad (W/m2), and heat exchange rate na (m3/h per 
m2) is shown in Figure 4. The relation between soil wetting intensity gwat, heat exchange rate 
na, and external air temperature text.air, is shown in Figure 5. 

 

 

Fig. 4. Radiant heat flux density qrad = qrad(na): 
1 – text.air=-30 °C; 2 – text.air=-20 °C; 3 – text.air=-10 °C; 4 – text.air=0 °C; 5 – text.air=10 °C 
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Fig. 5. Soil wetting intensity gwat = gwat(na): 
1 – text.air=-30 °C; 2 – text.air=-20 °C; 3 – text.air=-10 °C; 4 – text.air=0 °C; 5 – text.air=10 °C 

Discussion 
According to the Fig.3, at air exchange rate na

 growth, the internal air temperature tint.air de-
creases. For example, at external air temperature text.air=-30 °C in the range  20;5.2a n

 
m3/h 

per 1 m2, it will decrease for 7.6 °C. It is due to the fact that with na increasing, the amount 
of intake air increases. Consequently, more heat is spent for its heating, and the internal air 
temperature tint.air decreases. Since the heat losses through greenhouse enclose are directly 
proportional to external air temperature text.air, so when it decreases, the temperature of the air 
in the room becomes less too. 

The heat losses related to ventilation air, which is leaving the greenhouse are the first one 
to increase when heat exchange rate grows.  So, the heat radiation power should be increased. 
For example, at external air temperature text.air=-30 °C and heat exchange rate na=2.5 m3/h per 
m2, the heat flux density should be equal to qrad =881 W/m2; at na=20.0 m3/h per m2 the heat 
flux density should be equal to qrad =1185 W/m2. As it was stated before, with external air 
decrease, the heat losses through enclosure increase (transmission heat losses). So, according 
to the greenhouse heat balance equation (1), heat radiation source power should be increased.  

According to the Figure 5, with heat exchange rate na growing and external air tempera-
ture text.air decreasing, water consumption for the soil wetting gwat, kg/(m2·h) should be in-
creased. For example, at fixed external air temperature text.air=-30 °C, the soil wetting density 
in the range  20;5.2a n

 
m3/h per m2 should be increased for about 1.5 times, from 0.506 to 

0.713 kg/(m2·h). This is explained by the fact that with heat exchange rate growth the mois-
ture losses with exhaust air increase. So it should be compensated be soil watering.  

Conclusions 
The developed mathematical model of greenhouse radiant heating allows one to determine 
its important characteristics, such as: the demanded total power of the heat radiation from 
infrared heating units and the necessary water discharge for soil wetting at preset conditions. 
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The latter are external air temperature, heat exchange rate in the room, etc. The obtained plots 
for numerical solution of the mathematical model might be used when creating the engineer-
ing technique for radiant heating calculation of greenhouse and other agricultural facilities. 
This technique may be based on determination of the reference specific factors qrad, W/m2, 
and gwat, kg/(m2·h) from the obtained charts. Further, these values should be adjusted using 
corrective coefficients for the examined greenhouse taking into account its constructive, heat 
engineering, aerodynamic and other characteristics. 
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The latter are external air temperature, heat exchange rate in the room, etc. The obtained plots 
for numerical solution of the mathematical model might be used when creating the engineer-
ing technique for radiant heating calculation of greenhouse and other agricultural facilities. 
This technique may be based on determination of the reference specific factors qrad, W/m2, 
and gwat, kg/(m2·h) from the obtained charts. Further, these values should be adjusted using 
corrective coefficients for the examined greenhouse taking into account its constructive, heat 
engineering, aerodynamic and other characteristics. 
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