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Abstract 
 
Increasing energy efficiency and reducing greenhouse gases is a central issue in the European energy strategy. The 
challenge of significantly reducing in primary energy consumption is great. It can only be achieved if we all work 
together and share good experiences and practices. Vegetables are undoubtedly one of the healthiest foods with high 
energy content. They are rich in amino acids, easily digestible sugars, enzymes, minerals, vitamins, chlorophyll, 
organic water and other nutrients. Therefore, the production of fresh vegetables is a vital necessity, even in winter. 
Naturally, winter production of vegetables requires that they be grown in heated greenhouses. Energy costs for 
greenhouse heating and ventilation form a significant share of their total production costs. The purpose of this paper is 
to identify the incoming and outgoing energy flows from a glass greenhouse for vegetables production and to propose a 
methodology for defining the energy for the greenhouse heating while providing the necessary parameters of the 
environment for fresh vegetables growing. 
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INTRODUCTION 
 
A global warming becomes too serious problem 
recently. Because of the need for urgent actions 
to combat climate change, the European Council 
supports the goal of achieving the climate-
neutral EU by 2050, in line with the Paris 
Agreement. However, achieving climate 
neutrality will require overcoming serious 
challenges and considerable investments. The 
European Council recognizes the need to ensure 
energy security and respects the right of Member 
States to choose the most appropriate energy 
technologies (European Council meeting, 2019). 
Europe's energy policy forms part of the overall 
objectives of the EU's economic policy. The 
starting points of the European energy policy 
are three: limiting climate change, promoting 
growth and jobs, and limiting EU dependence 
on imported natural gas and petroleum products. 
European policy is geared towards ensuring 
security of energy supply and introducing an 
integrated approach to energy efficiency. Energy 
saving is the most direct and economically 
effective way to address these energy challenges 
(energy strategy 2030; www.seea.government.bg). 
That is why the Bulgarian national policy 
follows the priorities and the long-term goals of 
the European policy for sustainable energy 

development (Law of energetics; Law on 
energy efficiency). 
The sector of greenhouse farming in the EU 
faces a trend that meets the changing needs of 
consumers in society. This global trend is 
having a negative impact - high demand for 
fossil fuels, increasing energy consumption and 
carbon dioxide emissions (Bibbiani et al., 2016).  
Greenhouses are the commonly used systems 
for growing plants under cold climatic 
conditions. In winter months when the 
agricultural production cannot be climatically 
performed, plants are cultivated under optimal 
conditions set up in greenhouses. Greenhouse 
cultivation, in this respect, has an important 
function for the agricultural economy. 
Nevertheless, under the climatic conditions 
with low daylight and night temperatures, the 
greenhouses are heated up by means of 
commercial heating systems. Apart from the 
installation and labor costs, such as the covering 
and construction materials, greenhouse heating 
comprises the major operational expenses 
(Başak & Sevilgen, 2016). 
Heating provides many other benefits besides 
its positive influence on productivity, earliness 
and quality. It is much easier to control high 
humidity, which is the primary cause of plant 
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diseases, in heated greenhouses than in 
unheated ones (Baytorun & Zaimoğlu, 2016). 
In order to improve the energy efficiency of the 
greenhouse, it is important to predict its energy 
consumption (Shen et al., 2018). 
The thermal energy requirement of a 
greenhouse depends on many factors as the 
solar radiation, the inside and outside air 
temperature, the wind speed, the soil 
temperature, the greenhouse area, the geometry 
and orientation, the thermal proprieties of 
covering materials, the air ventilation and loss, 
and so on (Anifantis et al., 2016). 
A number of studies have been carried out on 
greenhouse cultivation and heating so far. A 
design of a greenhouse using renewable energy 
for its optimal operation for chilly plants over 
the year is presented in (Fahmy et al., 2016). 
The effect of a greenhouse heating system by a 
tank fillet rocks placed on the ground of the 
greenhouse is studied in (Gourdo et al., 2018). 
During the day these rocks store the heat 
coming from the air of the greenhouse and 
release it into the air inside the greenhouse 
overnight.  
Some vegetables and flowers for greenhouse 
cultivation have been investigated according to 
the optimal growth temperatures - such as 
strawberry, chrysanthemum, rose and eggplant 
(Yang et al., 2012.2); tomatoes (Pevicharova et 
al., 2013; Shamshiri et al., 2018); salad 
(Kostadinov et al., 2019); pepper (González-
Briones et al., 2018); peppers, tomatoes, 
cucumber, lettuce, poinsettias, carnations and 
geraniums (Bošnjakovi et al., 2013). 
The application of classical and generalized 
predictive control to greenhouse heating is 
examined Ramírez-Arias et al., 2005) in order 
to analyze and compare the energy savings.  
The purpose of this paper is to determine the 
amount of energy required for heating a 
greenhouse based on energy efficiency 
normative documents.  
 
MATERIALS AND METHODS 
 
The study object of this work is a greenhouse, 
located in town of Plovdiv, Bulgaria at 42°9′ 
north latitude and 24°45′ east longitude.  
The experimental greenhouse is an even-span 
single-layered glass (4 mm thick) as shown in 
Figure 1. The roof slope is 26.5°. The 

greenhouse is dedicate for growing various 
types of vegetables and flowers. 
 

 
Figure 1. General view of greenhouse 

 
Dimensions of the greenhouse structure are 36 
m for width, 38.4 m for length and 4.0 and 4.7 
m for height at the side walls and ridge, 
respectively. The greenhouse is equipped with 
retractable thermal screening systems for the 
both side walls and a plane at the height of 3.5 
m. The air volume of the greenhouse is 
approximated to be 6010.5 m3 and is reduced to 
4200 m3 at night time by spreading the screens. 
The specification of the experimental 

greenhouse is present in Table 1. 
 

Table 1. The greenhouse specification 

Item Description 
Orientation Nord-South 
Floor area 1382.4 m2 

Roof area 1507.42 m2 

Wall area 621.91 m2 

Shape  Multi-span roof 
Wall and roof material Single glass 4 mm 

 
The heat balance of the studied greenhouse is 
presented in Figure 2. According to the first 
principle of thermodynamics, the energy gained 
by the greenhouse is balanced by the energy 
loss by it. 
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Figure 2. Greenhouse heat balance model 

Q - Thermal energy required for greenhouse heating, 
Qsol - Heat gain from solar radiation, Qtr - Heat loss 

from heat transfer, Qve - Heat loss from ventilation, C - 
Space of the glasshouse 

 
The heat loss is composed mainly of two 
components – transmission heat loss through 
the roof and walls and infiltration (ventilation) 
heat loss. The heat loss from perspiration and 
respiration of plants are neglected, since they 
are relatively small compared to those by 
transmission and infiltration. The heat gains are 
mainly due to solar radiation. The air change 
method is the general method for infiltration 
heat loss calculation. A common assumption is 
that ventilation loses are calculate for 20 air 
changes per day (Ikonomopoulos & 
Tsilingiridis, 2016).  
For the purpose of this study meteorological 
data (solar radiation, ambient air temperature) 
for 3 years period before this year are used. The 
average indoor night temperature and minimal 
outside temperature are considered to be 160C and 
-150C, respectively and the air exchange is 1 h-1. 
 
RESULTS AND DISCUSSION 
 
The total heat losses Qht from the greenhouse 
are defined as the sum: 
Qht = Qtr +Qve, kWh                                        (1) 
where:  

• Qtr - heat loss from heat transfer, kWh; 
• Qve - heat loss from ventilation, kWh. 

During the heating period heat loss from heat 
transfer through the greenhouse envelope Qtr 
depends on the thermal properties of these 
elements. The exterior walls of the greenhouse 
are made of glass with a thickness 0.004 m. The 
area of the external walls is 621.91 m2, and their 
coefficient of heat transfer is 6.66 W/(m2K) - as 
a single-pane glass with metal frame 
(Kaloyanov, 2006). 
The roof of the greenhouse is a warm roof 
without an air layer. The roof is multi-span and 

is made of glass with a thickness 0.004 m. The 
area of the roof is 1507.42 m2. The heat transfer 
coefficient of the roof is 6.66 W/m2K. 
The floor is the land on which plants are grown. 
The floor area is 1382.4 m2, and its perimeter is 
148.8 m. The heat transfer coefficient from the 
heated area to the outside air is determined 
according to (Regulation № 7, 2004). The spatial 
characteristic of the floor В’ is determined by 
equation 2: 
B’ = A/(0.5*P) = 18.58 m                             (2) 
where:  

• А - the floor area (m2); 
• Р - the perimeter of the floor (m). 

Equivalent floor thickness dt is determined by 
the equation 3: 
dt = w + *(Rsi + Rf + Rse) = 0.57 m               (3) 
where:  

• w - the thickness of the overhead part of 
the vertical walls above the level of the 
terrain (m); 

•  - the coefficient of thermal conductivity 
of the Earth. Assume that  = 2 
W/(mK);  

• Rsi - heat transfer resistance from the 
inner surface, Rsi = 0.17 m2K/W; 

• Rf – heat conductivity coefficient of the 
floor, m2K/W; 

• Rse - heat transfer resistance from the 
outer surface, Rse = 0.04 m2K/W. 

If dt  В’ the heat transfer coefficient  
through the floor is evaluating according to the 
equation 4: 
U = [(2)/(B’+dt)] ln (B’/dt+1) = 0.315 
W/(m2.K) . ........................................................................................................(4) 
The coefficient of heat transmission through heat 
transfer Htr is determined by the equation (5): 
Htr = HD +  Hg + HU + HA                                          (5) 
where:  

• HD - the coefficient heat transmission by 
heat transfer through the enclosing 
elements, bordering the outside air 
(W/K); 

• Hg - coefficient heat transmission by heat 
transfer through the Earth in the 
stationary regime (W/K); 

• HU - coefficient heat transmission by 
heat transfer through the elements 
bordering on non-heated or non-cooled 
areas (W/K); 
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• HA - coefficient heat transmission by 
heat transfer through the elements, 
bordering clinging buildings (W/K). 

The coefficient heat transmission by heat 
transfer through the enclosing structures bordering 
the outside air HD is given by the equation 6: 
HD = Σi(UiAi) + Σk(lkψk) + Σjχj,                      (6) 
where:  

• i, j, k - numbers of elements, of linear 
thermal bridges and of point thermal 
bridges; 

• Ui - coefficient of heat transfer of the i-th 
enclosing element, bordering the 
outside air (W/(m2K)); 

• Ai - the surface area of the i-th enclosing 
element (m2); 

• lk - the length of the k-th linear thermal 
bridge (m); 

• ψk - linear coefficient of heat transfer of 
the k-th linear thermal bridge (W/(mK)); 

• χj - coefficient of heat transfer in j-th 
point thermal bridge (W/K). 

Because the walls and roof of the greenhouse 
are made of the same material - single glass with 
metal frames the coefficient of heat transfer by 
heat transfer through the walls and roof HD is 
determined by an equation 7. The impact of 
thermal bridges has been taken into account 
when calculating the heat transfer coefficient 
through the walls. For this reason, second and 
third member of the equation will be ignored. 
  
HD = UWAW = 6.66*2129.34 = 14181.4 W/K... (7) 
The coefficient of heat transfer through the 
floor (Earth) Hg is calculated by equation 8. 

 
Hg = U.Af = 0.315*1382.4 = 435.34 W/K      (8) 

 
Therefore, the coefficient of heat transfer 
through the heat transfer calculated in equation 9 
is: 
Htr = HD + Hg = 14616.72 W/K                      (9) 
The heat loss from heat transfer Qtr are 
calculated for the duration of the heating period 
for each month by equation 10 and are shown in 
Table 2:  
Qtr = 1/1000*[(Htr + Фg)*(i,H - e)]*t          (10) 
 
where:  

• Htr - coefficient of heat transfer in the 
surrounding area elements when 
temperature difference is 1 К (W/K); 

• Φg - heat flow through the Earth at 
temperature difference 1 К, caused by 
the thermal inertia of the Earth (W/K); 

• i,H, - temperature in the greenhouse in 
the heating period (0С). Middle volume 
temperature of the greenhouse air is 
160С; 

• е - the average monthly value of the 
ambient temperature (0С); 

• t - month’s duration (h). 
 

Table 2. Heat loss by heat transmission 

Month Days i,H
 

0C 
е, 
0C 

i,H
 -е, 
К 

Htr, 
W/K 

Qtr, 
kWh 

1 31 16 -15 31 14,616.72 337,119.94 
2 28 16 -15 31 14,616.72 304,495.43 
3 31 16 -15 31 14,616.72 337,119.94 
4 6 16 -15 31 14,616.72 65,249.02 
       

10 8 16 -15 31 14,616.72 86,998.69 
11 30 16 -15 31 14,616.72 326,245.10 
12 31 16 -15 31 14,616.72 337,119.94 

Total 1,794,348.06 
 
Heat losses from ventilation for the heating 
period are determined by the equation 11 and 
are presented in Table 3: 
Qve = [Hve*(i,H -e)*t]/1000                       (11) 
where:  

• Hve is coefficient of heat transfer with 
the ventilation air, calculated by 
equation 12: 

Hve = (c)a*n*V = 0.34*1*6010.5 = 2043.56 W/K  
(12) 

where:  
• (c)a = 0.34 Wh/(m3.K) is specific 

volume heat capacity of the air; 
• n - average air exchange, h-1, n = 1 h-1; 
• V - net heated volume, m3, V = 6010.5 m3.  

Total heat losses Qht from the greenhouse calculated 
by equation (1) is 2045215.37 kWh. 
They have to be reduced by heat gains from solar 
radiation through transparent enclosures. 
The total heat gains from solar radiation for each 
month of the heating period are calculated by the 
equation 13: 

Qsol = (Фsol,k*t)/1000, kWh                                  (13) 
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Table 3. Heat loss by ventilation 

Month Days i,H, 
0C 

e, 
0C 

i,H -e, 
К 

Hve, 
W/K 

Qve, 
kWh 

1 31 16 -15 31 2,043.56 47,132.65 
2 28 16 -15 31 2,043.56 42,571.42 
3 31 16 -15 31 2,043.56 47,132.65 
4 6 16 -15 31 2,043.56 9,122.45 
         

10 8 16 -15 31 2,043.56 12,163.26 
11 30 16 -15 31 2,043.56 45,612.24 
12 31 16 -15 31 2,043.56 47,132.65 

Total 250,867.31 
 
Heat flow Φsol,k, of solar radiation through the 
transparent greenhouse enclosure element k is 
given by the equation 14:  
Фsol,k = Fsh,ob,k *Asol,k * Isol,k, W                    (14) 
where:  

• Fsh,ob,k - the shading of the host solar 
energy for external obgekts, Fsh,ob,k  = 1 
as there is no shading from external 
objects; 

• Asol,k - effective area of the host solar 
energy surface (m); 

• Isol,k - middle daily intensity of sunshine 
on the host surface (W/m2). 

The effective receiving surface of a transparent 
envelope (walls and roof) Asol is determined by 
the formula 15 and the values obtained are 
shown in Table 4:  
Asol = Fsh,gl * ggl  * (1-FF)*Aw,p                     (15) 
where:  

• Fsh,gl - the shading factor (from moving 
shadows);  

• ggl - the total throughput of the 
transparent part of the element;  

• FF - the frame factor of the element k 
(the part occupying the frame); 

• Aw,p - the total area of element к (m2). 
When the Sun’s rays do not fall perpendicular 
to the surface, the value of ggl is determined by 
the equation 16: 
ggl = FW*ggl,n = 0.9*0.85 = 0.765                (16) 
where:  

• FW is the correction factor for no 
perpendicular radiation. FW = 0.90; 

• ggl,n - the actual ratio of total solar 
transmittance at normal radiation, 
account from (Regulation No 7, 2004).  

Table 4. Effective host surface 
of transparent enclosing elements 

Aw,p 1-FF Fsh,gl ggl,n Fw Asol 
2,129.34 0.9 1 0.85 0.9 1,466.05 

 
The values of heat gains from solar radiation 
through transparent enclosures Qsol, calculated 
according to equations 13 and 14 are presented 
in Table 5. 

 
Table 5. Heat gain by solar radiation 

Month Days, 
Asol,k, 

m2 
Isol,k, 

kW/m2 
Coefficient, 

24/1000 
QH,gn, 
kWh 

1 31 1,466.05 67.76 0.024 73,908.62 
2 28 1,466.05 91.03 0.024 89,681.44 
3 31 1,466.05 118.40 0.024 129,143.76 
4 6 1,466.05 147.40 0.024 31,117.79 
- - -  -  

10 8 1,466.05 102.10 0.024 28,739.27 
11 30 1,466.05 67.90 0.024 71,672.25 
12 31 1,466.05 54.20 0.024 59,118.17 

Total 483,381.31 
 
Energy required for heating the greenhouse for 
the winter period is calculated by equation 17: 
QA = Qht – ηgn * Qsol, kWh                         (17) 
where:  

• Qht - total heat loss (kWh),  
• Qsol - heat gains from solar radiation 

(presented in Table 5) (kWh),  
• ηgn - dimensionless factor of utilization 

of heat gains. 
The factor of utilization of heat gains depends 
mainly on the "heat gain/heat loss" ratio  for 
the greenhouse:  = Qsol/Qht = 0.24.  
The dimensionless factor of utilization of heat 
gains is defined by the equation 18: 
ηgn = (1-^a)/(1-^(a+1)) = 0.81 when 0    (18) 
where: a is a numerical parameter that is 
determined by the equation 19: 
a = ao + /o = 1                                            (19) 
where: 

• ao = 1;   
• o = 15; 
•  is the time constant, which is 

determined by the equation 20: 
=Cm/(Htr+Hve)=42246.14/2045215.37=0.021 h    (20) 
where:  
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• Cm - effective heat capacity of the 
heated area, Wh/K. Its value depends on 
the massiveness of the building and  

Cm=30.56*Af=30.56*1382.4=42246.14 Wh/K. 
The required energy for heating the greenhouse 
QA=2045215.4–0.81*483381.3=1654045.85 kWh. 
It is necessary to turn the energy in power 
through its division by the number of heating 
days in the year (they are 165) and for a period 
of 24 hours per day. Therefore, the peak required 
power for the studied greenhouse is 417.7 kW. 
 
CONCLUSIONS 
 
A methodology for defining the required energy 
for heating a greenhouse and providing the 
necessary parameters for plants growing has been 
developed. The calculations are made on the basis 
of the European and national energy efficiency 
legislation so that the energy consumption and the 
respective CO2 emissions are minimized. The 
methodology coud be used for greenhouses 
designin with different parameters than those 
specified in the publication. 
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