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Abstract: Under the extremely cold climatic condition, crops have to survive severe heat stress conditions, even if they are 
being kept in greenhouses.  In the winter and spring of North China, the air and soil temperature is low inside the greenhouse, 
and when using a traditional heating system, the energy consumption is high.  This paper reports on a study of different design 
solutions for a root zone heating system based on a kind of low temperature radiation material.  Root zone heating systems 
offer increasing crop quality and productivity.  A novel type of heat preservation and root zone heating system was applied in 
greenhouse seedling.  And through multiple experiments, the effect of the root zone heating system on the ambient 
environment and seedbed surface was studied, and the heat preservation effect and heating uniformity were discussed.  Results 
show that single-layer film covering on the root zone heating system can make the average temperature at night increase 1°C.  
And the average seedbed surface and substrate temperature can increase 11.3°C and 5.2°C, respectively.  In conclusion, the 
root zone heating system can effectively improve the environmental temperature of seedling and the uniformity of heating is 
high, which provides a strong guarantee for high-quality seedling cultivation. 
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1  Introduction  

As an important link to vegetable production, the seedling is 
one of the key technical measures to improve the comprehensive 
benefit of vegetable production.  Seedling quality has a significant 
impact on the vegetable planting effect.  In the winter and spring 
of North China, the main facilities used for seedling cultivation are 
mainly multi-span greenhouse and solar greenhouse.  The 
multi-span greenhouse can realize the control of temperature, 
humidity, light and other environments, but it has large initial 
investments, large energy consumption in winter and high 
operation cost.  The solar greenhouse has good heat preservation 
performance, low energy consumption and low construction cost, 
but it has little environmental control.  When there is no external 
heating, seedlings are faced with low temperatures and cold 
damage.  In order to protect crops from freezing, most greenhouse 
production uses fossil energy consumption to heat up with water 
and air as the heat medium.  The heating equipment mainly 
includes boiler and heat dissipation end, air source and ground 
source heat pump[1,2], underground heat storage system[3-6], infrared 
heating system[7], etc.  These types of equipment have more initial 
investments, large floor area, and low automation degree.  
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Moreover, most of the heating types of equipment mainly heat air, 
because of the large heat dissipation of the greenhouse envelope 
structure, the heating efficiency is low.  For example, the heat 
dissipation of the front roof of the solar greenhouse accounts for 
50%-60% of the total heat dissipation. 

Root zone heating can directly heat the crop root area.  It can 
provide proper temperatures to the root of crops, and stimulates 
plant development and flower production, and makes an increase in 
productivity[8,9].  Root zone heating can be combined with air 
heating; nevertheless, heating specifically the root zone can reduce 
fuel consumption rather than heating the air of the greenhouse.  
Attar[10] proposed a solar system for heating a greenhouse equipped 
with a buried exchanger, and it can increase the inside air 
temperature of the greenhouse by 5°C.  Zhang et al.[11] used the 
heating line to carry out winter cucumber seedling raising and 
cultivation experiments.  Zhao et al.[12]

 and Li et al.[13]
 studied the 

application effect of carbon crystal electric plate in winter 
cucumber seedling in the solar greenhouse.  The results showed 
that the heating of carbon crystal electric plate with 80 W/m2 laying 
power could raise and maintain the night temperature of the 
substrate at 18°C, the time of cucumber seedling emergence was 
short, the growth was fast and robust.  Ding et al.[14] and He et 
al.[15] designed a hot water heating system based on a capillary pipe 
network, which can effectively improve the local temperature of 
the seedbed and had good heating uniformity.  Beyza et al.[16] and 
Llorach-Massana, et al.[17] all used phase change materials (PCM) 
for root zone heating, but the temperature was difficult to control.  
Muhammad et al.[18,19] designed a nested double-layer cultivation 
pot in which silicone rubber heating plates were placed for root 
heating to solve the low temperature of the Yangtze River delta 
region of China.  All of these methods use electricity as energy to 
generate heat directly, which can solve the problem of small-scale 
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seedling in the winter of the greenhouse.  
Carbon crystal electric heating film is a kind of 

semitransparent polyester film that can generate heat after being 
electrified.  It has excellent properties such as high pressure 
resistance, moisture resistance, and is mostly used for 
low-temperature radiation heating in civil buildings[20,21].  He, et 
al.[22] compared the heating effects of heating cable, self-limiting 
heating zone and carbon crystal electric heating film on the 
seedling root area, and found that the heating effect and uniformity 
of carbon crystal electric heating film were the best.  

The objective of the work was to combine the carbon crystal 
electrothermal film with the seedling production, design and 
develop a set of seedling heat preservation and root zone heating 
system, through the test of the heating effect of the system during 
the winter period, to provide a large-scale commercial seedling 
raising equipment with the controllable environment in the future. 

2  Materials and methods 
2.1  Root zone heating system description 

In this study, the structure of the seedling heat preservation and 
root zone heating system is shown in Figure 1.  The system is 
mainly composed of the upper tip arch heat preservation cover, 
heating materials and overall control system.  The heat 
preservation function of the system is mainly covered by a single 
layer of film.  In order to prevent the heat of active heating from 
transferring vertically to the lower part of the seedbed, the upper 
part of the seedbed is successively provided with a heat 
preservation and insulation layer, a heat reflection film and a 
low-temperature radiation layer.  Polystyrene board with small 
thermal conductivity can be selected as a thermal insulation layer, 
the non-woven reflective film can be selected as thermal reflection 
film, and carbon crystal electrothermal heating film can be used as 
heating material for low-temperature radiation layer.  The thermal 
energy produced by the carbon crystal electrothermal film is 
transmitted in the form of far-infrared radiation (peak wave is 8 μm 
to15 μm) and convection.  The conversion rate of electric energy 
and thermal energy is over 98%. 

 
Figure 1  Overall structure and section of seedling heat 

preservation and root zone heating system 
 

The control system of the heating system mainly included two 
parts, which were the heating control of carbon crystal electric 
heating film and the rolling control of external thermal insulation 
covering film.  In the heating control part, the set temperature, 

temperature hysteresis, temperature rising speed and maximum 
temperature were used as the control thresholds.  If the heating 
mode was turned on, when the real-time temperature was greater 
than the sum of the set temperature and temperature hysteresis, 
turned off the heating; when the real-time temperature was less 
than the set temperature and the temperature hysteresis difference, 
turned on the heating.  When the measured temperature rise rate 
was lower than the set temperature rise rate, the system will remind 
that the temperature rise rate was too slow and the automatic 
heating will be turned off; when the temperature of the electric 
heating film exceeds the maximum temperature, it will remind that 
the temperature of the seedbed is too high and the automatic 
heating will be turned off.  The rolling up time and the dropping 
time were set in a fixed time to control the running of the external 
thermal insulation covering film. 
2.2  Heat loss analysis and heating load calculation model 

The calculation of heat load is the most basic data analysis in 
heating system design, which directly affects the selection of 
heating schemes and equipment, the use of the heating system and 
economic effect.  Through analysis of heat loss which was shown 
in Figure 2, the heating load model was constructed as follows: 

Qh = Qrad + Qcac + Qsoil + Qvent + Qtran         (1) 
where, Qh is the heating load of seedling preservation and heating 
system, W; Qrad is the heat transfer through radiation, W; Qcac is 
the heat transfer with outside air, W; Qsoil is the heat transfer 
through soil or substrate, W, as there is polystyrene board as an 
insulation layer, then this part can be calculated as zero; Qvent is the 
heat loss by infiltration, W; Qtran is the heat loss by crop 
transpiration, W, because the system was used for seedling, the leaf 
area is small, which makes the transpiration can be ignored. 

Qrad can be calculated by Equation (2). 
4 4( )rad c i oQ A T Tε σ= × × × −            (2) 

where, ε is the joint emissivity between the surface of the heating 
system and the outside air; Ac is the area of heating system surface, 
m2; σ is the Stefan-Boltzmann constant, 5.67×10-8 W/(m2·K4); Ti, 
To is the inside and outside temperature of heating system, K. 

Qcac can be calculated by Equation (3). 
Qcac = Kc×Ac×(Ti – To)                (3) 

where, Kc is the heat transfer coefficient of covering material,   
6.8 W/(m2·K). 

Qvent can be calculated by Equation (4). 
Qvent = Lv ×Cp×ρa ×(Ti – To)/3.6            (4) 

where, Lv is the ventilation volume of a gap, m3/s; ρa is the air 
density, 1.29 kg/m3; Cp is air constant specific heat capacity,  
1030 J/(kg·K). 

According to Equations (1)-(4), the heating load can be 
calculated.  Then the power of the heating system can be 
determined. 

 
Figure 2  Heat loss analysis of heating system 
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2.3  Experimental measurements description 
In this experimental study, measurements were carried out in a 

Venlo greenhouse which located in Yongqing County, Hebei 
Province from December 19, 2019, to January 3, 2020, and the 
latitude is 116°30′N, longitude is 39°12′E.  The orientation of 
greenhouses is North-South, and it occupies a surface area equal to 
576 m2.  The wide and long are respectively 16 m and 36 m.  
The heights of the sidewall and ridge are 6.0 m and 6.8 m, 
respectively.  It is equipped with a hot water heating system, an 
external shading system, a wet curtain fan cooling system, etc. 

Three sets of seedling bed systems were installed in the 
experimental area which was set as a normal seedling area, 
seedling heating area with heating and without heating, 
respectively.  Each area is 11.05 m2 with 6.50 m long and 1.70 m 
wide.  The carbon crystal electric heating film used in the test is in 
the shape of the surface, 0.25 mm thick and 50 cm wide.  The 
length was cut according to the heating area of 25 cm.  The 
surface temperature of carbon crystal electrothermal film can reach 
50°C, single side heat dissipation, heating density 120 W/m2. 

The substrate temperature is used as the control threshold.  
The temperature and temperature hysteresis are set as 24°C and 
1°C, respectively.  When the real-time temperature is more than 
25°C, the system turns off.  When the real-time temperature is less 

than 23°C, the system turns on.  The setting rolling time of the 
external insulation covering film is on 9:30 and 16:00 every day. 

Several climatic parameters were measured.  The air 
temperature and humidity inside and outside the multi-span 
greenhouse and in the seedling area were measured by the 
temperature and humidity recorder with model TR-72U purchased 
from Beijing Channel Science Equipment Co., Ltd, which has a 
measuring range of −20°C to 80°C and 10% to 95%, respectively, 
and the accuracy is ±0.3°C and ±5%.  The substrate temperature 
and the seedbed surface temperature were measured by the 
intelligent soil thermometer recorder with model TJ1 produced by 
Beijing Hezhong Bopu Technology Development Co., Ltd, which 
has a measuring range of −20°C to 80°C, and the accuracy was 
±0.2°C.  The data sampling interval was set 10 min.  The height 
of the air temperature and humidity recorder in the greenhouse was 
1.5 m from the ground.  Nine substrate temperature sensors that 
were divided into three rows and three columns were embedded in 
the cavity tray.  The surface temperature of the seedbed sensor 
was fixed on the seedbed, and the upper part was covered by the 
heat reflection device.  The outside air temperature and humidity 
recorder were placed in the open field area, with a height of 3 m 
from the ground.  The measuring point distribution is shown in 
Figure 3. 

 
Figure 3  Experimental greenhouse structure and position of captors for measurement of different climatic parameters 

 

3  Results and discussion 
During the test period, the outside air temperature was between 

−16.3°C and 6.6°C, and the outside air relative humidity was 
between 16.6% and 99.8%.  The air temperature in the greenhouse 
was between 8.7°C and 28.7°C with auxiliary heating.  The 
overall environmental change is shown in Figure 4. 
3.1  Effects on air temperature  

The main climatic factors that affect the growth and the 
precocity of the seedling production in the greenhouse include 
temperature and humidity, solar radiation.  The optimum 
temperature range of tomato seedling is between 15°C and 21°C.  
Temperatures above 26°C or below 10°C, the crops suffer from 
heat and cold damage. 

Figure 5 shows air temperature changes of outside greenhouse 
and seedling area at day time and night time.  In the day time, the 
air temperature of the three seedling area has little difference.  But 
at night, with the seedling root heating system on, the temperature 
has some difference.  The average air temperature at night in the 
seedling area with heating was 1°C higher than that in the normal 
seedling area.  It can be seen that the use of the root heating 
system had little effect on air temperature rise.  The main reason 

was that heating material was laid under the seedling tray.  Most 
of the heat was mainly transferred to the substrate by low 
temperature heat radiation, and a small part of the heat was 
convective with the air around.  And for there were heat reflection 
film and insulation material, the heat can only be transferred 
vertically upward, and the heat transferred downward was little.  
The average temperature at night in the seedling area without 
heating was 1.8°C lower than that in the normal seedling area.  
The main reason was that the greenhouse was equipped with a hot 
water heating system.  When the external thermal insulation 
covering film was dropped, the heat in the greenhouse was directly 
prevented from entering into the seedling area without active 
heating equipment, which resulted in the air temperature in the 
seedling area without heating was lower. 
3.2  Effects on substrate temperature 

The substrate temperature change curves are shown in Figure 6.  
The substrate change trend of three seedling areas was different.  
The substrate temperature in the seedling area without heating 
varied greatly from 2.25°C to 25.6°C, while the substrate 
temperature in the seedling area with heating varied from 12.6°C to 
25.5°C.  The average and minimum of substrate temperature in 
the seedling area with heating were 5.2°C and 7.4°C higher than in 
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the seedling area without heating.  
For the day change of substrate temperature, the seedling area 

with heating at night time is basically stable at about 20°C.  The 
changing trend of the normal seedling area was similar to seedling 
without heating, and the average temperature difference between 
these two areas was about 1°C.  For seedling needs little substrate, 
and the heat capacity is little, which resulted in the substrate 
temperature change with the air temperature.  But for the seedling 
area with heating, the thing has changed.  
3.3  Effects on seedbed surface temperature 

The seedbed surface temperature change curves are shown in 
Figure 7.  The average and minimum of seedbed surface 
temperature in the seedling area with heating were 11.3°C and 
14.3°C higher than in the seedling area without heating.  The 
seedbed surface temperature in the seedling area without heating 

changed greatly, ranging from 8.3°C to 29.9°C, while that in the 
seedling area with heating ranged from 12.4°C to 29.1°C.  The 
seedbed surface temperature in the seedling area without heating 
was directly affected by air temperature, and there was no 
environmental control equipment installed for temperature 
regulation.  The seedbed surface temperature in the seedling 
area with heating was directly controlled by the heating system.  
The seedbed surface temperature can be stably controlled at  
about 24°C in the heating period which was 16:00 to 9:30 in the 
next day.  It can be seen that the temperature control 
performance of the system was stable and the temperature control 
error was small.  In this period without heating, the seedbed 
surface temperature change trends of seedling areas were 
basically the same, which were directly controlled by the air 
temperature of the greenhouse. 

 
a. Curves of air temperature  b. Curves of air relative humidity 

 

Figure 4  Change of inside and outside environment 

 
a. Day time  b. Night time 

 

Figure 5  Change curves of air temperature  
 

 
a. Over test period  b. Day change 

 

Figure 6  Substrate temperature change curves of overall test period and day change curves (December 26th) 
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a. Over test period  b. Day change 

 

Figure 7  Seedbed surface temperature change curves of overall test period and day change curves (December 26th) 
 
 

3.4  Analysis of heating uniformity 
The minimum deviation degree of substrate temperature was 

used as the statistical index to evaluate the uniformity of the 
heating system.  When the minimum deviation degree of a 
substrate temperature of each measuring point in the same depth 
layer was not more than 20% and the average value was not more 
than 10%, the substrate temperature was considered to be uniform.  
The minimum deviation degree of substrate temperature can be 
calculated by Equation (5). 

min 100%s s

s

T T
T

γ −
= ×            (5) 

where, sT
 
is the average temperature of each measuring point at 

the same measuring time, °C; Tsmin is the minimum temperature of 
each measuring point at the same measuring time, °C; Ts is the 
temperature of each measuring point at the same measuring time, 
°C.  

Nine substrate temperature measuring points of the same depth 
were arranged in the seeding area with heating, and the minimum 
deviation degree of all measuring points during the whole testing 
period was calculated, which is shown in Table 1.  The results 
were that the minimum deviation degree of substrate temperature 
was between 2.83% and 10.95%, and the average was 6.02%, 
which were all less than the judging value. 

 

Table 1  Substrate temperature minimum deviation degree 

Minimum deviation degree 
Measuring points 

Change range Average 

1 2.83-9.32 5.42 

2 2.91-9.41 5.85 

3 2.97-8.88 5.61 

4 3.05-9.64 6.31 

5 3.14-10.95 6.46 

6 3.04-9.55 5.93 

7 3.01-10.65 6.12 

8 3.07-10.73 6.30 

9 3.14-10.43 6.21 

Average of minimum deviation degree 6.02 

4  Conclusions 

An experimental study was conducted to evaluate the effect of 
the seedling heat preservation and root zone heating system on the 
microclimate in the Venlo greenhouse.  The presence of the 
heating system improves the seedling local microclimate during the 

nocturnal and winter periods with an average increase of the inside 
air temperature and substrate temperate by 1°C and 5.2°C.  This 
improvement in the microclimate during the nocturnal periods had 
a very positive impact on seedling development and quality.  The 
minimum deviation degree of substrate temperature was less than 
20%, and the average was less than 10%.  The greenhouse 
seedling heat preservation and root zone heating system can make 
the substrate temperature rise evenly, which can provide a good 
environment for the cultivation of high-quality seedlings.   

Meanwhile, as a new type of heat dissipation end for civil 
heating, the cost of carbon crystal electric heating film was only 
RMB ¥20 to RMB ¥40 per square meter, which were 50% lower 
than the capillary tube, traditional boiler and heat dissipation end 
and hot air heating.  The cost price of the capillary tube is RMB 
¥50 to RMB ¥70 per square meter, which is 50% higher than that 
of hot air heating and circular wing radiator, which makes its initial 
investment in the early stage is relatively large.  When there is no 
suitable low temperature heat source such as industrial waste heat, 
the follow-up operation cost will be high.  If the initial investment 
cost of the greenhouse heating system is too high, it will be very 
difficult for greenhouse producers and operators to apply and 
popularize.  However, the carbon crystal electric heating film 
heating system has low investment cost in the early stage and high 
electricity cost in the later stage, and it is more suitable for the 
production of greenhouse crops with high added value and high 
environmental requirements, such as seedling and potted flowers. 
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