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Effects of different root zone heating systems on the microclimate and

crop development in solar greenhouses
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Abstract: Heating greenhouse is indispensable for plant development particularly in winter when the air temperature is lower.
In that sense, root zone heating is more energy-saving than traditional air heating. The current work was devoted to the study
of the effect of two root zone heating systems based on carbon crystal electrothermal film and low temperature hot water pipe
on the microclimate and tomato yield in solar greenhouse. And their performance was tested in the coldest period of winter in
Yongging County of Hebei Province. The results showed that the use of root zone heating system can improve the average
substrate temperature by 6.8<C.  This microclimate improvement had a positive impact on tomato production. The output per
square meter has increased by 19% compared to the unheated. It was also noted that the presence of root zone heating leads to
a decrease in the development of disease in heated areas. Based on these results, the root zone heating system can be an
effective method of improving the environmental temperature of crop plant, which is of great significance for increasing crop

yield.
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microclimate and crop development in solar greenhouses.

1 Introduction

Solar greenhouse is a greenhouse type independently
developed by China, which can realize the overwintering
production of fruits and vegetables without auxiliary heating. By
the end of 2020, Chinese solar greenhouse area has exceeded
5x10° hm% As an important way to solve the stable supply of
vegetables in northern China in winter, it has played an important
role in ensuring supply and increasing income. At the same time,
it is also a key way for Chinese protected horticulture industry to
achieve the goal of “double carbon”.

The solar greenhouse can carry out production without heating
when the outside minimum temperature is —10°C in North of
China™?. The main reason is that the wall and soil of solar
greenhouse have the function of heat storage and release. The
wall and soil store solar energy during the day, and release the
energy at night. However, this heat storage and release structure
has limited effect due to the slow heat transfer between the wall
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Effects of different root zone heating systems on the

and soil. It is difficult to effectively collect and store the surplus
solar energy in the daytime for improving inside temperature at
night. Early researchers mainly used the solar energy absorbed by
water and other media to heat the inside soil by building a ground
heat exchange system. However, due to its large amount of work
and limited heat storage and release effect, it has not been widely
used®®. Many researchers collect and store the solar heat energy
in the water through internal or external heat collection devices,
and release it into the greenhouse at night to improve the inside
temperature®®®, use rock-bed as heat storage®*Y, or make hot
water and hot air into the inside underground to improve the inside
ground temperature!>2%1 At the same time, the method of phase
change latent heat storage in chemical industry has also been
applied to solar greenhouse. Compared with water heat storage,
this method can greatly reduce the volume of heat storage
facilities""®1.  These methods mostly use solar energy, and the
heat storage and release are unstable. The main reason is that they
rely too much on the changes of external environment.  Therefore,
the active heating system is another necessary choice.

The heating of greenhouse mainly includes air heating and soil
heating. In the past, people often paid more attention to air
temperature improvement and ignored the research on the root zone
temperature. However, in the solar greenhouse, when it is sunny,
the inside air temperature rises rapidly and soon reaches the
appropriate temperature for crop growth, but the root zone
temperature rises slowly. In winter mornings, after the heat
preservation quilt is rolled up, the root zone temperature generally
needs 2-3 h to enter the optimal range of root physiological
activities.  During severe cold time, it takes longer, so the
aboveground part is in a high light and temperature environment,
and the recovery of root function is slow, which cannot ensure the
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demand of crops for water and mineral nutrition, and is easy to
cause physiological and biochemical metabolic disorders. In
recent years, with the maturity of environmental control technology
of solar greenhouse in China, more and more researchers also tend
to control the temperature microenvironment of crop root zone.
Root zone temperature significantly affects the growth of crop
roots and the absorption, transportation and storage of water and
mineral nutrients™®. When the root zone temperature is higher or
lower than the upper and lower limits of the optimal temperature
for crop growth and metabolism, its growth and metabolism are
easy to be inhibited or stressed. Generally, the temperature
required by the root zone of crops is slightly lower than that of the
aboveground part of crops, and the suitable temperature range
required by the root zone is narrow, generally 15°C-25°C. This is
a genetic feature formed by the root system living in the soil
environment with small temperature variation for a long time, and
it is also the reason why crops are more sensitive to the root zone
temperature than the air temperature. Therefore, in a sense,
controlling the root zone temperature is more important than air
temperature.

Root zone heating can reduce greenhouse air temperature
required for crop growth by 5°C-15°C and save energy
consumption by 28% compared with traditional heating
conditions®?. At present, the way of root zone heating in crop
production mainly adopts heating cable™™, capillary network
through low temperature hot water??, carbon crystal material?*2°!
to heat the root zone directly, but it is mostly used in small-scale
seedling production in winter of solar greenhouse. For substrate
trough cultivation of fruits and vegetables, root zone heating is less
used. Zhang et al.”?® built the burning cave hot water soil heating
system of solar greenhouse, which can improve the soil average
temperature 5C-6<C.  Ding et al.l?”) designed a hot water heating
system based on capillary pipe network, which can effectively
improve the local temperature of solar greenhouse.  Beyza et al.?®!
and Llorach-Massana et al.”! all used phase change materials
(PCM) for root zone heating, but the temperature was difficult to
control. Muhammad et al.F%%Y designed a nested double-layer
cultivation pot in which silicone rubber heating plates was placed
for root heating to solve the low temperature of Yangtze river delta
region of China.

The purpose of this study is to explore the effects of two
different root zone heating methods of carbon crystal
electrothermal film and low temperature hot water pipe on tomato
planting environment and yield, in order to provide practical basis
for the design and application of heating system for large-scale
soilless fruit and vegetable cultivation in solar greenhouse in the
future.

2 Materials and methods

2.1 Experimental greenhouse description

The experiment was carried out in the solar greenhouse of
Yongging County, Hebei Province from October 2021 to April
2022 (39.32N, 116.49E, 11 m altitude). The solar greenhouse
faces south, with a length of 60 m, a span of 10 m and a ridge
height of 5.32 m.  And the back wall was 4 m high and 950 mm
thick. From inside to outside, it was 850 mm thick steel frame
system prefabricated reinforced concrete slab fabricated wall and
100 mm thick extruded polystyrene board. The fabricated wall
was a steel frame, the inner and outer layers were 80 mm thick
precast concrete slabs, and the middle was 660 mm thick

compacted soil, which needs to be compacted several times. The
gable was 370 mm thick shale brick with 100 mm thick extruded
polystyrene board outside. The film of front roof was polyolefin
film with high light transmittance, aging resistance, fog elimination
and good dripping performance, with a thickness of 0.12 mm.
The front bottom of the greenhouse adopted electric film rolling
ventilation, and the ridge adopted intelligent roof ventilation
system to adjust the size of air outlet according to the inside air
temperature feedback. The front roof was covered with composite
insulation quilt, and the rolling time was 8:30-9:00 and
16:00-16:30. The air heating system was not installed in the
greenhouse. Only the root zone heating system was installed in
the foam planting trough, which section’s width and height were
270 mm and 245 mm respectively. Figure 1 is the cross-sectional
view of experimental greenhouse.
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Figure 1  Structure of experimental solar greenhouse

2.2 Root heating system description
221 Root zone heating system based on carbon crystal
electrothermal film

The heating system was composed of carbon crystal
electrothermal film, temperature control system and conductive
circuit. The carbon crystal electric heating film is a surface
heating material with heat dissipation on one side, which interior is
carbon heating area, copper foil current carrying strip, silver slurry
current carrying strip, base film, etc. Its surface temperature can
reach 50<C, and the heating density is 120 W/m? It can directly
convert electric energy into heat energy, and the conversion
efficiency can reach more than 95%. The temperature control
system is composed of substrate temperature sensor and liquid
crystal control panel, and the carbon crystal electric heating film
can be connected in parallel according to the width, which relates
to the temperature control system by wires. The carbon crystal
electrothermal film has various specifications. The thickness of
the carbon crystal electrothermal film used in the experiment was
0.25 mm. It was cut into a long strip with a width of 0.15 m and a
length of 8 m, which was laid in the cultivation trough in two
different forms, as shown in Figure 2, in which the black rectangle
in the figure represents the carbon crystal electrothermal film.
Figure 2a shows that the carbon crystal electrothermal film was
directly laid on the bottom of the cultivation trough, and Figure 2b
shows that the carbon crystal electrothermal film was placed
vertically on both sides of the cultivation trough. The substrate
temperature was used as the control threshold, and the system was
turned on when the substrate temperature was lower than (21+2) <C.
When the substrate temperature was higher than the threshold, the
heating system was turned off.
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Figure 2 Different arrangement of carbon crystal electrothermal
film
2.2.2 Root zone heating system based on low temperature hot
water pipe
The heating system was composed of hot water boiler, hot

water pipeline and valve. PVC pipe with nominal inner diameter
of 32 mm, outer diameter of 40 mm and wall thickness of 3 mm
was selected as the hot water pipe, and the outlet water temperature
was set to 22<C. There were three different forms of hot water
pipe layout, as shown in Figure 3. The black circle in the figure
represented the hot water pipe. Figure 3a shows that one hot
water pipe was set at both ends of the bottom of the cultivation
trough, Figure 3b shows that one hot water pipe was set at both
ends of the middle of the cultivation trough, and Figure 3c shows
that one hot water pipe was set at both ends of the bottom and
middle of the cultivation trough. The system also used the
substrate temperature as the control threshold, and the control
method was the same as the carbon crystal electrothermal film root
zone heating system.

'r‘i B T E ‘._%‘

weees]

245
245

T T T,

SR tsmo ot oo o oo ottty
270

b. On the middle

| 270
a. On the bottom

4

—
=
=

245

N 270 |
¢. On the bottom and middle
Figure 3 Different arrangement of low temperature hot water
pipes

2.3 Crops

The crops planted in the experimental greenhouse were taste
tomatoes. The seedlings were sown on September 15, 2021 and
planted in the cultivation trough of the experimental greenhouse on
October 21, 2021. The cultivation substrate was the mixed
substrate of peat, vermiculite and perlite. The plant rows were
oriented north-south. 12 rows of tomatoes were planted in the
experimental greenhouse, of which 10 rows were heated, and the
heating treatment of each 2 rows was the same; 2 rows were not
heated. The plant rows with root zone heating were consistent
with the production and management of unheated plant rows. All
the plant rows were fertigated using the same system, and received
the same amount of water and fertilizer.

2.4 Monitoring of physiological parameters of tomato

In order to evaluate the effect of different root zone heating
modes on crop growth, some growth parameters of tomato need to
be counted. Under five different heating treatments and unheated
treatment, five plants were randomly selected to measure the
growth indexes of tomato after 60 d and 90 d of planting separately,
which included plant height, stem diameter, internode number and
chlorophyll content. After 130 d of planting, the fruit yield and
quality were counted. Since tomato diseases occurred in the late
growth stage during the experiment, mainly epidemic diseases, the
disease index 150 d after colonization was counted. All data were
analyzed by SPSS software.
2.5 Test of tomato growth environment parameters

The parameters of outside meteorological conditions were
monitored by the meteorological station, including outside
temperature, relative humidity, solar radiation, wind speed, wind
direction, rainfall, etc. Inside air temperature and humidity were
measured by temperature and humidity recorder with model HOBO
UX100-003, which is produced by American Onset Company, and
the accuracy is #0.21<C and #3.5%. The substrate temperature
was measured by intelligent soil temperature recorder with model
TJ1, which is produced by Beijing Hezhong Bopu Technology
Development Co., Ltd, and the accuracy is #0.2<C. The inside air
temperature and humidity recorders were 1.5 m above the ground,
and the soil temperature sensor was buried at the depth of 12 cm.
The experimental planting and the distribution of environmental
measuring points are shown in Figure 4, in which the same figure
showed the same heating treatment. A-E are cultivation columns
representing different root zone heating methods, which are also
five treatments in test. A and B are consistent with Figures 2a and
2b respectively. C, D and E are consistent with Figures 3a-3c,
while F stood for unheated cultivation column, which is taken as
the control.
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Figure 4 Distribution diagram of measuring points
3 Results and discussions

3.1 Climatic parameters
3.1.1 Changes of inside and outside environment during the test
For the temperature in the greenhouse is affected by many
factors, there is non-uniformity in the horizontal and vertical
distribution of inside temperature. In order to reduce the error, the
measured values of the inside temperature were treated with the
average values of the arranged measuring points. The test was
carried out in the coldest period in Yongging County of Hebei
Province. Most of the periods were continuous sunny days, with
occasional continuous overcast and snowy days. The outside
temperature was -14.3C-22.0C, the relative humidity was
12%-100%, the maximum solar radiation was 628 W/m?, and the
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maximum wind speed was 6.8 m/s, while the inside temperature
was 6.8C-42.9C without auxiliary heating, and the relative
humidity was 16.2%-98.3%. Figure 5 shows the changes of
temperature and relative humidity during the test period from
November 5, 2021 to January 7, 2022. The variation range of
inside and outside temperature difference is 2.6 <C-33.9<C, which
indicates that the thermal insulation effect of solar greenhouse is
good.
3.1.2 Changes of cultivation substrate temperature

The changes of substrate temperature under two typical
weather conditions were analyzed. Figure 6 shows the substrate
temperature changes of five root zone heating treatments and
unheated treatment in sunny and cloudy days. The substrate
temperature of root zone heating was significantly higher than that
of unheated. The fluctuation range of substrate temperature in
cloudy and snowy days was not as large as that in sunny days.
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The main reason was that the temperature change of substrate was
affected by solar radiation, while the solar radiation in cloudy and
snowy days was weak and had little effect on substrate temperature.
Among two heating treatments of carbon crystal electrothermal
film, the heating effect of B was better than A, and the temperature
fluctuation range was the smaller.

The extreme values of substrate temperature in different test
areas during the whole test period and under two typical weather
conditions were counted, as listed in Table 1. The average
substrate temperature of heating areas was 6.8 C higher than that of
unheated area, and in five heating areas the maximum difference
between average substrate temperature was 1.9<C. In two typical
climates, the average substrate temperature of heating areas was
6.6<C and 9.6<C higher than that of unheated area, and the
maximum difference of average substrate temperature between five
heating areas was 1.8<C and 7.7 <C respectively.
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Figure 6 Day change of substrate temperature

Table 1 Extreme value of substrate temperature in different
test areas (<C)

Statistical period ~Statistical indicators A B C D E F

Minimum 19.2 209 183 193 158 10.6

Throughout the :
test period Maximum 254 261 287 286 295 222
Average 217 236 223 226 225 157
Minimum 204 229 211 215 20.0 146
The sunny day Maximum 236 243 249 247 249 176
Average 219 237 231 232 225 163
Minimum 198 252 162 149 160 99
The cloudy and Maximum 210 258 194 193 199 11.9

snowy day

Average 20.3 255 183 17.8 185 105

3.2 Tomato growth parameters
3.2.1 Plant height, stem diameter,
chlorophyll content

The effects of different heating treatments on plant growth are
shown in Figure 7. Compared with the control, the various root
zone heating methods promoted plant elongation to varying degrees,

internode number and

and the differences between B, C, D and F were significant. The
effects of treatment for 60 d and 90 d were slightly different.
Treatment D was the best at 60 d and treatment C was the best at
90 d. Meanwhile, compared with the control, all kinds of heating
methods were conducive to increase the stem diameter of the plant.
When treated for 60 d, the effects of treatment B and E seemed to
be more obvious. When treated for 90 d, the effect of heating on
the increase of stem diameter was more significant, but there was
little difference in the positive effect of different heating methods.
Interestingly, the control has more nodes than all heating methods,
and its plant height was the lowest, indicating that the node spacing
was also the shortest. When treated for 60 d, there was no
difference between different heating methods. When treated for
90 d, among the five heating treatments, the number of nodes of A
was the most and the number of nodes of D was the least, and there
was no significant difference among other treatments. The effect
of heating treatment on leaf chlorophyll content was not significant.
Only treatment B and treatment E promoted the increase of
chlorophyll content at 60 d and 90 d.
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Figure 7 Effects of different heating treatments on plant height, stem diameter, internode number and chlorophyll content of
tomato plants 60 and 90 d after transplanting

3.2.2 Tomato production and soluble solid content (SSC)

The effects of different heating treatments on yield and SSC
are shown in Figure 8. As of 130 d after planting, the cumulative
yield of tomato under the three heating treatments of B, C, and D
reached more than 10 kg/m?, significantly higher than the control
by 8.1 kg/m? The vyield of treatment E and treatment A was
slightly higher or lower than the control, but the difference was not
significant.  Soluble solid was the general name of all compounds
dissolved in water in the sample, including sugar, acid, vitamins
and minerals. It was the most important quality index to reflect
the taste of tomato. We determined the content of soluble solids
in tomato fruit, and the result was almost the opposite of the yield.
The highest SSC was treatment A and treatment E, which indicated
that the plant may have experienced some water deficit. There
was no significant difference between SSC and control in treatment
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Figure 8 Effects of different heating treatments on cumulative
yield and soluble solid content of tomato fruit 130 d after
transplanting

B and C with the highest yield. Combining these two indicators,
treatment D seemed to have a better balance, higher yield and
higher SSC.
3.2.3 Disease index

Serious diseases occurred in the later stage of cultivation, and
seedling pulling ended the cultivation cycle in advance. The disease
index was counted 150 d after planting before seedling pulling.
Effects of different heating treatments on disease index are shown
in Figure 9. Compared with the control, the incidence of all heated
tomato plants was significantly reduced. Among the five heating
treatments, treatment A was the most serious, treatment E was the
lightest, C and D were in the middle, and there was no significant
difference with B or E.  From the above two indexes, the plants of
treatment A were subjected to obvious abiotic and biological stress,
but compared with the control, heating still had a positive effect.
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Figure 9 Effects of different heating treatments on disease index
of tomato plants 150 d after transplanting

4 Conclusions

An experimental study was conducted to evaluate the effects of
two different root zone heating methods of carbon crystal
electrothermal film and low temperature hot water pipe on tomato
plant environment, crop physiological parameters and yield in solar
greenhouse. The performance of root zone heating system was
tested in the coldest period of winter in Hebei Province. The
results showed that the use of root zone heating system can
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impr

ove the average substrate temperature by 6.8<C, and in two

typical climates, the average substrate temperature of heating areas

was

zone heating system can make the substrate temperature rise evenly,

6.6C and 9.6 T higher than that of unheated area. The root

which can provide a good environment for the crop cultivation.
Meanwhile, the root zone heating methods can promote plant
elongation, increase the stem diameter, reduce the risk of diseases

deve

lopment of plants and make the output per square meter

increase by 19% compared to the unheated.
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