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Substrate heating systan with solar energy for greenhouse

.1 2 . 1 1 . 1
W ang Shuangxi, Ma Chunsheng”, Zhang Jing", Zhao Conghui’, Qin Gang
(1 Engineering and Technology College, Shanxi A gricultural U niversity, Taigu 030801, China; 2 D eparment
o M echanical Engineering, N orth China U niversity o Science and Technology, Taiyuan 030051, China)

Abstract: A ming at 0lving theproblem of low er teanperature, w hich restrainsplant development, production and quality in
greenhouse during wintertime, a systan was introduced w hich ocould store wlar energy in substrate maintain the il
tamperature to meet the crop requiranent for grow ingw ell T his research w as conducted mainly by mathematical smulation
and the regression analysis in the SA'S Software The result showed that the system oould efficiently increase the il
temperature and reduce range of il temperature fluctuation in the greenhouse during wintertme And there was a
transition layer of the substrate tenperature betw een the storing one and heating one, inw hich the tenperature did not vary
w ith the time, but theothersdid T he research proved that the smulation result show ed good agreamentw ith them easured
one The difference method was used to calculate the heat diffusion coefficient and it was accurate enough It was alo
oconfimed that the optimizing areas ratio of lar collector of the system to cultivation field is1 5, which could meet crop
grow th requirement all the year round in the study situation In aword, the system could accomplish the goal of storing
wlar energy in summer and utilizing inw inter, storing it in daytime and utilizing in nighttime, storing it in sunshiny day and
utilizing in cloudy day, for raising substrate temperature to meet the plant grow th requirementw ithout any other energies
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1 Introduction

One of the variablesw ith the greatest influence on
thephysiological reponse of plant is il tenperature
The roots of crop are frequently subjected to
tenperature below the optimum level for the
yield" *.  Consequently, the use of il heating
systansmay be convenient and beneficial to both the
yield and quality of products Thus the greenhouse
il heating installations have become standard
technical equipment in modern greenhouse
facilities* ®. Therefore, various authors successfully
tested the use of heat in the environment w here roots
of the crops grow, and the heat was usually supplied
by wam water pipes with the gas, coal or oil as
energy reources’ "

A n alternative olution for substrate heating is the
use of a wlar energy oollecting-heating system w hich
combines all the advantages common to the rest of the
systems, such as cleanliness in the consumption,
security and continuity in the supply, easy control and
versatile application with economic operation® °.
T hese advantages can compensate for the higher price
of facility with regect to other resources
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A nalysis and definition of phenomena occurring in
the course of heat and mass transfer in the substrate
enables the development of mathematical models of
the process, each model calculating different variables
in thisprocess U sing these models, it is possible to
compare heating systams for maximum efficiency. In
some published papers, fragmentary research results
have been provided, but a comprehensive analysis is
adj still lacking, egecially for slar greenhouse'” °.
The objectives of thiswork were (a) to define the
olar substrate heating systean configuration and the
operating conditions to produce the best energy and
econom ic results and (b) to model a heated substrate
by the wlar energy heating systan for wlar
greenhouse in order to predict the substrate
teanperatures and to estimate the pow er efficiency and
themal structure of heated substrate

2 M ater ial and methods

2 1 Exper mental greenhouses

The experimentsw ere conducted in a 234 m? olar
greenhouse with popular structure in China* *"%,
w hich w as located in the north part of Beijing In the
greenhouse, therew ere two identical areasof 39mx 6
m, which were themally insulated from each other
and given identities I and II. In the area I, the
heating systan was installed for optimum il
temperature, mearw hile the II was taken as the
comparion Throughout the experiment, cucumbers
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w ere cultivated in both areas of the greenhouse
2 2 Solar energy substrate heating systam

As shown in Fig 1 shown, the wlar energy
substrate heating systam includes three parts the
lar energy oollector with the width of 150 an,
similar to the width of the back roof of the slar
greenhouse, length of 3600 an, almost the same
length of the greenhouse, and height of 40 an
installed on the back roof of the olar greenhouse The
installed highest point is just 40 an higher than the
ridge height of the greenhouse The substrate heating
part by means of PV C pipes buried in the upper il
and storing part by means of steel pipes buried in the
deeper wil, and the circulating part included w ater
tank and pump.
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Water pump _A
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Fig 1 Diagram on installation of lar
substrate heating system

The pipes were equidistant from each other to
ensure a uniform distribution of the heat The
dianeter of the PV C pipes buried at depth of 30 an
was 7 5an, and the distance betw een onepipe and its
neighborswas also 30 an, for heating il directly.
Steel pipes with dianeter of 14 an were buried at
depth of 80 an with distance between one and the
other being 80 an too, for increasing the themal
inertia of the systan and substrate and making the
best use of heat at night, or cloudy day and s on
Because of the short distance between pipes, the
w hole substrate layer in which the pipesw ere placed
w as considered to have a uniform temperature!™* *|
This allow ed heat conduction to be considered asone-

dimensional instead of two-dimensional and the
expermental design to be smplified with sensrs
placed only in the vertical dmension'™ "\ The set
point temperature for the heating of the substratew as
18 measured at a depth of 20 an, for the storing
w ater in steel pipeswas 80 and for the heatingw ater
in PV C pipeswas 60 , the tenperature valuesw ere
reported by Romero, M artinez andW u et al'™** )
1 3 Exper mental designs

The design paraneters in this investigation of the
olar substrate heating installation with two kinds of
depth w ere thosew hich either could heat the substrate
directly or could accumulate the heat generated by the
wlar energy collector for gradual release to the crop
rootsw hen therewas no sunshine In both pipes, a
device mounted monitored water temperature and
flow. U sing themonitoring device, coefficientsof heat
exchange betw een pipes and il could be calculated
In the course of the study, heating was available on
demand in wlar energy collector throughout the
investigation A nd the heating systan was switched
on automatically w hen the substrate tenperature fell
below 18

The follow ing conditionsw eremonitored during the
wo years research (Apr 2001 Apr 2003): air
temperature, radiation and humidity both inside and
outside the greenhouse, the substrate temperature
inside the greenhouse The temperature of the
substrate was measured at 30 min intervals using
RHLOG-11 (made in T singhua Tongfang, China), in
w hich the senorswere placed at different depths as
shown in Fig 2
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Fig 2 Sensor placanent for measuring substrate
temperature of greenhouse

The air and il humidity wasmeasured also at 30
min intervals, using RHLOG-NM (made in T singhua
Tongfang, China). The radiation and air temperatu-
res both inside and outside the greenhouse were
recorded by meansof Hobo-boxcar (made inU. S A).
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3 Numerical smulations

3 1 M odel of calculating coef icient heat diffusion (x)

Heat transfer by conduction in substrate has been
defined by the conductivity eguation

&= 2 L% (1)
W here, T is the tamperature of substrate, K; tis the
tme, s Ais the themal conductivity of substrate,
W /(m- K); Pisthe substrate density, kg/m?® cisthe
volumetric heat capacity, J/(m® K).

For simplification, assumingc, P and Aas constant

In the case of the wlar greenhouse, for lving the
above equation, the following assumptions were
made:

1) The substrate is porous,
iotropic

2) The heat transfer in the substrate occurs
exclusively through conduction, while the oontact
resistance at the interface between the heating pipe
and substrate is neglected

3) At any tine, the tanperature of substrate varies
aimost in the samew ay on the given horizontal surface
except for the boundary.

4) During the very short time, the heat diffusion
coefficient is constant in the Imited thickness of the
substrate, for the moisture content and the heating
pipe materials are also constant in the entire analysis
process

5) The temperature of il surface varies similarly
in sine function w ith the time of a day-night

Thus, equation (1) can be expressed as

x_ e
a &° (2)
T(x,t) = To+ Asinut (x = 0, t= 0)

W here, Toisthe average tanperatureof il surface; w

= 2m/p, p is the periodicity of the il surface heat

variation, here the value isasaday-night time, s &=

McP, a is the coefficient of heat diffusion, m?/s A is

the daily amplitude of the substrate temperature

homogeneous and

variation These equations w ith initial-boundary
oconditions were olved by the differential
method™ **. The result is

T(x,t)= Tot+ A€ o Wsin[zpn- (t- é‘z\"@})] (3

W here, T (x, t) is the variation of the tenperature at
any depth of the substrate at any time
2 2 Initial and boundary conditions of the model

A sdiscussed above, the coefficient of heat diffusion
is essential in themodel for the necessity of discussion
as follows There are many elements, such as il

texture, il structure, il aeration and saturated
w ater contentw hich influence the heat diffusion of the
substrate, and it is difficult to define them either
mathenatically or experimentally. Fortunately, the
coefficient of heat diffusion can be defined in equation
(2) by thedifferencemethod In equation(2), it could
use difference as a substitute for differential and it is

oa/a= [Ti(t+ AT) - Ti()]/AT

OT /&%= [Tiwa(t) - 2Ti(1) + Ti (1) ]/AX? @
W here the subscript i denotes the each separate node
in the gace of the substrate Then substituting
equation (4) for equation(2) and smplying gives
Tl ol O d(Tha- T - dTI(Ti- Tiw)

At Ax? )
W here the superscript j denotes the each time w hen
the substrate temperature ismeasured or calculated
Furthemore, assuming the xbeing equal any w here at
an indicated depth of the substrate, the result is
AX® Tt T
At " Thi- 2T+ Tis ©®
With T = (T + T')/2, where At is the time
interval, s Ax is the depth gpace betw een upper and
deeper substrate, m.

The initial and boundary conditionsmay be beyond
human control or may be caused by human action,
such as heating The tanperatures of substrate
surface and substrate base, throughout the
simulation, were the upper and deeper boundary
conditions, while the temperatures of all the nodes at
the beginning of the simulation were the initial
condition, Boundary and initial conditions were
measured and supplied to the model throughout the
smulation time W hen heating in operation, the
model did not calculate the temperature of the node
w here the heating pipe was placed It was a heat
source and thus it was included within model as an
additional boundary condition T hat was not a model
input, but a function that was estimated and included
in the computer progranmer. W hen the heating pipe
was not in operation, the temperature of the node
w here the pipe was placed was also calculated using
themodel

o=

3 Reault and discussion

3 1 Estimatihnga

For themost vegetation, the depth of 10 25 an is
the likely depth of the greatest root density, follow ing
the recommendation of M erbaum, Li, et al'*** *,
Wu, Chang, M a and Yang al® pointed out that the
greatest root concentration of the crops, such as

aubergine, cucumber and tomato'* *° "* ¥ was
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centralized near the depth of 15 an in the substrate Theou, the heat diffusion coefficient for area II, as
Therefore, in the equation (6) making Ax is 15 an, t comparion, is calculated as shown in table 2 The
is 1 h, and with the measured data of the substrate result of theow isas

temperature in area I, theou of the heated il in I
is calculated as shown in table 1, the value of o1 is

6
o = (1/n)zloc: 9 77% 10 *am?/s

6
o = (1/n)Zoc: 8 04x 10 *an’/s
=1

Table 1 Calculated resultsof & for 1

1 2 3 4 5 6
No
j i+ 3At j j+ 3At j j+ 4At j i+ At j j+ 3At j j+ 2At
Tis1 1436 14 23 1411 13 98 1398 13 86 16 37 13 86 16 71 16 37 15 67 15 44
T 15 67 15 56 1556 15 44 15 44 15 32 15 44 15 32 1556 16 14 16 37 16 25
Ti1 1671 1671 1671 1671 16 71 16 60 16 48 16 60 16 48 16 60 1671 1671
0 998x 10 3 10 42x 10 3 10 41x 10 3 8 33x 103 8 76 x 10 3 10 71x 103
Table 2 Calculated results of o for canparison area Il
1 2 3 4 5 6
Na
i j+ At j j+ At j j+ At j j+ At j j+ At i j+ At
Tis1 1311 12 98 128 1273 12 6 12 47 15 32 15 67 14 36 14 11 1398 14 11
Ti 1423 1411 14 11 13 98 1398 13 86 1682 1671 14 96 14 84 14 72 14 84
Ti1 14 36 14 36 14 36 14 36 14 36 14 36 17.28 17 28 14 48 14 48 14 60 14 48
0 7.98x 10 3 8§ 55x 10" 3 7.98x 10 3 9 05x 10 3 6 94x 10 3 7 73x 103

Comparing thea: with an, it isthe heated substrate
w ith higher temperature that possesses the greater
coefficient of heat diffusion in value than that of
unheated one That is to say, besides the natural
elanents, the heat diffusion of the substrate could be
easily regulated through heating by human being

Results of simulation

10 cm Substrate
temperature/ °C

12 F Experimental results

10 1 1 1 Il 1 1 1 L 1 1 1 J

3 2 Validation of themodel 0 2 4 6 8 10 12 14 16 18 20 22 24
In order to investigate the varying pattern of the Time/h

substrate temperature with the depth during a day- Fig 3 Experimental resultsvs the smulation

night tme, the nonlinear regression analysis was of 10 an substrate temperature

conducted by using the computer progran of SA'S

T he dataw ere analyzedw ith substrate depth from O to 15

Results of simulation

25 an during the time from Novenber 2002 to M arch

Lo
g5
2003; the regressive results are shown in table 3 as gg "
smulation In Fig 3 and 4, the simulations are T E
compared w ith themeasured ones 2§ Experimental results

In the table 3, it isobviously demonstrated that the L S T S S S S S
heated substrate in I, which is heated by slar 02 46 81012141618 Zgin?:/hz“
energy oollecting—heating systen, owns the higher
mean tanperatureof 1 08 than that of the unheated
one in comparion II. Inotherwords, it isthe degper
pipes acting as accumulator in systean that can raise Table 3 Resultsof nonlinear regression analysis
the tamperature of the themostatic layer of substrate of varying temperatures of substrate

Fig 4 Experimental resultsvs the simulation
of 25 an substrate tenperature

up tomore than 1 , which ismuch beneficial for the 9 Regression equation Amplitude/ R
crop productionw hen there isno sunshine for a longer I 252 10 3 ;:1?0 1256t322 ix386'16;3) 288 Q095
tme Moreover, the snaller varying amplitude of

in I ' i I 289x 103 Y2= 1424+ 4le®” 410 a9
1 22 in | means that the heated il temperature is sin(Q 26t- 6 73x - 1 83)

more hamonious for crop root grow th
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The higher heat diffusion coefficient of @ 63x 10 °
in the heated substrate of I could helpfully make the
air tanperature in the greenhouse to be reasonable for
crop growing during the wintertime The analysis
further showed that the coefficient of heat diffusion
could significantly be affected by different factors such
as heating intensity and water coontent in the
substrate

The ocomparioon between the measured and
theoretically calculated temperature data show ed that
the suggested mathanatical models correctly defined
the temperature changes in substrate heated by the
systen. A nd they could be a kind of useful tool w ith
which to assess and predict the varying trend of
substrate temperature, the energy consumption of
heating, and to evaluate the efficiency of the design
parameters in heating system.

For the relationship of the air teanperaturew ith the
substrate one, the results of regression analysis are
shown in table 4

Table 4 Regression analysisof theair tenperatures

with soil temperature in [

Regressive equation  R?

Inside air temperature (Y) to

Y= 7098+ Q6ts Q99
substrate one (ts) of surface

Inside air temperature (Y) to

Y= 16 16+ Q 1ts Q 93
substrate one (ts) of 10 an *

Here a fact should be pointed out that the outside
anbient tanperature in daytime ispractically no bound
up with the il teanperature, due to the ventilation
and lar radiation, thus the regression analysisw as
carried out from the 14 00 pm to 8 00 an. As a
result, the analysis indicated that degree of the il
temperature influencing the air one in a greenhouse
distinctly varied w ith the depth of the substrate The
deeper it goes in the substrate, the less it affects air
temperature, w ith the degree decreasing from 6 to 1
point (Fig 2) as the depth from zero to 10 an. This
finding may prove the two kinds of ideas one is that
accumulating the heat in the deeper substrate when
the upper il heat is adequate, and using it w hen the
il heat is deficient are feasible, efficacious and
reaonable the other one is that the higher surface
temperature of the substrate is beneficial to the low er
air temperature for the crop grow ingw ell

Themeasured resultsalso show that the depth of 40
an was the layer of transition for the substrate
tenperature That isto say, therewasno temperature
variation at this depth anyw here in both I and I It
was more than 2 that the heated substrate ow ned

the fundamental temperature than the unheated one
from this depth to deeper ones after heated for an
week From the depth of 40 an to 80 an, the
temperature varying anplitude becane greater with
the substrate being deeper, for the heat accumulating
pipes buried at the depth of 80 an in I, but therew as
practically no temperature varying of the substrate at
the same depth of II. On the contrary, upw ards of
the depth 40 an, the teamperature varying anplitude
w as evidently snaller in I than that in II, where the
mean temperature was about 1 5 higher in the
former than the latter. In aword, the heating system
made this contrary effect with the depth of 40 an as
the layer of the transition in the researched situation
A nd asknownw ell, themoderate tanperature varying
in the plant roots zone is advantageous to the crops
grow ing
3 3 Ratio of the collecting area to heated area and its
effect

In the course of the study, to detem ine the area of
Dlar energy ollector, the heat energy balance on the
il heat collection and output should be conducted for
the optmum substrate heating T he analysis has been
affected by the recurrent elanent of the installation
L eaving out the process, the following should be
mentioned: the air temperature in greenhouse ison the
constant basisof 15 and changeable uniform ly over
this basis anywhere in it at a tme The anbient
tenperature outside greenhouse is - 12 , the
characteristics of the heat diffusion in the base of the
greenhouse are all the same at any direction and
position Thus, the average supplementary heat for
the testing greenhouse was 90713 41 kJ, which was
calculated w ith the data from Apr. 2001 to Apr. 2002,
the efficiency of the collectorwas 41 2%, which was
detemined by experiment at the testing site the
accumulated value of irradiance was 7640 kJ/m?
w hich was the average value from 1990 to 1998
Finally, the analysis indicates that the optimum ratio
of the wlar energy oollecting area to the heated area
oould be 1 5 Fortunately, the further exacting text
has verified this ratio as afact, w hich is reasonable for
theoptimum substrate heating in researched situation

The heating function of the system in cloudy
w eather is shown in Fig 5 and 6, which was the
substrate temperature varying on D ecanber 23, 2002
(the fifth day of the cloudw ith snow). Comparing the
Fig 5 for heated substrate with Fig 6 for unheated
one, oonclusions can be dravn that the systan can
enhance the air tanperature of the greenhouse being
more than 1 3 , the upper layer substrate
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tenperature (0O 40 an) more than 2 2 and the
deeper layer one (40 80 an) more than 2 6

averagely. The Fig 5 and 6 al® reveals that the
deeper pipes of the systen own the more power
(2 6 ) than the upper ones(2 2 ) to maintain the
temperature of the substrate at the higher temperature

for a longer tme
Ar /80cm

—= 0 cm

7 40 cm

25 cm

Temperature/ °C

oo
T
ke
=
8
3
B
]
g
<
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Fig 5 Temperature varying trend on the cloudy day in |
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Fig 6 Temperature varying trend on the cloudy day in Il

By theway, for the economics, the systan wasable
to save the ooal of 2700 kg monthly during thew inter
of 2002w ith consum ing the electricity of no more than
87 KW - h, for systam operating to make the substrate
tenperature reaonable But the price of the systan is
relatively high that makes the payoff period be more
than 6 years How ever, it should be believed thatw ith
the mprovement of the technology, the system could
be further perfected w ith practicable price

5 Conclusions

1) The lar energy systam can efficiently increase
and maintain the il tenperature to meet the plant-
grow ing requirement

2) A Ithough the coefficient of heat diffusion varies
w ith many factors of the w0il, and is difficult to be
detemined, the difference method is effective for
handling w ith it accurately to meet the cases of the
substrate heating of greenhouse

3) There is a transition layer for the substrate
tamperature between the storing pipes and heating

one The tanperature does not vary w ith the time in
the transition layer, but the others do.

4) The il tenperature influencing the air one in a
greenhouse distinctly varies with the depth of the
substrate The deeper it goes in the substrate, the
less it affectson air temperature

5) Theoptimum ratio of the olar energy oollecting
area to the heated area ocould be 1 5, that is
reaonable in the substrate heating in the researched
situation
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