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Figure 11. Raw temperature data of Case 1. (a) Hot air based system temperature; (b) Hot water based
system temperature.

In Figure 12, the temperature distribution on a specific plane of the greenhouses, in the center
position of the building, by the heat supplying systems is compared for the assessment of the degree of
uniformity. In the case of the conventional monitoring system with a sensor node in the center, it is
shown that the representative temperature of 11.2 ◦C and the maximum temperature difference in the
plane, with the lower right corner one of 17.4 ◦C and left corner one of 14.1 ◦C, is about 6 and 3 ◦C,
respectively. In contrast, the multi sensor node-based average temperature in the hot water system is
about 13.2 ◦C and the maximum temperature difference is estimated to be less than 1.33 ◦C at the lower
center of the plane, coinciding with the position of the heat source, and the heating pipe under a bed.
This certainly does have a variety of implications on greenhouse thermal condition management for
providing a more favorable environment that seeks a high productivity and quality of the crop. Firstly,
from the view point of securing a uniform crop quality, to enable increased profit on the market, the
large difference of thermal variability in a control volume, regardless of whether it is in the longitudinal
or widthwise direction, is certainly not a desired operating condition, thus it needs to be avoided
as far as possible. In that sense, the conventional, and widely installed and operated, hot air-based
heating system is, then, not the best, or optimal, heating solution at all for ensuring, or seeking, better
economic profits.

Figure 12. Temperature distribution of Case 1 (A1) and Case 1 (A2) (heating stage).

In Figure 13, the patterns of temperature change for different types of heating systems based
on the experiment data are shown as time passed. The hot air ejected from the successive hole on
the plastic vinyl tube in the longitudinal direction, which is located on both sides of the greenhouse,
is convected upward, mixing with the relatively lower temperature air in order to heat up the whole
volume of the greenhouse eventually. The hot air supply system has the benefit of a quick response
in relation to reaching the target temperature of the internal air of the greenhouse, but the area of a
high temperature spot is unavoidable due to the intrinsic feature of the forced convection-based heat
delivery mechanism. Additionally, when the hot air supply stops due to the signal that the center
temperature from a sensor has reached a set temperature, the heat flux into the greenhouse is not
sustained further any more by the stop of hot air supply, which means that the continuous heat loss via
the greenhouse skin and the infiltration of cold outdoor air via the gap make the inside temperature
drop rapidly again, as shown in Figure 9. In contrast, the natural convection, or somewhat radiative
heat transfer mechanism of a hot water-based heating system can provide a continuous or unwearying
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heating, which can be executed moderately, as compared to the forced convective mode of a hot air
system, via the large area of heat ejection pipe under the bed. Unlike the hot air-based heating system,
the hot water one can be said to be beneficial in that the hot water that remains inside of the heating
pipe can emit the heat continuously to compensate for the heat loss from a greenhouse, even after
the pump operation is stopped by the controller. Secondly, it can also be conceived that the current
thermal management control system, that relies on a single sensor node, can cause serious results
in terms of productivity or crop quality decrease and, more seriously, a substantial damage of the
whole cultivation due to disease by mold or bacteria, which can be initiated by condensation on a
product. For example, when the greenhouse is controlled by referring to only the sensor data of
a sole sensor node with the hot air system, the multi-variable control system cannot recognize the
observed large temperature difference in a target control volume—the building of a greenhouse—at
all (specifically during the night in winter), and thus does not take any action to alleviate the large
temperature difference under the assumption that the inside temperature is uniform or within the
range of minor differences. The possibility of this situation of danger can be significantly reduced with
the simple substitution of the heating system into a hot water-based heating system. For example,
in the ripening stage of thermal management for a strawberry, the temperature inside of a greenhouse
is desired to be in a chilled temperature range, around 5~7 ◦C, in order to secure higher sugar content;
the heating system is often not triggered until drops below 4 ◦C. It is expected that, in this case of
operation, the local temperature difference would become large, especially between the beds located in
the center and those by the side walls, so in a certain cold day of a winter, the crops in a side bed would
likely be suffering from being exposed to a cold air condition below 4 ◦C without being recognized
by a control system. If this type of exposure or condition occurs often or for a certain period of time,
it would surely lead to undesirable consequences (e.g., damage by diseases).

Figure 13. Temperature changes due to time variation in Case 1 (A1) and Case 1 (A2).

During the day, the thermal condition in the greenhouse can be highly asymmetric due to
the effects of solar irradiation. However, during the night, when the experiment was performed,
the non-uniformity due to the solar irradiation is greatly reduced. Moreover, since the windows are
almost closed during the experiment at night for heating, the effect of wind blowing outside of the
greenhouse is assumed to be marginal, even though a strong and continuous wind condition might
cause an asymmetric thermal condition inside a greenhouse. In this study, the experiment with sensors
in the longitudinal direction were configured to set all sensors located on one side of the greenhouse in
order to increase the measurement resolution, under the assumption that the effect due to wind is too
marginal to suppose a symmetric thermal condition. Figure 13 shows the symmetrical result, to some
extent, of temperature in the greenhouse during the heating experiment period, except for the values
for both side corners. However, it was considered that the level of asymmetry is not significant to
sacrifice the high resolution of data in the longitudinal direction by installing the sensors on both side.

From the analysis of the results of the experimental verification and the promoted understanding
of the different features of the heating systems with the volumetric data for the thermal variables, it can
be concluded that the introduction of a new concept of control variable, of a thermal condition for a
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greenhouse, might be beneficial in various aspects, such as productivity and quality enhancement,
or risk management to prevent disease outbreak preemptively, by providing a more uniform thermal
environment. In this study, the variable of the degree of uniformity of temperature is newly introduced
as a main control variable to a greenhouse, and the effects of the adopted heating systems or the counter
control measures on the variable is assessed as follows.

The degree of uniformity of the temperature inside of a greenhouse can be defined by the
following equation.

U =

(∑n
i=1

(Ti−Ta)
2

n

)
Ta

× 100, (1)

U denotes the degree of uniformity, Ti is a local temperature of a sensor at a certain measuring
point, and Ta is the average temperature of the whole measured points. The definition of the degree of
uniformity of the thermal variable, temperature in this case, means the degree of dispersion of the
temperature from the average value, and it is only available when the multiple sensor nodes-based
monitoring system is implemented to be able to provide lots of data in real-time. From the view
point of thermal environment control in the real field, this new concept of a thermal condition control
variable—the degree of uniformity—can bring about substantial benefits for several aspects that have
been described above. The estimation, or calculation, of the variable based on the monitored data
from lots of sensor nodes in real-time is to be done with ease and it can be estimated that an evolution
from a pointwise, one-dimensional control to a volumetric, three-dimensional control can be attained
with more precise control algorithms, which can be realized with this multiple sensor nodes platform,
in other words, more rigorous or precise real-time monitoring about the status of crop growth and more
precise control of thermal environment can be accomplished, with which a substantial improvement of
crop production and quality can also be pursued.

Figure 14 shows the comparison of the degree of uniformity according to different heating systems
and the control measures of hot water supply on the beds as in Table 1 (A1, A2, and A3). It represents
the values of the degree of uniformity in the longitudinal direction of a greenhouse, as shown in
Figure 8, and it is shown in Figure 14 that the degree of uniformity for a hot air-based heating system
is worse than the others as expected, and it can be substantially improved by the simple substitution
into a hot water system, about 80% decrease of its non-uniformity. The additional control measure of
independent heat supply by the bed can also improve another 10%, resulting in the value decrease of a
tenth. It is also interesting to note that the temperature difference in the longitudinal direction for a
typical winter day at night is more or less 3.0 ◦C, between the center and the end of the greenhouse,
in the conventional hot air-based heating system, on the other hand, within more or less 0.5 and 0.35
in case of the hot water-based heating system based on control measures of A2 and A3 as shown in
Table 4. This aspect of serious non-uniformity that is supposed to be prevailing in the current thermal
environment control system relying on a sensor node monitoring system has long been ignored or
overlooked implicitly, and there is substantial room for enhancement of greenhouse horticulture with
the adoption of this newly proposed concept of precise control measures based on volumetric sensing
data; however, the level of the improvement potential needs to be investigated further for a variety of
crops’ thermal environments, not to mention of the types of greenhouse and the scale, etc.

Table 4. Greenhouse temperature difference by location by the variants of control measures (Case 1).

Temperature Difference (◦C) Case 1 – A1 Case 1 – A2 Case 1 – A3

Front-Rear 0.22 0.52 0.53
Mid-Front 2.97 0.55 0.36
Mid-Rear 2.75 0.03 −0.17
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Figure 15 shows the comparison for the fuel consumption of the heating systems; hot air- and hot
water-based heating systems. The measurement of fuel consumption was performed for 11 days in a
typical winter period, which was from 21 December to 31 December 2017. The comparison shows
that the fuel consumption of A2 hot water-based heating decreased by about 30% compared to A1 hot
air-based heating.

Although the accurate measurement for the crop yield for the different buildings of a test
greenhouse with different heating systems was not performed, it was approximately estimated that
around a 30% crop yield increase was accomplished by providing a more stable thermal condition,
with the concept of qualitative control in the real crop cultivating condition of the test greenhouse A
(Case 1).

Figure 14. Comparison of the degree of uniformity by the variants of control measures (Case 1).

 

Figure 15. Comparison of the fuel consumption of Case 1 (A1 and A2).

3.2. Comparison of Thermal Environment by Variants of Control Measures (Hydraulic Mass Flow Control)

In the previous experiment for test greenhouse A, the concept of a new control variable with the
multiple sensor nodes system—the degree of uniformity—was introduced and the effects on it by the
heating systems and, further, the enhancement of the variable along with the additional mass flow
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rate control by a bed was verified experimentally. In this section, a new measure to be able to increase
the degree of freedom in controlling heat flux in each bed is proposed and its effects on the degree of
uniformity is assessed, and the experimental verification of it is described in detail. In comparison
with test greenhouse A, where the inlet temperature into the inner pipe network of the greenhouse
was determined from the operating status of a heat accumulator connected to the oil boiler, the inlet
temperature into each building of the test greenhouse B could be controlled with a more reliable
manner via the heat exchanger located in each building, in that the secondary loop of hot water was
decoupled from the main loop for which the heat accumulator was connected, as shown in Figure 4
(i.e., the inlet temperature into each building’s heat supply pipe could be adjusted and controlled with
relatively less variation compared to the test greenhouse A (Case 1). In addition to that, a hydraulic
proportional mass flow control valve is also adopted at the inlet of each bed of the building, by which
the mass flow rate into the heat emitting pipe for each bed can be adjusted in an appropriate manner,
in order to be able to control the amount of heat flux for each bed, as shown in Figure 16. Since the
drastic effects of the hot water-based heating system, compared to the hot air one, on the degree of
uniformity is quite straightforward, as proven in the previous experiment, it is not to be considered
hear any more. Instead, several control measures, as shown in Table 1, for improving the resolution
of uniformity, that can be adopted to the hot water-based heating system, was investigated for test
greenhouse B for the comparison of the performances. In this experimental verification for greenhouse
B, along with the previously mentioned control measure A3, two new control algorithms are applied
with the adoption of hydraulic proportional mass flow control valve. Furthermore, it differs in that
the opening rate of the valve is proportional to the temperature difference between the set value of
temperature, the target value for each bed, and the averaged value of temperature for each bed in
the case of B2. As for the case of B3, the opening rate of the valve is not determined with the data
for a current time step, and the opening rate of the valve for the previous step is also referred to in
determining the new value of the opening rate of the valve (i.e., the arithmetic mean value is finally
applied for the current step in this study even though more various weight average methods can be
considered, which might be studied in further study).

 

Figure 16. Images of the pump and valves installation for heating control in greenhouse B (Case 2).

Figure 17 shows the experimental test results of temperature profiles inside of test greenhouse
B according to the applied variants of control measures. The experiments were conducted for three
days, and the ambient air data are shown in Figure 18. In the results, at first it is observed that
the temperature profile over time is oscillating, to some extent, regardless of the applied measures,
which differs from that of it in the case of test greenhouse A. It is supposedly caused by the small heat
capacity of greenhouse B (i.e., a relatively large surface to volume ratio) due to the small-scale of the
greenhouse. The performance of each variants of control measures shows that B3 in Table 1 provided
the best temperature control feature, in that the deviation from the set temperature, 10 ◦C, is the
smallest, among the other variants, to be able to provide a more comfortable thermal environment to
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the crop. In contrast, the simple on-and-off pump control for each bed without regulating the rate of
mass flow, B1 in Table 1, tends not to be able to meet the target temperature, although the fluctuation is
smaller than the case with the variant of B2, linear mass flow rate control algorithm.

The measured temperature data of different control measures, B1–B3, for Case 2 are shown in
Figure 19. It is clearly observed that more stable thermal conditions can be managed with B3 control
algorithm, in that the temperature at various measured points remained within a range of ±0.5 ◦C (i.e.,
the degree of uniformity was highly improved), although the inflection point of temperature over time
was adversely increased due to the more rapid response for the temperature gradient variation.

The measurement data for the temperature variation in case of on-and-off pump control, B1,
and the variants using proportional valve control, B2 and B3, is given in Table 5. It can be highlighted
that the variant of B3, with referring to the data of the previous time step, induced more peaks but the
fluctuation from its mean value is half to that of simple on-and-off control, B1, and one third to that
of another variant of B2. From the result, it can be understood that the abrupt change of mass flow
rate into the heat ejection pipe is not favorable for securing a more comfortable thermal environment,
in terms of meeting the set value or the fluctuation, etc. In that sense, the adjusted control algorithm of
B3, with gradual change of hot water supply into the heat ejection pipe, can be hypothesized to be the
best or optimal control algorithm at present. However, more extensive or rigorous investigation for a
variety of test cases is certainly required in order to draw a general conclusion, and will be carried
out in further study. With regard to the enhancement of the degree of uniformity by the variants
of the control measures, it is summarized in Figure 20. As mentioned above, the value for the hot
air-based heating system is excluded for simplicity, and the comparison reveals that an unattractive
improvement of the degree of uniformity can be attained just by introducing hydraulic mass flow valve
control. Therefore, more elaborate control algorithms need to be adopted, as in the case of B3, where the
previous time step opening rate was also referred to in order to determine the current time step of the
rate having an effect, to aid an abrupt change of heat flux being avoided. The new control algorithm
of B3, referring to the previous value of the opening rate of the valve, is able to accomplish a certain
level of enhancement of the degree of uniformity inside the greenhouse, more or less 55% compared to
the value of B1 or B2. From the analysis of the experimental verifications, it can be concluded that B3
shows the best performance in terms of tracing the target temperature and providing a more favorable
thermal condition with a higher degree of uniformity.

Figure 17. Profiles of temperature variation by the variants of control measures (Case 2).
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Figure 18. The climatic data of the experimental day of Case 1. (a) Outdoor temperature; (b) Wind
speed; (c) Humidity of air; (d) Solar irradiation; (e) Wind direction.

Figure 19. Cont.
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Figure 19. Temperature measured data of different control measures of Case 2. (a) B1; (b) B2; (c) B3.

Table 5. Maximum and minimum temperature data by the variants of control measures (Case 2).

Case 2 – B1 Case 2 – B2 Case 2 – B3

Max.
Temp

Min.
Temp

Temp.
diff

Max.
Temp

Min.
Temp

Temp.
diff

Max.
Temp

Min.
Temp

Temp.
diff

1st 10.4 7.9 2.5 11.9 9.0 2.9 10.2 8.7 1.5
2nd 10.4 8.1 2.3 11.9 8.8 3.1 10.1 9.0 1.1
3rd 10.3 8.3 2.0 12.0 8.7 3.3 9.9 9.1 0.8
4th 10.4 8.1 2.3 12.0 8.7 3.3 10.0 9.2 0.8
5th 10.5 8.2 2.3 12.3 8.9 3.4 10.1 9.2 0.9
6th 10.3 8.8 1.5 10.1 9.2 0.9
7th 10.0 9.2 0.8
8th 10.2 9.1 1.1
9th 10.2 9.2 1.0

10th 10.1 9.2 0.9
11th 10.1 9.2 0.9
12th 10.0 9.3 0.7
Avg. 10.4 8.2 2.2 12.0 8.8 3.2 10.1 9.1 1.0

 
Figure 20. Comparison of the degree of uniformity by the variants of control measures (Case 2).
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In Figure 21, the time variation of the degree of uniformity for two different control measures
(i.e., B1 and B3) is compared and it shows that the instantaneous difference of it can be larger than
that for the averaged value. It also implies that the newly proposed control variable—the degree of
uniformity—is quite adequate for securing a more comfortable thermal environment for greenhouse
horticulture, and it becomes more powerful when it is utilized as a real control variable in managing
the transient thermal operating conditions for which the support of volumetric thermal variables data
from a multiple sensor nodes system is positively necessary, as shown in this study.

 

Figure 21. Comparison of the variation for the degree of uniformity for the variants of control measures
of B1 and B3 (Case 2).

In order to make an assessment for the energy saving mechanism with the adoption of varying heat
flux control for each bed, a computational fluid dynamics (CFD) simulation has been performed using
commercial software of FLUENT, and the results are compared in Figures 22 and 23. The simulation
was conducted for the condition of the same amount of heat flux supply for both cases. It is worthy
to note that the total amount of heat supplied to a greenhouse is the same, but the thermodynamic
or fluid dynamic phenomena, including the degree of uniformity, are shown to be quite different
according to the variation of the local heat flux to each bed. As for the varying heat flux for each bed,
it was adjusted to be increasing as it approached the side walls. It is interesting to note that the varying
heat flux operating control can shorten the time to the reach target temperature inside a greenhouse,
as shown in Figure 23, by about 600 s, and the air flow pattern differs in that different heat flux controls
lead to a counter clockwise tumble flow pattern, with an additional clockwise one at the side wall.
On the other hand, for the case of the same heat flux control for each bed, a wide and single clockwise
tumble flow pattern is observed. From the comparison, it can be hypothesized that the temperature
non-uniformity is mainly caused by the chilled air due to the heat loss by cold outside air infiltration
at the side wall, which is convected into the central part of the greenhouse. However, when more
heat flux was imposed on the bed near the side wall, a kind of thermal barrier forms to prevent the
cold air from being penetrated easily into the central part. However, more rigorous CFD simulations
for a variety of operating conditions, including the three-dimensional effect, are highly desired to be
performed in further study.
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Figure 22. Temperature and air velocity distribution for the case of same heat flux for all beds.

 
Figure 23. Temperature and air velocity distribution for the case of varying heat flux for each bed.

4. Conclusions

In this study, the new concept of qualitative control variable, the degree of uniformity, is proposed
for seeking enhanced cultivating performance, being higher crop yield and better quality. A more
precise sensing or monitoring system with higher spatial resolution is introduced with the multiple
sensor nodes system based on a wireless sensor network, instead of the conventional monitoring
system with a sole sensor node to cover a large cultivating area, for which the proposed qualitative
control variable—the degree of uniformity—cannot be estimated appropriately.

It is found out that there is a big difference in the degree of uniformity by the different heating
systems—a hot air-based heating system and a hot water-based heating system—for the test cases
of a greenhouse. A simple substitution for a hot water-based heating system can make a significant
improvement to the degree of uniformity, more or less 80%, by providing more thermally stable
conditions with less temperature fluctuation. This improved level of uniformity with the hot
water-based heating system is due largely to the change of the dominant heat transfer mode, from the
forced convective heat transfer to the radiative or natural convective one, and the continuous supply
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of local heat flux by the hot water, that remains in the pipe even after the set temperature is achieved,
seems to contribute to form a thermally-stable condition to some extent. The additional counter
measure to control the local heat flux independently for each bed is able provide a supplementary
reduction of non-uniformity up to 90%, effectively, as compared to the equal heat flux for each bed.
It is worthy to note that this local heat flux control can be effectively executed only when the state of
local thermal condition—the degree of uniformity in this study—is informed properly by the multiple
sensor nodes system. Among the variants of counter measures of local heat flux variation for the hot
water-based heating system, the hydraulic proportional mass flow control valve, with two-step average
value, showed the best performance, with the additional reduction of its non-uniformity to half of
the level for other variants of local heat flux variation. It can be highlighted that it was also verified
that the thermally stable condition inside a greenhouse, with the concept of a qualitative variable and
corresponding control—the degree of uniformity—can also bring about the energy cost reduction
along with the crop yield improvement, about 30%, simultaneously, in this study. It means that the
provision of a more stable thermal condition (i.e., higher level of thermal uniformity) is quite crucial in
order to secure economic benefits in greenhouse horticulture, by attaining an enhanced crop yield and
reduced energy costs simultaneously.

In summary, the new concept of qualitative control variable—the degree of uniformity—is
proposed and its behavior and dynamic features according to the control of the variants of counter
measures in a greenhouse has been investigated experimentally with the auxiliary simulation approach,
using precise sensing data from a multiple sensor nodes system. The improved stable thermal
environment in a greenhouse is proven to be beneficial, in that one can attain both crop yield
improvement and energy cost reduction simultaneously, to be able to compensate for the initial
investment cost increase from installing a hot water-based heating pipe system and multiple sensors,
etc. In further study, the behavior and characteristics for other main control variables, such as a
humidity and CO2 concentration, is to be investigated, and the effects of this approach on real crop
yield improvement, including quality of the crop, will also be verified from a demonstration in real
cultivating conditions.
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