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Abstract. Reducing carbon dioxide (CO2) exhaust has become a major issue for society in the last few years, 
especially since the initial release of the Kyoto Protocol in 1997 that strictly limited the emissions of greenhouse 
gas for each country. One of the primary sectors affecting the levels of atmospheric greenhouse gases is 
agriculture where CO2 is not only consumed by plants but also produced from various types of soil and agricultural 
ecosystems including greenhouses. In greenhouse cultivation, CO2 concentration plays an essential role in 
the photosynthesis process of crops. Optimum control of greenhouse CO2 enrichment based on accurate 
monitoring of the added CO2 can improve profitability through efficient crop production and reduce 
environmental impact, compared to traditional management practices. In this study, a sensor-based control 
system that could estimate the required CO2 concentration considering emission from soil for cucumber 
greenhouses was developed and evaluated. The relative profitability index (RPI) was defined by the ratio 
of growth rate to supplied CO2. RPI for a greenhouse controlled at lower set point of CO2 concentration 
(500 µmol ․ mol-1) was greater than that of greenhouse at higher set point (800 µmol ․ mol-1). Evaluation tests 
to optimize CO2 enrichment concluded that the developed control system would be applicable not only to 
minimize over-exhaust of CO2 but also to maintain the crop profitability.
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Introduction

Reducing carbon dioxide (CO2) exhaust has been a major 
issue for society in the last few years. Because there has 
been a tremendous growth in the greenhouse industry, 
additional CO2 consumption to increase crop profitability 
is inevitably required. The most important environmental 
properties that need to be controlled for an optimal greenhouse 
environment are temperature, relative humidity, and CO2. 
Active photosynthesis may bring down greenhouse CO2 

concentration to less than an atmospheric CO2 concentration 
level (350-380 µmol ․ mol-1; Kimball, 1983), which is low 
to promote plant growth. During summer seasons, a suitable 
CO2 level in greenhouses may be maintained at outside CO2 
level around 380 µmol ․ mol-1 using ventilation. In winter 
seasons, however, ventilation may not be a good way to 

maintain optimum CO2 levels; therefore CO2 enrichment 
using CO2 supplying devices would be preferable. Since CO2 
concentration plays an essential role in the photosynthesis 
process of crops, optimum control of greenhouse CO2 
enrichment based on accurate monitoring of added CO2 is 
necessary to improve the efficiency and profitability of 
greenhouse crop production and to reduce environmental 
impacts that influence global warming.

Most CO2 enrichment control systems can be categorized 
into two methods. The main difference between the two 
methods is in the determination of time when additional CO2 
is recommended. The first method sets the desired level of 
CO2 concentration or operating duration of CO2 supplying 
devices either manually or automatically. Peet and Borshchevsky 
(1987) pointed out that manual method of setting control 
points was not sufficient to optimize CO2 supply without 
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Fig. 1. Exterior view of greenhouse (A), inside view of greenhouse (B), and view of cucumber growth (C).

feedback of the current CO2 levels. Sanchez-Guerrero et al. 
(2005) tried automatic setting of control points in real-time 
and figured out the importance of proper measurement of 
CO2 concentration in the greenhouse in terms of accuracy 
and sensing method. The other method is to use model-based 
real-time control systems (Trigui et al., 2001) based on 
real-time monitoring of environmental factors such as solar 
radiation and temperature (Kläring et al., 2007). Results 
indicated that real-time monitoring and control could increase 
crop yield by about 35%. 

Most common methods for CO2 management described 
in the past research are based on setting target level of the 
CO2 concentration of the ambient air in the greenhouse (Peet 
and Willits, 1989). Methods of real-time control require CO2 
measurementswith high accuracy. In particular when the 
greenhouse is ventilated, CO2 consumption by crops is 
difficult to predict and even a relatively small underestimation 
of the CO2 concentration might result in unintended over 
-application and waste of CO2. For CO2 enrichment control 
in hydroponic greenhouses (Chalabi, 2002), optimization 
studies based on computational models (Ioslovich et al., 
1995; Seginerand McClendon, 1992) were tried, and a neural 
network control system was implemented by Seginer et al. 
(1994). Linker et al. (1998) also developed a model with 
a coefficient of determination of 0.86 from neutral network 
training. Some models for real-time control considered 
effects of solar radiation and temperature changes (Ioslovich 
et al., 1995; Tap et al., 1993). Although real-time prediction 
of CO2 has been reported for non-soil based greenhouses, 
similar research has been limited for greenhouses that utilize 
soil culture.

The presence of various methods of CO2 enrichment 
(ventilation, CO2 fertilizer, and soil) creates additional 
difficulty in accurate control for maintaining the proper CO2 
concentration inside a greenhouse for soil culture. Besides, 
while various commercial control systems are available to 
sustain the best environmental conditions for crop production 
in a greenhouse (e.g., NETJETTM, MMXI Netafim Irrigation, 
Inc., CA), over-application and waste of CO2 have not been 

sufficiently considered, particularly in greenhouses that 
utilize soil culture.

In previous research (Lee et al., 2011), we assumed that 
CO2 emission from the soil might give us information useful 
in real-time decisions about CO2 enrichment and found that 
solar radiation and relative humidity were highly correlated 
with a difference between CO2 concentrations at soil depths 
of 0 and 5 cm (r2 = 0.79, 0.74 for solar radiation and relative 
humidity, respectively) in soil-based greenhouses. Based on 
this result, empirical models that could predict the difference 
of CO2 concentration near the soil surface were developed. 
These empirical models might be useful to make real-time 
decisions on optimal CO2 enrichment in greenhouses that 
utilize soil culture.

The objective of this research was to develop a control 
system using these empirical models in order to optimally 
control CO2 enrichment, and to evaluate the performance 
of the system in greenhouses that utilize soil culture.

Materials and Methods

Experimental Site and Equipment

To develop a control system, sensor-based monitoring 
equipment and a control logic based on the empirical model 
were implemented. For evaluation of the control system, 
cucumber growth estimated by non-destructive image 
processing methods was related to CO2 consumption in three 
greenhouses.

To perform a concurrent comparative analysis across 
different greenhouses, all of the three experimental greenhouses 
(e.g., Fig. 1A) were selected within 200 m distance at one 
another. Plastic film mulching was used to cover the ridge 
area and the size of the transplanting hole was 5 cm in 
diameter. The width of furrow and pathway were 30 cm 
and 80 cm, respectively. Planting density of the cucumber 
was 12 plants per 3.3 m2. Soil in the greenhouse had been 
managed by adding compost before planting. Liquid nitrogen 
fertilization was applied at a rate of 60 mg ․ L-1. Cucumber 
was sowed on July 2nd, transplanted on July 20th, and 
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Table 1. Description of the experimental greenhouses.

Green house ID CO2 enrichment method Volume
1 No enrichment (250-360 µmol ․ mol-1 by ventilation) 35 m × 20 m × 3 m
2 Enrichment to set point = 500 µmol ․ mol-1 30 m × 30 m × 3 m
3 Enrichment to set point = 800 µmol ․ mol-1 30 m × 50 m × 3 m

Fig. 2. Schematic diagram of method for measuring CO2 concentration in the soil (A) and installed location of sensors (B).

Fig. 3. Time frame for control logic. Empirical models 1 and 
2 contribute control logic at time frames 1 and 2, respectively.

harvested from mid-August to early September. We assumed 
that there was no unintended CO2 exchange through the wall 
of the greenhouse due to the double plastic-enclosed framed 
structure (Fig. 1A). The greenhouses had the common interior 
structure for planting cucumber on soil (Fig. 1B). The three 
experimental greenhouses had three different CO2 enrichment 
methods as listed in Table 1.

Solar radiation, relative humidity, and CO2 concentration 
of ambient air were observed simultaneously at location 1 
(Fig. 2B). CO2 concentrations on the soil surface and at a 
5 cm depth were also collected nondestructively and 
continuously. Data sets were collected every 2 min, resulting 
in 720 measurements per day. Commercial sensors were used 
for the data collection. A pyranometer (TSL250R-LF, Taos 
Inc., USA) with a range of 0-1.00 W ․ m-2 was used to 
measure solar radiation. A capacitive polymer sensor 
(FOST02A, BB Automacao Inc. USA) was used to measure 
relative humidity, and a NDIR (Non-Dispersive Infrared) 
sensor (Model: KCD-1; Korea Digital Inc., Korea) was used 
for monitoring of CO2 concentration. Range and resolution 
of the sensor were 0-2,000 µmol ․ mol-1 and 2 µmol ․ mol-1, 
respectively. A micro-fluid pump was positioned between 
the NDIR sensor and a porous filter to transfer gaseous CO2 
from different soil depths (Fig. 2A). Through preliminary 
experimental testing in a closed chamber, the flow rate of 
the micro-fluid pump was set to 0.9 L ․ min-1 to maintain 
sufficient air flow from the soil.

CO2 Enrichment Control

Through correlation analysis between CO2 and other 
environmental properties (Lee et al., 2011), we found that 
solar radiation and relative humidity were highly correlated 

with the difference between CO2 concentrations at depths 
of 0 and 5 cm (r2 = 0.79, 0.74 for solar radiation and relative 
humidity, respectively). Based upon these relationships, we 
developed the following empirical models (Equations 1 and 
2) for estimating the production of CO2 from soil. Using 
these models, we designed the control logic of the real-time 
control system.

      (1)

   




 
(2)

where, 
Csurface : CO2 concentration at soil surface,
C5cm : CO2 concentration at the depth of 5cm,
t : observation time in minutes,
Wt : solar radiation at time t, and
Ht : relative humidity at time t.

These two equations were applicable in different time 
frames on a daily basis (Fig. 3). Equation 1 is one part of 
the empirical model that can estimate the concentration of 
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Fig. 4. Illustrations of control logic with the set point method (A) and with the suggested difference method (B).

Fig. 5. Diagram explaining the real-time monitoring and control 
system for CO2 management.

CO2(surface-5cm) from 6:02 am to 6:50 am with a 8 min time-lag. 
Equation 2 represents the model for the other partition from 
12:16 pm to 6:54 pm with a 10 min time-lag. Because other 
time frames except the time ranges1 and 2 (Fig. 3) were 
not explained well by the empirical model, CO2 was supplied 
by the conventional set point method. For example, in case 
of greenhouse 1, ventilation was conducted when CO2 
concentration in the greenhouse was less than 250 µmol ․
mol-1, until the level reached to 360 µmol ․ mol-1.

Because the diffusion velocity of CO2 gas in the air is 
much greater than in the soil, variation of CO2 concentration 
in the soil might be more independent on variation of CO2 
concentration in the air. Thus, we hypothesized that greater 
differences in CO2 concentrations between soil depths might 
indicate a greater requirement of CO2 by the air in the 
greenhouse. Also difference of the measured CO2 concentrations 
would follow pattern of difference of CO2 concentrations 
predicted by the empirical model with a certain time delay, 
meaning that comparison of two difference value would 
indicate whether additional CO2 enrichment is required or 
not at a certain time. Thus we developed a simple pseudo 
expression as Equation 3 to determine when CO2 enrichment 
should be activated.

If ∆Cpredicted greater than ∆Cmeasured, then enrichment is ON
else ∆Cpredicted less than or equal to ∆Cmeasured, then 
enrichment is OFF

(3)

where, 
∆Cpredicted : predicted difference of CO2 concentrations 

between soil depth,
∆Cmeasured : measured difference of CO2 concentrations 

between soil depth.

The major difference between the set point method and 
our method is illustrated in Fig. 4. These plots show when 
CO2 enrichment is required by comparing a measured CO2 

level with the set point level or predicted difference level. 
The set point method activates CO2 enrichment when the 
CO2 level is less than a certain constant level (Fig. 4A). 
This method is based on an assumption that the CO2 required 
by plants is constant at any time. Thus over CO2 exhaust 
could occur when plants in the greenhouse require no CO2 
enrichment. On the contrary, the suggested control method 
activates CO2 enrichment only when the predicted difference 
is greater than the measured difference in CO2 concentrations 
at 0 and 5 cm depths (Fig. 4B). Applying the concept that 
a difference of predicted CO2 levels greater than that of 
measured CO2 levels represents lack of CO2 in the greenhouse, 
we expected the presented control method could activate CO2 
enrichment properly when plants need additional CO2.

Using a microprocessor (Atmega128TM, Atmel Inc., USA) 
and wireless communication device (XBeeTM, Digi International 
Inc., USA), a real-time control system was developed (Fig. 5). 
Through the wireless communication device, measurements 
of CO2 concentration, solar radiation, and relative humidity 
were transmitted to the central processing unit. The transmitted 
data were logged into the memory in the main controller 
unit and processed to determine when to start or finish CO2 
enrichment using a commercial CO2 fertilizer (SH-VT, Soha 
tech, Seoul, Korea), by the control logic described in Equation 
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Fig. 6. Image processing method for estimating cucumber growth rate. A projection film with white background (A). A captured 
image of a cucumber through projection film (B). Sample binary image by image processing techniques (C).

3. To activate CO2 enrichment, an electrical relay was 
embedded in the middle of solenoid control line in the liquid 
pure CO2 fertilizer. To evaluate performance of the control 
system based on real-time monitoring, cucumber production 
experiments were carried out in the three greenhouses with 
different CO2 enrichment practices. 

Measurement of Cucumber Growth

To estimate the cucumber growth nondestructively in the 
middle of the growing season, an image processing method 
with a custom-built projection film was used. A transparent 
film gridded in a 10 mm step with 1mm thickness red lines 
was prepared (Fig. 6A). Red was chosen because it is a 
complementary color of normally-growing cucumber. The 
film was located in front of a cucumber and a white 
background was also located on the backside (Fig. 6B). A 
white background was used to separate cucumber from the 
foliage and other background items. An image of the 
cucumber covered by the projection film was taken by a 
digital camera (5D Mark II, Canon Inc., Japan) with a 21.1 
megapixel resolution. The captured image was analyzed to 
calculate the projected area of the cucumber through several 
image processing techniques including edge detection, 
binarization, segmentation, and labeling. Among these, the 
image segmentation and labeling methods were finally used 
to calculate the number of complete squares (10 mm × 10 
mm) and the number of pixels in partially filled squares 
(Fig. 6C). The partially filled squaresegment was calibrated 
to area using the average number of pixels for completely 
filled rectangular segments. 

Although the exact crop production was difficult to 
measure using this method, we assumed that the estimation 
of the cucumber’s projected area might be useful for 
comparison of cucumber growth rate across the greenhouses 
where different CO2 enrichment control methods were 
applied. Fifty cucumbers per greenhouse were randomly 
selected and images were captured at approximately same 
time, about 6:00 pm every day, during the entire experimental 

period to estimate the variability of cucumber growth rate. 
The total daily growth rate of fifty cucumbers was calculated 
to relate with the total daily amount of applied CO2.

Review of Methods

Among various factors in the greenhouse, the difference 
of CO2 concentration near the soil surface was recognized 
to have a relatively robust relationship with solar radiation 
and relative humidity through our previous research. For the 
real time determination of the required CO2 enrichment, the 
difference of CO2 concentration between the soil surface and 
5 cm soil depth the primary factor considered in our research. 
A control system based on simultaneous measurement of 
solar radiation and relative humidity was developed to 
activate or deactivate a CO2 fertilizer application. By comparing 
measured and predicted differences of CO2 concentrations 
at the two segmented periods on a daily basis, CO2 enrichment 
was manipulated in three different greenhouses. To perform 
a nondestructive and continuous measurement of the rate 
of cucumber growth rate per a day, an image processing 
method was used.

Results and Discussion

To verify the performance of control method designed 
to maintain the predicted CO2 difference of levels under the 
measured CO2 difference, response curve was investigated 
(Fig. 7). For the presented method desired measured value 
CO2 difference was not a constant value (Fig. 7A). Thus, 
we scaled predicted CO2 concentration dividing by measured 
CO2 concentration and called it “hit ratio”. In this case, a 
value of 1 indicates that the predicted and measured CO2 
differences are the same, and acts as a set point. Investigating 
a scaled response curve (Fig. 7B), hit ratio was maintained 
near and under the set point of1 within the time frame 
indicated by a solid black horizontal arrow (Fig. 7B), 
indicating that the control method satisfactorily sustained the 
hit ratio without overshoot (hit ratio > 1). Consequently, the 
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Fig. 7. Predicted and measured difference of CO2 concentration (A) and scaled response curve (B).

A B

Fig. 8. Plots of daily CO2 supply during the experimental period without (A) and with the optimal control (B).

developed control system was successfully verified showing 
proper monitoring and control operations.

In general, the rate of photosynthesis elevated by the 
artificial CO2 enrichment would increase crop production. 
In the case of cucumber production in a greenhouse, the 
artificial CO2 enrichment could result in the improvement 
of the overall production, for example, by almost 33% 
(Kimball, 1983) by doubling CO2 concentration. However, 
because there is no more positive impact caused by CO2 
enrichment above a certain condition of light intensity called 
the “light saturation point”, proper CO2 enrichment should 
be strongly considered for minimization of the CO2 exhaust. 
A conventional application of CO2 enrichment operated by 
a control system based upon a constant level of CO2 as a 
set point might not satisfactorily correspond to the CO2 
requirements in real time due to the variability of measured 
CO2 concentration caused by various factors such as the 
growing period of plants, temperature in both ambient air 
and soil, light intensity, humidity and other environmental 
factors in a greenhouse.

During the experimental period, the cucumber growth rate 
and various environmental factors including amount of 

supplied CO2, CO2 concentrations at 0 and 5 cm depths, 
solar radiation and relative humidity were measured and 
logged by the developed control system. Using the control 
system, additional CO2 was supplied by the control logic 
as previously described. Daily CO2 supply without (Fig. 8A) 
and with (Fig. 8B), the optimal control method was 
illustrated. The presence of an offset between different CO2 
enrichment methods was easily identified. The average 
decrement in CO2 supply was less than 0.1 kg by applying 
the optimal control method for all CO2 enrichment types. 
Although there was no significant reduction in CO2 supply 
with the optimal control method, comparing plots of daily 
CO2 supply to daily cucumber growth (Fig. 9) provided 
useful information about improvement with the optimal 
control. In general, the additional CO2 enrichment led to 
greater growth as expected except day 2, 6, and 9 (Fig. 9A). 
Besides, the experimental result that CO2 enrichment with 
500 µmol ․ mol-1 was more productive than 800 µmol ․ mol-1 
(day 2, 5, 9, 10, and 11) confirmed the necessity of the 
optimal CO2 enrichment as we hypothesized. In other words, 
CO2 management as currently operated by the set point 
method was not sufficient in terms of both economic benefits 
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Fig. 10. Scatter plot of total daily growth and total CO2 enrichment.

Ventilation 500 μmol ‧ mol-1 800 μmol ‧ mol-1

Fig. 11. Bar plot of relative profitability index of each greenhouse 
across the experimental period. Standard deviations of RPI 
for greenhouses with CO2 enrichment by ventilation, up to 
set point of 500 µmol ․ mol-1 and 800 µmol ․ mol-1 by CO2
fertilizer were 22.6, 17.6, and 12.9, respectively.

A B

Fig. 9. Plots of daily cucumber growth during the experimental period without (A) and with the optimal control method (B).

and environmental conservation. 
Fig. 10 illustrates the relationship between the total daily 

amount of CO2 enrichment and the total daily cucumber 
growth rate. The region blocked by a black dotted box shows 
potential feasibility of the developed optimal control system. 
Although there were relatively large differences in the 
amount of additional CO2 (almost 0.2 kg ․ d-1), the growth 
rate showed low variability. This advantage might result from 
not only CO2 enrichment but also other factors that were 
not sufficiently addressed in the study. The presented method, 
however, maintained the productivity at almost the same 
level by guaranteeing suppression of additional CO2 exhaust. 

Also we found the common response curve (gray dotted 
curve in Fig. 10) of growth rate with respect to supplied 
CO2. A point indicated by the black arrow (Fig. 10) might 
exhibit CO2 saturation point in the experimental conditions 
from plants, greenhouse and soil. Not only a definitive 
improvement in the rate of cucumber growth rate due to 

increased CO2 fertilizer was identified as expected, but also 
the relationship between the total amount of CO2 enrichment 
and the average of growth rate exhibited almost similar 
distribution to an exponential function, which could be 
explained by referring the common knowledge of light 
saturation point (Smith, 1938). Considering the result that 
the presented control system maintained the total growth rate 
at a certain value (400 cm2 ․ d-1 in Fig. 10) across the different 
methods of CO2 enrichment, we concluded that the optimal 
control system could be without specific information of a 
set point for CO2 enrichment.

To compare the profitability between the greenhouses, the 
ratio of growth rate to the amount of supplied CO2 was 
calculated and designated as a relative profitability index 
(RPI). RPI could give us comparative information on how 
CO2 enrichment improved the growth rate (Fig. 11). The 
value of RPI was a relative index within the same size of 
greenhouse with the same plants, and quantitative comparisons 
across different plants or greenhouses were not valid. Mean 
values of RPI during the validation period were 174, 206 
and 199, respectively, in greenhouses 1, 2, and 3. Considering 
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that the presented control system ingreenhouse2 showed the 
best RPI for 11 days, the set point of CO2 enrichment to 
800 µmol ․ mol-1 (greenhouse 3) might cause excessive 
exhaust over the level required by cucumber plants in the 
greenhouse. The comparison analysis of RPI concluded that 
a control method with 800 µmol ․ mol-1 as a set point did 
not improve the cucumber growth rate above that with 500 
µmol ․ mol-1 under the given environmental circumstances. 
Although we could not exactly measure how much exhaust 
of CO2 occurred from the greenhouse, the presence of over 
application of CO2 enrichment could obviously be inferred. 
In other words, the conventional control system using the 
set point method might be deficient for a proper decision 
of CO2 enrichment corresponding to the real time requirement 
in a greenhouse. Because the diffusion coefficient of the 
gaseous form of CO2 in soil is much lower than that in the 
ambient air, CO2 concentration in the ambient air inside the 
greenhouse would be considerably and quickly affected by 
any external supplement in a short time due to various 
pathways of CO2 enrichment from ventilation and CO2 fertilizer. 
We concluded that the variability of CO2 concentration in 
soil could give us more stable information than that in the 
ambient air for identification of real-time requirement of CO2 
in the greenhouse.

Evaluation tests showed that the presented control method 
for CO2 enrichment in a greenhouse, using 500 µmol ․ mol-1 
as a set point, was relatively appropriate for both suppressing 
the exhaust of CO2 and maintaining the profitability of crop 
production. The method also proved feasible for CO2 enrichment 
in a greenhouse due to the capability of monitoring of CO2 
exchange from not plants but soil. The presented real time 
control method exhibited potential to be a key methodology 
to suppress the elevation of CO2 concentration from the 
greenhouse crop protection industries.
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