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ABSTRACT 
 
In order to measure and estimate the ventilation characteristics of a greenhouse, 
we conducted an intensive experiment at a naturally ventilated greenhouse, 
wherein CO2 enrichment was conducted but crops were not cultivated and three 
different approaches were applied. First, the diurnal change in the air exchange 
rate (N) was measured based on the CO2 balance of the greenhouse and the 
results appeared to correspond to ventilation-related factors such as outside 
wind speed and opening of the ventilation windows. Secondly, dynamic N was 
estimated by the heat balance method (a theoretical approach), but some 
difficulties were encountered in performing precise measurements of heat 
transfers. Thirdly, N was also estimated by the newly proposed improved 
regression method to consider the multiplier effect of wind speed and window 
openness, and the estimated N was then compared with the measured N by the 
second and third methods. The results revealed that it was not possible to use 
the heat balance method when the radiation was low, and it typically involved 
high errors (the root mean squared error (RMSE) was 2.55). Conversely, the 
improved regression method estimated the data in nighttime as well as, in 
daytime. Furthermore, the RMSE (0.72) of the improved regression method was 
lower than that of the heat balance method. Hence, the improved regression 
method was more useful in estimating ventilation characteristics from the 
viewpoints of ease and practicality of use and higher accuracy.  
 
Keywords: CO2 balance, heat balance, side and roof windows, air exchange rate, 
regression analysis. 

 
 
INTRODUCTION 
 
Ventilation is one of the most important operations for 
environmental control of greenhouses and it promotes 
exchanges of heat and gases (vapor and CO2) between the 
interior and exterior (Nelson, 2011). As a result, 
ventilation closely affects air temperature, humidity, CO2 
concentration as well as, the air current (that is, leaf 
boundary layer) in greenhouses that correspond to 
extremely important environmental elements for crop 
growth (Boulard et al., 2004; Jones, 2014). Therefore, most 
greenhouses are equipped with ventilators. These can 
include two types of facilities, namely a roof and/or side 
windows for natural ventilation and fans for forced 
ventilation.  

Forced ventilation can exchange a large amount of heat 
and gases with air. However, this involves high initial costs 
in the introduction of fans and running cost for electrical 
power with increase in the greenhouse-scale. Thus, most 
extant studies focused on natural ventilation given its 
lower cost and more superior energy-saving technology, 
and this corresponds to a worldwide tendency (Sase, 
2010).  

Given these viewpoints, several researchers examined 
the characteristics of natural ventilation and related 
phenomena of greenhouses. One of the most precise 
studies includes analyses involving the use of the 
computational fluid dynamics (CFD) technique (Khaoua et 
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Figure 1: Cross-sectional diagram of an experimental greenhouse and positions of a roof and two side windows for 
natural ventilation.  

 
 
al., 2006; Bournet and Boulard, 2010). This is a powerful 
study tool and it can be used to analyze spatial transfers of 
heat and gases with ventilation in detail. Nevertheless, it 
requires complicated calculations and its usability may not 
be extremely high. Therefore, it is desirable to evaluate 
representative characteristics of ventilation by assuming a 
simpler condition in which air is well stirred and is 
homogeneous in the greenhouse.  

Based on the aforementioned assumptions regarding the 
greenhouse air condition, the ventilation rate or air 
exchange rate (number of air exchanges per hour) can be 
measured by the tracer gas method, and this can be 
considered as a standard method (Nederhoff et al., 1985; 
Papadakis et al., 1996; Baptista et al., 1999). Nederhoff et 
al. (1994) and Kuroyanagi et al. (2014) incorporated the 
obtained ventilation parameter into CO2 balance of 
greenhouses and then measured canopy photosynthetic 
rate and CO2 enrichment efficiency on a greenhouse scale. 
This means that it is possible to measure the ventilation 
characteristics by performing a back calculation from the 
CO2 balance of the greenhouse.  

The second approach used to estimate the ventilation 
characteristics is the heat balance method (Teitel and 
Tanny, 1999; Fukuda and Hayashi, 2004). This method is 
theoretically based on the precise measurement or 
calculation of heat transfer, but this method is slightly 
complicated. The third typical approach is the regression 
method (Nederhoff et al., 1985; Baptista et al., 1999; 
Kuroyanagi et al., 2014) where linear relationships were 
observed between the ventilation characteristics and wind 
speed or window opening. This method is relatively simple 

although it should be generalized further to consider both 
wind speed and window openness.  

In this study, the CO2 balance of a single-span 
experimental greenhouse with CO2 enrichment in which 
crops were not cultivated for simplification to measure the 
air exchange rate as the ventilation characteristics was 
analyzed. Additionally, we estimated it by using the heat 
balance method and a newly proposed improved 
regression method to consider both wind speed and 
window openness and then examined these estimation 
methods based on their accuracy and usability.  
 
 
MATERIALS AND METHODS 
 
Experimental greenhouse and observation systems 
 
The experimental greenhouse (20 m long, 7.5 m wide, 3.5 
m height, 298.8 m2 cover area and 468.2 m3 volume) in a 
south-north direction was located at the Kochi Prefectural 
Agriculture Research Center (N 33°35.5', E 133°38.7'), 
Japan. It was equipped with a roof and two side windows 
for natural ventilation with 20% of the cover area and the 
openness was automatically controlled based on the inside 
air temperature (Figure 1). An equipment of CO2 
enrichment with pure CO2 gas cylinders was also installed. 
Sweet pepper (Capsicum annuum L. cv. Miogi) plants were 
cultivated in soil corresponding to gray lowland with clay 
loam texture from the beginning of September to the end 
of June, and the following period from July to August was 
fallow in the years 2012 to 2015.  
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Environmental elements around the greenhouse, such as 

solar radiation (RS), air temperature (TA), CO2 
concentration (Cin), and soil heat flux (G) at the center of 
greenhouse and CO2 concentration (Cout) and wind speed 
(u) outside the greenhouse, were measured and the 
average of 10 min (data with the exception of CO2) or 15 
min (CO2 data) were recorded on a data logger (CR-1000, 
Campbell Scientific Inc., USA). Detailed information on the 
environmental observation is described in the study of 
Yasutake et al. (2014).  

Air temperature inside the greenhouse was managed by 
adjusting the openness (W; 0 to 20%) of the roof and side 
ventilation windows, which were controlled by rolling 
shafts for the respective windows. Additionally, W was 
evaluated with an instrument (Marusyo Co. Ltd., Japan) 
that could monitor the motion of the rolling shafts.  
 
 
Methods for measuring/estimating the air exchange 
rate (N) of the greenhouse 
 
Measurement by CO2 balance method 
 
The CO2 concentration inside a greenhouse is affected by 
CO2 enrichment, soil respiration, crop net photosynthesis 
and ventilation (Nederhoff and Vegter, 1994). Therefore, 
given a condition in which crops are not cultivated (that is, 
net photosynthesis is zero), CO2 enrichment is conducted 
and the greenhouse air is well stirred and thus the CO2 
balance is expressed as: 
 
∆𝐶in

∆𝑡
V= (S + R – L)Ag     

 (1) 
 
Where Cin(μmol mol-1) denotes the CO2 concentration 
inside the greenhouse, t(h) denotes time, V(mol or m3) 
denotes the volume of the greenhouse, S(mol m-2 h-1) 
denotes the rate of CO2 enrichment, R(mol m-2 h-1) denotes 
the rate of soil respiration, L(mol m-2 h-1) denotes the rate 
of CO2 loss from the inside to the outside with ventilation 
and Ag (m2) denotes the ground area of the greenhouse. 
Therefore, L is expresses as:  
 

L= S + R – 
∆𝐶in

∆𝑡
V/Ag     

 (2) 
 
Conversely, L could also be expressed as (Kuroyanagi et al., 
2014; Yasutake et al., 2014):  
 
L = NV(Cin – Cout)      
 (3) 
 
Where N(h-1) denotes the air exchange rate of the 
greenhouse and Cout(μmol mol-1) denotes the CO2 
concentration outside the greenhouse. From Equations (2) 
and (3), N is described as:  

N =  𝑆 +  𝑅 −
∆𝐶in

∆𝑡
𝑉/𝐴g / 𝑉(𝐶in –  𝐶out)    

 (4) 
 
 
Estimation by heat balance method 
 
The ventilation characteristics can also be analyzed based 
on the heat balance of greenhouse (Teitel and Tanny, 
1999). Fukuda and Hayashi (2004) introduced a simple 
procedure to evaluate the ventilation rate based on the 
heat balance as described. Heat transfer with ventilation 
(Qven; W m-2) is expressed as: 
 
Qven = RS – G – k (Tin–Tout)Ac/Ag    
 (5) 
 
Where RS(W m-2) denotes the net radiation, G(W m-2) 
denotes the ground heat flux, k(W m-2K-1) denotes the heat 
transmittance coefficient of the greenhouse cover, Tin(K or 
°C) denotes inside air temperature, Tout(K or °C) denotes 
outside air temperature, and Ac (m2) denotes the cover 
area of the greenhouse. Subsequently, the volumetric 
ventilation rate (qv; m3 m-2 s-1) is evaluated by the 
following equation that uses enthalpies (iin andiout; J kg-1) 
and specific volumes (vin and vout; m3 kg-1) of the inside and 
outside airs, respectively (Fukuda and Hayashi, 2004) 
given as: 
 

qv = Qven 
𝑣in−𝑣out

𝑖i𝑛−𝑖out
 /2     

 (6) 
 
Based on Equation (6), N is obtained as:  
 
N = qvAg/V      
  (7) 
 
 
Estimation by the improved regression method 
 
Natural ventilation depends on factors including outside 
wind characteristics (wind speed and wind direction), 
inside and outside air temperature difference and 
openness of windows (Teitel and Tanny, 1999). The impact 
of wind speed and openness of windows are especially 
high and thus a leaner relationship between N and u was 
observed in several past studies (Baptista et al., 1999; 
Kuroyanagi et al., 2014; Pérez et al., 2004; Teitel and 
Wenger, 2014). Furthermore, the enhancement of N owing 
to the increase in W was also reported. Thus, the gradient 
and intercept of the linear equation should increase with 
an increase in W (Nederhoff et al., 1985; Fernández and 
Bailey, 1992). Similarly, extant studies observed a positive 
regression between N and W, and the results indicated that 
this was enhanced as u increased (Nederhoff et al., 1985). 
Therefore, we semi-empirically assumed the following 
improved   regression   model of N as a function of u and W 
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by using coefficients a, b, c, and d as follows:  
 
N = (au + b) (cW+ d)     
 (8a) 
 
Furthermore, we expand Equation (8a) as:  
 
N = αuW +βu +γW +δ     
 (8b) 
 
Where α, β, γ, and δ denote coefficients and correspond to 
ac, ad, bc and bd in Equation (8a), respectively. 
Consequently, N is expressed as a function of three 
parameters, namely uW, u and W by considering the 
multiplier effect of u and W.  
 
 
Observation and analyses 
 
We conducted an intensive observation at the 
experimental greenhouse from July 5th to 10th, 2013. 
Although there were no cultivated crops in the greenhouse 
owing to a fallow period, while the usual environmental 
controls of natural ventilation and CO2 enrichment were 
automatically conducted.  

Specifically, S and R were measured using a gas flow 
meter (PFM711S-02-C-M, SMC) that was attached to the 
CO2 gas cylinder and the soil respiration chamber 
developed by Yasutake et al. (2014). Based on the 
measurement of these data and Equation (2), the L 
dynamics was evaluated, and N was then obtained by using 
Equation (4); this value was considered as the measured 
value.  

Furthermore, estimated values of N were also obtained 
by two different methods as earlier mentioned, namely; the 
heat balance method (Equation 7) and improved 
regression method (Equation 8). In the latter method, 
multiple regression analysis was conducted for the three 
parameters (uW, u and W) using the statistical program R 
(version 3.4.1), and the four coefficients (α, β, γ and δ) 
were then statistically determined.  

Finally, we compared N values between the measured 
and estimated one based on the regression analysis and 
root mean squared error (RMSE) analysis (Taylor, 1997) 
and a more adequate method for evaluating the ventilation 
characteristics of the greenhouse was examined.  
 
 
RESULTS AND DISCUSSION 
 
Figure 2 shows the diurnal changes in environmental 
elements (RS, Tin, Cin, and u) and W during the experimental 
period. The first day was rainy and cloudy with lower RS 
and Tin (a maximum RS of 300 W m-2and Tin corresponding 
to 35°C) and the following five days were fine with higher 
RS and Tin values (maximum RS was approximately 500 W 
m-2 and Tin was 40 to 45°C). Therefore, the Cin values were 

stable at 1000 to 1100 μmol mol-1 on the first day owing to 
the value of 0% for W. After the second day, the Cin 
exhibited a dynamic diurnal change because it was 
gradually increased due to soil respiration in nighttime and 
then rapidly dropped in the morning due to higher W 
values but constantly exceeded 400 μmol mol-1 in the 
daytime due to the CO2 enrichment. This Cin change 
corresponded to a typical pattern that is observed in 
greenhouses (Yasutake et al., 2014). Furthermore, u 
exhibited fluctuations with a range of 0 to 3.9 m s-1 and 
was relatively higher in the daytime.  

In order to evaluate the CO2 loss driven by ventilation 
under the aforementioned environmental elements and W, 
the CO2 balance of the greenhouse was analyzed and the 
respective terms in Equation (2) are shown in Figure 3. 
Specifically, S showed a positive value in the daytime, and 
the daily maximum was in a range of 40 to 120 mmol m-2 h-

1. Additionally, R was relatively stable at approximately 15 
mmol m-2 h-1. Soil respiration is usually active in daytime 
when air temperature is high (Lloyd and Taylor, 1994). 
This temperature dependence of R was not observed in the 
study. This could be because the soil was relatively dry 
owing to a fallow period. Furthermore, ΔCin/ΔtV typically 
corresponded to approximately 0 mmol m-2 h-1 although it 
displayed and showed positive or negative sharp changes 
in the daytime based on the Cin dynamics. Moreover, L 
obtained from a budget of these terms exhibited relatively 
lower values for the first two days (5th and 6th July) when 
the ventilation window was closed and/or opened only for 
a short period on a given day. A positive value of L when 
the windows are completely closed (0% of W) indicates a 
CO2 leakage from the greenhouse and this dynamically 
varied depending on Cin to Cout (not showing) and u 
(Nederhoff et al., 1985; Kuroyanagi et al., 2014). When the 
windows were opened (W> 0%), L further accelerated to 
exceed 100 mmol m-2 h-1.  

The incorporation of the L in Figure 3 and Equation (4) 
made it possible to evaluate the diurnal change in N; this 
was considered as the measured value (Figure 4). N 
displayed a wide range between 0 and 7 h-1 with higher 
values in the daytime as compared to those in the 
nighttime and this corresponded to a range as observed by 
Pérez et al. (2004). Further, the diurnal trend was 
extremely small on the first day (5th July) when the 
windows were closed. This suggests that N is strongly 
affected by W as well as u as observed by Nederhoff et al. 
(1985).  

Subsequently, N values evaluated by the heat balance 
method (Equation 7) and the improved regression method 
(Equation 8b) that were considered as estimated values 
are also plotted in Figure 4 in which values by the heat 
balance method in nighttime was not shown because of 
unstable values. For the first two days, the N value from the 
heat balance method did not agree to a considerable extent 
with the measured value, and it then exhibited a daytime 
increment according to the measured value although the 
difference between estimated and measured values was 
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Figure 2: Diurnal changes in solar radiation (RS), air temperature (TA), CO2 concentration (Cin) inside the greenhouse, 
wind speed (u) outside the greenhouse, and openness index of ventilation windows (IW) of the greenhouse during July 
5–10, 2013.  

 
 

 
 

Figure 3: Diurnal changes in terms of CO2 balance of the greenhouse, namelyCO2 enrichment rate (S), soil 
respiration rate (R), change rate of CO2 content (∆Cin/∆t∙V), and CO2 loss rate (L) of the greenhouse during July 
5 to 10, 2013.  
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Figure 4: Diurnal change in ventilation number (N) of the greenhouse during July 5–10, 2013. The dotted line denotes 
measured values obtained from Equation (4). Additionally,○ and ▲ denote the estimated values obtained by the heat 
balance method of Equation (7) and the improved regression analysis of Equation (*), respectively.  

 
 
high. Conversely, a multi-regression analysis determined 
four parameters, namely α, β, γ, and δ for the improved 
regression method (Equation 8b) as 0.00334, 0.1036, 
0.0352, and -0.0137, respectively. The obtained equation 
could estimate the data in the daytime and in the 
nighttime. Furthermore, the daytime estimated value 
appeared close to the measured value as compared with 
that in the heat balance method. Both the aforementioned 
points are advantages of the improved regression method.  

Figure 5 shows the estimated values of N by both 
methods were compared with the measured value for the 
quantitative analysis of the accuracy of estimating N by the 
heat balance and improved regression methods. Although 
significant linear relationships between the measured and 
estimated values were observed for the heat balance 
method (y = 0.384x + 1.88, regression coefficient r = 
0.395***) and the improved regression method (y = 0.864x 
+ 0.150, r = 0.920***), there were different appearances for 
the respective methods. Plots for the improved regression 
method approximately appeared at the 1:1 line though 
some scattering of the data existed. On the other hand, 
large differences existed between estimated and measured 
values in the smaller N region with respect to the results of 
the heat balance method and those plots fairly deviated 
from the 1:1 line. Furthermore, RMSE was lower in the 
improved regression method (0.72) than in the heat 
balance method (2.55) and these facts indicate that the 
improved regression method estimated N of the 
greenhouse with lower errors. Besides, the improved 

regression method does not consider wind direction (that 
is, relative directions of wind and windows), and this is an 
important element that affects greenhouse ventilation 
(Teitel et al., 2008; Kuroyanagi et al., 2014). The 
consideration of the relative directions of wind and 
windows into the improved regression method may 
contribute to higher accuracy estimation although it 
induces complexity in the estimation method.  

Thus, we applied the heat balance method and the newly 
proposed improved regression method to analyze N for the 
greenhouse. The former method is a theoretical approach 
that requires the precise measurement of heat transfers 
although it is typically not used when the radiation was 
low. Conversely, the latter method is easily approached by 
using only three parameters. Furthermore, it can be used 
for the entire day and its accuracy of estimation was better 
than those of the other method. These results suggest that 
the improved regression method is more useful for 
estimating ventilation characteristics from the viewpoints 
of ease and practicality of use and higher accuracy.  
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Figure 5: Relationship between estimated and measured values of air exchange rate (N) of the greenhouse. 
Specifically, ○ and ▲ denote estimated values obtained by the heat balance method of Equation (7) and the 
improved regression analysis of Equation (8b), respectively. Measured values are obtained from Equation (4).  
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