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1. General introduction 

 Background 

Climate change and global warming are fundamentally associated with energy 

consumption and CO2 emissions, and they have become the main threats to our society 

(Banaeian et al., 2011; Nejat et al., 2015). Statistically, 30 % of total global energy is 

consumed by agriculture (Hao et al., 2020) and accounts for 20 % of total anthropogenic 

CO2 emissions (Luo et al., 2017). Protected cultivation, i.e., crop production in 

greenhouses, is considered an intensive farming system from a productive point of view, 

and it is the uppermost energy consumer in the agricultural sector (Vadiee and Martin, 

2013; Khoshnevisan et al., 2014; Vadiee and Martin, 2014; Ramin Shamshiri et al., 2018). 

At the same time, it is also an important practice for ensuring food security and achieving 

sustainable agriculture (Aguilar-Rodriguez et al., 2020; Liao et al., 2020; Achour et al., 

2021) because it has helped human to greatly expand the temporal and spatial domain of 

agriculture (Ghani et al., 2020; Naseer et al., 2021). Compared with open field production, 

the main advantage of protected cultivation is that it could shield crops from unfavourable 

conditions (Naseer et al., 2021) and allows for the adjustment of multiple environmental 

parameters, such as temperature, humidity, air current, lighting intensity, and CO2 

concentration, affecting crop photosynthesis. However, controlling the environment 

inside cultivation facilities (e.g. greenhouses) requires substantial energy consumption 

and result in enhanced CO2 emission (Ahamed et al., 2019; Costantino et al., 2021); 

indeed, 65%–85% of total energy usage in protected cultivation is due to environmental 

control (Fox et al., 2019). For such reasons, accurate analysis of the performance of 

various current environmental control methods could guide us to optimize environmental 
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control strategies to achieve better use effects and maximize greenhouse production 

capacity and finally achieve the best economic and environmental benefits (Banaeian et 

al., 2011; Li et al., 2017; Mostashari-Radet al., 2019; Costantino et al., 2021). 

CO2 is the primary substrate for photosynthesis, and most crop species are not 

photosynthetically saturated at the ambient air CO2 concentration (Gamage et al., 2018). 

In addition, without the artificial intervention, the CO2 concentration inside the 

cultivation facilities could be much lower than the ambient air CO2 concentration due to 

crop photosynthesis (Hao et al., 2006; Dion et al., 2011; Ikeda et al., 2020). Therefore, 

CO2 enrichment in cultivation facilities can markedly increase the photosynthesis and 

biomass of crops (Makino and Mae, 1999; Morison and Lawlor, 1999; Pritchard et al., 

1999; Jwa and Walling, 2001; Yang et al., 2020), and its positive effects on crop growth, 

yield, and quality have been reported over decades (Mortensen, 1987; Qian et al., 2012; 

Goicoechea et al., 2014; Kimball, 2016; Bisbis et al., 2018; Dong et al., 2020). 

Consequently, CO2 enrichment has become an essential technique in environment control 

used in protected cultivation. However, the cost required to produce CO2 gas is still 

relatively high. According to Dong et al. (2018), sources of CO2 changed from traditional 

straw bales and organic soils to relatively high concentration CO2 from CO2 generators, 

increasing the cost of CO2 gas. Especially in Japan, because of its easy access in terms of 

raw materials and easy control, exhaust gas from the generators by burning fossil fuels is 

mostly utilized as the most common source for greenhouse CO2 enrichment. 

Using exhaust gas as a CO2 source could directly relate to the consumption of fossil 

fuels, so the efficiency of CO2 enrichment becomes a key indicator for the perspectives 

of economics and environmental-friendly productions. Some researchers have proposed 

different evaluation references for the efficiency of CO2 enrichment. Sánchez-Guerrero 
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et al. (2005) adopted the C-assimilates content in the aerial part produced by CO2 

enrichment relative to the amount of CO2 supplied in the greenhouse, and its average was 

approximately 8%. Kuroyanagi et al. (2014) used a ratio of the CO2 amount absorbed by 

crops as photosynthesis to the enriched CO2 amount in an unventilated greenhouse, and 

its average was around 45.5%. Those results show there still has a big room for improving 

the efficiency that should decrease the cost and CO2 emission. 

For getting a more efficient CO2 enrichment, the spatial distribution of CO2 inside the 

cultivation facilities should be the first to be considered. In the cultivation facilities, 

environmental controls could optimize the microclimates, but they often cause 

spatiotemporal heterogeneity of the environmental parameters (Kimura et al., 2020). This 

kind of spatiotemporal heterogeneity could have a direct impact on the performance of 

environmental control. For example, according to Kuroyanagi et al. (2014), the gradient 

of CO2 concentration between inside and outside of the leakage path (cover film) in 

greenhouse is the critical factor that affects the CO2 leakage rate. Hence, there should be 

a lower concentration of CO2 distribution around the leakage path of the inside of a 

greenhouse and a higher concentration around the cultivated areas to improve enrichment 

efficiency. With this consideration, clarifying the CO2 spatial distribution is essential for 

accurately assessing the performance of CO2 enrichment.  

The target CO2 concentration is also an important factor because it could directly 

affect the performance and the efficiency of CO2 enrichment, however different literatures 

gave different ranges; mostly between 600 and 1000 μmol mol−1 (e.g., Mortensen, 1987; 

Nederhoff, 1994; Panwar et al., 2011; Bisbis et al., 2018). Excessive high CO2 

concentration could worsen enrichment efficiency because after reaching a certain 

concentration, further increasing CO2 concentration cannot significantly improve 
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photosynthesis (Mortensen, 1987; Panwar et al., 2011). Meanwhile, an insufficient 

increase in CO2 concentration would limit the effect of enhancing yield (Nederhoff, 1994). 

Therefore, quantitative analysis of the appropriate CO2 concentration is also of great 

significance for improving enrichment performance.  

CO2 enrichment could demonstrate intricate effects on the internal environment, i.e., 

non-linear and/or strong relationships may be found among multiple variables, including 

air temperature and humidity, which substantially influence crop photosynthesis (Cheng 

et al., 2021). Therefore, CO2 enrichment performance should be analysed based on not 

only the changes in CO2 concentration but also other microclimate parameters. Currently, 

most of the control strategies of greenhouse environments take given fixed values or 

thresholds of environmental parameters as the control target (Liu et al., 2021). Therefore, 

the evaluation of the control effect focuses on whether it can reach or maintain the given 

fixed values or thresholds. However, the ultimate target of controlling environmental 

parameters is to enhance crop physiological function, e.g. photosynthesis, on a 

greenhouse scale and, in this way, increase greenhouse productivity (Puglisi et al., 2020). 

It is a highly complex process in adjusting the environment to impact crop physiological 

function, involving many physiological and biochemical reactions. Therefore, 

evaluations based on only environmental parameters are incomprehensive, and it should 

also contain the ultimate target: photosynthesis. Furthermore, to evaluate the effect of 

environment control through photosynthesis, a clear grasp of the overall distributions of 

photosynthesis as well as environment inside cultivation facilities is essential. However, 

measuring photosynthesis simultaneously at multiple points in a large cultivation area is 

extremely difficult, so model simulation is the only approach. Kimura et al. (2020) 

visualized spatiotemporal distributions of leaf photosynthetic rate inside a greenhouse for 
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the first time by applying a combined plant-environment coupled mathematical model 

group. This study clearly showed the significance of implementing and optimising 

environment control based on the spatiotemporal variability of photosynthesis and 

microclimates near crops. However, in this research, environmental parameters inside the 

greenhouse were measured through manual mobile measurement. Due to many 

measurement points, this would require lots of labour. 

One solution to this problem involves the use of computational fluid dynamics (CFD), 

a powerful tool that can be used to describe the greenhouse microclimate. Indeed, CFD 

models have been developed to predict the distribution of solar radiation, temperature, 

water vapor, air movement and CO2 in the various greenhouses, and such models 

produced strong results without the need for complicated equations (Fatnassi et al., 2006; 

Baeza et al., 2009; Bartzanas et al., 2013; Fatnassi et al., 2015; Benni et al., 2016; Boulard 

et al., 2017; Bouhoun Ali et al., 2019; Choab et al., 2019; Dhiman et al., 2019; Akrami et 

al., 2020; Zhang et al., 2020). Using CFD simulations, information on multiple 

microclimate parameters in a greenhouse can be obtained easily (Kim et al., 2008; Fidaros 

et al., 2010; Piscia et al., 2015). Moreover, in combination with a photosynthetic model, 

the obtained parameters could help visualize the photosynthetic distribution inside a 

greenhouse. With accurate data on crop photosynthesis, a quantitative analysis of carbon-

conversion capacity could be conducted, which would help develop an efficient 

enrichment strategy. Furthermore, using a CFD simulation, analyzing various scenarios 

involving different enrichment strategies would be possible to verify their performance, 

e.g., the use of CO2 enrichment systems in larger greenhouses. Such analysis would also 

circumvent tedious field testing and conserve resources. 
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 Purpose of this thesis 

This study focused on having a comprehensive analysis of the CO2 enrichment 

performance in commercial greenhouse production and proposing more efficient 

enrichment strategies. The analysis for CO2 enrichment performance was based on the 

spatial distribution of greenhouse microclimate parameters, leaf photosynthetic rate, and 

energy use efficiency.  

In Chapter 3, the application of currently used CO2 enrichment method in different 

commercial strawberry greenhouses with typical length and width differences were 

investigated. Three-dimensional (3D) unsteady CFD models were created to simulate the 

CO2 gas diffusion process inside the greenhouses. Based on the CFD simulated CO2 

concentration distribution, the leaf photosynthetic rate distribution was also simulated 

using a combined plant-environment coupled mathematical model group. Using the 

accurate photosynthetic data, the efficiency of CO2 enrichment (as a ratio of increasing 

photosynthesis in the plane to the amount of energy (CO2 equivalent) usage) was 

quantitively analyzed. Thorough the CO2 and leaf photosynthetic rate spatial distribution 

and energy use efficiency, the main problems of current CO2 enrichment method in 

commercial production have been clarified. 

In Chapter 4, in order to get a better enrichment performance, a recent proposed crop-

localized enrichment method was compared with the conventional overall greenhouse 

enrichment. The spatial distribution of microclimate parameters under two different CO2 

enrichment method was simulated using a CFD model; based on the results, the spatial 

distribution of the leaf photosynthetic rate was also simulated using an environment–plant 

coupled model group. At last, the efficiency of CO2 enrichment was quantitatively 

analyzed by calculating the changes in the photosynthetic carbon assimilation capacity of 
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the crop canopy in relation to CO2 usage.  

In Chapter 5, scenario analysis was conducted to simulate the application of crop-

localized enrichment method to larger greenhouses and under ventilated conditions. 

Under the condition that the amount of CO2 used remains unchanged, if it could be 

applied to a larger greenhouse and maintain a good enrichment performance, there is no 

doubt that this will greatly improve the utilization efficiency of CO2. Further, the CO2 

enrichment could get the best effects when the solar radiation is strong. However, intense 

solar radiation would rapidly increase the greenhouse air temperature and keep it at a 

dangerous level for crops. Under this circumstance, ventilation has to be conducted to 

decrease the air temperature. The traditional CO2 enrichment method could not be 

conducted under ventilation conditions. Therefore, developing an enrichment method that 

could conduct CO2 enrichment under ventilation conditions would greatly improve the 

usage of CO2 enrichment.   

In the last chapter, general conclusions and future perspectives of this study were 

discussed. 
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2. Mathematical models for computational fluid dynamics simulation 

in greenhouse microclimate and single leaf photosynthetic rate 

 Fundamental momentum, mass, and energy transport equations 

Simulations were conducted using commercially available CFD software (FLUENT, 

Ver. 2019 R1, ANSYS Inc., USA). The software solves the unsteady 3D Navier–Stokes 

conservation equations for mass, momentum and energy. The transient distribution of the 

physical quantity φ, which represents the mass, velocity components, temperature, and 

CO2 concentration in the domain, was governed by the following transport equation 

(Nebbali et al., 2012): 

𝜕𝜑

𝜕𝑡
+
𝜕𝜑

𝜕𝑥𝑗
(𝑢𝑗𝜑) =

𝜕

𝜕𝑥𝑗
(𝛤𝜑

𝜕𝜑

𝜕𝑥𝑗
)+𝑆𝜑 (2.1) 

where xj and uj represent the respective co-ordinate (m) and velocity (m s−1) components 

in jth direction, Γφ is the diffusion coefficient of φ, and Sφ is the source term of φ. 

 

 Greenhouse air flow model 

 Greenhouse air flow state 

The greenhouse is a thermal system composed of the envelope, indoor air, crops and 

soil, which would stay with natural convection in the unventilated state. The driving force 

of natural convection mainly comes from the temperature differences between various 

parts of the greenhouse. Different temperatures would cause a change in air density, 

resulting in airflow. The basic density equation for an ideal gas is as follows: 

𝜌 =
𝑃

𝑅𝑇
 (2.2) 

where 𝜌 is the gas density (kg m−3), P is the absolute pressure (Pa), R is the gas constant, 



2. Mathematical models for computational fluid dynamics simulation in greenhouse 

microclimate and single leaf photosynthetic rate 

9 

 

the gas constant of air at room temperature is 287 (J kg−1 K−3), T is the thermodynamic 

temperature of the ideal gas (K). 

During the movement of the air, velocity is another factor that could affect the air 

density. The high velocity would compress the air resulting in an increasing in density. 

The change of air density at different speeds can be obtained from the following equation: 

𝜌0

𝜌
= (1 +

𝑘 − 1

2
𝑀𝑎)

1
𝑘−1 (2.3) 

where 𝑘 is the Von Kármán constant (0.41), Ma is the is the ratio of air velocity to sound 

velocity (speed of sound could be taken as 340 m s−1). It can be calculated from the above 

equation that the influence of wind speed on air density can be ignored in the greenhouse. 

For this reason, only the density change caused by temperature is considered in the 

numerical calculation and the greenhouse air could be considered as ideal incompressible 

gases. 

Another critical factor is the form of airflow, generally divided into the turbulent and 

laminar flow. The primary index for distinguishing the two states is the Reynolds number, 

and the main equation is as follows:  

Re =
𝑣𝐿

𝑢
 (2.4) 

where v is the flow speed (m s−1), L is a characteristic linear dimension (m), u is the 

kinematic viscosity of the fluid (m2 s−1). Generally, when the Re > 4000 the airflow could 

be taken as a turbulent flow. Due to the large space size of the greenhouse, the airflow 

field inside usually is in a turbulent state (Bournet and Boulard, 2010). 

 

 Turbulent model 

Currently, there are three main methods for the calculation of turbulent flow fields: 
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direct numerical simulation (DNS), large eddy simulation (LES) and Reynolds-Reynolds 

averaging method.  

Direct numerical simulation (DNS) adopts the method of accurate numerical 

simulation of turbulent flow, which has relatively high accuracy because it does not need 

to simplify the turbulent flow. Because the turbulent flow characteristics are very complex, 

the direct calculation method has very high requirements on the quality and calculation 

performance of the grid, so it can only be applied to the calculation of simple turbulent 

flow with low Re. 

Large eddy simulation (LES) decomposes complex turbulent flow into two parts: 

large-scale motion and small-scale motion. The large-scale simulation is solved by N-S, 

and the influence of small-scale quantities on large-scale quantities needs to be simulated 

by creating models. 

The Reynolds averaged numerical simulation (RANS) method only calculates the 

large-scale average flow, solves the time-averaged Reynolds equation, and does not 

directly solve the instantaneous N-S equation, which effectively avoids the problem of 

the large amount of calculation of the DNS method. At present, this solution method is 

the most widely used in greenhouse environment simulation. On its basis, more branch 

models have been derived, such as zero-equation model, one-equation model, and two-

equation model. Among the branches of the two-equation model, the k-ε model is one of 

the most common two-equation models for specifying a turbulent flow. The two-equation 

k-ε model is employed to compute the contributions of turbulence to the mean flow by 

solving two additional governing equations for turbulent kinetic energy (k) and its 

turbulent dissipation (ε). The standard k-ε turbulence model has been widely validated in 

dispersion simulations (Kiša and Jelemenský, 2009; Scargiali et al., 2011; Xing et al., 
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2013; Liu et al., 2016) and it has exhibited consistency with experimental data in many 

greenhouse studies (Bartzanas et al., 2002; Kichah et al., 2012; He et al., 2018).  

 

 Radiation model 

Solar radiation has a direct effect on the inside temperature and airflow distribution. 

The discrete ordinates (DO) radiation model is incorporated into the CFD model to 

simulate this process. It solves the radiation transfer equation for a finite number of 

discrete solid angles, each associated with a vector direction fixed in the global Cartesian 

system, rather than adding additional heat sources. The net radiation flux absorbed by a 

control volume is written as (Nebbali et al., 2012): 

𝑆r = −div
→  
(∫ [∫ 𝐼𝜆(𝛾⃗, ℓ⃗⃗). ℓ⃗⃗. 𝑑𝛺]𝑑𝜆)

4𝜋

∞

0

 (2.5) 

where Sr is the source term in the energy equation that connects the energy and 

radiative transfer equations, 𝛾⃗ represents the position vector, ℓ⃗ pertains to the direction 

vector, Iλ refers to the monochromatic radiation intensity (W m−3), λ is the wavelength 

(m), and Ω is the solid angle. In order to use the same radiation model (DO) across the 

simulation domain, the canopy is considered a semi-transparent medium with absorption 

coefficient (0.46) and refractive index (2.77) (Fidaros et al., 2010). 

 

 Crop canopy-greenhouse microclimate interaction models 

 Crop canopy convective transfer model 

A porous medium model was chosen to simulate the influence of strawberry canopy 

on airflow movement, which takes the canopy as an equivalent homogeneous porous 

medium made of a solid matrix with connected pores. The Darcy-Forchheimer equation 
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has long been used in this model (Boulard and Wang, 2002). Resistance to air movement 

was created by the porous medium, expressed as the source term Sm in the momentum 

equations and written as the following (Kichah et al., 2012): 

𝑆m = −𝜌 ⋅ 𝐿𝐴𝐷 ⋅ 𝐷 ⋅ 𝑣
2 (2.6) 

where the 𝜌 is air density (kg m−3), the LAD pertains to leaf area density (m2 m−3) defined 

as the leaf area index divided by the height of the canopy, v refers to the wind speed (m 

s−1), and D represent the drag coefficient, 0.32 was adopted for D in this study since there 

was no accurate value for strawberry canopy and this value has exhibited great 

applicability in different crops, such as lettuce (Boulard and Wang, 2002), tomato 

(Nebbali et al., 2012; Boulard et al., 2017), pepper (Teitel et al., 2008), and impatiens 

(Bouhoun Ali et al., 2018). 

 

 Crop canopy leaf transpiration model 

The crop leaf transpiration could directly affect the air temperature and humidity 

around the canopy. To simulate this process, the leaf transpiration rate was calculated 

using plant physio-ecological process-based models (Gaastra, 1959). The leaf 

transpiration could be converted into the source term of water vapor (Sw), and it could be 

written as follows: 

𝑇𝑟 = ((𝑔𝑎𝑤
−1) + (𝑔𝑠𝑤

−1))
−1
(𝑉𝑃𝐷/𝑃𝑎) (2.7) 

𝑆𝑤 = 𝑇𝑟 ⋅ 𝐿𝐴𝐷 (2.8) 

where the Tr is leaf transpiration rate (kg m−2 s−1), 𝑔𝑎𝑤  is leaf-boundary-layer 

conductance to H2O (mol m−2 s−1), 𝑔𝑠𝑤 is stomatal conductance to H2O (mol m−2 s−1), 

VPD is leaf-to-air vapor pressure deficit (kPa), and Pa is atmospheric pressure (101.3 kPa). 

The heat loss caused by leaf transpiration can be converted it into the sink term of 
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energy (Sh), and it could be written as following: 

𝑆ℎ = 𝐻 ⋅ 𝑇𝑟 ⋅ 𝐿𝐴𝐷 (2.9) 

where the H is the heat of vaporization (J kg−1). 

 

 Single leaf photosynthetic rate model 

The simulation of the photosynthetic rate of a single leaf (P) was performed using a 

combined plant-environment coupled mathematical model group proposed by Kimura et 

al. (2020), which includes the following sub-models of the biochemical photosynthesis 

model (Farquhar et al., 1980), stomatal conductance model (Medlyn et al., 2011), and the 

CO2 transport models of a leaf. The relevant physiological parameters used in the 

calculation are shown in Table 2.1 

 

 Biochemical photosynthesis model 

In the photosynthesis model, P is limited by the Rubisco-limited rate (Pc) and the 

RuBP-limited rate (Pj), and actual P is given as the hyperbolic minimum of Pc and Pj.  

𝜃𝐴𝑃
2 − 𝑃(𝑃𝑐 + 𝑃𝑗) + 𝑃𝑐𝑃𝑗 = 0 (2.10) 

𝑃𝑐 =
𝑉𝑐𝑚𝑎𝑥(𝐶𝑖 − 𝛤

∗)

𝐶𝑖 + 𝐾𝑐 (1 +
𝑂
𝐾𝑜
)
− 𝑅𝑑  (2.11) 

𝑃𝑗 =
𝐽(𝐶𝑖 − 𝛤

∗)

4𝐶𝑖 + 8𝛤∗
− 𝑅𝑑 (2.12) 

where θA is the curvature in the transition from one limitation to the other (0.99), Vcmax is 

the maximum rates of carboxylation (μmol m−2 s−1), Ci is the intercellular CO2 

concentration (μmol mol−1), Γ* is the CO2 compensation point in the absence of 

respiration (μmol mol−1), J is the rate of electron transport dependent on light intensity 
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(μmol m−2 s−1), Kc and Ko are the Michaelis constants for carboxylation (μmol mol−1) and 

oxygenation (mmol mol−1), respectively, and O is the O2 concentration (mmol mol−1). 

𝐽 =
𝜙𝐼 + 𝐽𝑚𝑎𝑥  −  {(𝜙𝐼 + 𝐽𝑚𝑎𝑥)

2  −  4𝜙𝐼𝜃𝐽𝐽𝑚𝑎𝑥}
0.5

2𝜃𝐽
 (2.13) 

where I is the photosynthetic photon flux density (PPFD) (μmol m−2 s−1), Jmax is the light-

saturated rate of electrontransport (μmol m−2 s−1), ϕ is the initial slope of the curve (the 

apparent quantum yield of electron transport at low light) (mol mol−1) and θJ is the 

convexity of the curve (0.85). Rd is the day respiration rate and was estimated using the 

relationship with the dark respiration rate Rn (Villar et al., 1995). 

𝑅d = 𝑅n (if 𝐼 = 0) (2.14) 

𝑅d = 0.4 𝑅n (if 𝐼 > 0) (2.15) 

 

 Gas transport model 

The transport equation for CO2 diffusion into the leaf was expressed using gas 

diffusion theory and Fick’s law, and the leaf photosynthetic rate A was given as follow: 

𝐴 = 𝑔𝑎𝑐(𝐶𝑎  −  𝐶𝑠) = 𝑔𝑠𝑐(𝐶𝑠  −  𝐶𝑖) = (𝑔𝑎𝑐
−1 + 𝑔𝑠𝑐

−1))−1(𝐶𝑎  −  𝐶𝑖), (2.16) 

where gac is the leaf-boundary-layer conductance for CO2, gsc is the stomatal conductance 

for CO2, and Ca and Cs are the CO2 concentration at the ambient air and leaf surface (μmol 

mol−1), respectively. 

According to Medlyn et al. (2011), stomatal conductance for water vapor gsw was 

given by the following equation: 

𝑔𝑠𝑤 = 𝑔0 + 1.6(1 +
𝑔1

√𝑉𝑃𝐷
)
𝐴

𝐶𝑠 
, (2.17) 

where g0 is the residual conductance (mol m−2 s−1), g1 is the empirical constant, and VPD 
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is the leaf–air vapour pressure deficit in kPa. gsw can be converted to gsc by gsc = gsw/1.6. 

Leaf-boundary-layer conductance, gah, was solved using the following equation: 

𝑔𝑎ℎ = 0.21(
𝑣

𝑑𝑙𝑒𝑎𝑓
)0.5, (2.18) 

where v is wind speed, and dleaf is strawberry leaf characteristic dimensions (0.064 m). 

gah can be converted to gac and gaw using gaw = 1.08gah and gac = gaw/1.37. All physiological 

parameters required by model calculations were set to values at 25°C, and the specific 

values were taken from the work of Kimura et al. (2020). 
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Table 2.1 Physiological parameters used in the calculation of leaf photosynthetic rate. All 

physiological parameters required in model calculations were set to values at 25°C, and 

the specific values were obtained from Kimura et al. (2020). 

Parameter Value Units 

Vcmax 77.94 μmol m−2 s−1 

Γ* 42.75 μmol mol−1 

Jmax 160.91 μmol m−2 s−1 

Kc 42.75 μmol mol−1 

Ko 278.4 mmol mol−1 

ϕ 0.24 mol mol−1 

θJ 0.85 - 

O 210 mol mol−1 

go 0.012 mol m−2 s−1 

g1 3.21 - 

dleaf 0.064 m 
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3. Performance of current CO2 enrichment in commercial greenhouse 

with different geometry features 

 Introduction 

So far, most of the studies about CO2 enrichment have focused on the effects on 

physiological activity, plant growth, or suitable CO2 concentration ranges (Weiss et al., 

2010; Mohamed et al., 2013; Kimball, 2016). Those studies were mainly carried out under 

well-controlled research facilities such as growth chambers, experimental greenhouses, 

plant factories, etc. Such experimental environments have several unique characteristics. 

For example, the space of the experimental facility is relatively small, and it is easy to 

control the CO2 concentration and keep it uniform. Besides, they usually used a small 

number of plants as samples and used pure liquid CO2 to obtain a precisely controlled 

microenvironment and CO2 amount. Such conditions are quite different from the actual 

situation in commercial production. In addition, those studied were focused on the 

biological field instead of engineering application of CO2 enrichment technology in 

commercial production as industry. As a result, there is still a relative gap of knowledge 

on the performance of CO2 enrichment between such research facilities and actual 

commercial production sites. In commercial production, the shape and size of 

greenhouses vary greatly in terms of length and width. This should induce complicated 

photosynthesis distribution associated with CO2 concentration. Therefore, identifying 

CO2 enrichment in different commercial greenhouses could make the evaluation more 

objective and comprehensive and has more guiding significance for commercial 

production. 

In this chapter, observations were conducted in three commercial strawberry 
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greenhouses with typical length and width differences. All greenhouses were equipped 

with one CO2 generator to produce CO2 gas by burning fuel (kerosene). The objectives 

of this chapter were (1) to develop unsteady 3D CFD models to simulate the process of 

CO2 diffusion after enrichment in three greenhouses, (2) to simulate the spatial 

distribution of leaf photosynthetic rate using CO2 simulation results by CFD and 

photosynthetic model, and then (3) to evaluate the efficiency of CO2 enrichment in 

different greenhouses in relation to construction characteristics of greenhouse and discuss 

the appropriate enrichment strategy. Actually, CO2 enrichment efficiency depends on 

photosynthesis and CO2 leakage from the greenhouse to the outside. However, analysis 

and generalization of CO2 leakage in commercial greenhouses are fairly difficult and 

according to Boulard et al. (2017) and Kuroyanagi (2017) the leakage rate for a closed 

greenhouse in 10 min was only around 1 %, so photosynthesis was mainly focused on in 

this study. 

 

 Material and methods 

 Description of the greenhouses and CO2 enrichment method 

To evaluate the performance of CO2 enrichment under commercial condition, three 

different greenhouses, located at Aso City, Kumamoto Prefecture, Japan (32°57'31N, 

131°03'20.9"E), were selected according to their size and shape as follows (Fig. 3.1); 

Small Greenhouse (40 m-long × 6 m-wide × 3.2 m-high), Long Greenhouse (84 m-long 

× 6 m-wide × 2.9 m-high), and Long + Wide Greenhouse (72 m-long × 14 m-wide × 3.6 

m-high). The specific geometric information of the three greenhouses can be found in 

Table 3.1. The dimensions and exterior for the three greenhouses are shown in Figs. 3.1 

and 3.2. During the experiment, all these greenhouses were managed under conditions of 
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normal commercial production and equipped with one CO2 generator (ZO451, FULTA 

ELECTRIC MACHINERY CO., LTD., Japan), which generated CO2 gas by burning 

kerosene and released it directly into the space inside. Strawberry plants (Fragaria × 

ananassa Duch.) were planted in plastic cultivation beds with a height of 1.0 m to 1.2 m. 
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Fig. 3.1 The dimensions for the three greenhouses of the Small Greenhouse (a), Long 

Greenhouse (b), and Long + Wide Greenhouse (c). No. 1–6 within the respective 

greenhouses represent CO2 measurement points. The height of points 1, 3, 4, 5, and 6 was 

1.5 m, and point 2 was 2.5 m. 
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Fig. 3.2 The photographs for the three greenhouses of the Small Greenhouse (a), Long 

Greenhouse (b), and Long + Wide Greenhouse (c).  
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Table 3.1 The geometric information for the three greenhouses. 

Objects 

Length 

(m) 

Width (m) 

Height 

(m) 

Area (m2) 

Volume 

(m3) 

Small Greenhouse 40 6 3.2 240 640 

Long Greenhouse 84 6 2.9 508 1080 

Long + Wide 

Greenhouse 

72 14 3.6 1008 2912 

 

 Measurement and data collection 

Various environmental parameters were measured inside the greenhouses during the 

experiment to provide boundary conditions, initial values, and model verification data for 

CFD simulations. Measurements for the Small Greenhouse, Long Greenhouse, and Long 

+ Wide Greenhouse were conducted on December 10, 11, and 13, 2019, respectively, and 

all the greenhouses were kept closed during the measurements. CO2 concentration was 

measured using CO2 sensors (GMP 252, Vaisala, Finland, measurement range: 0–2000 

μmol mol−1) at six points inside each greenhouse. The location of each CO2 measurement 

point was shown in Fig. 3.1. The height of measurement points (1, 3, 4, 5, 6) is 1.5 m, 

and point 2 is 2.5 m. Solar radiation was measured using a radiation sensor (PCM01-SD, 

PREDE, Japan), located in the center of the greenhouse. The temperature and relative 

humidity of the air were measured by temperature and humidity sensors (HMP60, Vaisala, 

Finland, accuracy: ±0.5 ℃ for temperature and ±3% for relative humidity, measurement 

range: −40°C–60°C for temperature and 0%–100% relative humidity), and they were also 

located in the center of the greenhouse. Air velocity at the outlet of the CO2 generator was 

measured using a mobile type of thermal anemometer (VA21, IET, Japan, ±3 %, 
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measurement range: 0–40 m s−1). The above data were automatically recorded using a 

data logger (MIJ-01, Environmental Measurement Japan) with an interval of 10 s. 

Temperatures on the soil surface, the plastic film of the greenhouse, and the cultivation 

bed were also measured using a mobile type of temperature sensor (Tr-52i, T&D, Japan, 

±0.3 ℃, measurement range: -60–155℃). 

 

  Mesh and boundary conditions 

Unstructured mesh was used for all simulations. The refined mesh was created around 

the canopy, CO2 generator to ensure mesh quality and calculation accuracy. The mesh 

quality was checked by evaluating the skewness, aspect ratio, and orthogonal quality. The 

minimum orthogonal quality for the Small, Long and Long + Wide greenhouses was 0.28, 

0.23, 0.3; the maximum aspect ratio was 13.4, 14.9, 12.6; skewness was 0.69, 0.76, 0.71, 

respectively. 

The no-slip wall condition was used for all greenhouse walls, cultivation beds, and 

ground in simulations, and the measured temperatures were applied to those boundaries. 

Airflow from the outlet of the generator was simulated using mass-flow-inlet condition, 

and the mass flow rate was calculated using the following equation: 

𝑊 = 𝜌𝑎 ⋅ 𝑣𝑎 ⋅ 𝐴𝑜 (3.1) 

where W is the mass flow rate (kg s−1), ρa pertains to air density at operating temperature 

(kg m−3), Ao refers to the outlet opening area for the generator (m2), and va is the airflow 

velocity at the outlet of the generator (m s−1).  

Other boundary conditions and initial values used in all simulations were measured 

during the experiment, details are shown in Table 3.2. The physical properties of the 

materials used in simulations are shown in Table 3.3 (He et al., 2018). 
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Table 3.2 Detail of the boundary conditions for the CFD simulations in the Small, Long 

and Long + Wide greenhouses.  

Location 
Kinematic 

conditions 

Thermal 

conditions 

Solar 

radiation 

Mass 

conditions 

Greenhouse 

walls 

No slip 

wall 

Small: 12.2 ℃, 

Long: 12 ℃, Long 

+ Wide: 12.3 ℃ 

Semi 

transparent 
Null flux 

Ground 
No slip 

wall 

Small: 17 ℃, 

Long: 15.8 ℃, 

Long + Wide: 

16.5 ℃ 

Opaque Null flux 

Cultivation 

bed 

No slip 

wall 

Small: 16.9 ℃, 

Long: 14.7 ℃, 

Long + Wide: 

18.8 ℃ 

Opaque Null flux 

Generator 

outlet 

Mass flow 

inlet 

Small: 65 ℃, 

Long: 70 ℃, Long 

+ Wide: 70 ℃ 

- 

Small: 0.64 kg s−1, Long:  

0.63 kg s−1, Long + Wide: 

0.63 kg s−1 
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Table 3.3 Physical properties (density, specific heat, thermal conductivity, absorption 

coefficient, reflective coefficient, and refractive index) of the materials (air, wall, and soil 

of the greenhouse) used in the simulations. 

Objects 

Density 

(kg m−3) 

Specific heat 

(J kg−3 ℃−1） 

Thermal 

conductivity 

(W m−1 ℃−1) 

Absorption 

coefficient 

Reflective 

coefficient 

Refractive 

index 

Air 

Incompressible-

ideal-gas 

Mixing-law 0.024 0.15 0.00 1.00 

Wall 900 2550 0.29 0.10 0.10 1.92 

Soil 1600 2200 0.80 0.88 0.12 1.70 

 

 Other settings for simulation 

The SIMPLEC method was chosen for the coupled momentum of pressure and 

velocity. The second-order upwind discretization scheme was used for momentum, mass, 

heat, and turbulence transport equations to obtain better accuracy. The convergence 

criteria of residuals were below 10−6 for the energy and radiation equations and 10−3 for 

all other terms. The time step was set as 1 s to reduce the error and ensure good 

convergence. 

 

 Spatial analysis of leaf photosynthetic rate 

To quantitatively analyses the spatial distribution of photosynthetic rate at the plane 

of 1.5 m height which was close to the strawberry canopy inside each greenhouse, evenly 

distributed sampling points in each greenhouse were selected, separated by 2 m in the 

width direction and 1 m in the length direction (Fig. 3.3). 
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Due to the different areas of each greenhouse, there are 123, 255, and 511 sampling 

points in the Small Greenhouse, Long Greenhouse, and Long + Wide Greenhouse, 

respectively. 

 

 

Fig. 3.3 Schematic diagram of sampling points for photosynthetic rate in the greenhouse. 

The height of the sampling points was 1.5 m, and each point was separated by 2 m in the 

width direction and 1 m in the length direction. 

 

 Analysis of the efficiency of CO2 enrichment 

The efficiency of CO2 enrichment (ECE, mmol mol−1) was defined as the increase in 

photosynthetic rate due to CO2 enrichment divided by the quantity of energy consumption 

(equivalent to CO2) used per greenhouses, and it could be written as follow: 

ECE =
(𝑃𝑎 − 𝑃400)𝐴𝑔

𝑀
 (3.2) 

where Pa is the average leaf photosynthetic rate in the 1.5 m height plane (mmol m−2 s−1), 

P400 is the leaf photosynthetic rate when the CO2 concentration is 400 μmol mol−1 (mmol 
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m−2 s−1), Ag is the area of the greenhouse (m2), and M is the amount of energy consumption 

(equivalent to CO2) (mol s−1). 

The change in ECE was calculated using Eq. 3.2 according to different CO2 usage in 

the respective greenhouses. Besides, by changing the mass flow rate from the CO2 

generator (from 0.05 kg s−1 to 0.5 kg s−1), the enrichment effects with different CO2 usage 

were simulated. After that, the average CO2 concentration in the 1.5 m height plane and 

the corresponding ECE under different CO2 usage were analyzed. 

 

 Results and discussions 

 CFD simulation validation 

Figure 3.4 shows the relationship between the measured and CFD simulated values 

of CO2 concentration in corresponding measurement points for three greenhouses. The 

simulated value matched well with the measured one, with the average absolute error of 

77 μmol mol−1 for the Small Greenhouse, 72 μmol mol−1 for the Long Greenhouse, and 

70 μmol mol−1 for the Long + Wide Greenhouse. Compared with previous studies (Roy 

et al., 2014; Boulard et al., 2017; Molina-Aiz et al., 2017), those error values were within 

the normal range for CO2 simulation using CFD. We can see the CO2 diffusion process 

from the concentration difference at each measurement point. Firstly, in the Long 

Greenhouse as an example, which has the largest concentration difference within the 

greenhouse, the three measurement points 5, 1 and 6 were on the centerline of the 

greenhouse, and the distance from the generator to respective points accordingly 

increased (Fig. 3.1). The simulated concentration also changed to decrease sequentially 

according to the distance. In the width direction, measurement points 1, 3 and 4 were at 

the same height but points 3 and 4 near the wall showed higher concentrations in the 



3. Performance of current CO2 enrichment in commercial greenhouse with different geometry 

features 

28 

 

measured data. This distribution trend was accurately reproduced in the simulation. In the 

height direction, the higher point 2 had a significantly higher concentration than point 1. 

The simulation results were also consistent with the measurement data. In the Small 

Greenhouse, the distribution trends in all directions were similar to those in the Long 

Greenhouse, and the measured and simulated data also showed good consistency. 

However, because the CO2 distribution was relatively uniform, the concentration 

difference was not so significant in all directions. In the Long + Wide Greenhouse, the 

locations of the highest and lowest concentration points were also consistent with the 

simulation results. These results show that the CFD model can correctly simulate the 

diffusion process of CO2 in different greenhouses. In addition, the simulation results 

maintained good accuracy with different greenhouses and different environmental 

conditions, indicating that the CFD model had good adaptability.  
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Fig. 3.4 Comparison of measured and simulated CO2 concentration in the corresponding 

measurement points 10 min after enrichment of three greenhouses (Small Greenhouse, 

Long Greenhouse, Long + Wide Greenhouse). Shaded areas indicate 95% confidence 

intervals. 
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 CO2 spatial distribution in three greenhouses 

Figure 3.5 shows the spatial distribution of CO2 concentration 10 min after starting 

enrichment in the Small Greenhouse. A significant concentration difference showed in 

the height direction of the greenhouse, caused by upward convection due to the higher 

temperature of CO2 released from the generator. Since CO2 was produced by burning, it 

had a much higher temperature (65 °C) than the greenhouse (27 °C) air, and this would 

cause CO2 gas to drift to the upper part of the greenhouse and gather there. Therefore, it 

could limit the effects of CO2 enrichment since the crops were located in the lower regions. 

However, the difference in CO2 concentration along the length direction was not so large 

due to its smaller size; the concentration at each location was maintained around 1000 

μmol mol−1. This had positive significance for maintaining a uniform CO2 concentration 

environment in the cultivation area. 
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Fig. 3.5 Spatial distribution of CO2 concentration in transverse and longitudinal planes 

10 min after enrichment in the Small Greenhouse. 
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Figure 3.6 shows the spatial distribution of CO2 concentration 10 min after starting 

enrichment in the Long Greenhouse. Given that this greenhouse used the same method to 

produce CO2, the same problem also occurred in the height direction near the CO2 

generator. However, unlike the Small Greenhouse, there was a significant CO2 

concentration gradient along the length direction mainly due to the extremely long length 

(>80 m) of the greenhouse. The CO2 concentration had reached about 1500 μmol mol−1 

in the region near the generator, while in the region far from the generator, the CO2 

concentration did not significantly increase. The spatial uniformity of CO2 concentration 

is important for the effect of CO2 enrichment (Li et al., 2018). Such uneven distribution 

could reduce the overall effect of increasing yield and bring difficulties for applying a 

reasonable control strategy of CO2 enrichment. In many modern greenhouses, 

environmental control devices are often regulated by real-time monitoring of 

environmental parameters, usually measured at one point (e.g., around the center of a 

greenhouse) (Kimura et al., 2020). For CO2 enrichment, it is also necessary to set relevant 

ranges to control the usage of CO2 generators, and this uneven distribution makes it 

difficult to select the sampling points and target concentrations in greenhouses with a 

longer length. 
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Fig. 3.6 Spatial distribution of CO2 concentration in transverse and longitudinal planes 

10 min after enrichment in the Long Greenhouse. 
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Figure 3.7 shows the spatial distribution of CO2 concentration 10 min after starting 

enrichment in the Long + Wide Greenhouse. The application of CO2 enrichment in this 

greenhouse produced quite different results from those in the previous two greenhouses. 

It could be seen that the CO2 concentration in most areas of the greenhouse did not 

increase significantly, mainly due to the huge volume of the greenhouse, 4 and 2.5 times 

the volume of the Small Greenhouse and the Long Greenhouse, respectively. Thus, the 

current application of CO2 for greenhouses with a large volume was far from enough to 

achieve a good performance. 
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Fig. 3.7 Spatial distribution of CO2 concentration in transverse and longitudinal planes 

10 min after enrichment in the Long + Wide Greenhouse. 
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Since the CO2 concentration near the strawberry canopy is the most important factor 

in evaluating the effect of enrichment, the spatial distribution of CO2 concentration at the 

1.5 m height plane has also been analyzed, which is shown in Fig.3.8. Moreover, a 

statistical analysis of the CO2 concentration within the plane is shown in Fig.3.9. It was 

clear that the performance of CO2 enrichment in the three greenhouses was very different. 

In the Small Greenhouse, the difference of CO2 concentration in the cultivation area was 

small, and the overall concentration was maintained between 900–1100 μmol mol−1. 

There was no extreme high or low concentration. It could be seen that the current 

measures of CO2 enrichment in this greenhouse achieved a relatively ideal state. In the 

Long Greenhouse, although the median and average values of CO2 concentration were 

both maintained around 900 μmol mol−1, a relatively ideal state, but there were obvious 

extreme values in the highest and lowest CO2 concentration. With the highest 

concentration reaching close to 1500 μmol mol−1, the lowest value stayed at 400 μmol 

mol−1 level. As mentioned before, most of the recommended target CO2 concentration 

from literature is between 600 and 1000 μmol mol−1 (Mortensen, 1987; Nederhoff, 1994; 

Panwar et al., 2011; Bisbis et al., 2018), and excessive CO2 has a limited effect on 

promoting photosynthesis. Obviously, this state would reduce the efficiency of CO2 

enrichment in the greenhouse. Therefore, the primary improvement requirement for this 

kind of greenhouse is to make the CO2 distribution more uniform. In the Long + Wide 

Greenhouse, the problem was mainly that the effect of CO2 enrichment was not noticeable. 

Although there were some areas with a CO2 concentration of 1000 μmol mol−1 near the 

CO2 generator, the overall CO2 concentration level of the cultivation area was still around 

400 μmol mol−1. So, the primary improvement should be increasing CO2 concentration in 

the greenhouse. 
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Fig. 3.8 Spatial distribution of CO2 concentration at the 1.5 m height plane after 10 min 

enrichment in three greenhouses (Small Greenhouse, Long Greenhouse, Long + Wide 

Greenhouse). 
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Fig. 3.9 Box plot for CO2 concentration at the 1.5 m height plane 10 min after enrichment 

for three greenhouses (Small Greenhouse, Long Greenhouse, Long + Wide Greenhouse). 

 

 Analysis of leaf photosynthetic rate in three greenhouses 

CO2 enrichment in the greenhouse should be implemented considering the 

biochemical process of leaf photosynthesis (Li et al., 2018; Kimura et al., 2020). The 

spatial distribution and statistics of leaf photosynthetic rate at the 1.5 m height plane of 

three greenhouses are shown in Fig. 3.10 and Fig. 3.11, respectively. These can more 

intuitively let us see the effect of increasing CO2 concentration on crop photosynthesis 

over the greenhouses. Since other environmental parameters except for the CO2 

concentration were assumed to be the same, the distribution of leaf photosynthetic rate 

was attributed to the distribution of CO2 concentration. There was an uneven distribution 

of photosynthetic rate in the Long Greenhouse and the Long + Wide Greenhouse 

compared with the Small Greenhouse; this could bring an insignificant increasing effect 

of CO2 enrichment in those greenhouses. From the perspective of changes in the overall 
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photosynthetic rate of the greenhouse, the average values of the three greenhouses 

increased by 28.7%, 23.4%, and 7.4%, respectively, for the Small, Long, and Long + 

Wide Greenhouses, compared to the status under the condition of CO2 concentration at 

400 μmol mol−1. In Fig. 3.10, the difference in the photosynthetic rate at respective 

locations in the Small Greenhouse was very small; the photosynthetic rate for most areas 

remained above the 16 μmol m−2 s−1 level. In the Long Greenhouse, the maximum value 

of photosynthesis did not change a lot compared with the Small Greenhouse, but there 

was an obvious change in the uniformity of the photosynthesis rate. Only half of the area 

had a photosynthetic rate exceeding 16 μmol m−2 s−1, and the lowest photosynthetic rate 

reached a level close to 13 μmol m−2 s−1. In the Large + Wide Greenhouse, the uneven 

distribution of photosynthetic rate still existed, and the effect of increasing photosynthesis 

rate significantly dropped to 12.5 μmol m−2 s−1. The photosynthetic rate remained below 

13 μmol m−2 s−1 in more than half of the area. 
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Fig. 3.10 Spatial distribution of leaf photosynthetic rate at the 1.5 m height plane 10 min 

after enrichment in three greenhouses (Small Greenhouse, Long Greenhouse, Long + 

Wide Greenhouse). 
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Fig. 3.11. Box plot for leaf photosynthetic rate at the 1.5 m height plane 10 min after 

enrichment for three greenhouses (Small Greenhouse, Long Greenhouse, Long + Wide 

Greenhouse). 

 

 Analysis of the efficiency of CO2 enrichment in three greenhouses 

Figure 3.12 shows the change in average CO2 concentration in the 1.5 m height plane 

and CO2 use efficiency under different amounts of pure CO2 gas (mol) enriched into the 

greenhouse. As mentioned above, most researchers gave a rough range of suitable CO2 

concentrations like between 600 and 1000 μmol mol−1 (Mortensen, 1987; Nederhoff, 

1994; Panwar et al., 2011; Bisbis et al., 2018). However, to achieve better performance 

and efficiency, it is important to quantitatively analyze the effect of different CO2 usage 

on CO2 concentration and leaf photosynthetic rate at the same time. It could be seen that 

the average CO2 concentration over the greenhouse plane had an obvious linear 

relationship with CO2 usage. Due to the difference in the volume of the greenhouses, its 

slope gradually became smaller as the volume increased. Another important point 
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affecting the concentration change is that the inhomogeneity (standard deviation) of CO2 

concentration in the cultivation planes of the Small Greenhouse and Long + Wide 

Greenhouse was almost constant with the change in the amount of CO2 usage. In contrast, 

the inhomogeneity in the Long Greenhouse increased significantly with the increase in 

CO2 usage. Their geometric features could probably cause this kind of difference. It was 

found that their differences mainly depended on the area and aspect ratio (length: width). 

For the Small Greenhouse, CO2 concentration should become uniform over the 

greenhouse because of its small area. So, it had a smaller inhomogeneity at a constant. 

The Long + Wide Greenhouse had a similar aspect ratio but a larger area with the Small 

Greenhouse. As a result, it had a larger inhomogeneity but also at a constant. The main 

reason for this is that in the cultivation plane, CO2 diffusion can be regarded as a two-

dimensional transport along with the greenhouse length direction and width direction. So, 

a similar aspect ratio means they had similar transport conditions, resulting in both two 

greenhouses having constant inhomogeneities. However, the Long + Wide Greenhouse 

had a much larger area, which would cause a more serious concentration difference at the 

cultivation plane and result in a higher standard deviation of CO2 concentration. On the 

other hand, the Long Greenhouse had an extremely higher aspect ratio than the other two 

greenhouses, and it would limit the diffusion in the width direction. Therefore, CO2 

diffusion can be regarded as one-dimensional transport along with the greenhouse length. 

Furthermore, the performance of CO2 gas generation seemed to be larger than the CO2 

diffusion with the length. As a result, CO2 gas should be easier to accumulate around the 

front of the generator, and the standard deviation of CO2 concentration should expand 

with the CO2 usage. 

Refers to the efficiency of CO2 enrichment; it generally decreased with increasing 
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CO2 usage. There should be two main reasons for the change in efficiency calculated as 

follows. The first reason should be the non-linear relationship between leaf 

photosynthetic rate and CO2 concentration, in which increasing CO2 concentration can 

significantly enhance the photosynthetic rate under lower concentration conditions, but 

after reaching a certain limit, the enhancing effect began to decline (Rogers et al., 1994), 

naturally leading to a reduction in the efficiency of CO2 enrichment. In response to this 

problem, maintaining the concentration in the cultivation area at a lower level seems to 

be more efficient under the current enrichment method. The second reason should be 

mainly related to the spatial distributions of CO2 concentration and photosynthetic rate 

inside greenhouses. When the amount of usage was small, CO2 gas was mainly 

concentrated in the upper part of greenhouses, so there was no significant increase in the 

concentration around the cultivation area (at 1.5 m height). As a result, the efficiency of 

CO2 enrichment became relatively low. As the amount of CO2 usage increased, more CO2 

gas diffused from the upper part of the greenhouses to the cultivation area, and then the 

efficiency was improved. However, further CO2 enrichment was continued; most of the 

CO2 gas was used to increase the concentration of non-cultivation spaces; this should be 

detrimental to the overall efficiency.  
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Fig. 3.12 The relationships of the average CO2 concentration at the 1.5 m height plane 

with standard deviation shown as the color band (a) and the efficiency of CO2 enrichment 

(ECE) (b) with the amount of CO2 usage in three greenhouses (Small Greenhouse, Long 

Greenhouse, Long + Wide Greenhouse). 

 

 Conclusions 

 In this chapter, the visualization and accurate analysis of photosynthesis in large-

scale greenhouses were realized by applying the environmental parameters simulated by 

CFD to the photosynthetic model. Based on that, the CO2 enrichment performance in 
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commercial greenhouse production was analyzed and evaluated, including spatial 

distribution of CO2 concentration, leaf photosynthesis rate and energy use efficiency. 

According to the result, from the spatial distribution of CO2 concentration and leaf 

photosynthetic rate, the existing CO2 enrichment method has problems like uneven 

distribution and insufficient increase in large-scale greenhouses. In addition, limited CO2 

distribution in height direction occurred in all greenhouses. Those problems would greatly 

decrease the effects of CO2 enrichment. Furthermore, by analyzing the CO2 enrichment 

efficiency under different amounts of CO2 usage, it was found that CO2 enrichment 

efficiency peaked when the average CO2 concentration in the cultivation area was 

approximately 500 μmol mol−1, continuously increasing the CO2 concentration afterward 

would reduce efficiency.  
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4. Advantages of crop-localized CO2 enrichment compared with the 

conventional entire enrichment 

 Introduction 

As one potential strategy to get better enrichment performance, Hidaka et al. (2022) 

proposed a crop-localized enrichment method in which CO2 is released directly into the 

crop canopy and not into the entire greenhouse space (Miyoshi et al., 2017). To 

demonstrate the advantage of crop-localized CO2 enrichment as an optimal strategy, the 

effects of CO2 enrichment on the microclimate inside greenhouses must be clarified 

(Choab et al., 2019). 

In this chapter, CFD simulations for the distribution of greenhouse microclimate 

parameters under two different enrichment methods were conducted: (1) conventional 

overall greenhouse enrichment (‘Entire Enrichment’) and (2) crop-localized enrichment 

(‘Local Enrichment’). Subsequently, the spatial distribution of crop photosynthesis inside 

the greenhouse was simulated by combining the CFD-simulated microclimate data with 

a photosynthetic model. Based on the crop-canopy carbon-conversion capability, the 

energy use efficiency of the two enrichment methods was quantitively analyzed. The 

overall aims of this chapter were to comprehensively analyze the performance of different 

CO2 enrichment methods based on their effects on greenhouse microclimate, crop 

photosynthesis and energy use efficiency and to determine the most efficient enrichment 

method and CO2 application strategy. 

 

 Materials and methods 

 Greenhouses and CO2 enrichment method 
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The two greenhouses (shown in Fig. 4.1) used in this study (37.0-m long × 9.0-m 

wide × 4.5-m high) were located at the National Agriculture and Food Research 

Organization (Kyushu Okinawa Agricultural Research Center, Japan; 33°18.4′ N, 

130°32.8′ E), wherein strawberry plants were grown on six cultivation beds (30.00-m 

long × 0.28-m wide × 1.18-m high), and a CO2 generator (CG-254S1, Nepon Inc., Japan) 

was used to produce CO2 gas. In the respective greenhouses, one CO2 enrichment method, 

Entire Enrichment, involved the release of CO2 gas directly into the greenhouse air, 

whereas the other method, Local Enrichment, involved transporting the CO2 gas from the 

generator in a perforated tube laid on the cultivation bed to the strawberry canopy where 

the gas was released. These two enrichment methods are depicted in Fig. 4.2. During 

actual production, a CO2 sensor was placed at the canopy level in the middle of the 

greenhouse to detect the real-time CO2 concentration and control the on–off action of CO2 

enrichment. The target CO2 concentration was set at 800 μmol mol−1; when the CO2 

concentration reached this target level, enrichment was automatically stopped. According 

to our production experience, increasing the concentration to the target value takes 10 

min using the Local Enrichment system; thus, the enrichment process period was set at 

10 min in this study. 

 

Fig. 4.1 The exterior of the greenhouse (left) and the inside of the greenhouse (right). 
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Fig. 4.2 The CO2 generator used in this study (a), a schematic diagram of the Local 

Enrichment system (b), the transport tubes used for CO2 gas transport inside the 

greenhouse (c), and the perforated tube laid on the cultivation bed (d). 

 

 Measurements and data collection 

To obtain boundary conditions, initial values and model verification data for CFD 

simulations, various environmental parameters, crop physiological parameters and 

growth data were measured inside the greenhouses during the study. CO2 concentration 

was measured using CO2 sensors (GMP 252, Vaisala, Finland; accuracy: ± 40 μmol mol−1; 

measurement range: 0–2,000 μmol mol−1) at five points at a height of 2 m. Air temperature 

was measured using T-type thermocouples in the same positions as the CO2 sensors. Next, 

air relative humidity was measured using temperature and humidity sensors (HMP60, 

Vaisala，Finland; accuracy: ± 0.5°C for temperature and ± 3% for relative humidity; 

measurement range: −40°C–60°C for temperature and 0%–100% relative humidity) at 

two points around the centre of the greenhouse: one at the strawberry canopy and the 
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other at a height of 2 m. The location of above sensors is shown in Fig. 4.3. Solar radiation 

was measured using three radiation sensors (PCM01-SD, PREDE, Japan), of which two 

were located above the canopy at the center of the greenhouse, and one was located 

outside the greenhouse. Air velocity at the outlet of the CO2 generator was measured using 

a mobile-type thermal anemometer (VA21, IET, Japan; accuracy: ± 3%; measurement 

range: 0–40 m s−1). Temperatures on the soil surface, the plastic film of the greenhouse, 

and the cultivation bed were measured using T-type thermocouples. The aforementioned 

data were automatically recorded using a data logger (GL820, GRAPHTEC, Japan) with 

a 10 s interval. Leaf transpiration was measured using a portable leaf chamber system 

(Li-6400, LI-COR Inc., USA). The location and number of sensors were determined with 

reference to similar CFD studies (Kichah et al., 2012; Boulard et al., 2017). 

Measurements were taken during January, February and March 2020. 

 

Fig. 4.3 Schematic of the greenhouse and measurement-point distribution. For CO2 and 

air temperature measurements, data were collected at a height of 2 m. For humidity 

measurements, point 1 was inside the canopy, and the height of point 2 was 2 m. The CO2 

generator was located on the east side of the greenhouse. 
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 Mesh and boundary conditions 

Unstructured mesh was used for all simulations. To ensure mesh quality and 

calculation accuracy, refined mesh was created around the canopy and CO2 generator. 

The mesh quality was checked by evaluating the skewness, aspect ratio and orthogonal 

quality. 

No-slip wall condition was used for all greenhouse walls, cultivation beds, and the 

ground in simulations, and the measured temperatures were applied to these boundaries. 

Airflow from the outlet of the generator was simulated using a mass-flow-inlet condition, 

and the mass flow rate was calculated using the following equation: 

𝑊 = 𝜌𝑎 ⋅ 𝑣𝑎 ⋅ 𝐴𝑜 (4.1) 

where W is the mass flow rate (kg s−1), ρa is the air density at the operating temperature 

(kg m−3), Ao is the outlet opening area for the generator (m2), and va is the airflow velocity 

at the outlet of the generator (m s−1). 

Other boundary conditions and initial values used in all simulations were measured 

during this study, and the physical properties of the materials used in simulations are 

shown in Table 4.1. 
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Table 4.1 Physical properties (density, specific heat, thermal conductivity, absorption 

coefficient, reflective coefficient, and refractive index) of the materials (air, wall, and soil 

of the greenhouse) used in the simulations. 

Objects 

Density 

(kg m−3) 

Specific heat 

(J kg−3 ℃−1) 

Thermal 

conductivity 

(W m−1 ℃−1) 

Absorption 

coefficient 

Reflective 

coefficient 

Refractive 

index 

Air 

Incompressible-

ideal-gas 

Mixing-law 0.024 0.05 0.00 1.00 

Wall 900 2,550 0.29 0.10 0.10 1.92 

Soil 1,600 2,200 0.80 0.88 0.12 1.70 

 

 Other settings in the simulation 

The SIMPLEC method was selected for the coupled momentum of pressure and 

velocity. To improve accuracy, a second-order upwind discretization scheme was used for 

momentum, mass, heat and turbulence transport equations. The convergence criteria of 

residuals were < 10−6 for the energy and radiation equations and < 10−3 for all other terms. 

The time step was set as 1 s to reduce error and ensure good convergence, and the entire 

simulation period was set to 10 min, i.e. the enrichment duration used in the present study. 

To achieve a clear and objective comparison of the two enrichment methods, the same 

boundaries and initial conditions (temperature, air humidity, CO2 concentration etc.) were 

used to simulate microclimate distribution. 

 

 Analysis of the efficiency of CO2 enrichment 

The efficiency of CO2 enrichment (ECE; mmol mol−1) was defined as the increase in 
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strawberry canopy photosynthetic rate, due to CO2 enrichment divided by the quantity of 

energy consumption (equivalent to CO2) used per greenhouse. ECE was expressed by the 

following equation: 

ECE =
(𝑃𝑎 − 𝑃400)𝐿𝐴

𝑀
 (4.2) 

where Pa is the average leaf photosynthetic rate in the strawberry canopy (mmol m−2 s−1), 

P400 is the leaf photosynthetic rate when the CO2 concentration is 400 μmol mol−1 (mmol 

m−2 s−1), LA is the leaf area of the strawberry canopy (m2), and M is the amount of energy 

consumed (equivalent to CO2; mol s−1). To determine the optimal enrichment strategy, the 

change in ECE during the enrichment process was calculated. 

 

 Results and discussions 

 CFD model validation 

Figure 4.4 shows the relationship between the measured and CFD-simulated air 

temperature, air relative humidity and CO2 concentration values under the two enrichment 

conditions. To verify the applicability of the CFD models under different environmental 

conditions, three different temperature conditions were selected for model verification of 

each enrichment method. The simulated values were largely consistent with the measured 

values: root mean squared errors were 1.9°C for air temperature, 6.8% for air relative 

humidity, and 50 μmol mol−1 for CO2 concentration. These error values were within the 

normal range according to comparisons with previous CFD studies in greenhouses (Roy 

et al., 2014; Boulard et al., 2017; Molina-Aiz et al., 2017). Because the greenhouses were 

kept closed, air movement in the greenhouses was by natural convection, which could 

substantially affect the diffusion of CO2 gas. The driving force of natural convection 
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mainly comes from the temperature differences between various parts of the greenhouse. 

The relatively accurate air temperature and CO2 concentration estimations indicated that 

the CFD model was able to effectively simulate the natural convection and CO2 

enrichment process. Furthermore, based on the validation of air humidity, the CFD model 

demonstrated the ability to simulate the transpiration process.  
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Fig. 4.4 Comparison of measured and simulated air temperature (a), air relative humidity 

(b), and CO2 concentration (c) recorded when using the Entire (circular) and Local 

(triangle) CO2 Enrichment methods in greenhouses. Shaded areas indicate 95% 

confidence intervals. 
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 Spatial distribution of air temperature in the greenhouse and specific analysis 

within the canopy 

As shown in Fig. 4.5, the spatial distribution of air temperature was markedly different 

between the two enrichment methods. When using Entire Enrichment, an obvious 

temperature gradient appeared in the height and length directions of the greenhouse. For 

example, the temperature difference was > 10°C in the height direction, which was caused 

by the high temperature of CO2 gas produced by the burning fuel. Specifically, high-

temperature CO2 gas with a strong buoyancy effect was directly released into the 

greenhouse and accumulated in its upper part, creating a distinct high-temperature area. 

As enrichment progressed, the heating effect extended to other greenhouse areas. In 

contrast, Local Enrichment did not lead to such heating effects, and the temperature in all 

directions was relatively uniform because the CO2 gas was transported through a tube 

system lying on the greenhouse soil and cultivation bed. During transportation, the 

temperature of the CO2 gas could be gradually decreased. Additionally, the CO2 gas was 

released slowly and evenly along the cultivation bed; thus, it did not affect the temperature 

of the cultivation area. Figure 4.6 shows a comparison of the scattering of air temperature 

inside the strawberry canopy under the different enrichment conditions. Under Entire 

Enrichment, temperature scattering and average temperature increased. Although higher 

temperatures may demonstrate positive effects on cultivation in cold regions, Sánchez-

Guerrero et al. (2005) and Umeda et al. (2015) reported that high temperature is the 

primary limiting factor for CO2 enrichment in relatively warm countries (e.g. 

Mediterranean countries and Japan). CO2 enrichment is most efficient when solar 

radiation is strong (Kuroyanagi et al., 2014), but the air temperature rapidly increases 

under such conditions, and ventilation is required. Under ventilated conditions, CO2 
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enrichment is not possible. From this perspective, heating effects could shorten the CO2 

enrichment application period and reduce its effects on yield promotion. Thus, Local 

Enrichment seems to be a better CO2 enrichment strategy considering the effects on 

greenhouse air temperature. 
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Fig. 4.5 Spatial distribution of air temperature in the transverse and longitudinal planes 

of greenhouses under Entire and Local CO2 Enrichment conditions. 

 

 

Fig. 4.6 Box plot showing CFD-simulated air temperature inside the strawberry canopy 

under Entire and Local CO2 Enrichment conditions. 
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 Spatial distribution of air relative humidity in the greenhouse and specific analysis 

within the canopy 

Figure 4.7 shows the spatial distribution of air relative humidity inside the greenhouse 

under the two enrichment methods. In both cases, air relative humidity was relatively high 

around the canopy, which was caused by transpiration of the strawberry canopy. However, 

the relative humidity in the upper part of the greenhouse was a little lower under Entire 

Enrichment than that under Local Enrichment, which was caused by the high temperature 

of the greenhouse air in the upper part of the greenhouse. Under the experimental 

temperature conditions (~25°C), higher humidity improves crop photosynthesis and water 

use efficiency (Khairi and Hall, 1976; Bunce, 1984). As shown in Fig. 4.8, the average 

value of relative humidity inside the canopy was similar between the two enrichment 

methods. Nevertheless, scattering was more pronounced under Entire Enrichment due to 

the higher temperature difference inside the canopy. 
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Fig. 4.7 Spatial distribution of air relative humidity in the transverse and longitudinal 

planes of greenhouses under Entire and Local CO2 Enrichment conditions. 

 

 

Fig. 4.8 Box plot showing CFD-simulated air humidity inside the strawberry canopy 

under Entire and Local CO2 Enrichment conditions. 
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 Spatial distribution of CO2 concentration in the greenhouse and specific analysis 

within the canopy 

Figure 4.9 shows the spatial distribution of the CO2 concentration under the two 

enrichment methods. The performance of the two methods differed markedly. During 

Entire Enrichment, most CO2 was concentrated in the upper part of the greenhouse due 

to the high temperature of CO2 gas produced by burning kerosene. When the CO2 gas 

temperature is much higher than the greenhouse air temperature, CO2 gas exhibits a strong 

buoyancy effect, making it gather in the upper part of the greenhouse. In such cases, 

higher CO2 concentrations are found in the roof area that contains only windows but no 

plants, leading to an increase in CO2 leakage rather than an increase in photosynthesis 

(Kuroyanagi, 2017). In contrast, Local Enrichment reduced the CO2 concentration around 

the leakage path (natural ventilation windows in the roof and side wall and forced 

ventilation fans in the wall) while maintaining the highest CO2 concentration in the 

cultivated area. The scattering of CO2 concentration inside the strawberry canopy under 

the two enrichment methods is shown in Fig. 4.10. When using Entire Enrichment, the 

CO2 concentration inside the strawberry canopy was maintained at a relatively uniform 

level with an average value of ~500 μmol mol−1. In contrast, when using Local 

Enrichment, the CO2 concentration in the strawberry canopy showed increased scattering, 

but levels were mostly maintained at > 600 μmol mol−1, and nearly half were maintained 

at > 800 μmol mol−1. Thus, the Local Enrichment method would undoubtedly improve 

the photosynthetic capacity of crops. 
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Fig. 4.9 Spatial distribution of CO2 concentration in the transverse and longitudinal planes 

of greenhouses under Entire and Local CO2 Enrichment conditions. 

 

 

Fig. 4.10 Box plot showing CFD-simulated CO2 concentration inside the strawberry 

canopy under Entire and Local CO2 Enrichment conditions. 
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 Spatial distribution of leaf photosynthetic rate in the greenhouse and specific 

analysis within the canopy 

Figures 4.11 and 4.12 show the spatial distribution of air temperature, air relative 

humidity, CO2 concentration, and leaf photosynthetic rate in the greenhouse cultivation 

plane (a height of 1.1 m) under Entire and Local Enrichment, respectively. The 

distributions of air temperature and relative humidity were relatively uniform, but 

temperature and relative humidity was lower and higher, respectively, under Local 

Enrichment, consistent with our earlier results. However, the distribution of CO2 

concentration and leaf photosynthetic rate differed between the enrichment methods. 

When using Entire Enrichment, the increase in CO2 concentration was not distinguished 

by the areas with and without crops but occurred across the whole greenhouse area. 

However, based on the photosynthetic rate distribution, the strawberry canopy occupied 

only a small part of the greenhouse plane; hence, the increase in CO2 concentration in 

other locations was not relevant for increasing crop photosynthesis. In contrast to Entire 

Enrichment, when using Local Enrichment, obvious inhomogeneity existed in the 

distribution of CO2 concentration. Indeed, CO2 concentration was markedly higher in 

areas with crops than in areas without crops. Therefore, Local Enrichment preferentially 

increases the CO2 concentration in crop planting areas, which is clearly a more efficient 

way in which the same amount of CO2 can be used (Hidaka et al., 2022). Furthermore, 

the precise use of CO2 in crop cultivation areas to increase CO2 concentration led to a 

higher photosynthetic rate in the strawberry canopy. Figure 4.13 shows the estimated 

photosynthetic rate in the strawberry canopy using the two enrichment methods: Entire 

Enrichment led to an overall photosynthetic rate in the strawberry canopy of ~18 μmol 

m−2 s−1 that remained relatively uniform; Local Enrichment led to an average 
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photosynthetic rate of > 19 μmol m−2 s−1, and the rate in most areas was higher than the 

maximum rate achieved using the Entire Enrichment method. Therefore, these data 

illustrate the performance advantage of Local Enrichment over Entire Enrichment in a 

quantitative manner. 
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Fig. 4.11 Spatial distribution of air temperature (a), air relative humidity (b), CO2 

concentration (c), and potential leaf photosynthetic rate (d) at the 1.1-m height plane in a 

greenhouse under Entire Enrichment. 
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Fig. 4.12 Spatial distribution of air temperature (a), air relative humidity (b), CO2 

concentration (c), and potential leaf photosynthetic rate (d) at the 1.1-m height plane of a 

greenhouse under Local Enrichment. 



4. Advantages of crop-localized CO2 enrichment compared with the conventional entire enrichment 

66 

 

 

Fig. 4.13 Box plot showing the estimated potential leaf photosynthetic rate inside the 

strawberry canopy under Entire and Local Enrichment conditions. 

 

 Analysis of the efficiency of CO2 enrichment under Entire and Local Enrichment 

Figure 4.14 shows the time change in average CO2 concentration inside the strawberry 

canopy and ECE for the two enrichment methods. The increase in CO2 concentration 

inside the strawberry canopy was more rapid under Local Enrichment than that under 

Entire Enrichment because CO2 was directly released from the perforated tube into the 

strawberry canopy. Accordingly, under Local Enrichment, CO2 diffusion began from the 

canopy and moved into the surrounding greenhouse air, and the canopy was always 

exposed to higher CO2 concentrations. In contrast, under Entire Enrichment, CO2 was 

released from the generator (at the north side of the greenhouse) directly into the 

greenhouse and drifted to the roof area before slowly diffusing to other parts of the 

greenhouse. This process would be more time- and CO2-consuming that that of Local 

Enrichment. 
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The ECE differed substantially between the two methods. In the first 4 min of 

enrichment, the Local Enrichment method demonstrated a huge advantage (> 5-fold) over 

the Entire Enrichment method; the CO2 concentration inside the canopy did not increase 

notably under Entire Enrichment but increased markedly under Local Enrichment. After 

~5 min, the advantage of Local Enrichment began to decline. This may have been because 

the CO2 diffused and canopy CO2 concentration under Entire Enrichment began to 

increase. It could also have been affected by the nonlinear relationship between the CO2 

concentration and leaf photosynthetic rate. Increasing CO2 concentration can enhance the 

photosynthetic rate at lower CO2 concentration levels, but after reaching a certain limit, 

this enhancing effect begins to decline (Rogers et al., 1994). Under such circumstances, 

the CO2 concentration under Local Enrichment reached a relatively high concentration 

level (around 700 μmol mol−1) within 4 min, after which the effects of increasing CO2 

concentration on photosynthetic rate began to decline. In contrast, the CO2 concentration 

under Entire Enrichment remained low (around 500 μmol mol−1) and increasing the CO2 

concentration over time enhanced the photosynthetic rate.  
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Fig. 4.14 Time changes in the average CO2 concentration inside the strawberry canopy 

(a) and the efficiency of CO2 enrichment (ECE) (b) under Entire and Local Enrichment 

conditions.  

 

 Conclusions 

In this chapter, the microclimate parameter distribution inside greenhouses was 

simulated in which two different CO2 enrichment methods were applied. Based on these 

data, the spatial distribution of strawberry leaf photosynthetic rate and ECE were analyzed. 

According to the spatial distribution of microclimate parameters, the Entire Enrichment 

method increased greenhouse air temperature and reduced relative humidity, which would 

limit CO2 enrichment. Also, Entire Enrichment caused CO2 accumulation in the upper 
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part of the greenhouse; this would reduce ECE and increase CO2 leakage. When using 

Local Enrichment, because CO2 was transferred along a perforated tube, greenhouse air 

temperature and humidity were hardly affected. Based on leaf photosynthetic rate, Local 

Enrichment could improve the photosynthetic capacity of the strawberry canopy 

compared with that achieved using Entire Enrichment. According to ECE analysis, Local 

Enrichment benefited ECE more than Entire Enrichment.  
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5. Scenario analysis for improving the application of clop-localized 

enrichment method 

 Introduction 

As shown in Fig. 4.10, under Local Enrichment, about 25% of the canopy spaces 

demonstrated CO2 concentrations > 1,000 μmol mol−1. According to previous studies on 

CO2 enrichment in greenhouse production, the CO2 concentration range was usually 

controlled around 600–1,000 μmol mol−1 (Mortensen, 1987; Panwar et al., 2011; Bisbis 

et al., 2018). As mentioned previously, after reaching a certain concentration, a further 

increase in CO2 concentration does not substantially improve photosynthetic rate, 

meaning that excessively high CO2 levels can reduce enrichment efficiency. From this 

perspective, Local Enrichment should be suitable for a larger greenhouse area even with 

the same generator and CO2 usage. 

In addition, as mentioned in Chapter 4, the ventilation requirement is main limiting 

factor for CO2 enrichment because it is not possible to conduct CO2 enrichment under 

ventilated conditions using the conventional CO2 enrichment methods. In this case, CO2 

enrichment can only be carried out in the morning and afternoon or other times when the 

intensity of solar radiation is not high. This would greatly limit the use time of CO2 

enrichment. In addition, more importantly, CO2 enrichment can only obtain the best use 

effect under strong solar radiation (Kuroyanagi, 2017), and the current situation 

undoubtedly reduces the enrichment efficiency. Crop-localized enrichment method 

(Local Enrichment) seems to provide a solution to this problem. According to the 

experience in production, Local Enrichment can significantly increase canopy CO2 

concentration even under ventilation conditions. However, its specific application 
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conditions still need to be clarified precisely, such as the external wind speed and window 

size that directly affect the airflow environment inside the greenhouse. 

With CFD simulations, it is easier to verify multiple hypothetical scenarios without 

actual measurements. In this chapter, by using CFD simulation, the effect of Local 

Enrichment in large-scale greenhouses was clarified. Further, according to the results of 

the actual measurement and scenario CFD simulations, the effect of Local Enrichment 

method under different ventilation conditions was simulated and verified.  

 

 Materials and methods 

 Experimental settings for verifying the enrichment performance of Local 

Enrichment in lager greenhouse 

The hypothetical greenhouses for verifying the effect of Local Enrichment in large-

scale greenhouse were based on the experimental greenhouse used in Chapter 4 and were 

double, triple, and quadruple the size of the original greenhouse. In addition, the 

capability of enrichment systems (generation of CO2 gas) and the calculation method for 

ECE was unchanged. The simulation-related settings for validating the Local Enrichment 

effects in larger greenhouses remain unchanged with Chapter 4. 

 

 Experimental greenhouse and data collection for verifying the performance of 

Local Enrichment under ventilation conditions 

The greenhouse for verifying the effect of Local Enrichment under ventilated 

conditions was shown in Fig. 5.1 and Fig. 5.2. The greenhouse used side ventilation, and 

the height of the ventilation window was 0.9 m. Two different sizes of window opening, 

full opening and half opening, were set during measurement and simulation. 
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To provide boundary conditions for CFD simulation about using the Local 

Enrichment under ventilation and verify the CFD simulation accuracy, actual 

measurement was also conducted on December 4, 5, 2021. CO2 concentration inside and 

outside the strawberry canopy and the wind speed inside and outside the greenhouse were 

measured during the experiment. The location of each CO2 measurement and wind speed 

measurement point was shown in Fig. 5.2. CO2 concentration was measured using CO2 

sensors (GMP 252, Vaisala, Finland, measurement range: 0–2,000 μmol mol−1) at two 

points inside the greenhouse. The location of measurement point1 was inside the 

strawberry canopy and point 2 was 0.5 m above the point 1. Wind speed was measured at 

three different positions. Measurement point 1 was above the strawberry canopy and point 

2 was at the ventilation window; both of them used thermal anemometer (VA21, IET, 

Japan; accuracy: ± 3%; measurement range: 0–40 m s−1). Wind speed measurement point 

3 was located at the outside of the greenhouse and the height was same with the point 2. 

Wind speed measurement point 3 was measured using compact weather station (GMX500, 

Gill Instruments Limited, UK, accuracy: ± 3%, measurement range: 0–40 m s−1) The 

locations of various measurement points are shown in Fig.5.2 and Fig.5.3.  
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Fig. 5.1 Photograph of the greenhouse for conducting CO2 enrichment under ventilated 

conditions using the crop-localized enrichment method. North (a) and south side (b) of 

the greenhouse. 

 

 

 

 

 

 



5. Scenario analysis for improving the application of clop-localized enrichment method 

74 

 

 

Fig. 5.2 The dimensions of the greenhouses and the locations of measurement points for 

CO2 concentration and wind speed. Windows were located on the long sides of the 

greenhouse and the height was 0.9 m. For CO2 concentration, measurement point 1 

(“Canopy”) was inside the strawberry canopy, point 2 (“Upper”) was 0.5 m higher than 

point 1. For wind speed, measurement point 1 (“Canopy”) was near the strawberry canopy, 

point 2 (“Window”) was at the window, and point 3 (“Outside”) was at outside of the 

greenhouse. The detailed location is shown in Figure 5.3. 

 

 

Fig. 5.3 Photographs of each measuring point. The number of each measuring point is the 

same as that in Fig. 5.2. 
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 CFD simulation settings for verifying the performance of Local Enrichment under 

ventilation conditions 

Previously, three-dimensional simulations were used for simulating the CO2 

enrichment process in closed greenhouses and the simulation domain was limited to the 

inside of the greenhouse. However, when simulating the ventilation, simulation domain 

must be extended to the outer space of the greenhouse and provide sufficient space for 

the external airflow to ensure the accuracy and convergence speed of the calculation. It 

would greatly increase the number of mesh and computational difficulty. In order to 

achieve a balance between computational accuracy and speed, the CO2 enrichment under 

ventilation was simplified to two-dimensional and steady-state. The simulation domain 

was shown in Fig. 5.4. 

 

Fig. 5.4 The schematic of the simulation domain for conducting CO2 enrichment under 

ventilated conditions using crop-localized enrichment method. The blue area represents 

the greenhouse, and the green area represents the crop canopy. The wind is from the left 

side to the right side. 

 

The main factor affecting the distribution of CO2 inside the greenhouse is the airflow 

environment. Under ventilation conditions, the external wind speed and the size of the 
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ventilation windows would greatly affect the airflow environment inside greenhouse. 

Based on this consideration and according to the different wind speed occurred in the 

actual measurement, two conditions of window openness (full and half open) and two 

external wind speed conditions (1 m s−1 and 2 m s−1) were set respectively. The specific 

arrangement can be seen in Table 5.1. 

 

Table 5.1 The four treatments in the scenario analysis for CO2 enrichment under different 

ventilation conditions. 

 
Window half open Window full open 

Outside wind speed 1.0 m s−1 Low wind + 50% window Low wind + 100% window 

Outside wind speed 2.5 m s−1 High wind+ 50% window High wind + 100% window 

 

Unstructured mesh was used for all simulations. The mesh quality was checked by 

evaluating the skewness, aspect ratio and orthogonal quality. No-slip wall condition was 

used for all greenhouse walls, cultivation beds, and the ground in simulations. 

  

 Results and discussions 

 Scenario analysis of the conventional overall greenhouse enrichment (‘Entire 

Enrichment’) and crop-localized enrichment (‘Local Enrichment’) methods in 

larger greenhouses 

The spatial distribution of CO2 concentration in the hypothetical greenhouses under 

Entire and Local CO2 Enrichment conditions were shown in Fig. 5.5. Canopy average 

CO2 concentration and ECE data from scenario analysis involving the application of 
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enrichment methods in larger greenhouses were shown in Fig. 5.6. An increase in canopy 

CO2 concentration under Entire Enrichment was not obvious when the greenhouse more 

than doubled in size. However, under Local Enrichment, the canopy CO2 concentration 

was maintained at around 600 μmol mol−1, even when the greenhouse quadrupled in size. 

For ECE, when the size of the greenhouse increased, the ECE of the Entire Enrichment 

method decreased, whereas that of the Local Enrichment method increased. This was 

likely due to the difference in canopy CO2 concentrations under the two methods. Indeed, 

under Entire Enrichment, the canopy CO2 concentration decreased rapidly to around 400 

μmol mol−1 as greenhouse size more than doubled. Therefore, the enrichment of CO2 no 

longer markedly affected crop photosynthesis and ECE decreased. However, under Local 

Enrichment, the CO2 concentration was always maintained at > 600 μmol mol−1, which 

effectively promoted photosynthesis (Mortensen, 1987; Panwar et al., 2011; Bisbis et al., 

2018); therefore, as greenhouse size increased, ECE also increased. These results suggest 

that Local Enrichment could be used in larger greenhouses with the same CO2 usage 

levels and still improve CO2 utilization efficiency. 
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Fig. 5.5 Spatial distribution of CO2 concentration in the hypothetical greenhouses under 

Entire and Local CO2 Enrichment conditions. The size of the hypothetical greenhouses 

was double, triple, and quadruple the size of the original greenhouse. 
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Fig. 5.6 Average CO2 concentration inside the strawberry canopy (a) and efficiency of 

CO2 enrichment (ECE) (b) in relation to the number of greenhouses under Entire and 

Local Enrichment conditions. 

 

 Measured data of CO2 concentration and wind speed at different positions under 

different ventilation conditions 

Figures 5.7 show the measured data of CO2 concentration and wind speed at different 

measurement positions under Low wind + 50% window condition. The average wind 

speed at the window and outside of the window were 0.33 and 0.45 m s−1, respectively. 

The average CO2 concentration inside the canopy and upper of the canopy were 796 and 
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539 μmol mol−1, respectively. This shows the Local Enrichment could get good 

enrichment result even under ventilation conditions. However, the arrangement of the 

wind openness may affect the airflow characteristics in the greenhouse (Katsoulas et al., 

2006), and result in changes of the enrichment performance. Figures 5.8 shows the 

measured data of CO2 concentration and wind speed after we change the window to full 

open (Low wind + 100% window). The wind speed condition did not have a significant 

change, but the average CO2 concentration inside the canopy slightly decreased to 740 

μmol mol−1. It suggests that increasing the window size would impact CO2 enrichment 

effects, but not so significant in the current case. 

Outside wind speed is another important factor that could greatly affect the airflow 

inside the greenhouse under natural ventilation conditions (Mistriotis et al., 1997). 

Therefore, clarifying the enrichment performance under different outside wind speeds is 

also very important. Fig. 5.9 shows the measured data of CO2 concentration and wind 

speed under High wind + 50% window condition. The average wind speed at the window 

and outside of the window were 0.52 and 1.26 m s−1, respectively. After the outside wind 

speed increased, the average CO2 concentration inside the canopy and upper of the canopy 

rapidly decreased to 443 and 400 μmol mol−1, respectively. It means that the outside wind 

speed significantly impacts the effect of CO2 enrichment and high wind speeds would 

greatly reduce the enrichment effects. As can be seen from Fig.5.10, after changing the 

window to full open, the concentration in the canopy was further decreased to 411 μmol 

mol−1. This is consistent with previous results obtained by changing the window size at 

low wind speeds.  
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Fig. 5.7 Measured wind speed (a) and CO2 concentration (b) at different position of the 

greenhouse under Low wind + 50% window condition.  

 

 

Fig. 5.8 Measured wind speed (a) and CO2 concentration (b) at different position of the 

greenhouse under Low wind + 100% window condition.  
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Fig. 5.9 Measured wind speed (a) and CO2 concentration (b) at different position of the 

greenhouse under High wind + 50% window condition.  

 

 

Fig. 5.10 Measured wind speed (a) and CO2 concentration (b) at different position of the 

greenhouse under High wind + 100% window condition.  
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 Spatial distribution of CO2 concentration and wind speed in the greenhouse under 

different ventilation conditions 

The CFD simulated spatial distribution of CO2 concentration and wind speed under 

different ventilation conditions were shown in Figs. 5.11-5.14. Fig. 5.11 shows the 

distribution of CO2 concentration and wind speed under the Low wind + 50% window 

condition. We could see the CO2 concentration in the greenhouse increased significantly, 

especially around the canopy area. There was a high CO2 concentration of more than 600 

μmol mol−1 appeared around the canopy and in some particular areas the CO2 

concentration even exceeded 800 μmol mol−1. At the same time, significant high wind 

speed could be found around the greenhouse windows which means the greenhouse could 

still achieve the purpose of ventilation. In addition, it should be noted that the distribution 

of CO2 concentration inside the greenhouse showed a significant correlation with the 

wind speed distribution. Higher wind speeds occurred near the canopy on the left side of 

the greenhouse, resulting in lower CO2 concentration inside the canopy than in other low-

wind-speed areas. The reason was that the transport phenomenon of CO2 gas consists of 

two parts, convection and diffusion. When the greenhouse airflow velocity was very low, 

diffusion was the main factor that affecting the distribution of CO2 concentration. Under 

this circumstance, strawberry canopy could always maintain a high CO2 concentration 

since the CO2 gas diffused from the canopy into the greenhouse air. However, air 

convection between the canopy and the greenhouse air would be affect by the window 

size and outside wind speed as we mentioned earlier. As for increasing the window size, 

Fig. 5.12 shows the distribution of CO2 concentration and wind speed under the Low wind 

+ 100% window condition. We found the distribution of wind speed and CO2 

concentration inside the greenhouse did not change a lot. This was consistent with the 
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measured data. 

In the last section, measured data showed that the outside wind speed would greatly 

affect the CO2 concentration inside the greenhouse. Figs. 5.13 and 5.14 show the 

distribution of wind speed and CO2 concentration at high outside wind speed for different 

window sizes. It can be clearly seen that with the increase of the external wind speed, the 

airflow speed inside the greenhouse greatly increased. However, compare with low wind 

condition, the CO2 concentration decreased significantly. The reason is that the outside 

wind speed usually is the main factor affecting the airflow environment inside the 

greenhouse under natural ventilation condition (Teitel et al., 2008; Lee et al., 2018; 

Villagrán et al., 2019). When the outside wind speed increased, the ventilation rate of the 

greenhouse and the air convection inside the greenhouse would be enhanced. It would 

accelerate the diffusion of CO2 gas and bring it out of the greenhouse, decreasing the 

canopy CO2 concentration. From this result, we concluded that the outside wind speed is 

the main factor affecting the performance of Local Enrichment, and high wind speed 

would reduce the enrichment effect. 
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Fig. 5.11 CFD simulated special distribution of wind speed inside and outside the 

greenhouse, and spatial distribution of CO2 concentration inside the greenhouse under 

Low wind + 50% window condition. 
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Fig. 5.12 CFD simulated special distribution of wind speed inside and outside the 

greenhouse, and spatial distribution of CO2 concentration inside the greenhouse under 

Low wind + 100% window condition. 
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Fig. 5.13 CFD simulated special distribution of wind speed inside and outside the 

greenhouse, and spatial distribution of CO2 concentration inside the greenhouse under 

High wind + 50% window condition. 
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Fig. 5.14 CFD simulated special distribution of wind speed inside and outside the 

greenhouse, and spatial distribution of CO2 concentration inside the greenhouse under 

High wind + 100% window condition. 

 

 Conclusions 

In this chapter, the performance of Local Enrichment method in large greenhouses 

and under ventilation conditions was verified by scenario CFD simulations. By 

comparing the CO2 spatial distribution, canopy CO2 concentration and ECE between the 

two methods when used in larger greenhouses, it could be found that Local Enrichment 

could be applied in larger greenhouses using the same amount of CO2 while still 

improving ECE. Through the simulation and measurement of CO2 concentration in the 

greenhouse under different ventilation conditions, it is found that Local Enrichment could 
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significantly increase the canopy CO2 concentration under ventilation conditions. The 

main factor that affects the enrichment performance is the outside wind speed. Under 

lower outside wind speed, the Local Enrichment could get better performance. Reducing 

the window size can improve the enrichment performance, but only to a limited extent. 
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6. General conclusions 

Greenhouse cultivation is an important solution for achieving sustainable agriculture 

and ensuring food security. The main advantage of greenhouse is that it could shield crops 

against unfavorable conditions in the open fields and conduct a comprehensive 

adjustment of multiply environmental parameters (such as temperature, humidity, air 

current, lighting intensity, and CO2 concentration). However, environmental control is a 

highly energy-consuming process, part of which, CO2 enrichment, requires direct 

consumption of fossil fuel energy. To achieve sustainable and economical greenhouse 

production, a comprehensive analysis and improvement of the greenhouse environmental 

control system have always been the focus of research in the field of protected agriculture. 

In particular, an accurate and timely grasp of the distribution and changes of 

environmental parameters within the overall scope of the greenhouse is the basis for 

achieving efficient environmental control. Further, the ultimate effect of environmental 

control should be reflected by positive physiological changes in crops, such as the 

photosynthetic rate most directly related to yield. 

This study focused on developing a comprehensive evaluation system for greenhouse 

environmental control performance, including the spatial distribution of greenhouse 

microclimate parameters, leaf photosynthetic rate, and energy use efficiency. Based on 

that, the performance of different CO2 enrichment systems in greenhouse production were 

analyzed. 

Firstly, to get a more efficient usage of CO2 enrichment, the performance of the 

commonly used CO2 enrichment method in different commercial strawberry greenhouses 

with different lengths and widths was investigated. The spatiotemporal distribution of 
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CO2 concentration inside greenhouses was simulated using CFD model and the leaf 

photosynthetic rate distribution was also simulated using a combined plant-environment 

coupled mathematical model group. The result showed that the spatiotemporal 

distribution of CO2 and photosynthesis varied significantly depending on the geometry 

features of the greenhouses. According to the analysis of CO2 enrichment efficiency (as 

the ratio of increasing photosynthesis on the cultivation plane to the amount of CO2 usage), 

when the average CO2 concentration in the cultivation plane was approximately 500 μmol 

mol−1 could have the best enrichment efficiency. 

Different environment control strategies and equipment could significantly differ in 

control performance and energy usage efficiency. A recently proposed crop-localized 

enrichment method (‘Local Enrichment’) was tested and compared with the conventional 

overall greenhouse enrichment method (‘Entire Enrichment’). The spatial distribution of 

microclimate parameters was simulated using CFD models; based on the results, the 

spatial distribution of the crop photosynthetic rate was also simulated using an 

environment–plant coupled model group. Furthermore, the CO2 enrichment efficiency 

was quantitatively analyzed by calculating the changes in the photosynthetic carbon 

assimilation capacity of the crop canopy in relation to CO2 usage. Compared with Entire 

Enrichment, the Local Enrichment method reduced the effects on greenhouse temperature 

and humidity but increased the average CO2 concentration inside the canopy by 264 μmol 

mol−1. As a result, the Local Enrichment increased the average leaf photosynthetic rate 

inside the canopy by 1.48 μmol m−2 s−1. According to CO2 enrichment efficiency analysis, 

Local Enrichment demonstrates huge advantages over Entire Enrichment (more than five 

times higher on average). 

CFD provides a convenient way to verify different environment control methods 
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without tedious field testing. The performance of Local Enrichment in larger greenhouses 

and under ventilated conditions was simulated. The result showed that the Local 

Enrichment could be applied to larger greenhouses and improve enrichment efficiency 

relative to that in a conventional system. In addition, Local Enrichment can be used under 

ventilation conditions, which would greatly extend the use period of CO2 enrichment. 

However, it also has limitations. The external wind speed is the main factor affecting the 

enrichment performance. High wind speeds would accelerate the diffusion of CO2 gas 

and increase the greenhouse air exchange rate, resulting in an inability to increase CO2 

concentration inside the strawberry canopy. Reducing the size of the windows could 

alleviate the influence of high wind speed to a certain extent. 

CO2 enrichment is a long-term process that runs through the entire cultivation cycle. 

However, the current study is limited to short-term effects and lacks analysis of long-term 

yield and energy consumption. For a comprehensive analysis of different enrichment 

strategies, the long-term monitoring of environmental and economic benefits in 

commercial greenhouse production is recommended in future studies. 
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