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Abstract 

There is a rising interested in controlled environment 

agriculture (CEA) to address food security issues. 

Modelling of indoor high-density CEA (CEA-HD) spaces 

is relatively recent and often some of the thermal 

phenomena, such as the effect of light interception by 

crops leaves and the thermal storage capacity of the 

hydroponic solution, are assumed to be negligible. In this 

study, the impacts of those thermal phenomena on the 

energy demand and consumption of a small-scale CEA-

HD space, modelled in a BPS tool, are quantified. Both 

phenomena are modelled and compared to a base case, for 

which none of the phenomena were considered. For a 

specific size of crops, the effect of light interception by 

crops leaves led to a reduction of 35% of both peak 

sensible cooling demand and annual consumption. The 

thermal storage in the hydroponic solution led to a 

reduction of 46% and 76% of the peak sensible heating 

demand and annual consumption, respectively. 

Key Innovations 

• Modelling of the effect of light interception by 

crops leaves and its influence on the space 

lighting heat gains, which showed a 35% 

reduction of the peak sensible cooling demand of 

an indoor CEA-HD space for a specific size of 

crops; 

• Modelling of the thermal storage in the 

hydroponic solution, which showed a reduction 

of 76% in annual sensible heating consumption 

and a small reduction of 9% in annual sensible 

cooling consumption. 

Practical Implications 

Based on the findings of this study, a simulation 

practitioner should consider the effect of light interception 

by crops leaves when modelling a CEA-HD space. 

Depending on the purpose of the simulation, the thermal 

storage in the hydroponic could also be considered and 

assumptions should be chosen with care. The proposed 

modelling approach can also be used to compare the 

performance of different HVAC systems and the energy 

performance of CEA-HD space. 

Introduction 

The integration of an indoor high-density controlled 

environment agriculture (CEA-HD) space to the urban 

environment could contribute to local food security all 

over the globe (Armanda, Guinée, & Tukker, 2019). In 

extreme climates, outdoor conditions are not suitable to 

year-round agriculture and protected agriculture is 

essential to grow food locally (McCartney & Lefsrud, 

2018). CEA-HD spaces are indoor spaces for which crops 

are grown vertically in electrically lit beds. Indoor CEA-

HD leads to higher yield than agriculture in fields; 

however, they often have high energy demand mostly due 

to sensible cooling and dehumidification requirements 

(Graamans, Baeza, van den Dobbelsteen, Tsafaras, & 

Stanghellini, 2018).  

Modelling indoor CEA-HD spaces, where crops are 

considered as internal heat gains/losses, is fairly new and 

a common approach is still missing (Waldron, 2018). 

Several interactions need to be considered when 

modelling an indoor CEA-HD space to predict the space 

energy demand. The CEA-HD space energy demand is 

mainly influenced by the heat gains/losses induced by 

crops and the heat gains from lighting (Talbot & Monfet, 

2020). During photosynthesis, when the lights are on and 

cause convective and radiative heat gains, the crops 

induce an evaporative cooling effect (sensible heat loss 

combine to a latent heat gain) caused by crop 

transpiration. Along with these two main thermal 

phenomena, additional thermal phenomena might occur 

in a CEA-HD space that are not always considered when 

the space is modelled. 

The first phenomenon impacts the space radiative heat 

gains from lights within the space. Crops leaves intercept 

and absorb a part of the photosynthetic active radiation 

(PAR) emitted by lights and convert it into latent energy 

through crop photosynthesis. The portion of the PAR 

intercepted and absorbed by crops depends on the leaf’s 

coverage of the cultivated area. Thus, the radiative energy 

intercepted and absorbed by crops reduces the space 

radiative heat gain from lighting. Modelling a CEA space 

using a building performance simulation (BPS) tool has 

been completed by Benis, Reinhart, & Ferrão (2017); 

Golzar, Heeren, Hellweg, & Roshandel (2018); Graamans 

et al. (2018); Harbick & Albright (2016); Kokogiannakis 

& Cooper, (2015); Nadal et al. (2017); Ward, Choudhary, 

Cundy, Johnson, & McRobie (2015); Zhang & Schulman 

(2017); Zhang & Kacira (2020). However, except for the 

study completed by Kokogiannakis & Cooper (2015), 

none have mentioned the effect of light interception by 

crops leaves and its impact on the space energy demand, 

which has not been quantified yet. The second 

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
1357

 
 

https://doi.org/10.26868/25222708.2021.30283



 

 

phenomenon assesses the possible thermal storage 

occurring if a hydroponic production system is used.  

In this study, the impacts of these two different thermal 

phenomena on energy demand and consumption are 

assessed independently and simultaneously. The 

modelling of these phenomena supports the identification 

of the acceptable simplifications to be made when 

modelling an indoor CEA-HD space.  

Overall approach 

To assess the impact of different thermal phenomena on 

the energy demand of an indoor CEA-HD space, a steady-

state lettuce model is coupled to the space model in 

TRNSYS (Klein et al., 2017), a BPS tool. 

The impact of each phenomenon on energy demand is 

assessed independently over a single day. Thus, a total of 

four cases are included:  

1- Base case: The indoor CEA-HD space is 

modelled without detailed models of the selected 

thermal phenomena, i.e., they are considered to 

be negligible. 

2- Light interception (LI) case: The effect of light 

interception by crops leaves on the space lighting 

heat gains is considered. 

3- Thermal storage (TS) case: The thermal storage 

in the recirculating hydroponic solution is 

considered. 

4- Combined case: The impacts of these two 

different thermal phenomena on energy demand 

and consumption are assessed simultaneously. 

For each case, a description of the models used is 

provided including the main inputs and assumptions. 

Base model 

The base model includes a space model and a crops 

model. At every simulation time step, the space indoor 

conditions are used as inputs to the crops model to 

estimate the rates of heat gains/losses induced by the 

crops. These rates are then included as additional internal 

heat gains/losses to the space model as illustrated in 

Figure 1. 

 

Figure 1: Base case model. 

The modelled indoor CEA-HD space is a 

3.02m x 2.44m x 1.97m space located in a building 

maintained at an indoor temperature of 20°C. In this 

CEA-HD space, the crops are grown using a nutrient film 

technique (NFT) hydroponic system that has a 2.8 m2 

footprint with a total of 30 growing channels equally 

distributed over three tiers with a vertical spacing of 

46.5 cm, as illustrated in Figure 2. The production system 

can grow 27 lettuces/m2
cultivated. 

CEA-HD space model. The CEA-HD space is modelled 

with walls, floor and ceiling having an overall U-value of 

0.12 W/(K‧m2), a thermal capacity of 1000 J/(kg‧K), a 

density of 113.17 kg/m3, and are covered with water-

repellent panels to minimize migration of water vapour 

through the surfaces. The space is enriched in CO2 to 

enhance crops growth and is airtight to avoid the dilution 

of the CO2. Moreover, a forced air circulation system 

ensures the air is well-mixed and that there is sufficient 

air velocity over the leaves to facilitate gas exchange. 

 

Figure 2: CEA-HD space. 

The indoor conditions and growing parameters are 

summarized in Table 1. Indoor conditions alternate 

between two sets of conditions that are optimal for crop 

growth when (1) photosynthesis occurs during the 

photoperiod (when the lights are on) and (2) respiration 

occurs during the dark period (when the lights are off). 

Table 1: Growing conditions. 

Indoor conditions 

(photoperiod/dark period) 
 

      Temperature 21°C / 18°C 

      Humidity 70% / 74% 

      Vapour pressure deficit 0.75 kPa / 0.54 kPa  

Lighting  

      Type of lamps LED 

      Electric power input 144.2 Wm-2
cultivated 

      PPFD 288.5 μmols-1
m-2

cultivated 

      Photoperiod 14 hours 

      Heat fractions 

       (𝑓𝑐𝑜𝑛𝑣 / 𝑓𝐿𝑊 / 𝑓𝑆𝑊) 

 

0.43 / 0.17 / 0.40 

CO2 700-1000 ppm 

Crops model. The heat gains/losses induced by crops are 

modelled using a single energy balance between the crops 

and its environment and are computed as additional 

internal gains/losses to the space model. They are 

estimated using a steady-state lettuce model (Graamans et 

al., 2018) that is fully integrated to the BPS tool (Talbot 

& Monfet, 2020). Several factors influence the heat 

gains/losses induced by crops and one of them is the size 

of the crops that is often estimated using the Leaf Area 

Index (LAI), which is the total leaf area (LA) multiplied 

by the number of plants per unit of cultivated area 

(Equation 1). 
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 𝐿𝐴𝐼 = 𝐿𝐴 ∙
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑙𝑎𝑛𝑡𝑠

𝐶𝑢𝑙𝑡𝑖𝑣𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
 (1) 

Thus, the value of LAI varies with the crops stage of 

growth and density. 

Light interception (LI) model 

The light interception model considers the effect of light 

interception by crops leaves, i.e., that not all the lighting 

radiative energy leads to a heat gain since part of that 

radiative energy is intercepted and absorbed by the crops. 

The effect of light interception varies according to the 

surface covered by the crops which is influenced by the 

leaf area, the crop density (number of crops per unit of 

cultivated area), and the leaf absorption coefficient of 

PAR (𝛼𝑝𝑙). The surface covered by the crops is estimated 

using the Cultivation Area Cover (CAC), which is the 

percentage of the cultivated area that is covered by the 

leaves. The CAC can be found empirically based on LAI 

(Tei, Scaife, & Aikman, 1996). The leaf absorption 

coefficient is a parameter that is crop-specific and was set 

to 0.95 in this study. As illustrated in Figure 3, the light 

interception model is similar to the base case model 

except for one additional input, the CAC from the crops 

model, that is used by the space model. 

 

Figure 3: Light interception model. 

The indoor-face heat balance for each surface is computed 

according to the heat balance (HB) method (ASHRAE, 

2013) using Equation 2. The short-wave radiation flux to 

an indoor surface (walls, ceiling or floor) from lights 

(𝑞′′
𝑆𝑊

) is equal to the electric power input of the lights 

(𝑞′′
𝑙𝑖𝑔ℎ𝑡

) multiplied by the short-wave radiative heat 

fraction (𝑓𝑆𝑊), which corresponds to the lights’ efficiency. 

When the effect of light interception by crops leaves is 

considered, 𝑞′′
𝑆𝑊

 is reduced and can be calculated 

according to Equation 3.

 𝑞′′
𝐿𝑊𝑋

+ 𝑞′′
𝑆𝑊

+ 𝑞′′
𝐿𝑊𝑆

+ 𝑞′′
𝑘𝑖

+ 𝑞′′
𝑐𝑜𝑛𝑣

= 0 (2) 

 𝑞′′
𝑆𝑊

= 𝑞′′
𝑙𝑖𝑔ℎ𝑡

∙ 𝑓𝑆𝑊 ∙ (1 − 𝐶𝐴𝐶 ∙ 𝛼𝑝𝑙) (3) 

where, 

𝑞′′
𝐿𝑊𝑋

 is the net long-wave radiation flux exchange 

between surfaces [W/m2]; 

𝑞′′
𝑆𝑊

 is the short-wave radiation flux to surface from 

lights [W/m2]; 

𝑞′′
𝐿𝑊𝑆

 is the long-wave radiation from equipment in zone 

[W/m2]; 

𝑞′′
𝑘𝑖

 is the conductive flux through wall [W/m2]; 

𝑞′′
𝑐𝑜𝑛𝑣

 is the convective heat flux to zone air [W/m2];  

𝑞′′
𝑙𝑖𝑔ℎ𝑡

 is the electric power input of the lights [W/m2]; 

𝑓𝑆𝑊 is the short-wave radiative heat fraction of lights [-]; 

𝐶𝐴𝐶 is the cultivation area cover [%]; 

𝛼𝑝𝑙 is the leaf absorption coefficient of PAR [-]. 

The effect of light interception by crops leaves is assessed 

for three different LAI: 

• LAI=0: Optimal indoor conditions are maintained, 

but crops have not grown leaves yet. Thus, there is no 

light interception by the crops leaves.  

• LAI=2.1: Crops are grown according to a diversified 

stage growth method, which allows continuous 

harvesting, and thus, a mean value of 2.1 is 

maintained. 

• LAI=3.55: Crops reach a maximum value and they 

are all grown according to a single stage growth 

method, which allows harvesting a larger production 

at the end of the growth cycle. This value corresponds 

to a harvested lettuce head of 243 g.  

Thermal storage (TS) model 

Thermal storage occurs in the hydroponic solution. In the 

studied CEA-HD, the hydroponic solution is pumped 

from a tank on the ground to the top tier at a flowrate of 

0.67 L/s and distributed equally to the ten channels of this 

tier. At the end of each channel, the hydroponic solution 

drops into the corresponding channel placed in the mid 

tier and then into the corresponding channel placed at the 

bottom tier. At the bottom tier, the hydroponic solution is 

returned to the tank using a single pipe. 

 

 

 

 

 

Figure 4: Thermal storage model. 
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The thermal storage in the hydroponic solution is 

considered by estimating the heat exchange (gain or loss) 

between the hydroponic solution and the space at each 

time step based on the indoor air temperature. The heat 

exchange is then included in the space model as an input 

(Figure 4). 

Two components that hold the hydroponic solution in a 

closed-loop are modelled: a cylindrical tank of 0.07 m3 

with a 0.359 m height and the channels, which are 

15.6 cm wide, 2.2 m long with a maximum solution depth 

of 3.8 cm. It is assumed that the hydroponic solution has 

the thermal properties of water and the outside convective 

coefficient (ho) is set to 7.22 W/(m2∙K). In the model, the 

following are neglected: the heat exchanged between the 

supply and return pipes and the space; the radiative heat 

exchanged between the components and the space; the 

impact of the roots on any possible flow turbulence in the 

channels; and any possible heat exchanges between the 

roots and the solution. 

Other assumptions for the different components are listed 

below: 

• For the tank: the bottom is insulated and the heat 

released by the pump to the solution is neglected. The 

tank is modelled using TRNSYS Type 531, which is 

a constant volume storage tank for which the solution 

held is divided into 5 isothermal nodes. For this 

application, the inlet flow stream is located at the top 

of the tank and the outlet flow stream at the bottom. 

• For the channels: they are rectangular and there is an 

air gap between the hydroponic solution and the 

channel cover, as illustrated in Figure 5, this is 

considered to create a barrier to heat exchange and 

evaporation with the space. Thus, the channels are 

modelled using a modified version of TRNSYS Type 

31 for circular pipes to account for that last 

particularity. Type 31 is a component used to model 

circular or rectangular pipes. It is a plug flow model 

that breaks the pipe into segments of fluid. The heat 

exchange with the environment and the fluid internal 

energy can be estimated at each time step with this 

component. The diameter input is set to an equivalent 

diameter corresponding to the volume of the solution 

in the channels.  

Three different hydroponic solution depth (es) in the 

channels of 1 cm, 2 cm and 3 cm are considered which 

respectively correspond to a total mass of 0.08 kg, 0.15 kg 

and 0.23 kg. The Reynolds number of the channels flow 

was also verified to ensure it is below 2100 as it has been 

targeted as the maximum Reynolds number to optimally 

grow crops using a NFT production system (Guzmán-

Valdivia, Talavera-Otero, & Désiga-Orenday, 2019). 

 

Figure 5: Channel cross section detail. 

Combined model 

One additional simulation is completed where all studied 

phenomena are included in the model. 

Results  

Results are presented in terms of sensible and latent 

energy demands for a single day for the four different 

cases. The simulation is completed with a timestep of 1/6 

hour (10 minutes). The single day results are obtained 

after a 2-day warm-up period. Additionally, the impact on 

the annual energy demand and consumption is compared 

at a LAI of 2.1. 

Effect of light interception by crops leaves  

The sensible energy demand of the space when the effect 

of light interception by crops leaves for different LAI is 

considered is presented in Figure 6.  

 

Figure 6: Sensible energy demand without and with the 

effect of light interception by crops leaves for different 

LAI. 

As expected, for a LAI of 0 and during the dark period, the 

effect of light interception is null. For a LAI of 2.1, the 

peak sensible cooling demand during the photoperiod is 

about 35% lower when the effect of light interception is 

considered. For larger crops (LAI of 3.55), the peak 

sensible cooling demand during the photoperiod is about 

53% lower when the effect of light interception is 

considered.  

Thermal storage in the hydroponic solution 

The sensible energy demand of the space when thermal 

storage (TS) in the hydroponic solution is considered for 

different solution depth is presented in Figure 7. When the 

TS phenomenon is considered, the energy demand 
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increases gradually when the space is going from the dark 

period to the photoperiod and vice versa. It also lowers 

the sensible cooling and heating peak demands. As 

illustrated in Figure 7, the sensible cooling and heating 

peak demands are lowered by 2% (es = 1 cm) to 4% 

(es = 3 cm) and by 25% (es = 1 cm) to 44% (es = 3 cm), 

respectively when the TS phenomenon is considered. The 

impact of the TS phenomenon is more significant on the 

peak sensible heating demand than on the peak sensible 

cooling demand. 

 

Figure 7: Sensible energy demand without and with the 

hydroponic solution thermal storage for different 

solution depth at LAI = 2.1. 

The hydroponic solution temperature in the thermal 

storage system also varies throughout the day and 

depends on the depth of the solution (Figure 8). As 

expected, the temperature of the hydroponic solution 

fluctuates between 18°C and 21°C, which are the 

photoperiod and dark period temperature setpoints, 

respectively. 

 

Figure 8: Temperature of the hydroponic solution in the 

thermal storage system for different solution depth at 

LAI=2.1. 

Combined phenomena 

The sensible energy demand of the space when the effect 

of light interception by crops leaves and thermal storage 

in the hydroponic solution is considered for a LAI of 2.1 

and a hydroponic solution depth of 2 cm is presented in 

Figure 9 as an example. The combination of the two 

phenomena led to more important reduction of the 

sensible cooling and heating energy demands. When both 

phenomena are considered, the sensible cooling and 

heating peak demands are lowered from 38% (es = 1 cm) 

to 39% (es = 3 cm) and from 31% (es = 1 cm) to 46% 

(es = 3 cm) compared to the base case, respectively. 

 

Figure 9: Sensible energy demand with the combined 

effect of the phenomena at LAI = 2.1 and  

solution depth of 2 cm. 

Annual overview 

The peak sensible energy demand and annual 

consumption of the space for every case are detailed in 

Table 2, including the relative reduction compared to the 

base case. The total energy demand and consumption 

include the main energy uses of the space: lighting, 

sensible cooling, sensible heating, and dehumidification. 

For the total energy consumption, the energy use 

distribution is illustrated for each case in Figure 10. To 

verify the results, the annual consumption per cultivated 

area per end use of the base case is compared to those 

obtained by Graamans et al. (2018), which are for a much 

larger CEA-HD space having a cultivated area of 

50 000 m2. The end energy use distribution is similar, 

with around half of the energy use attributed to lighting. 

In terms of cooling and dehumidification, even if the same 

crops model with a fixed LAI value of 2.1 is used in both 

studies, the energy consumption is different since the 

setpoints, lights heat fractions, photoperiod and external 

gains/losses are not the same in both studies. 

The TS phenomenon has a larger relative impact on the 

energy consumption than on the energy demand. The 

reduction reaches 76% for the sensible heating 

consumption compared to the base case. The largest 

reduction on the total energy demand (6%) and total 

energy consumption of the space (18%) occur when the 

effect of light interception by crops leaves and the TS 

phenomenon with a solution depth of 3 cm are 

considered. Overall, the effect of light interception by 

crops leaves is the phenomenon that influences the most 

the energy use distribution of the space by reducing the 

sensible cooling consumption portion from 34% to 26%. 

This also influences the portion of the most important 

energy use of the space, the electrical consumption by 

lighting, which increases from 44% to 50%. 
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Table 2: Annual sensible and total energy demand and consumption with LAI = 2.1. 

 Base case LI case TS case Combined case 

 es = 1 cm es = 2 cm es = 3 cm es = 1 cm es = 2 cm es = 3 cm 

Cooling         

Peak demand (W) 915 592 893 885 877 571 562 555 

Reduction (%) - 35% 2% 3% 4% 38% 39% 39% 

Consumption (kWh) 4650 3008 4350 4283 4235 2702 2634 2586 

Reduction (%) - 35% 6% 8% 9% 42% 43% 44% 

Heating         

Peak demand (W) 145 145 108 94 82 100 82 79 

Reduction (%) - 0% 25% 35% 44% 31% 44% 46% 

Consumption (kWh) 504 510 234 169 121 235 169 121 

Reduction (%) - -1% 54% 66% 76% 53% 66% 76% 

Total         

Peak demand (W) 2368 2045 2346 2338 2330 2024 2015 2008 

Reduction (%) - 14% 1% 1% 2% 15% 15% 15% 

Consumption (kWh) 13 497 11 870 12 928 12 795 12 701 11 289 11 156 11 061 

Reduction (%) - 12% 4% 5% 6% 16% 17% 18% 

 

Figure 10 : Energy use distribution of the consumption for each case with LAI = 2.1 

.

Discussion and conclusion 

The results of this study have provided a closer 

examination of the magnitude of the impacts of different 

phenomena on a small-scale indoor CEA-HD space. The 

results demonstrated that both thermal phenomena 

reduced the predicted sensible energy demand.  

The effect of light interception by crops leaves is 

particularly important when estimating the sensible 

cooling energy demand of the space during photoperiod. 

Based on the results of this study, it would be 

recommended to include it to any indoor CEA-HD model, 

especially since it can easily be modelled by a simulation 

practitioner without much manipulations. The impact of 

the effect of light interception by crops leaves would be 

more important with the use of more efficient LED lights 

than those used in this study (𝑓𝑆𝑊 = 40%) since a larger 

portion of the light-electric power input would be 

converted into PAR and intercepted by crops. Thus, as 

lights get more efficient, it is most likely that the impact 

of this phenomenon would increase in scale. However, the 

principal limitation of the LI model is the empirical 

Cooling
34%

Heating
4%

Dehumidification 18%

Lighting
44%

B A S E  C A S E
Cooling

26%

Heating
4%

Dehumidification
20%

Lighting 
50%

L I  C A S E

Cooling
33%

Heating 1%

Dehumidification 19%

Lighting
47%

T S  C A S E
w/ es= = 3 cm

Cooling
23%

Heating
1%

Dehumidification
22%

Lighting
54%

C O M B I N E D  C A S E
w/ es= 3 cm

________________________________________________________________________________________________

________________________________________________________________________________________________ 
Proceedings of the 17th IBPSA Conference 
Bruges, Belgium, Sept. 1-3, 2021

 
1362

 
 

https://doi.org/10.26868/25222708.2021.30283



 

 

relation used to estimate the CAC based on LAI since it 

only applies to a density of 27 lettuces/m2
cultivated. 

For the TS phenomenon, the impact on the sensible 

cooling energy demand is lower than the effect of light 

interception by crops leaves; however, it impacts more 

importantly the sensible heating and cooling 

consumption. Modelling thermal storage in a NFT 

hydroponic system requires a deep understanding of the 

installed growing system to correctly select the outside 

convection coefficient between the channels and the 

space, and this is not a trivial task. An arbitrary value of 

7.22 W/(m2∙K) was used in this study and since results 

showed how the TS phenomenon influence the space 

energy demand and consumption, a deeper fluid analysis 

to determine more precisely the outside convective 

coefficient would be a beneficial contribution to the 

research field. Depending on the purpose of the 

simulation, the practitioner could decide to consider or not 

the TS phenomenon. For example, to complete operating 

strategies analysis, a detailed portrait of CEA-HD space 

energy demand is essential and the TS phenomenon 

should be modelled. On the contrary, if the practitioner 

decides to neglect it, the magnitude of the error induced 

could be estimated based on this study. 

Since the small-scale CEA-HD space used in this study is 

an existing test bench that will be in operation soon, 

upcoming work will consist of validating the proposed 

models using experimental data. The study has targeted 

two thermal phenomena with a potential impact on space 

energy demand and have quantified them, which had not 

been done previously. The findings of this study support 

the development of improved modelling practices of 

indoor CEA-HD spaces, have identified variables to be 

tuned to calibrate indoor CEA-HD models and have 

provided an approach to predict space energy demand to 

depict reality more faithfully.  

Nomenclature 

CAC cultivation cover area [%] 

CEA-HD high-density controlled environment 

agriculture 

𝑓𝑐𝑜𝑛𝑣 convective heat fraction of lights [-] 

𝑓𝐿𝑊 long-wave radiative heat fraction of lights [-] 

𝑓𝑆𝑊 short-wave radiative heat fraction of lights [-] 

LAI leaf area index [m2
leaves/m2

cultivated] 

LED light emitting diode 

NFT nutrient film technique 

PPFD photosynthetic photon flux density 

[μmols- 1
m- 2

cultivated] 
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