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HIGHLIGHTS:
Optimizing lighting systems leads fo substantial energy savings and improved production in hydroponic greenhouses.
The interplay between lighting, heating, and cooling enables more efficient energy consumption and enhanced crop yield.
Hydroponic greenhouse design and choice of cover material significantly influence energy balance and environmental impact.

ABSTRACT: Achieving the optimal energy balance in hydroponic greenhouses is a critical challenge in modern
agriculture. This involves managing energy resources to create an environment conducive to robust crop growth.
Researchers are exploring advanced thermal models and innovative technologies to enhance energy efficiency and
establish a harmonious equilibrium in these controlled environments. Various studies have addressed the optimization
of energy consumption in hydroponic greenhouses, with a focus on the greenhouse covering materials and real-time
energy monitoring. This study aims to enhance the conventional model by optimizing the form and cover material of
the greenhouse and considering new heat gain and loss parameters, including the direct and indirect lighting effect.
This study demonstrates that the emitted light and energy consumption of the lighting system directly influence
the energy balance. This innovative approach refines the understanding of the interplay between lighting systems
and energy consumption, leading to more efficient and sustainable hydroponic greenhouse practices. Collectively,
the contributions of esteemed researchers have significantly enriched the understanding of energy consumption
dynamics in hydroponic greenhouse environments, setting new standards for energy efficiency, sustainability, and
productivity in hydroponic agriculture.
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RESUMO: Conseguir um equilibrio energético 6timo em estufas hidroponicas é um desafio critico na agricultura
moderna. Isto implica a gestdo dos recursos energéticos para criar um ambiente propicio a um crescimento robusto
das culturas. Os pesquisadores estdo a explorar modelos térmicos avancados e tecnologias inovadoras para melhorar a
eficiéncia energeética e estabelecer um equilibrio harmonioso nestes ambientes controlados. Varios estudos abordaram
a otimizag¢do do consumo de energia em estufas hidroponicas, com destaque para os materiais de cobertura das
estufas e a monitorizagdo da energia em tempo real. Este estudo visa melhorar o modelo convencional, otimizando
a forma e o material de cobertura da estufa e considerando novos parametros de ganho e perda de calor, incluindo
o efeito da iluminagao direta e indireta. Este estudo demonstra que a luz emitida e o consumo de energia do sistema
de iluminagéo influenciam diretamente o balango energético. Esta abordagem inovadora melhora a compreenséo
da interagdo entre os sistemas de iluminac¢éo e o consumo de energia, conduzindo a préticas de estufa hidropénica
mais eficientes e sustentdveis. Coletivamente, as contribuicdes de pesquisadores conceituados enriqueceram
significativamente a compreensio da dindmica do consumo de energia em ambientes de estufa hidropoénica,
estabelecendo novos padroes de eficiéncia energética, sustentabilidade e produtividade na agricultura hidropdnica.

Palavras-chave: resfriamento, projeto energético, aquecimento, iluminagao
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INTRODUCTION

To achieve an optimal energy balance in contemporary
agricultural practices, especially within hydroponic
greenhouses, the main challenge involves meticulous
management of energy resources to establish an environment
conducive to robust crop growth.

Researchers have endeavoured to optimize energy
consumption in hydroponic greenhouses through various
means. Aryai et al. (2022) focus on developing the greenhouse
energy balance while recognizing potential challenges
associated with implementing this approach in resource-
constrained settings. Gillani et al. (2022) have set new
benchmarks for sustainable and efficient food production,
especially in the selection of greenhouse covering materials.
Despite significant progress in dynamic greenhouse models,
Bouadila et al. (2023) acknowledge complexities associated
with their implementation, addressing the critical aspect
of greenhouse covering materials. Cannarsa et al. (2023)
emphasize the importance of reducing energy consumption
while recognizing the potential technical challenges related
to photosynthesis, particularly in the use of CO, generators
and the direct aspect of artificial lighting. Zaborowska et al.
(2021) make a remarkable contribution to energy balance and
reduction by modeling plant evapotranspiration. Delgado et al.
(2020) present energy efficiency gains through the use of photo-
selective films, prompting further exploration of scalability and
cost-effectiveness. Providing valuable insights into innovative
lighting solutions for energy-efficient greenhouses, Ezzaeri
et al. (2018) call for further research into specific roofing
materials.

In this study, the objective is to improve the traditional
greenhouse model by optimising its shape and covering
material. Additionally, new factors are considered such as the
direct and indirect effects of lighting. This innovative approach
deepens the understanding of the impact of lighting systems
on energy usage and ultimately promotes more efficient and
environmentally friendly hydroponic greenhouse methods.
The study aims to contribute to the existing body of knowledge
by addressing research gaps and offering practical insights
for the sustainable advancement of hydroponic greenhouse
technology.

MATERIAL AND METHODS

In this study, five different types of greenhouses were
examined (Figure 1). These included even span, uneven span,
elliptic, Quonset, and vinery designs. While each greenhouse
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W - Width of the greenhouse (m); H1- Eaves height of the greenhouse (m); H - Ridge
height of the greenhouse (m); L - Length of the greenhouse (m)

Figure 1. Greenhouse form analysis

varied in shape and structure, all were constructed to have the
same volume of 4,220 m*and base area of 1,360 m*. By analyzing
different types of greenhouses, a better understanding of
how each design affects the energy efficiency and overall
performance of the system can be gained.

The study encompassed an analysis of six different
hydroponic greenhouse-covering materials, each one with
distinct properties and characteristics. Table 1 provides a
comprehensive overview of these materials, outlining their
unique features and labelling them as M1 through Mé6.

When establishing the energy balance of a hydroponic
greenhouse, a range of climatic parameters must be taken
into account to effectively manage the conditions inside the
greenhouse. Heat transfer and mass exchange between the
indoor and outdoor environment are key factors that determine
the energy balance of the greenhouse. The general equation
(Eq. 1) for the heat balance of a hydroponic greenhouse is as
follows (Al-Karaki et al., 2009; Akram et al., 2020).

stst = (QL - QG ) = (ch—cv + Qwater + Qinf ) _(er) (1)

where:
stm - total required heating and cooling power (W);
Q, - total heat losses from the greenhouse (W);
Q,, - total heat gain inside the greenhouse (W);
Q_,.., - conduction and convection heat transfer (W);
Q... - Water heat transfer (W);
Q, , - heat loss from infiltration (W); and,
Q,, - heat gain from solar radiation (W).

In the context of an energy balance, a positive Q_ indicates
that the hydroponic greenhouse needs to be heated because the

Table 1. Characteristics of the materials used for covering (Luna-Fletes et al., 2021)

Lc - Covering material thickness (m); Kc - Thermal conductivity (W m™ K*); ACH - Number of air changes per hour (m

*s1); M1 - Glass covering; M2 - Low emissivity glass covering;

M3 - Polyethylene film covering; M4 - Polycarbonate covering; M5 - Polyvinyl chloride covering; M6 - Ethylene-vinyl acetate copolymer EVA covering
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heat loss is greater than the heat gain. Conversely, a negative
Q,,, suggests that the greenhouse needs to be cooled because
the heat gain exceeds the heat loss, and this is necessary to
maintain the ideal interior temperature for crops, light, and
humidity. Several climatic factors such as the amount of
radiation, wind speed, external temperature, and external
humidity levels affect the heat loss of the greenhouse. In
this study, the geometric design of the greenhouse has been
described and the position of the greenhouse has been defined,
which directly affects its energy balance. Table 1 presents the
characteristics of the different roofing materials chosen for
the study.

The approach is primarily based on the outcomes of the
previous intermediate models, which have furnished valuable
insights into the factors that have a significant impact on
the energy balance. These theoretical findings have laid the
groundwork for the current study (Belkadi et al., 2019).

In the conventional methodology, the net heat gain Q_, is
calculated using the following Eq. 2.

Qg =A; xtxI 2)

where:
A, - greenhouse floor area (m?);
T - transmissivity of the greenhouse cover; and,
I - solar radiation on the horizontal surface (W m?).

The calculation of heat loss in a hydroponic greenhouse is
based on two fundamental values: conduction-convection heat
transfer Q_, and infiltration heat transfer Q, . These values
are typically used to accurately determine the level of heat loss.

The conductive-convective heat transfer can be calculated
using the following Eq. 3.

ch—cv :UXAGHXHX(Tin_Tex) (3)

where:
U - static overall heat transfer coefficient (W m2 K);
A, -hydroponic greenhouse area (m?);
H - height of the hydroponic greenhouse (m);
T_ - inner air temperature (°C); and,
T - average outdoor temperature (°C).

The overall heat transfer coefficient in a closed hydroponic
greenhouse is represented by U. This value remains constant,
allowing the heat loss caused by infiltration Q,  to be expressed
as follows (Eq. 4).

Qip = Acy X P, XC, x Vg x (Tin - T, ) (4)
where:

A, - number of air changes per hour (m*s™);

p, - density of internal air (kg m~);

C, - specific heat of air (J kg K'); and,

V,, - volume of the hydroponic greenhouse (m?).

An analysis of the heat transfer of the nutrient solution
flowing through the main pipe of the hydroponic system should
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be conducted to establish the basis for designing a limited
cooling system for the crop’s root zone and to maintain the
reservoir temperature in a controlled greenhouse (Belkadi
et al,, 2021). The rate of heat transfer through a pipe can be
determined by using Eq. 5.

Qwaler = Uwaler X A X AT (5)

where:
e - dynamic overall heat transfer coefficient of water
(W m™?);
A - cross-sectional area of the object perpendicular to the
heat flow (m?); and,
AT- overall temperature between water and pipe surface

(°Q).

U___can be expressed using Eq. 6.

water

U 2nx K xL, ©)
water A D
2+ A, xIn—2
hxA, .

where:

K - thermal conductivity of pipe (W m™ K*);

A, - inner area of pipe (m?);

A, - outer area of pipe (m?);

D, - outer diameter of pipe (m);

D, - inner diameter of pipe (m);

L, - length of pipe (m); and,

h - convection coefficient between pipe wall and water
(W m2K1).

The Reynolds number can be found using the following
Egs. 7,8 and 9.

Re=p><V><& (7)
u

where:
R, - Reynolds number;
P - density of the fluid (kg m=);
D, - hydraulic diameter (m);
u - dynamic viscosity of the fluid (kg m™ s'); and,
V - fluid flow velocity (m s™).

D, =D, -D, 8)

D
h=K, xNuxVx—" 9)
u

where:
K, - thermal conductivity of water (W m" K™'); and,
Nu - Nusselt number.

The study focuses on an even-span hydroponic greenhouse
situated in Tunisia, with a total area of 1360 m* The greenhouse is
located at a latitude of 36.84° and longitude of 10.14° and is covered
with a glass film whose characteristics are provided above. To
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simulate the heating and cooling requirements of the hydroponic
greenhouse, meteorological data was collected and used. The
temperature of the cultivated plants is maintained at 20.5 °C
(Figure 2). From Figure 2, it is evident that the heating requirement
is greatest in January when the average temperature is 12 °C.
However, in April and November, despite having the same average
temperature value, the heating need is higher in November. This
suggests that the heating demand is not solely dependent on the
number of sunshine hours and low temperatures.

Figure 3 represents a simulated model created using Matlab
software.

The various types of hydroponic greenhouses, each covered
with different films, have a substantial impact on the amount
of heat loss or gain. After applying the heat transfer equations
shown above, the resulting energy demand was calculated as
follows (Table 2).

Islem B. Hassine et al.

Total required heating and cooling power (kWh m)
Average outdoor temperature (°C)

Figure 2. The energy requirements for heating and cooling
using conventional methods

U statique - Static overall heat transfer coefficient (W m? K™); SGH - Hydroponic greenhouse area (m?); T, - Inner air temperature (°C); T, - Average outdoor temperature (°C); R - Number

out

of air changes per hour (m’s); Rau - Density of internal air (kg m?); C, - Specific heat of air (J kg K"); V, - Volume of the hydroponic greenhouse (m’); K, - Thermal conductivity of
pipe (W m™K"); A, - Inner area of pipe (m?); A, - Outer area of pipe (m?); D, - Outer diameter of pipe (m); D, - Inner diameter of pipe (m); L - Length of pipe (m); p - Density of the fluid
(kg m-*); u - Dynamic viscosity of the fluid (kg m™ s); Pr - Prandtl coefficient; Ka - Thermal conductivity of water (W m- K-); Cp - Specific heat (J kg* K*); T, - Temperature of solution
(°C); Q - Water flow (m’ s7); A, - Greenhouse floor area (m?); Tau - Transmissivity of the greenhouse cover; I_ - Solar radiation on the horizontal surface (W m?); $f - Floor surface (m?)

Figure 3. Block simulink of the traditional model

Table 2. Application of the average daily heating and cooling demand using the traditional model in Tunisia

M1 - Glass covering; M2 - Low emissivity glass covering; M3 - Polyethylene film covering; M4 - Polycarbonate covering; M5 - Polyvinyl chloride covering; M6 - Ethylene-vinyl

acetate copolymer EVA covering

Rev. Bras. Eng. Agric. Ambiental, v.28, n.6, €281097, 2024.



Design and optimization of energy consumption in hydroponic greenhouse

The design of a greenhouse, along with the covering
material used, can significantly affect its energy consumption.
By applying the heat transfer equations mentioned earlier and
analyzing the results presented in Table 2, the uneven span
shape with M2 covering material was found to be the most
suitable, while the Quonset shape with M4 covering material
was the least ideal.

This investigation into various energy balance calculation
models indicates that the traditional model is inadequate since
it fails to consider crucial parameters such as U dymamic® Q. Qs
QP, Qmp, Q_,» and Q,, which are essential in determining the
state of a hydroponic greenhouse.

The value of Uy namic’ which represents the overall heat
transfer coefficient, is affected by various factors, including
the type of envelope used in the hydroponic greenhouse,
the internal and external temperature, and the external and
ambient wind speed. Depending on these factors, the value
of Uy i Will vary, indicating the degree of heat transfer
occurring between the greenhouse and its surroundings
(Kumar et al., 2017).

Long-wave radiation exchange through the cover film Q_ is
asignificant factor in heat loss within hydroponic greenhouses.
Thermal radiation generated by the elements inside the
greenhouse is reflected back into the greenhouse, emitted to
the outside, or removed by the cover film, resulting in heat loss.

Soil conduction and perimeter heat transfer are the primary
causes of heat loss in the soil of hydroponic greenhouses Q .
It is essential to consider the impact of this heat loss in energy
balance calculations to ensure the accuracy and consistency of
the results. Ignoring these factors can lead to significant errors
in the calculation and an incorrect estimation of the energy
demand of the greenhouse.

Q,,,, evaporation from the soil and transpiration of plants
in hydroponic greenhouses result in a significant amount of
heat loss. In this study, the energy balance calculation includes
this component to accurately estimate the total energy demand

of the greenhouse.

hd

L
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The instrumentation used to produce carbon dioxide
in greenhouses can affect the heat gain in hydroponic
greenhouses. When carbon dioxide is produced by burning
fuel in the greenhouse, an excessive amount of heat Q_, can
be added to the environment.

Lighting in greenhouses can contribute a significant amount
of heat to the environment. This quantity, referred to as Q,, is a
crucial element in accurately calculating the energy balance of
a greenhouse. Prior studies neglected to account for the effect of
heat released by the lamps, but it is an essential factor that must
be considered to improve the accuracy of the energy balance
calculation (Pawlowski et al., 2016; Belkadi et al., 2020).

The IBGH model is designed for the production of
lettuce and the breeding of fish in a symbiotic system within
a hydroponic greenhouse, taking into account the specific
geographical and climatic parameters of Tunisia. The model
improves upon conventional models by accounting for several
previously unnoticed factors, including Q, , Q,, Qp, Qmp, Q..
and Q, which considers the heat gains from artificial lighting.
In addition, the total heat loss constant U is recalculated as
a dynamic parameter in this model. Cooling, heating, and
lighting are critical components to consider when calculating
the energy balance of the hydroponic greenhouse and are
strongly related to the shape of the greenhouse and its cover.

This model involves two main components. First, new
parameters, such as Q, , Q,, QP, Qevap, and Q_, have been
added to more accurately calculate the energy balance. Second,
the lighting heat gain parameter will be included, Q,, which
has been neglected in previous research. This highlights
the importance of accounting for lighting when striving to
maintain a highly energy-efficient environment.

To develop the model, the program depicted in Figure 4
was designed.

According to the developed IBGH model, the global heat
transfer coefficient U will be dynamic in the calculation of heat
loss by conduction and convection for transparent surfaces. It
can be given as follows (Eq. 10).

Climate data Properties of the Parametric Pipe properties Calculation of the
structure operating choices and water effect of lighting
(Tex, Vi, Lir, heati d
fc....) (L, W, H, ¢, etc...) || (Ti Ru, Vi, etc...) parameters on ea ng A
ete.... T i, By ¥, CIE-- ventilation
Lighting
Energy balance
& design with
lv Dialux evo
. . v
Hourly energy demand for heating and cooling Hourly energy
demand for
l lighting

Total energy demand of the hydroponic greenhouse

V- Wind velocity (m s); W - Width of the greenhouse (m); V, - Indoor air speed (m s'); I_ - Solar radiation on the horizontal surface (W m?); T, - Average outdoor temperature (°C);
L - Length of the greenhouse (m); H - Height of the greenhouse (m); T - Transmissivity of the greenhouse cover; T, - Inner air temperature (°C); R, - Relative air humidity (%)

Figure 4. Examining the IBGH model without considering lighting

Rev. Bras. Eng. Agric. Ambiental, v.28, n.6, €281097, 2024.
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u :(hgl+chKc+hi)_]

dynamic (10)
where:
iynomic ™ dynamic overall heat transfer coefficient (W m?K);
h, - outer convective heat transfer coefficient (W m? K);
h. - inner convective heat transfer coefficient (W m? K™');
K, - thermal conductivity (W m™ K*'); and,
L. - covering material thickness (m).
h,and h, can be estimated as shown in Egs. 11 and 12.

h, =2.8+12W, (11)

h, =1.52(T, — T, )% +52(Agy xSe xL)Y?  (12)
where:

W, - wind velocity (m s);

S, - section of the hydroponic greenhouse (m?); and,

L - length of the hydroponic greenhouse (m).

The heat transfer from the greenhouse floor Q,and the amount
of heat due to the perimeter Q  are given in Eqs. 13 and 14.

Qf :stdilef (’Tm _Ts) (13)

Q, =F,xP, (T, -T,) (14)
where:

K - thermal conductivity of the soil (W m™ K™);

d - depth of constant soil temperature (m);

T - desired water temperature (°C);

FP - perimeter heat loss factor (W m K™'); and,

P_- perimeter of the hydroponic greenhouse (m).

Heat loss by long wave radiation Q,_is given by Eq. 15.

Q]w :hOXAGHX(l_T)X(Tin _Tex) (15)
Sky temperature T, is calculated as given by Eq. 16.
V2!
T,, = 0.552%(T,, +273.15)% =273.15 (16)

where:
Tsky - sky temperature (°C).

Heat loss by evaporation Q,,,, is expressed as in Eq. 17.

Qevap = MT x LV (]-7)

M, = A, xpx(W, =W, )x(R, +R,)" (18)

where:
M, - moisture transfer rate (kg s); and,

L, - latent heat of water vaporisation (J kg™).

The plant area A (m?) is calculated from the leaf area of
the plant, then the saturated humidity ratio of air at the plant

Rev. Bras. Eng. Agric. Ambiental, v.28, n.6, €281097, 2024.
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temperature, W and the humidity ratio of air at the indoor
temperature W, can be calculated as follows in Egs. 19 and 20.

W, =0.6219P, x(101.325-P_ )" (19)

W, =0.6219P, x(101.325-P, )" (20)

where:
P .- partial pressure at saturation (kPa); and,
P_ - partial pressure of the water vapour (kPa).

The expression of the real vapour pressure is shown in Eq.
21 (Khafajeh et al., 2023).

(€110a74Cy ~C5107 2 +C, 10 2% ~C5 10 a” +Cy In(a))

Pws =¢e ><1073 (21)

Table 3 presents the values of the parameters of Eq. 21.

P =P xR, (22)
R, =220L7 xV,** (23)

-1
R, = 200[1 + (e°-°5“"~f‘5°)) } (24)

where:
R, - relative air humidity (%);
R, - aerodynamic resistance (s m™); and,
R, - stomatal resistance (s m™).

The heat gain due to the release of CO, is expressed in Eq.
25 below.

0.278NHV x MFR x A,
PR

Qe = (25)

where:
NHYV- heating value of fuel (M] kg);
MER - CO, flow rate (kg m per hour); and,
PR - Prandtl coefficient.

Table 3. Values of a, C1, C2, C3, C4, C5 and C6

a - Inner temperature (K); C1 to C6 - Constants

RESULTS AND DISCUSSION

It is aimed to improve the energy model by incorporating
the previously neglected loss parameters Q, Q, Q. Q_,.» and

Q... 38 well as the lighting heat gain Q_, and Q_, without
considering the effect of lighting. This will make it possible to
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determine the most suitable shape and covering material for
the hydroponic greenhouse.

Figure 5 below illustrates the heating and cooling
requirements for the vinery shape with a polyvinyl chloride
film cover throughout the year (Abd El-kader et al., 2013;
Ghobadian et al., 2022; Khafajeh et al., 2023; Vincentdo et al.,
2023). From the results presented in Table 4, it is evident that
the vinery shape with a polyvinyl chloride film cover is the
most energy-efficient option, as long as the covering material
is properly installed. In contrast, older models would have
considered the Quonset shape with the same covering material
to be the least efficient in terms of energy and thus more costly.

Figure 6 displays the simulation of the IBGH model without
lighting, which was created using Matlab software.

To determine the artificial light requirements for lettuce
plants, the calculation involved hourly lighting energy
requirements in watts to account for the heat produced

7/13

Total required heating and cooling power (kWh m?)

Figure 5. Estimation of the heating and cooling load of the
vinery form

Table 4. The daily average heating and cooling demand of the model, excluding the impact of lighting (kWh m)

M1 - Glass covering; M2 - Low emissivity glass covering; M3 - Polyethylene film covering; M4 - Polycarbonate covering; M5 - Polyvinyl chloride covering; M6 - Ethylene—vinyl

acetate copolymer EVA covering

Sgh - Hydroponic greenhouse area (m*); T, - Inner air temperature (°C); T, - Average outdoor temperature (°C); V, - Wind velocity (m s); R - Number of air changes per hour
(m*s™); rau - Density of internal air (kg m); C_ - Specific heat of air (J kg K'); Vgh - Volume of the hydroponic greenhouse (m?); KP - Thermal conductivity of pipe (W m' K™');
A, - Inner area of pipe (m*); A, - Outer area of pipe (m?); D, - Outer diameter of pipe (m); D, - Inner diameter of pipe (m); L- Length of pipe (m); p - Density of the fluid (kg m-);
u - Dynamic viscosity of the fluid (kg m™ s™); Pr - Prandtl coefficient; Ka - Thermal conductivity of water (W m- K-); Cp - Specific heat (J kg K-); T, - Temperature of solution
(°C); Q - Water flow (m*s-); A - Greenhouse floor area (m?); Tau - Transmissivity of the greenhouse cover; I - Solar radiation on the horizontal surface (W m*); Sf - Floor surface

(m?); Rh - Relative air humidity (%)
Figure 6. Block Simulink of the vinery form without lighting

Rev. Bras. Eng. Agric. Ambiental, v.28, n.6, €281097, 2024.
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by the lighting systems. Given a photoperiod of 16 hours,
the lettuce plants’ lighting requirement of 10.92 klux was
determined, and then the daily light was calculated to ensure
optimal growth conditions. The design of a natural lighting
system begins with creating 3D models of hydroponic
greenhouses covered with different materials (M1 to M6)
to determine the necessary artificial lighting for the plants.
To simulate daily light conditions, an appropriate sky type
was chosen and the day and hours for a given moment in the
year were specified. The simulation was run on the 1st, 8th,
15th, and 22nd day of each month, from 7:00 a.m. to 10:00
p-m., with a two-hour interval. Figure 7 shows the average
illuminance received by different greenhouse shapes covered
with M2 material throughout the year. It was deduced that
the elliptic shape with M2 material is the least efficient in
terms of daylight, while the uneven span shape is the best.
To examine how different cladding materials affect daytime

A.

Figure 7. The outcomes of the daylight simulation during
August (A) and December (B)

Rev. Bras. Eng. Agric. Ambiental, v.28, n.6, €281097, 2024.
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illumination, DIALUX EVO was used to simulate various
cladding materials at a reference date and time (June 15, 2022,
at 1:00 p.m.). Illumination is influenced by the greenhouse’s
height, size, and shape, as well as the cladding’s transmission,
reflection, and absorption of sunlight. The results are
presented in the Table 5, providing insight into the relevant
gain/illumination for different greenhouse types with specific
construction materials and applied hydroponic greenhouse
types (Du et al., 2012; Kittler et al., 2014).

Table 5 presents the daylight values for each hydroponic
greenhouse shape. It is observed that M3 and M5 have lower
light values, while the uneven span hydroponic greenhouse has
the highest lux level value. The remaining shapes are almost
identical in terms of lighting. The process of designing the
daylighting system begins with creating a 3D model of the
covered hydroponic greenhouse using M1 to M6 materials.
To achieve the desired 10.92 klux level of illumination for the
lettuce plants, the following steps were followed to determine
the necessary artificial lighting requirements. Figure 8 presents
the natural lighting conditions examined for all the analyzed
hydroponic greenhouse types.

Figure 9 displays the annual average daylight levels for
various hydroponic greenhouse types.

To meet the target lux level of 10.92 klux for the lettuce
plants (Ma et al., 2019; Liu et al., 2020; Ravankar et al., 2020),
the process outlined in Figure 10 was used to design the
necessary artificial lighting.

Figure 8. Natural lighting for all types of hydroponic
greenhouses analyzed

Table 5. Influence of the materials used for the covering of
structure

M1 - Glass covering; M2 - Low emissivity glass covering; M3 - Polyethylene film covering;
M4 - Polycarbonate covering; M5 - Polyvinyl chloride covering; M6 - Ethylene-vinyl
acetate copolymer EVA covering



Design and optimization of energy consumption in hydroponic greenhouse

M1 - Glass covering; M2 - Low emissivity glass covering; M3 - Polyethylene film covering;
M4 - Polycarbonate covering; M5 - Polyvinyl chloride covering; M6 - Ethylene-vinyl
acetate copolymer EVA covering

Figure 9. The average daylight level throughout the year for
all types of hydroponic greenhouses

<

| Make the 3D model of the hydroponic greenhouse |

'

| Define the properties related to the surface |

!

| Define the work plan |

'

| Define the number, position and height of lights

1

| Calculate |

Achieve the
target
illuminance

level

Figure 10. Lighting design process

To achieve the desired lighting level of 10.92 klux,
compared to the target level of 10.99 klux, the simulation
results indicate that 3699 luminaires must be used, each with
a power of 60 W, suspended at a height of 1.8 m. Additionally,
the luminous efficacy of each luminaire should be 160 Im
W+, with a changing colour temperature CCT of 4000 K and
a consumption rate of 163 W m™. Based on the false colour
rendering, the lighting distribution is uniform in all parts of
the space, and the illuminance level is approximately at the
desired level.
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An intelligent light sensor is connected to a controller,
which acquires real-time values of natural light emitted in the
greenhouse to reduce light energy consumption. After all the
calculations, a difference was found between the desired and
actual values, which allows the regulation of the light level in
the greenhouse uniformly, corresponding to the targeted value
every hour from 7:00 a.m. to 10:00 p.m. When the daily PPFD
is obtained, the lighting system is triggered automatically.
To determine the average compensated illumination of the
hydroponic greenhouse, the value of the implemented lights’
illumination (when all the lights are on) is subtracted from the
given daylight. To achieve low energy consumption throughout
the year, it is essential to determine the compensated lighting
demand in the hydroponic greenhouse, as shown in Figure 11
(Wang et al., 2019; Zhang et al., 2020; Karlowsky et al., 2021).

According to the calculation results in Figure 12, it is
observed that the uneven span hydroponic greenhouse form
has the least need for artificial lighting. The investigation will
focus on determining whether the heat from the luminaires
has a direct effect on the greenhouse’s energy balance, despite
the positive results so far regarding the choice of shape and
coverage and their impact on the lighting system’s efficiency.
This energy amount made it possible to evaluate the light’s
misfortune from the lighting instrumentation in terms of
energy, and the amount is calculated as follows (Eq. 26).

Q; = K'xK"xW, (26)
where:

W, - lighting energy consumption (W);

K’- lighting allowance factor; and,

K” - heat conversion factor.

Figure 12 presents the annual demand for lighting energy.
As aresult of the calculations, Figures 13 and 14 show the
annual heat gains and losses in the hydroponic greenhouse.
The total heat gain of the greenhouse is the sum of the heat
gain due to solar radiation, the lighting system, and the CO,

Figure 11. False colour rendering of the light distribution on
the hydroponic greenhouse plan

Rev. Bras. Eng. Agric. Ambiental, v.28, n.6, €281097, 2024.
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M1 - Glass covering; M2 - Low emissivity glass covering; M3 - Polyethylene film covering;
M4 - Polycarbonate covering; M5 - Polyvinyl chloride covering; M6 - Ethylene-vinyl
acetate copolymer EVA covering

Figure 12. Annual lighting energy demand

concentrator, and all these results are shown in Figure 13. It is
observed that the total heat gain curve closely follows the heat
gain curve due to solar radiation throughout the year, except
for the summer months. This is expected, as the demand for
artificial lighting during June, July, and August is very low due
to the abundance of daylight.

Figure 14 illustrates all the heat losses present in the
hydroponic system, includingQ_, ., Q, » Qevap, Qs Quoors QP, Q,
and Q.. A prototype of the hydroponic greenhouse system
under investigation was developed in order to test the accuracy
of the heat balance system. The structure of this system took
the same form as the traditional system, which is the even span
(width: 34 m, length: 40 m, height: 4.35 m) enclosed by a 3.2
mm-thick glass material. Figure 15 illustrates the proposed
prototype, which was integrated with a Raspberry Pi3, along
with two DHT11 sensors for monitoring both internal and
external levels of humidity and temperature. Additionally, the
necessary actuators were installed and connected, including
a heater, fan, humidifier, dehumidifier, CO, and lighting to
effectively regulate the internal environment’s humidity and
temperature.

Q,; - Total heat gain inside the greenhouse (W); Q_ - Solar radiation heat gain (W)
Figure 13. Monthly evolution of heat gain
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Q,; - Infiltration heat transfer (W); Qmp - Evapotranspiration heat transfer (W);
Q,, - Long-wave radiation heat transfer (W); Q_, - Conduction and convection
heat transfer (W); Q, - Floor heat transfer (W); Q. - Water heat transfer (W);
Q, - Perimeter heat transfer (W)

Figure 14. Monthly evolution of heat loss

water

Fan - Actuator of cooling; Heater - Actuator of heating; Humidifier - Actuator of
humidification; Dehumidifier - Actuator of dehumidification; DHT11 - Temperature
and humidity sensor; Lighting - Actuator of lighting; CO, - CO, generator; Raspberry
Pi - Controller

Figure 15. Prototype of the hydroponic system

Then the measurement of the internal temperature T,
was carried out to verify the accuracy of the designed system
compared to the simulated model under the MATLAB
Simulink Platform.

Figure 16 provides a visual representation of the disparity
between the measured internal climate parameters and their
simulated counterparts. This graphical representation serves as
a crucial tool for evaluating the performance of the designed
heat balance system in replicating real-world conditions.

The close alignment between the measured and simulated
climate parameters depicted in Figure 16 is a compelling
indication of the precision achieved by the designed system, the
error of which does not exceed 6%. The minimal discrepancy
observed signifies that the model accurately replicates the
complex interplay of various climatic factors. The figure’s data
reaffirms confidence in the reliability and effectiveness of the
designed system in faithfully emulating real-world climate
conditions.

Following the validation of the model against the
measured data, the subsequent step involves a comparative
analysis. Initially, the assessment will cover models of various
hydroponic systems (including the traditional model and
those including the new injected heat loss and gain parameter,
without lighting effects and with lighting enhancements), all
of which feature an even span configuration and are equipped
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Temperature (°C)

Time (hours)

T Measured - Measured inner temperature; T simulated - Simulated inner temperature
Figure 16. Evolution of the simulated and the measured
internal temperature

with M1 glass coverings. This comparative evaluation will
provide valuable insights into the performance disparities
across these different systems, shedding light on the efficacy
of the proposed enhancements.

To enhance the assessment of the energy balance across
the various models, a comparison has been made with the
total energy consumption measured within the hydroponic
greenhouse, as depicted in Figure 17.

In Figure 17, it is clear that the system demonstrates a high
level of accuracy, with an error rate consistently below 6%,
even when the impact of lighting effects is taken into account.
Notably, when focusing solely on parameters related to heat
gain and heat loss, without taking into account the effects of
lighting, the accuracy of the system decreases significantly, with
an error rate in excess of 11%. Furthermore, compared with
traditional models, the system becomes less accurate, with an
error rate well over 36%, underlining the superior performance
and efficiency of this approach.

In the subsequent phase of the analysis, a comprehensive
comparison will be conducted between the conventional

Figure 17. Monthly evolution of the simulated and the
measured of energy demand
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hydroponic model and the meticulously designed system, which
incorporates the neglected parameter and the optimization of
the hydroponic system shape and its covering material. Figure
18 shows the energy demand of the different studied models.

Based on the results presented above, it is evident that the
traditional model’s estimate of energy demand is not reliable.
However, the model has been improved by taking into account
the previously ignored factors. To provide better and more
accurate results, the IBGH model was created, which proves
the significant effect of lighting heat on the energy demand
for heating and cooling in a hydroponic system. The energy
demand for lighting, cooling, and heating equipment for
the different forms of hydroponic greenhouses studied as a
function of the covering films is illustrated in Table 6.

The presented results demonstrate the significance of
the lighting equipment and other previously overlooked
parameters on the overall energy demand in a hydroponic
system. The established model has effectively captured these
important factors, which have been shown to have a substantial
impact on the energy requirements of the system.

In the future, research should focus on integrating advanced
sensors and automation for precise environmental control.
Exploring innovative covering materials like nanocomposites
and smart films holds promise for improving light transmission
and durability. Additionally, integrating renewable energy
sources and employing advanced modelling techniques can
further enhance greenhouse efficiency.

IBGH with lighting - Developed greenhouse within the direct and indirect effect of
lighting; IBGH without lighting -Developed greenhouse without the direct and indirect
effect of lighting; Traditional model - Literature greenhouse model

Figure 18. Monthly evolution of energy demand

Table 6. Total energy demand (kWh m?)

M1 - Glass covering; M2 - Low emissivity glass covering; M3 - Polyethylene film covering;
M4 - Polycarbonate covering; M5 - Polyvinyl chloride covering; M6 - Ethylene-vinyl
acetate copolymer EVA covering

Rev. Bras. Eng. Agric. Ambiental, v.28, n.6, €281097, 2024.
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CONCLUSIONS

1. The study emphasises the importance of a meticulous
approach in selecting roofing materials and greenhouse
design to minimise energy consumption. Through the
identification of optimal configurations and consideration of
previously overlooked parameters, the groundwork has been
laid for enhancing efficiency and sustainability in hydroponic
greenhouse systems. The findings suggest that an elliptical
structure and PVC as a covering material offer practical
advantages.

2. The findings from the preceding studies underscore the
substantial influence of lighting equipment and previously
overlooked parameters on the overall energy demand in
hydroponic systems. The introduction of the novel Integrated
Hydroponic Greenhouse Model (IBGH) provides a crucial
revelation, emphasizing that the consideration of lighting
heat plays a pivotal role in achieving energy-efficient heating
and cooling processes. This insight not only advances the
understanding of the energy dynamics in hydroponics but also
paves the way for the adoption of greener and more resource-
efficient practices in the field.

3. The IBGH model, by addressing the intricate relationship
between lighting and thermal management, represents
a significant stride towards optimizing sustainability in
hydroponic cultivation.
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