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Abstract: This study presents a numerical simulation of a solar chimney power plant with and
without vegetation, aiming to investigate the impact of incorporating plant cultivation at the
collector level. The simulation, conducted for two typical days (30-12-2021 and 04-01-2022),
explores the variations in fluid temperature and velocity inside the collector in response to solar
radiation and the ambient temperature specific to the Bouzaréah site in northern Algeria. The
presence of vegetation, represented by tomato cultivation, demonstrates significant effects on
system performance. The collector's efficiency exhibits notable differences between scenarios with
and without vegetation, with the vegetation-free system-performing better during periods of intense
sunlight. However, as solar radiation diminishes towards the end of the day, the system with
vegetation outperforms, highlighting its resilience in lower radiation conditions. The internal
conditions of the collector, especially in the presence of vegetation, appear conducive to plant
growth. Interestingly, the study concludes that the presence of vegetation does not adversely affect
the overall efficiency of the solar chimney power plant. On the contrary, integrating vegetation at
the collector level enhances the overall efficiency of the solar chimney power plant, potentially
reducing the cost per kilowatt-hour produced and, consequently, shortening the payback period for
the initial investment. This study provides valuable insights for further exploration of this hybrid

approach in the field of solar energy.
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1. Introduction

The shift towards renewable energy sources has
become imperative in our rapidly changing world to
preserve our environment and ensure a sustainable
future for humanity" 2. This transition is motivated
by several critical factors. The use of traditional
fossil fuels like coal, oil, and natural gas has led to
severe environmental consequences, including air
and water pollution, deforestation, and greenhouse
gas emissions®>. These emissions are major
contributors to climate change, which poses
unprecedented risks to our planet's ecosystems,
weather patterns, and sea levels. Renewable energy
sources such as solar, wind, hydroelectric, and
geothermal power offer clean and sustainable
alternatives. Unlike fossil fuels, renewable energy
technologies produce little to no greenhouse gas
emissions during operation, thereby mitigating
climate change impacts. Furthermore, renewable
energy is abundant and widely distributed, offering a
decentralized energy system that can enhance energy

-846-

security and resilience. Transitioning to renewable
energy is also crucial for ensuring energy access and
affordability for all. As technology advances and
economies of scale drive down costs, renewable
energy has become increasingly cost-competitive
with fossil fuels. Investing in renewables not only
reduces our reliance on finite and polluting energy
sources but also creates new economic opportunities,
including job growth in the green energy sector.
Innovative approaches such as solar chimney power
plants highlight the potential of renewable energy to
address multiple needs simultaneously. Solar
chimneys harness solar radiation to create an updraft
within a tall chimney, driving turbines to generate
electricity®. This technology not only taps into clean
energy but also offers scalability and adaptability in
various regions.

Solar chimney stands out as an ingenious low-
temperature system within the realm of renewable
energy. Its simplicity in design, utilization of locally
sourced materials, and minimal labor requirements
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distinguish it from other renewable energy
technologies.
In addition, integrating renewable energy

infrastructure like solar collector in solar chimney
power plant with dual-purpose applications, such as
using the collector structures for agricultural
greenhouses, presents an opportunity to reduce the
kilowatt-hour cost and enhance resource efficiency.
By maximizing land and infrastructure use through
dual-functionality, we can optimize energy
production while supporting local agriculture and
food security.

Its extensive surface area optimizes the absorption
of solar energy, heating the air essential for turbine
rotation while simultaneously creating an
environment conducive to agricultural cultivation.
The integration of energy production with and
agricultural space means a unique synergy,
leveraging the solar chimney's capabilities to foster
a sustainable ecosystem where electricity generation
and crop cultivation coexist harmoniously,
emphasizing the multifaceted advantages of this
innovative approach.

The widespread interest in renewable energies is
highlighted through numerous theoretical and

experimental studies conducted by many researchers.

Specifically concerning low-temperature systems
like solar chimney power plants, most of these
studies have cited the experimental prototype of
Manzanares carried out in Spain ”-%.

Research and experimentation in the field of solar
chimneys have demonstrated their viability as a
reliable energy source. The Manzanares prototype in
Spain, operational from 1982 to 1989%, serves as
tangible evidence of the technology's reliability and
potential for successful energy transition. Many
studies have focused on enhancing the system's
efficiency through various geometric configurations
and operational parameters.

Subsequent studies have followed to delve deeper
into enhancing the efficiency of this system!®!'¥, a
crucial performance indicator. Some works are
experimental'>!?, while others are theoretical'®2%,

Some of these studies have tackled the geometric
aspect of the power plant, examining various
configurations to assess the influence of geometric
characteristics such as the height and diameter of the
chimney and its geometric shape ' 2123, as well as
the collector surface extent and its shape '% 2% 29,
Other studies have focused on the operational aspect,
examining flow parameters 2> and the physical
characteristics of the transparent material, along with
other key components of the power plant 26
Additionally, research has been conducted on the
wind turbines used to convert the fluid kinetic energy
into electrical energy'® 2> 2%, However, considering
the significance and number of studies conducted,
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along with the results obtained, it can be said that the
technology of solar chimney power plants has
reached a considerable level of technological
maturity. Despite this technological maturity
achieved by solar chimney power plants, a major
drawback of renewable energy systems remains their
high implementation cost?*=!. Various studies have
explored alternative approaches to mitigate these
costs, including the use of affordable materials for
construction and optimization of collector design for
dual-purpose applications like greenhouse farming.
Numerous studies have explored several
alternatives to alleviate the initial cost, including:

e Considering a floating chimney tower
constructed from materials with affordable
prices®?34,

e Using a mountainside as support for the
tower 3%30),

e Replacing the collector cover currently
made of glass, with plastic’’-%).

Optimizing the initial investment by
considering cultivation within the solar chimney
power plant collector.

Greenhouse farming is a well-developed and
mastered technique owing to various research
endeavors**47), Research conducted in this field has
significantly enhanced the productivity,
sustainability, and profitability of greenhouse
farming, paving the way for more efficient and
environmentally friendly agricultural practices.
Among the main developed areas, we can mention:

1. Environmental optimization*®*%4: Studies
have been conducted to monitor and enhance the
environmental conditions within greenhouses,
including temperature, humidity, light, and
ventilation. This involves using sensors,
automated control systems, and new technologies
to create optimal growth conditions.

2. Plant irrigation and nutrition
Research has been conducted to enhance irrigation
and fertilization systems, employing techniques
like drip irrigation, hydroponics, and fertigation to
precisely provide water and nutrients to plants.

3. Disease and pest control 4> ): Biological
control methods, including the use of beneficial
organisms and integrated pest management
techniques, have been developed to reduce
pesticide usage and preserve crop health.

4. Plant variety selection and improvement 3%
39): Research has been conducted to develop plant
varieties specifically tailored for greenhouse
cultivation, exhibiting characteristics such as
disease resistance, tolerance to controlled
environmental conditions, and improved yield.
5. Sustainability and energy efficiency

Efforts have also focused on reducing energy

consumption, utilizing renewable energy sources,

40, 45, 50, 51).

55).
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and developing sustainable greenhouses to minimize
the environmental footprint of this cultivation
method.

In the present work, we will simulate fluid flow in
a solar chimney power plant while considering
cultivation of tomatoes within the collector. This
approach will allow us to observe the interaction
between crop and solar chimney power plant
performance.

2. Physical model

Two Solar Chimney Power Plant (SCPP)
configurations are considered, both sharing the same
dimensions. The chimney stands at 200 meters in
height and 10 meters in diameter. The collector has
a diameter of 244 meters and its cover is 3 meters
above the ground level. A section of the ground, 5
meters deep, has been considered to assess its
storage effect. Figure la shows the configuration
without cultivation, while Figure. 1b displays the
second configuration with tomato cultivation. In this
case, vegetation is arranged in rows of length L,
width 1, and average height h. Two sets are formed,
each consisting of n rows of tomatoes. The layout
occupies half of the collector surface. Each set
alternates with an empty space, meaning no planting.
Rows start 2 meters away from the collector entrance
and extend te 15 meters far from the collector exit.
The predicted height of the vegetation is 2 meters,
leaving 1 meter space between the-vegetation and the
transparent cover. SCPP dimensions are given,
according to the considered configuration, on Table
1.

Table 1. Configurations for SCPP considered for the
study.
SCPP with
crop
10

SCPP without
crop
10

Chimney diameter
(m)
Chimney height (m)
Collector diameter
(m)
Collector height (m)
Soil depth (m)
Plant height (m)
Plant width (m)
Distance between the
collector inlet and the
plant (m)
Distance between the
plant and the
collector outlet (m)
Distance between the
upper surface of the
plant and the
transparent cover (m)

200
244

200
244

N — ||| W
1

15 -
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Fig. 1 : Geometry model of the SCPP; a) without crops,
b) with crops.

3. Mathematical model:

3.1 SCPP without crop cultivation

In solar chimney power plant without vegetation,
solving a convection problem means determining, at
every point in the domain of interest and at any given
time, the properties of the fluid and the fluid flow
characteristics namely density (p), velocity
components (V), temperature (T) and pressure (P).
To compute these six parameters, six equations need
to be generated. These equations are derived using
principles of conservation of mechanics and
thermodynamics. Thus, the conservation equations
for mass, momentum (a vectorial equation
comprising three scalar equations), and energy are
obtained. Adding to that, fluid state equation is used.
Gases under consideration (air, water vapor, and
carbon dioxide) are assumed behaving as ideal gas.
An ideal gas follows an equation of state in the form:
P=prT (N
Some simplifications are assumed:

e The fluid is Newtonian (the relationship between
stress and strain is linear and isotropic),

e The dynamic viscosity p can be considered
constant, neglecting bulk viscosity,

e The fluid is incompressible (its density varies
slightly with pressure or temperature),

e Body forces are only due to gravitational
acceleration,
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e Velocities are low; hence, we neglect viscous
dissipation of heat compared to diffusive heat
exchange,

e Thermo-physical properties of the fluid are
assumed constant,

e The fluid is completely transparent,

we present the equations governing the
phenomenon of turbulent natural convection inside
the collector, focusing on the balance equations
governing the average fluid motion and the
implications of turbulence on solving these
equations. Derived governing system equations are
solved using finite volume method. However, in
situations, the incompressible fluid assumption is not
valid, and the very slight variations in density
produced by a temperature or pressure gradient must
be taken into account. In the case of natural
convection, flows in solar systems result from
density variations due to temperature gradients
within the fluid and Boussinesq approximation is
assumed. It is assumed that the velocities are
sufficiently low for variations in density produced by
pressure changes to be negligible. This assumption
holds for nearly all liquids (such as water) and for
gases where - M 2 « 1 (M being the Mach number).
Thus, as long as the air velocity does not exceed 100
m/s, the density can be considered independent of
pressure °®. Consequently, there is a coupling
between the energy equation and the momentum
equation.

In the context of natural convection, the Rayleigh
number, as defined, quantifies the intensity of the
flow induced by buoyancy forces.

B(Th-T)DpK>
Ra — g halgc h (2)

The maximum and minimum temperatures in the
system are denoted as Tp and T, respectively. Dy
represents the hydraulic diameter while o stands for
the thermal diffusivity. Boussinesq's approximation
is used to address variations in air density. Upon
analysis, it appeared that Ra>10 in both the collector
and chimney, indicating a turbulent flow in these
spaces”” . The fundamental equations (mass,
momentum, and energy), along with the k-& model
utilized for turbulent flows, are as follows:

O(uy) _
ot ox; 0 3)
ou w1 0P
E j 0xj - p % 9 (Ox] 6x]> + pf (4)

at (pcp ) o (pu]cpT)
(5)

aT apP

9 9 =2 He) Ok
5 (Pk) + o (pku;) = o, ((M + 01{) 6x]-) + G +
Gy — pe + Sk (6)

ue\ 9e
—(P ) +o— (Pf )= g((# +a_€)a_xj> +
Cls(GK + C3£Gb) - CZSP; + Ss (7)

Gy, stands for turbulence kinetic energy generation
attributed to the mean velocity gradients: G, =

—
—puu; — ox; Gb signifies turbulence generation due

to buoyancy, 0y, and o.denote the turbulent Prandtl
numbers for k and €, respectively; and B represents
the thermal expansion coefficient, approximated for

an ideal gas by f ~ 1/T

3.2 SCPP with vegetation

In the field of greenhouses, most available studies
address the issues of cooling, heating, and
ventilation. Modeling these aspects is complex due
to the interaction of several surfaces, particularly
with vegetation, making it even more challenging as
this modeling involves other disciplines like
agronomy.

Previously, we presented the equations governing
the flow of a homogeneous fluid (without the
presence of vegetation); now, we will discuss the
case of a fluid that can be a mixture of several species.
In the case of an SCPP with vegetation, the fluid is a
mixture of air and water vapor. The equation
concerning water vapor in the framework of
irreversible thermodynamics is given as follows
(Fick's law):

ZAV. W) =V.] =5, ®)
J=-Dy(Vw+2VT) )

For water vapor, we will use the Schirmer relation,
applicable between 20°C and 90°C, to evaluate Dy;:

1.81
D, =2,26.10" 51(273) (10)

With T in Kelvin and P in bar (for T=297K and
P=1bar, Dy= 2, 26. 10 m2.s).

If the mixture is very dilute, we can, as a first
approximation, take Dw as constant. Thus, the
movement of water vapor, considered as an
incompressible fluid, is described as follows:

a j— —_ —_
=+ V.(wV) =D,Vw +5,, (11)
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This equation is strictly identical to the heat
equation for an incompressible fluid when
neglecting all volumetric sources.

Finally, we will need to determine six variables (u,
v, w, P, T, and w) using the system of six equations
that forms the closed system as presented earlier [eq.
3-7], along with the mass transfer equation (eq. 11).

4. Boundary Conditions

The boundary conditions such as solar irradiance
and ambient temperature considered for the two days
(30-12-2021 and 04-01-2022) are defined based on
the meteorological data recorded at the Bouzaréah
site (north region of Algeria).

The measurements of global solar radiation used in
our study come from a pyranometer installed at a test
bench comprising a solar collector field (solar water
heater - air collector). These measurements, obtained
on a 36° inclined plane, will be used as boundary
conditions due to the lack of measurements on a
horizontal plane.

4.1 SCPP without vegetation

In this case, boundary conditions include solar
radiation as the sole energy source and ambient
temperature as the system's inlet temperature
(collector). At the collector level, the relative static
pressure at the inlet is zero.

Printet = 0, Tinter = Too (12)
Regarding the chimney wall, the boundary
conditions are specified as follows:

or

5 — Y u= 0; v=20 (13)

The temperature remains constant at a depth of 5
meters in the ground sedl, set at 300K. The heat
transfer coefficient of the ground is defined by:

2b

U, = = (14)

Where t is represents the elapsed time since
midnight. The thermal penetration coefficient is
expressed by:

b=,1pc,

The collector is characterized by a transparent
cover and an absorbent soil through the product of
the soil absorptivity and the cover transmissivity
t0=0.64

(15)
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4.2 SCPP with vegetation

The climatic conditions near the ground arise from
heat and mass exchanges between the soil,
vegetation, and the atmosphere. Therefore, the
greenhouse agro-system can be described through
energy and mass transfers. These transfers occur in
three forms: radiation, convection, and conduction.
The mathematical modeling reflecting these
phenomena leads to solving a system of equations,
defined previously (eq. 3-7, 11), using numerical or
analytical methods.

Due to the complex geometry of the vegetation
cover, the plants are likened to a porous medium. It
is assumed that the solid matrix remains rigid (or
undergoes negligible deformation). In vegetation,
the size and distribution of pores, equated to voids
between leaves and branches, are irregular. The
porosity ® of a porous medium is defined as the ratio
of the volume of the voids to the total volume
occupied by the whole medium. Consequently, the
solid fraction is equal to 1—®.

Assuming vegetation cover te as a porous medium
is one of the few available approaches that allow the
influence of plant cover on the flow to be taken into
consideration.

A detailed description seems unrealistic and
cannot be conducted within the scope of this study.

In addition to their influence on flow dynamics,
plants also significantly alter the overall energy
balance. If the crop is considered a porous medium
in terms of flow resistance, it must also be
considered as a source or as sink of latent and
sensible heat. The net radiation at the vegetation
cover scale is balanced by major components: latent
heat, sensible heat, heat flux in the soil, and minor
components such as photosynthesis,
evapotranspiration, and stored heat. The contribution
of photosynthesis and evapotranspiration to the
energy balance above the cover is negligible,
representing only a few percent of the net radiation
58)

The porous medium approach and the constraints
arising from the detailed description of the cover's
geometry lead us to adopt a macroscopic approach to
describe the cover effects. Thus, we need to perform
an energy balance on a volume element. In our case,
the vegetation is arranged in n rows with a length L,
width 1, and an average height h. The area occupied
by the vegetation is defined as S_cultivated=n.L.I. Tt
is necessary to define a Volumetric Leaf Area Index
(LAIv) relative to a volume of vegetation to calculate
the attenuation of the incident radiation.

Sleaf

LAL, = _ SgrounalAls (16)

Scultivated-h Scultivated-h

Where LAI; = Stear (specific leaf area index)

ground
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The attenuation of the incident radiation as it
penetrates the cover follows Beer's law:
R(2) = Ry.exp (=K. LAL.)

With:

R,,: Net radiation received at the cover level (w/m?),
K_: Radiation extinction coefficient,

h: Height of the crop,

z: Height of the level considered.

Thus, a volume element (dt = dS.dz) receives a
radiative flux (eq. 18) and loses heat through
evaporation, convection, and conduction with the

nearby environment.
dR(z)

(17

G(z) = ¢ (18)
The balance on volume element dt becomes:

2O _ LyE. LAl — C.2LAI, =0 (19)
Where:

R(z) : Density of incident radiative flux per unit
surface intercepting the net radiation (w/m?),

Ly E : Density of latent heat flux, Ly being the heat
of vaporization of water (LV=2440.10° KJ.kg' at
20°C), and E the evaporation flux (kg.m2.s™),

C: Density of sensible heat flux (w/m?).

Leaves receive a net radiation Rn from solar
radiation during the day; they release latent heat L E
through the evaporation of the water they contain.
Tomato leaves primarily exchange water vapor on
the underside 3. They also exchange sensible heat C
on each side of their surface with the surrounding
fluid. The L\E and C fluxes can be expressed
generally as follows:

C=pC,=a (20)
Where p is the air density (kg/m?), C,, is the specific

Ta

heat at constant pressure (J/kg.K),
Ts represents the temperature of the considered

surface and Ta stands for the ambient air temperature.

The aerodynamic resistance to heat transfer is
ra (s/m) and is calculated as:

pC L
Ta = h_: = 893(5)025 (21)
AT = |T; — T (22)
The water vapor flux is calculated at the vegetation
level using the equation:

Wf_Wa

E=p (23)

Tt

Where wy represents the absolute saturation
humidity of the considered vegetation cover layer,
and w, is the absolute humidity of the air. r; is the
total resistance to water vapor transfer for a given
layer. For a tomato crop, this corresponds to the
series association of aerodynamic resistance (ra)
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and stoma resistances (rs) of the upper and lower
sides of leaves from the considered level.

From an eco-physiological perspective, the value
of leaf stoma resistance depends on soil water
potential, incident solar radiation ¥, air saturation
deficit °V, and leaf temperature ®®. In greenhouse
cultivation, the soil water potential has a negligible
impact on stoma close to zero due to the irrigation
system. Under these optimal conditions, the baseline
stoma resistance for tomatoes is around 150 s/m %,
However, this represents a minimum value, as it is
observed to evolve based on radiation, temperature,
and saturation deficit.

For greenhouse tomato conditions, the function
describing the evolution of rs based on the saturation
deficit D is given as:

Ty = Tsmin[1 + 0.44.exp (0.34. (D — Dpey))] (24)

Where 75 1pin = 150 s/m et Dy, = 10 mbar
Saturation deficit depends on both temperature and
relative humidity, and we can relate the evolution of
stoma resistance to air temperature and humidity
through the following relationship:

Ts = Ts,min {1 +

7.5T
0.11.exp [0.34. (6,107. 1057557 — 1629.w —

o)

To describe the source term of the conservation
equation considered, we use Sp:

(25)

Sp = cphi(vphi — @) (26)

We can then identify the cphi and vphi terms in this
relationship with the terms appearing in the
expressions for sensible heat flux (20) and latent heat

flux (23):
cphi = L%
e For temperature: o Ta 27
vphi = T
cphi = L
e For humidity: Tt (28)
vphi = wy

Where T; and wy are respectively the internal

saturated temperature and absolute humidity of the
leaves.

For the meteorological data, Figure 2 shows the
variation of solar radiation and ambient temperature
for two days. Figure 2-a represents the
meteorological ~ conditions  recorded  during
December 30, 2021, and Figure 2-b represents those
recorded during January 4, 2022. The recorded solar
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radiation, from 9 AM to 5 PM, for these two days
evolves uniformly with maximum values around 930
W/m for the December day and 960 W/m for the
January day. For the minimum, they are around 200
W/m for both days. Similarly, the temperature
evolves uniformly with values ranging from 290 K
for the minimum to 295 K for the maximum for both
days too.

a)

1000 300
B o
800 £
Ed - 295 @
E 1 . 3
S e =l 3
E 600 — g.
s . 290 E
g 4004 —&— Solar Irradiance ';
= —&— Ambiante temperature F -
2 3
w - 285 JE]
200 g

0 T T T T T T T T 280

8 9 0 11 12 13 14 15 16 17 18
Time (hr)

1000 300
~ 800 -
'E F29sZ
= 4 @
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o 1 290 E
B =
= 400 . L 2
= —®— Solar Irradiance H
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o L 285 E
Y 9004 <

0 T T T T T 280

12 14
Time (hr)

16

Fig. 2 : Solar irradiance, and ambient temperature; a) on
30/12/2021, b) on 04/01/2022.

5. Numerical Validation

The wvalidation of the code requires its
implementation on an existing experimental model
under operating conditions, namely solar radiation
and ambient temperature. We conducted a numerical
study using data from the Manzanares prototype for
September 2, 1982, as used in the reference work for
validation 7. The transient numerical results for the
fluid movement established in the Manzanares
prototype are presented, including the required
validation with appropriate experimental results. The
numerical results for the air temperature at the
chimney inlet section, spanning from 9 AM to 6 PM,
follow the same trend as the experimental results of
Haaf?, with an average deviation of 2% (Fig. 3). The
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results obtained for the air velocity in the same
section are presented in Fig. 4. The maximum
average deviation is 17%. Figure 5 displays the
expected power from the current simulation and that
given by Haaf 7. We observe the same trend and an
average deviation of about 13%.

80

—e— Experimental data (T)
—&— Numerical results (T)

Temperature (°C)
B v (=3
(=] (=] (=]
| | |

[
=]
|

]
=

T 1 T 1 T [ T 1 T T 1T
13 14 15
Time (hr)

Fig. 3 : Present study temperature and experimental
chimney temperature”) over time.
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<
E 12
>
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§ 10+ /‘ ~m
g s
8 ~
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s 4
£
2,
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Fig. 4 : Present study velocity and experimental chimney
velocity” over time.
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Fig. 5 : Present study power and experimental
chimney power” over time.
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We can conclude that the numerical model
developed in this study can be considered valid due
to the successful comparison with experimental data
obtained in the Manzanares pilot plant.

6. Results and Discussion

A simulation of a solar chimney power plant was
undertaken using the fluent computational code. The
simulation period covers two days (30-12-2021 and
04-01-2022) from 9 a.m. to 5 p.m. Therefore, the
boundary  conditions are  dependent on
meteorological data. The air entering the collector is
assumed ambient temperature, with zero relative
pressure at the collector inlet and at the chimney
outlet. The ground temperature at a depth of 5 meters
is assumed constant at 300K. The chimney walls are
considered adiabatic. As mentioned previously, the
collector is characterized by a transparent cover and
an absorbent soil through the product of the soil
absorptivity and the cover transmissivity ta=0.64.

Two scenarios are considered in the simulation.
The first one is a solar chimney power plant without
any crop growth and the second one with tomato
cultivation on the collector soil.

Figure 6 shows the variation of the fluid
temperature at the collector outlet for the two
considered days, namely 30-12-2021 (Fig.6a) and
04-01-2022 (Fig.6b), respectively. The temperature
changes following the same path as the solar
radiation does for both configurations. The
maximum temperatures are around 320 K for the
December day and 318 K for the January day,
coinciding with the peak solar radiation recorded
around 1 p.m. However, beyond this time, solar
radiation decreases as sunset approaches, affecting
the fluid temperatures inside the collector in a similar
trend. Nevertheless, in the power plant with
vegetation, the fluid temperatures decrease with the
decrease in solar radiation, but this decrease is not as
abrupt as observed in the SCPP without crop
cultivation. The temperature difference observed
when the radiation starts declining, between the two
power plant configurations models averages around
8 K because vegetation cover acts partly as thermal
storage. It receives the incident solar radiation that
passes through the transparent cover, as well as the
energy stored in the ground se# transmitted by plant
transpiration. The latter, corresponds to the energy
(amount of water) absorbed by the plant from the soil
and transferred by the leaves to the atmosphere. Plant
transpiration, regulating its temperature, plays a
crucial role in water movement and mineral transport
in plants. It closely depends on air temperature and
humidity .

Hence, the stored heat will be transferred to the
heat transfer fluid when the energy source begins to
weaken or to decrease, as the fluid in motion passes

-853-

through the vegetation while going through the
collector.

Consequently, the temperature drop observed in the
collector in the presence of vegetation during periods
of intense sunlight results from the absorption, not
only by the soil but also by the vegetation, of a
certain quantity of the solar radiation flux. This
absorbed energy is used as latent heat of vaporization
for the plant evapotranspiration. The remaining
absorbed radiation transforms into sensible heat
through convection to the air. On the contrary for the
case without vegetation, in which only the soil
absorbs the transmitted solar flux.
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Fig. 6 : Collector outlet temperatures in both
configurations; a) on 30/12/2021, b) on 04/01/2022.

Figure 7 shows the instantaneous efficiency
variation of the collector for both types of power
plants (with and without vegetation) during the two
considered days. It is noticeable that the efficiency is
significantly higher for the power plant without
vegetation, especially during periods of intense
sunlight. This is due to the absence of vegetation,
which would act as a flow attenuator and obstructs
fluid flow, directly affecting directly the flow rate.
On the other hand, radiation received in the collector
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by the greenhouse effect increases the fluid
temperature, that is to say the air. As it heats up, its
density decreases, allowing it to move towards the
collector's exit. However, in the power plant with
vegetation, part of the collected energy will be
transferred to the fluid, while the vegetation itself,
through the phenomenon of plant transpiration as
previously explained, will absorb another part.

Thus, the energy transferred to the fluid will be less
significant than in the case without vegetation.
Therefore, the combination of these two phenomena,
namely the reduction in fluid flow velocity due to
vegetation partially obstructing the flow and its
absorption of part of the received energy, will impact
directly the collector efficiency, given that the latter
is proportional to the mentioned parameters,
especially the speed and the incident heat flux (eq.
29).

_ mCp(To—Tga)

e Ao

(29)

where 7. is the collector efficiency, T, is the
temperature collector outlet, T, is the ambient
temperature, A, is the collector area, I; is the solar
irradiance, C,, is the specific heat capacity of the air
and 10 is the mass flow rate.

On the other hand, beyond a certain time,
precisely after 2 pm, higher efficiency is observed in
the power plant with crop cultivation. In the case of
the power plant without vegetation, after 2 pm, the
radiation intensity starts gradually decreasing, and
consequently, the fluid temperature steadily drops,
since it is related to the solar radiation intensity (the
only heat source), resulting in a lesser variation in
fluid density. Thus, a decrease in the variation of the
fluid density will result in lower flow velocities.
However, in the case of the power plant with
vegetation, despite the reduction in heat generated by
incident solar radiation after 2 pm, the air velocities
remain constant as it continues to benefit from the
heat transmitted by the vegetation
(evapotranspiration).
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Fig. 7 : Collector efficiency in both configurations; a) on

30/12/2021, b) on 04/01/2022.

As expected, energy production increases with
rising solar radiation in all configurations. However,
the maximum power is achieved in the system
without vegetation during the period of intense
sunlight (Fig. 8). Nevertheless, once the solar source
begins to decrease, after 2 pm, the system with
vegetation takes the lead, with significant energy
production. This goes hand in hand with the
explanation previously provided concerning the
aforementioned parameters, particularly
temperatures, velocities, and collector efficiency. It
is noteworthy that the generated electrical power is
proportional to these parameters as defined by
Equation 30 ?.

ngHch
CpTa

2
Pere = 3" e (30)
where 7 is the chimney efficiency, g is the
gravitational acceleration. The generated power
scales with the collector area A, and the chimney

height H,j,.
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Fig. 8 : Power production in both configurations; a) on
30/12/2021, b) on 04/01/2022.

Analysis of the results shows that the main
parameters of the heat transfer fluid (temperature
and velocity) evolve proportionally to solar radiation
during the period from 9 AM to 5 PM for all
configurations. This will directly affect the
collector's efficiency and consequently the electrical
energy generated by the generators.

However, during the period of intense sunlight,
the system without vegetation yields the best results
in terms of heat transfer fluid temperatures at the
collector outlet, a better flow rate, as well as better
thermal efficiency of the collector, and consequently,
better electrical energy production. Nevertheless,
once solar radiation begins to decrease in intensity
(beyond 2 PM), the best results (temperature,
velocity, collector efficiency, and electrical power)
are obtained with the system with crop vegetation.

Based on the considered period, the results are
globally nearly the same, whether for the system
without vegetation or the system with vegetation.
Therefore, it can be observed that the system with
vegetation is more advantageous compared to the
one without vegetation. Incorporating crop

cultivation at the collector level will increase the
overall efficiency of the solar chimney power plant
and lower the cost per kilowatt-hour produced,
consequently reducing the payback period of the
initial investment, which is relatively high for this
type of installation.

Figures (9-11) show the evolution of the relative
static pressure, temperature, and velocity inside the
collector in the system with crop cultivation. The
measurements are obtained when solar radiation
reaches its peak (1 PM), with the aim of estimating
the effect of these parameters on the tomato plant.

Figure 9 shows the variation of static pressure in the
collector for the two days considered, Fig. 9a, for the
day in December and Fig. 9b for the day in January.
The air enters at atmospheric pressure, and its
pressure decreases as it moves towards the
collector's exit. The minimum static pressure is
reached at the chimney's entrance (collector's exit).
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Fig. 9 : Relative static pressure in the configuration with
vegetation; a) on 30/12/2021, b) on 04/01/2022.
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Figure 10 represents the temperature evolution
within the vegetation and in the area between the two
sets of vegetation. We observe that the temperatures
within the vegetation are higher than those recorded
in the empty space. The maximum temperatures
obtained are around 314 K. This indicates that the
heat transfer fluid absorbs heat from the plant
through the mentioned transfer modes. This is
confirmed by its temperature drop beyond its
passage through the vegetation. On the other hand,
in the empty space, the fluid temperature gradually
increases up to the collector exit.

Figure 11 shows the evolution of the velocity at
the two locations considered. Flow velocities are
significantly higher in the space between the sets of
vegetation; however, within the vegetation, very low
velocities are recorded, barely exceeding 1 m/s.
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vegetation; a) on 30/12/2021, b) on 04/01/2022.

Based on the analysis of these results, it can be
concluded that the environment within the collector
is favorable for the plant's growth.

7. Conclusion

The numerical simulation conducted in the
context of this study on the solar chimney power
plant with and without crop cultivation provided
interesting results, highlighting the significance of
innovation and integration of renewable energy with
agriculture. The variations in temperature and fluid
velocity inside the collector were closely linked to
changes in solar radiation, displaying the dynamic
nature of solar energy utilization. The presence of
vegetation, represented here by a tomato crop,
notably influenced fluid velocity, with lower speeds
observed within the vegetation, suggesting potential
impacts on system performance.

Moreover, the study revealed that integrating
vegetation within the solar chimney power plant
could lead to thermal and energy advantages. While
the collector's efficiency exhibited differences based
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on solar radiation levels throughout the day, the
presence of vegetation demonstrated superior
performance during periods of reduced sunlight,
highlighting the potential benefits of this hybrid
approach.

Thus, incorporating crop cultivation vegetation at
the collector level can lower the kilowatt-hour
(kWh) cost and reduce the payback period of the
initial investment. This aspect is crucial for
addressing the drawback of high implementation
costs associated with renewable energy technologies.
From an environmental perspective, the integration
of solar chimney power plants with agriculture
contributes to better land use efficiency, promoting
sustainable practices and biodiversity conservation.
By leveraging innovation in renewable energy
systems and agricultural techniques, we can
optimize  resource  utilization and  reduce
environmental impacts associated with conventional
energy production methods. This study underscores
the importance of innovation and interdisciplinary
collaboration in advancing renewable energy
solutions. By integrating solar chimney power plants
with agriculture, we not only enhance energy
production efficiency but also promote economic
viability, environmental sustainability, and food
security. This hybrid approach represents a
promising avenue for further exploration and
underscores the potential for transformative change
in the field of solar energy.

Nomenclature
A area (m?)
b . . 1
thermal penetration coefficient (WSZK '1m'2)
1
b thermal penetration coefficient (WSEK _1m_2)
C density of sensible heat flux (w.m™2)

¢,  specific heat (j.kg~'k™")
D,,  diffusion coefficient (m?.s™1)
D, hydraulic diameter (m)

E the evaporation flux (kg.m=2.s™1)
f volume forces(kg. m™2.s72)
g gravitational acceleration (m.s™?)

G(z) radiation at the height z of the plant (w.m™?2)
H., height of chimney (m)
h heat transfer coefficient (w.m™2. K1)
Ji mass flux (kg m™%s71)
K turbulent kinetic energy (j. kg™t.m.s™%)
K, radiation extinction coefficient
L length scale(m)
LAI; leaf area index
LAI, volumetric leaf area index
Lv heat of vaporization of water (KJ.kg™1)
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M Mach number

P pressure (pa)

P, Prandtl number

R Solaire irradiance (w.m™2)

T resistance to transfer (S.m™2kg™1)
Ra  Rayleigh number

Ty aerodynamic resistance (s.m™1)
R,  netradiation (w.m™?)

Re  Reynolds number

Swp source term (W)

T temperature (k)

u,v  velocity components (m.s™1)
and w

U heat transfer coefficient (w.m~2.k™1)

W absolute humidity (kgwater- kKGary—air)

Greek symbols

A thermal conductivity (W.M~1.K™1)
AT temperature difference (K)

Ap pressure difference in the chimney (Pa)
p volumetric density (kg.m™3)

a thermal diffusivity (M2.S71)

v kinematic viscosity (M™2.571)

£ turbulent dissipation rate (M2.573)

M dynamic viscosity (Kg.M~1.571)

B thermal expansion coefficient (K™1)
0] energy dissipation (W)

P porosity

efficiency

Subscripts

a air

b ground

c cold

ch chimney
coll collector

elec electric

f leaf

max maximum
min minimum

t total

00 environment
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