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plant (SCPP), which utilises solar energy. This study examines the application of an
SCPP and compares its simulation results with previous research conducted under
Malaysian conditions at an irradiance of 1000 W/m?2. Furthermore, the power outputs
of the SCPP and a solar panel system were compared under identical solar intensity,
with the fluid velocity and mass flow rate also determined. The grid independence test
(GIT) confirmed the reliability of the simulation. Conducted using ANSYS Fluent R1
2020 Academic version, the simulation incorporated the geographical coordinates of
Malaysia and Zanjan, and employed dimensions derived from a 2010 University of
Zanjan experiment. The results demonstrated a relative error of 2.0928%, which is well
within the acceptable limit of 5%. Under a radiation input of 1000 W/m?, the velocity
was measured as 4.28994 m/s at the outlet boundary, 15.9238 m/s at a designated
plane, and 16.1183 m/s at the turbine; the corresponding mass flow rates were
1.00318 kg/s at the outlet, 0.0207885 kg/s at the plane, and -1.00397 kg/s at the

Keywords: turbine. The power output was 74.585 W for the SCPP turbine compared to 17,408,700
Renewable energy; solar chimney power W for the solar panel. These findings validate the study’s objectives and clearly
plant (SCPP); turbine; solar panel; solar demonstrate the distinct differences in power output between the solar chimney
radiation; velocity; flowrate power plant and solar panels.

1. Introduction

Renewable energy refers to energy sources that are naturally replenished over time [1]. In recent
years, its utilisation has grown in response to rising global temperatures. Renewable sources, such as
wind and solar, are now widely employed for electricity generation [2-4], and their development has
contributed to job creation. For approximately 150 years, electricity has predominantly been
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generated from non-renewable sources such as coal, oil, and other fossil fuels. Unfortunately, the
combustion of these fuels emits substantial amounts of greenhouse gases that trap heat in the
atmosphere, thereby increasing surface temperatures. Global warming is a clear manifestation of
broader climate change, with adverse effects including extreme weather events, rising sea levels, and
detrimental impacts on wildlife habitats [5,6].

Various renewable energy sources, including hydropower, solar, wind, geothermal, and biomass,
have been harnessed, and continuous efforts are being made to enhance their performance [7,8].
According to Jameei et al., [9], Malaysia has established a target of generating 20% of its electricity
from renewable sources by 2025. In a solar energy system, solar energy is converted into thermal
energy in the collector; this thermal energy is subsequently used to produce mechanical energy by
rotating a turbine, thus generating electricity [10,11]. Nevertheless, alternative approaches to
conventional solar panels are being investigated to further augment the nation’s renewable energy
capacity. Previous studies from other countries have explored the use of the Solar Chimney Power
Plant (SCPP) for electricity production, yet our research indicates that no SCPP has been implemented
in Malaysia. Consequently, this study aims to compare the performance of the SCPP and solar panels
within the Malaysian context.

In recent years, numerous studies have employed Computational Fluid Dynamics (CFD) to
investigate SCPPs. According to Okoye and Ugur [12], integrating an external heat source with a solar
chimney can extend the system’s operational period during intervals of low solar radiation. Their
research involved developing two distinct models, the first of which was a conventional
configuration. In another study, the effect of the opening area on a modified chimney was examined
using CFD analysis. The results indicated that while the size of the openings did not significantly
influence the air flow rate through the solar chimney, the inlet—outlet ratio is a critical factor in
determining flow efficiency [13].

Rahman et al., [14] investigated the effect of collector configuration on the performance of the
Manzanares power plant. In their study, the roof inclination was modified by increasing the height of
the collector outlet, while the length of the inlet collector was maintained at the same height as that
of the Manzanares solar chimney pilot plant. Their results indicated an improvement in device
efficiency with increased roof inclination, within the system's operational limitations. In addition, a
parametric study evaluating the feasibility of solar chimney power plants under North Cyprus
conditions was undertaken [15]. This research involved validating an electricity generation model
against experimental prototype recordings from Manzanares, Spain, before projecting outputs for
various plant sizes, collector diameters, and chimney heights. The engineers employed CFD
simulations to identify potential issues and optimise the system prior to construction [16].

In continuation with the previous investigations, the SCPP model was simulated using ANSYS
Fluent. The simulation employed viscous model settings, with the energy equation activated and a
standard k—e viscous model alongside standard wall functions implemented to capture turbulence
effects accurately. Furthermore, the discrete ordinate (DO) radiation model was utilised to account
for direct solar radiation, with a radiation intensity set at 800 W/m?2. This CFD simulation was
conducted to determine the optimal performance parameters of the system.

2. Methodology
2.1 Geometry of Solar Chimney Power Plant (SCPP)

The solar chimney power plant (SCPP) was modelled using Solidworks (Dassault Systemes, 2023)

software, with the geometry and scale based on a previously established experimental prototype.
The SCPP comprises three distinct zones: the solar collector, the transitional section between the
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solar collector and the tower, and the tower itself. The overall dimensions of the SCPP are a total
height of 12 metres, a solar collector diameter of 10 metres, a tower diameter of 0.25 metres, and a
solar collector entrance height of 0.15 metres. An isometric view of the SCPP is presented in Figure
1.

0

&
-

Fig. 1. The isometric view of solar
chimney power plant (SCPP)

2.2 Meshing

Meshing, the process of discretising the computational domain into individual cells or
components [17], is critical for ensuring the accuracy of the model’s predictions. The quality of these
cells directly influences the precision of the flow solution, with a finer mesh typically providing
enhanced accuracy. Following the meshing procedure, a Grid Independence Test (GIT) is conducted
to ascertain the optimal mesh size for the geometry. A description of the mesh product is provided
in Figure 2.

Fig. 1. Meshing of solar chimney
2.3 Governing Equation

To establish the mathematical model for the SCPP, the governing equations for the movement of
air within the collector and chimney are considered separately. The solar updraft tower comprises a
solar collector and an updraft tower, utilising the greenhouse effect to increase the thermal energy
of the air [18]. The buoyancy effect, arising from the vertical column of hot air in the tower, drives
the airflow [19]. The flow of the fluid within the device is represented by the conservation equations
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of mass, momentum, and energy. In solving these equations, standard k—€ models are employed,
with typical constant values applied. Under these assumptions and considering steady-state
conditions, the equations can be expressed as follows:

Continuity equation:

10 ow

rar W5, =0 (1)
where ru represents the radial mass flux with respect to r.

Momentum equation:
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where p represent the density of the fluid, g denotes the acceleration due to gravity, f is the
coefficient of thermal expansion, T signifies the temperature and T, reference temperature.

Energy equation:
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where p represent the density of the fluid, T is the temperature, 4 signifies the thermal conductivity
of the fluid and C,, is the specific heat capacity at constant pressure.

2.4 Turbulence Modelling
A turbulence model is a numerical method used to close the mean flow equations, thereby
allowing the mean flow to be determined without the need to measure instantaneous fluctuations

directly [20]. To characterise the turbulent motion within the updraft tower, the Reynolds number
for internal pipe flow is maintained above 2,300. The Reynolds number equation is presented below.

(4)

where p is the density of air, v is denotes as the velocity of the fluid, i is a dynamic viscosity of air
and D is the diameter of pipe.

2.5 Boundary Conditions
Boundary conditions are imposed on specific boundaries of the model to define the limits of the
flow variables. The resulting flow solution is highly sensitive to the parameters chosen, which

necessitates their precise configuration. Figure 3 and Table 1 illustrate the boundary conditions
applied to the velocity inlet, wall, solar collector (glass), outlet, and ground.
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Fig. 2. The boundary conditions for the (a) velocity inlet (b) Wall (c) Solar collector
(glass) (d) Outlet (e) Ground

Table 1

Boundary condition setting

Zone Type

Inlet Velocity magnitude = 0 m/s
Temperature = 300 K

Wall Wall motion = Stationary
Shear condition = No slip

Glass Wall motion = Stationary
Shear condition = No slip
Wall thickness = 0.15 m

Ground Wall motion = Stationary
Shear condition = No slip

Outlet Backflow temperature = 300 K

Turbine Mass flow rate = 1 kg/s
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3. Results
3.1 Computational Simulation Results

The analytical simulation commences with a Grid Independence Test (GIT), followed by a
validation phase in which the performance of the current research is compared with previous
experimental studies. One advantage of this approach is its capacity to uncover significant insights
across various fields.

3.1.1 Grid Independence Test (GIT)

To determine an acceptable mesh size, the initial step in the simulation involves assessing grid
sensitivity. This process ensures that variations in the number of elements do not significantly
influence the outcome, thereby confirming that the results are independent of the mesh size. Table
2 provides the meshing information used in the grid independence test.

Table 2

The result of Grid Independence Test (GIT)

Grid  Face size (mm) Nodes Elements Velocity outlet (m/s)  Relative error (%)
1 100 30,331 122,642 4.33266 3.1095

2 90 38,391 157,313 4.32165 2.8475

3 80 52,463 223,988 4.33116 3.0738

4 70 78,090 348,466 4.29795 2.2834

5 65 93,133 421,907 4.28994 2.0928

3.1.1 Validation process

After completing the grid independence test, a validation process was conducted by comparing
the current simulation results with previously collected data. As shown in Table 3, the relative error
between the present study and earlier research is approximately 2.0928 per cent. This outcome
confirms that the validation is successful, as the relative error remains well below the acceptable
threshold of five per cent.

Table 3

The validation between present and previous study

Timeline Nodes Elements Velocity outlet (m/s)  Relative error (%)
Present study 93,133 421,907 4.28994 2.0928

Previous study 127,839 615,430 4.202 -

3.2 Malaysian Condition

After completing the verification, the radiation settings were adjusted to reflect Malaysian
coordinates, specifically at Solar Valley, Melaka, with latitude 2.337390° N and longitude
102.209730° E. Previous data indicated a maximum radiation of 866.25 W/m? at noon, while national
records show 1083 W/m?2. Consequently, a value of 1000 W/m? was selected for the simulation. The
radiation model was configured using the discrete ordinates (DO) approach, with a constant input of
1000 W/m? for direct solar irradiation. The solar calculator was similarly set to the coordinates of
Melaka Solar Valley, Malaysia.
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3.3 Evaluation of Solar Irradiation into Magnitude Velocity and Flowrate

Under Malaysian conditions, the measured velocities at the outlet chimney, a mid-plane within
the SCPP model, and the turbine were 4.28994 m/s, 15.9238 m/s, and 16.1183 m/s, respectively. The
mid-plane was introduced to facilitate the identification of flow characteristics at the centre of the
system. Notably, the velocity decreased from 16.1183 m/s at the turbine to 4.28994 m/s at the outlet,
a change attributable to the distance between the turbine and the outlet boundary as well as
gravitational acceleration along the Y-axis. The mass flow rates were calculated using the function
calculator in the post-processing tab; the outlet mass flow rate was higher in the positive direction
compared to those at the mid-plane and turbine, with the turbine registering a mass flow rate of
approximately 1.00397 kg/s in the opposite direction. Figure 4 presents the velocity contours at the
outlet chimney, turbine, and mid-plane, while the velocity vectors are depicted in Figure 5.
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3.4 Evaluation of Solar Irradiation onto the Glass Collector Temperature

Based on Figure 6, the temperature contour at the glass collector is presented, showing the
effects of solar irradiation. The temperature distribution is circular, with values ranging from a
minimum of 297.354 K to a maximum of 300.239 K. Notably, the temperature decreases from the
outer regions toward the centre.

K]

Fig. 5. Temperature contour at the glass collector
3.4 Evaluation of Power Input for Turbine and Solar Panel

To estimate the power output, the maximum turbine velocity of 16.1183 m/s was employed as
the input parameter in the turbine power formula, assuming a maximum efficiency of 59 per cent.
This calculation yielded an estimated power output of 74.585 W for the turbine. In contrast, the
analysis of the solar panel system initially considered the entire solar farm area at Melaka Solar
Valley, which spans 1,664,000 m?. Given that the annual average solar radiation on a tilted panel in
Malaysia is approximately 1643 kWh/m?, and assuming a maximum panel yield of 0.18 with a
performance ratio of 0.75, the potential energy output was estimated. For a more direct comparison
with the SCPP, a reduced solar panel area of 78.4865 m?—equivalent to the area of the glass
collector—was selected. Under these conditions, the energy produced was estimated at 17,408.8
kWh per hour, corresponding to an instantaneous power output of approximately 17,408,700 W.

3.5 Comparison between Turbine Output and Solar Panel Output

Based on Table 4, the results compare the power outputs of the turbine SCPP and the solar panel
system. A significant disparity between the two is evident, primarily due to the differing radiation
inputs used in the calculations. The turbine SCPP utilised a constant radiation value of 1000 W/m?,
whereas the solar panel estimates were based on an annual average solar radiation of 1643 kWh/m?
for a tilted panel. This discrepancy in input values leads to the observed differences in power output.

Table 4
The comparison data between power output
by turbine SCPP and solar panel

Medium Value (W)
Turbine SCPP 74.585
Solar panel 17,408,700

Several factors have been considered, including the vertical separation between the chimney and
the solar panel, the height of the SCPP collector, and the efficiency of the power output. It is evident
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that, for a given area, the power output of a turbine differs from that of a solar panel due to these
influencing parameters.

4. Conclusions

This study successfully met its objectives by investigating renewable energy through solar
chimney power plants and comparing the simulation results with previous research under Malaysian
conditions, as well as contrasting the power output of solar chimney power plants with that of solar
panels under identical solar intensity. The simulation, conducted using ANSYS Fluent R1 2020
Academic version, incorporated the geographic coordinates of Malaysia and Zanjan and utilised
dimensions derived from a 2010 University of Zanjan experiment. The results indicated a relative
error of 2.0928 per cent, which is well within the acceptable limit of 5 per cent. With a radiation input
of 1000 W/m?, the measured velocities were 4.28994 m/s at the outlet boundary, 15.9238 m/s at the
mid-plane, and 16.1183 m/s at the turbine, while the corresponding mass flow rates were 1.00318
kg/s, 0.0207885 kg/s, and -1.00397 kg/s respectively. The turbine of the solar chimney power plant
generated an estimated power output of 74.585 W, in contrast to 17,408,700 W for the solar panel.
These findings validate the study's objectives and clearly demonstrate the distinct differences in
power output between solar chimney power plants and solar panels.
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