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Abstract: A Solar Chimney Power Plant (SCPP) represents an innovative renewable energy
technology, though its significant upfront investment cost poses a challenge to widespread adoption.

To address this issue, researchers have explored modifications to the chimney entrance geometry
and the implementation of thermal energy storage systems to enhance efficiency and lower costs.
This study examined the effects of these modifications on SCPP performance through advanced
computational modeling techniques. The study focuses on reducing the tower diameter by 10% and
narrowing the flow cross-section at the chimney entrance, along with the implementation of a
waterbed for heat storage. The results show that these modifications significantly improve SCPP
performance. The reduction in tower diameter and narrowed flow cross-section increase air velocity
and power output. Additionally, thermal energy storage enhances energy utilization efficiency,
enabling increased power production during nighttime hours and reducing entropy generation. These
findings demonstrate the potential of design modifications to enhance SCPP efficiency and cost-
effectiveness. By reducing initial investment costs, these improvements can contribute to a wider
adoption of SCPPs as a sustainable alternative to conventional fuel systems. This research contributes
to global efforts to address energy security and environmental challenges, promoting the shift
towards cleaner and more environmentally friendly energy options.

Keywords: heat storage; entropy; natural convection; solar chimney power plant; efficiency

within this field that lack sufficient research™®. Previous

The growing energy demand and the consequent rise in
greenhouse gas emissions, primarily due to fossil fuel
consumption, have led to a growing interest in renewable
energy sources and their conversion systems. SCPP is one

such system that generates green energy using solar power.

The fundamental concept of a SCPP is based on air
rising in chimney, caused by the density difference created
in solar collector and pressure gradient in the chimney,
from the base to the vent. Turbines, positioned inside the
chimney inlet (collector-chimney junction), harness the
updraft's kinetic energy to generate electricity.

Extensive research has been undertaken on SCPPs,
particularly examining how geometric parameters affect
system performance'-?). The first prototype of a SCPP was
experimented by Haaf et al., at Manzanares®. In recent
years, researchers have increasingly investigated the
connection between system efficiency and structural
design aspects using both simulation and experimental
studies¥. Nevertheless, there are still numerous areas

numerical studies have examined how the collector's
angle affects chimney efficiency. Substantial alterations in
flow parameters, including velocity, pressure, and
temperature”® appeared. Moreover, collector power
production per unit area increased significantly with
inclined collectors and thermal energy storage devices
(TES). However, more research is needed to evaluate the
collector’s inclination angle effect on thermal efficiency,
collector performance, and power output®'?).

Studies have sought to optimize SCPPs based on
regional climatic data and structural design aspects'3-1).

The results indicated that larger collector and chimney
diameters result in increased air exit velocities, whereas
taller collectors negatively affect system performance.
Nonetheless, further research is essential to identify the
optimal geometric configurations to maximize power
output'®).

The chimney's flare angle is another important
parameter that influences power output'”. Computational
analyses have revealed that increasing the flare angle
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reduces the enhancement in power generation.
Furthermore, sunlight intensity and chimney radius have
a direct impact on power output, with an optimal divergent
angle achieving maximum power generation'®).

Comparative research has demonstrated that divergent
chimneys surpass cylindrical chimneys in performance,
achieving a 54% increase in efficiency!?. Additionally,
chimney divergent angle has been found to affect power
output, with a divergence angle of 2 degrees yielding
optimal results®®. Additional research is needed to
identify the ideal chimney shape and divergence angle for
improved performance.

Impact of TES on SCPP Efficiency, particularly after
sunset, requires also further exploration. Research
indicates that solar concentrating power plants (SCPPs)
equipped with TES outperform those without storage
when operating under identical conditions?.

conducted a study centered on numerical modeling and
optimizing the performance of SCPPs by examining
different collector ground materials and varying inlet
heights??).

Further research is required to better understand how
storage systems affect plant performance and extend
operational periods after sunset.

Innovative approaches are being investigated in solar
energy, including the development of hybrid systems that
utilize solar chimneys to cool photovoltaic (solar) cells?).
Another approach involves integrating crops within the
SCPP, which enhances the system's value and reduces
initial costs?? .

Finally, extensive research on the practical
implementation and assessment of medium-scale SCPPs
remains limited. While some studies have documented the
construction of such plants and their electricity generation
processes, further investigation and extensive datasets are
necessary to validate the mathematical models put
forward by researchers?).

Given these gaps in research, this study aims to enhance
the understanding of SCPPs by conducting computational
investigations into different chimney configurations. By
addressing the aforementioned research gaps, this study
aims to enhance our understanding of SCPPs and their
potential as viable sustainable energy solutions.

Regarding the cost of power plants, numerous works
have been undertaken to find a balance between the cost
and SCPPs performance’s. Compared to other clean
energy such as wind or solar PVs, the initial construction
and maintenance costs of SCPPs can be considerably
higher?®. Pretorius and Kroger?” conducted a study
specifically focused on investigating the optimal
configurations of large-scale SCPPs, considering
construction costs. Their research identified key
dimensions for optimization and resulted in an
approximate cost model to determine the ideal plant
dimensions for different structure cost. The cost model
might estimate the expenses associated with a solar
chimney. It is crucial to understand that the purpose of the
model was not to provide an exact cost estimation, but

rather to offer an initial approximate cost for comparing
plant cost with respect to the dimensions. Based on their
analysis, the study concluded that large thermos-
economically optimal plants were more cost-effective
when considering comparable structures cost.

Other studies considered floating chimney or inflatable
freestanding flexible solar towers as viable alternatives®®
30, The great advantage of using a floating chimney is its
ability to extend thousands of meters without requiring
additional support structures. This flexibility in power
plant placement can potentially lower construction costs?.

PAPAGEORGIOU?® undertook a comparative study
between a concrete tower and a floating chimney. Results
revealed that the floating option could be significantly
more cost-effective, with a cost that is approximately 5 to
6 times lower than its concrete counterpart is. Furthermore,
the required area for the collector came up 4 to 10 times
smaller in a floating chimney.

Other authors considered a mountainside supporting the
tower chimney®!*?. Zhou and Yang®" propose a novel
SCPP design featuring a floating chimney structure
anchored to a mountainside, aimed at generating
electricity in China's desert regions. The design features a
large solar collector spread across the desert floor, with a
floating chimney attached segmentally to a nearby
mountainside. Turbine generators are installed at the
chimney's base. Heated air, due to its buoyancy, ascends
through the chimney, driving the turbines to generate
electricity. The air eventually exits from the top of the
chimney. This floating chimney power plant is projected
to have a levelized cost of electricity comparable to that
of clean coal power plants. Additionally, the novel design
can substantially improve SCPP efficiency compared to
traditional designs.

The performance of SCPPs is influenced by variations
in geometric parameters. For instance, increasing the
chimney height leads to increasing the system's power
output’33¥. Similarly, a comparable trend is seen with the
collector radius®. However, previous studies have
indicated that power output remains relatively constant
once the collector radius exceeds a certain threshold
value3®).

The present work focuses on SCPP's geometric design.
Literature on the subject generally considers towers of
constant diameter or a conical shape tower’”. This
research examines the tower's narrowing, while in the
second scenario, the heat storage system consists of the
ground and a water-filled tub placed over it, spanning the
entire area beneath the collector. The tub is sealed with a
transparent cover to minimize evaporation. Three
configurations of the tower are considered with a constant
diameter, a constricted flow section at the chimney inlet
(at 6m above the ground level), and a constricted flow
section at the chimney inlet with a 10% reduction in tower
diameter.
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2. SCPP Geometry

Figure 1 depicts a 3D scheme of the studied SCPP. It
consists of a cylindrical tower that is 200 meters tall with
an internal radius of 5 meters (Hcn and Rey, respectively).
In 4 out of the 6 studied cases, the chimney entrance was
modified to have a reduced radius, Rg, of 3 m. The reduced
entrance is located 4 m above the canopy which is a flat
circular surface with a radius, R¢, of 122 m, and
constitutes the collector. The canopy is situated 2 m above
the soil level, which allows for a large air circulation flow
rate, enhancing the SCPP efficiency, while also providing
ample space for agricultural activities in some situation.

Chena:

R., : Chimney radius;

H, : Chimney height;

R. : Cheminy entrance radius;

H, : Entrance height;

R. : Collector radius;

H, : Canopy height from the
ground level;

H, : Ground and waterbed

dept.

\Sroung
Fig. 1: 3D sectioned view of the modified SCPP.

Six distinct configurations of SCPP are analyzed to
evaluate the collective impact of storage media, the
reduced entrance, and the tower radius. The
configurations can be gathered into two-entrance section.
The narrowed section of the entrance tower diameter is
evaluated alongside two cases of heat storing systems. In
the first scenario, the ground beneath the collector serves
as a heat storage medium, leading to reduced entrance
SCPPs with varying tower radii. Table 1 gives the
geometrical parameters of each configuration.

Table 1. Dimensions of the six configurations of (SCPP).

Configuration | Hwp Ren Ren-RE He (m)
(cm) | (m) (m)
SCPP1 10 5 0 -
SCPP2 10 5 2 4
SCPP3 10 4.5 1.5 4
SCPP4 0 5 0 -
SCPP5 0 5 2 4
SCPP6 0 4.5 1.5 4

Note: Hwb stands for waterbed height.

3. Mathematical modeling and boundary
conditions

3.1 Governing equations

The Rayleigh number concept is crucial for assessing
the buoyancy effects in natural convection within the
SCPP. The calculation of the Rayleigh number shows that,
within the SCPP system, the air movement is generally
turbulent, except at the collector inlet®. Equation 1
defines the Rayleigh number as follows:

_ 3
Ra — gﬁ(Tha;c)Dh (1)

where Tn and T. represent the highest and lowest
temperatures in the system, respectively; Dy is the
hydraulic diameter, and o the thermal diffusivity.
Boussinesq's approximation is employed to account for
changes in air density. Analysis of the flow through the
SCPP reveals that, for Ra>10'", the airflow becomes
turbulent®®. The fundamental equations of mass,
momentum, and energy, along with the k-¢ model, are
defined by the following equations:

a(uy)
ot . or; 0 @
Ouj i _l P 9%y ]
at +y 6x] p’ ax; +9 <6x]- 6xj) +pfi 3)
P (pcpT) +o- (pu]cpT) <?\ ™ ) + TB + o 4

(pk)+ (pku)——((u+ﬁ);7kj>+61<+6b—

oK
pe + Sk (5)
Ut O¢
= (pe) + o (peul) ((u + J—E) 5,-) + Ce(Gg +
2
C3Gp) — Caep = + S (6)

G, represents the production of turbulence kinetic
energy resulting from the mean velocity gradients, defined

——0uj
— Ta,! J .
by G, = —puu; Fro

Gp denotes the turbulence production caused by
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buoyancy; opando, are the turbulent Prandtl numbers
for k and ¢, respectively; and [ the thermal expansion
factor; B ~ /.

Equations 7 define the electrical power delivered by the
system*?

2 Her
Peje = 3 (TI Ncoul é;—Ttoo) Acoul @)

3.2 Entropy generation

The entropy generation rate is an important factor in
determining the system efficiency of the SCPP. It is
calculated based on the augmentation in disorder or
randomness within the system, caused by process
irreversibility. In thermodynamics, entropy production
assesses the quantity of energy lost as heat, which cannot
be utilized to perform work. The entropy generation rate
in the SCPP system is generated by two sources, viscous
entropy generation (S,,) and thermal entropy generation
(S7)*V. Understanding the rate of entropy production
provides valuable information about system performance
and the lost energy as heat.

Sgen = S1+ Sy = TL[(Z_:)Z + (g—z)z + (Z—Z)z] +2@®

=u )

2[G) + () + ()]

ou v\ 2 du aw\2 v w2
+(5+&) +(5+5) +(a+a—y)

@ is the rate of viscous dissipation per unit of volume.
The total entropy production rate Sge, is computed as
the integral of the local rate across the entire volume V

. 1.
Sgen = fV SgendV (10)

3.3 Boundary conditions

Solar chimney system (SCPP) is impacted by various
environmental factors, such as solar irradiance and
ambient temperature. These factors serve as boundary
parameters.

At the collector inlet, the relative static pressure and
ambient temperature are taken equal to:

Prinlet = 0, Tiptet = Too (11)

The temperature along the base of the thermal storage
layer remains constant, as variations are negligible.

Soil temperatures near the surface fluctuate
significantly, while deeper layers (below 0.50 m) exhibit
more stable temperatures. Beyond 0.70 m, temperatures
remain relatively constant, depending on soil type*?.

A constant soil temperature of 300K is assumed at 5
meter depth. The heat transfer coefficient for the ground
is given by the following relation:

U, = = (12)

in which t represents the time measured starting at
midnight.
Equation 13 represents the thermal penetration coefficient

b = /2pC, (13)

Adiabatic walls and non-slip conditions are applied to the
chimney:
ar
a
=0 (14)
v=20

The transparent collector cover, with an average
transmissivity coefficient of 0.64, absorbs solar radiation
throughout the day.

u=0v=0q=1 (15)

The shadow of the chimney covers at most during the
whole year 2.5% of collector area. This might be
considered negligible for the functioning of the power
plant.

The thermophysical properties of the air are assumed to
be constant at the bulk temperature. Weather data from a
typical day at the Adrar site in the southwestern region of
Algeria is used for reference, (Fig. 2)*.

July 17
1200 T T T

T al

T
=0O= Solar Irradiance

== Ambient Temperature

D

Solar Irradiance (W/m
Ambient Temperature (°C)

0 —O-—0—0—0 T T T
1] 4 8 12 16 20 24
Time (hour)

Fig. 2: Solar intensity and ambient temperature on July 17.

4. Numerical method validation

The Manzanares prototype boundary conditions (solar
irradiance and ambient temperature on September 2,
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1982) and power plant dimensions are used to validate the
present code, as used in the validation reference work by
Haaf*). These findings were then compared with those
obtained through numerical -calculations. Figure 3
illustrates the air temperature at the wind turbine inlet,
showing an average deviation of less than 12% compared
to the experimental results of Haaf*¥. Data on air speed at
the same location are displayed in Fig. 4. Given the rapid
increase and decrease in stack effect caused by external
atmospheric factors, values measured before 8:00 AM and
after 8:00 PM were discarded. This resulted in an average
deviation of no more than 12%. Meanwhile, the deviation
obtained for expected power (Fig. 5) was approximately
9%.

@
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1
w

Inlet chimney temperature (°C)
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(=]
|
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00:00 04:00 08:00 12:00 16:00 20:00 00:00
Time of day

Fig. 3: Inlet chimney temperature, 1- Experimental data*?,
2- Numerical results*®, and 3- Present study results.

Inlet chimney velocity (m/s)

00:00 04:00 08:00 12:00 16:00 20:00 00:00
Time of day

Fig. 4: Inlet chimney velocity over time, 1- Experimental
data*¥, 2- Numerical results*®, and 3- Present study results.
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Fig. 5: Power delivered by the wind turbine given by 1-
Experimental data*®), 2- Numerical results*¥, and 3- Present
study results.

A comparison between the results of the current
numerical study and those of Hurtado et al.,*) reveals a
strong correlation. It is crucial to mention that Hurtado
utilized data recorded at the Manzanares prototype*. This
indicates that the numerical model developed in this
research is valid, as it closely matches the experimental
data.

5. Simulation results

The SCPP was simulated using the Saturne CFD Code
and Syrthes Code. The simulation was designed to
represent a typical day in July, with the operational
conditions derived from the site's meteorological data.
Figure 6 illustrates the velocity profiles for the models that
incorporate additional heat storage media. The data show
that velocities in all three models (SCPP1, SCPP2, and
SCPP3) rise consistently with increasing solar radiation.
However, the velocities in the SCPP2 and SCPP3 models
are higher during peak solar radiation hours compared to
the SCPP1 model. The constricted flow section at the
chimney inlet (6 meters above the base) enhances the
airflow speed in the SCPP. In particular, the velocity is
higher for SCPP3, which features a narrower flow cross-
section at the chimney inlet with a 10% reduction in the
tower diameter.
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Fig. 6: Mean flow velocity for water storage configuration.

Employing soil as a heat storage medium in the
configurations SCPP4, SCPP5, and SCPP6, leads to
higher velocities compared to the other models, as seen in
Fig. 7. Results are noteworthy for SCPP6. In contrast,
using a waterbed as a heat storage medium greatly
improves velocity, particularly during times of low solar
radiation and after sunset, when compared to systems that
rely solely on ground-based heat storage.

16
—e— SCPP4
—®— SCPP5
14 SCPP6 ,.—u\

12

10

Inlet chimney velocity (m/s)

I L L
0 2 4 6 8 10 12 14 16 18 20 22 24
Time of day

Fig. 7: Mean flow velocity for setups without water heat
storage.

As anticipated, the energy production in all
configurations increases as solar irradiance rises.
However, the maximum generated power is observed in
configurations using only the ground as heat storage
medium during daytime hours, as illustrated in Fig. 8.
Conversely, systems incorporating a waterbed heat
storage (SCPP1, SCPP2, and SCPP3) produce a higher
amount of power during nighttime hours, as illustrated in
Fig. 9.

200
4 —e— SCPP4
4 —=— SCPP5
8 SCPP6 e
] 7
5150— | \
0 -
H J
o
2 ]
@ 100 —
£ 4
£ B
=
=2 4
hd
bt ]
£ 50
; 4
o+——1r—r—F"—rT—"—1"T""T""T""T"T""T"T"

T
0 2 4 6 8 10 12 14 16 18 20 22 24
Time of day

Fig. 8: Power for setups without water heat storage.
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Fig. 9: Power for configurations with water heat storage.

For a similar geometric design, the system that
incorporates supplementary heat storage media produces
a greater daily yield of electrical energy, as demonstrated
in Fig. 10. Among configurations that incorporate
waterbed heat storage, the one with a narrowed flow
cross-section at the chimney inlet and a 10% reduction in
tower diameter (SCPP3) performs optimally for energy
production, as illustrated in Fig. 10.
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Fig. 10: Power for all configurations during the typical day.

Incorporating water-based heat storage into the plant
helps minimize fluctuations between peak and low energy
production. By absorbing a segment of the incident solar
energy and storing it for later use, the waterbed storage
increases the overall daily system effectiveness. The
system performs efficiently (both day and night), with
reduced heat loss attributed to the lower air temperature
inside the collector.

Enhancing the SCPP performance is possible through
the addition of constriction at the chimney inlet, which
increases the electrical power output. This effect is further
amplified when combined with heat storage and a
reduction of 10% in the tower diameter, as observed for
SCPP3.

The thermal gradient between the ground of the
collector and the moving air results in a non-equilibrium
state within the fluid, causing entropy generation in the
system. Achieving an optimal design in thermal systems
focuses on reducing this entropy generation.

The findings indicate that, at night, configurations with
additional heat storage generate higher levels of local
entropy, whereas during the day, configurations without
extra heat storage exhibit greater local entropy, with a
significant difference (Fig. 11 and 12).

3500
] —e— SCPP1
] —=— scpP2
3000 SCPP3
2500
4 |
T ]
32000
2 1
x 4 -
4 :
2 1500 "
g 1
@ ]
1000
500
o+ 7—T—T T

0 2 4 6 8 10 12 14 16 18 20 22 24
Time of day

Fig. 11: Local entropy in configurations with water heat
storage.
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0 2 4 6 8 10 12 14 16 18 20 22 24
Time of day

Fig. 12: Local entropy for setups without water heat storage.

However, total entropy generation remains unchanged
for SCPP4 and SCPP5 and is reduced compared to SCPP6
(Fig. 13 and 14). However, configurations incorporating
heat storage media show a minimum overall entropy for
SCPP1 and SCPP2, while it is slightly higher for SCPP3.
Systems with initial tower diameter and those with a
restricted flow section at the chimney inlet produce the
lowest entropy generation. Conversely, systems with a
narrowed flow cross-section at the chimney inlet and a
10% reduction in tower diameter exhibit the highest
entropy generation. Configurations with both soil and
waterbed storage media generate lower entropy compared
to  configurations  with  soil  storage  only.
Thermodynamically, SCPP2 is the optimal configuration
for maximizing the fluid's kinetic energy.

However, considering energy production, SCPP3 is the
optimal choice, as it generates more electrical energy.
Reducing the chimney diameter and, consequently, the
turbine blade size can decrease the overall system cost.

90000
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—®&— SCPP2
SCPP3

80 000
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60 000
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Sciebat(w/K)
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20000
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0 T ‘ ‘ T ‘ T | T ‘ T ‘ T I T ‘ T | T ‘ | T
2 4 6 8 10 12 14 16 18 20 22 24
Time of day

o

Fig. 13: Global entropy in setups with water storage.
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Fig. 14: Global entropy for setups without water heat
storage.

Instantaneous plant efficiency (Fig. 15 and 16) is
calculated by*>:

Pe e
Nsyst = : (16)

IgAcoul

with IG, the solar irradiance and Acoll, the collector
area.

Whether or not additional heat storage media is used,
configurations with a narrower flow cross-section at the
chimney inlet consistently deliver the best performance.
Incorporating additional heat storage significantly
improves system efficiency, especially during twilight
hours, when the conversion system fully utilizes the stored
heat. This results in extended power production even
during periods of low sunshine. Overall, systems with
additional heat storage demonstrate significantly higher
efficiency, with the SCPP3 configuration delivering the
best performance, which features a narrowed flow cross-
section at the chimney entrance and a 10% reduction in
tower diameter.

0,7
| —e— scpP1
k. —m— scpp2
0,6 94 SCPP3

System efficiency (%)

Time of day
Fig. 15: SCPP's efficiency (with water storage).

System efficiency (%)

0 — T — 7
9 10 1 12 13 14 15 16 17
Time of day

Fig. 16: SCPP's efficiency (without water storage).

6. Conclusion

Numerical simulations were conducted on SCPP using
the Saturne and Syrthes codes to analyze how geometrical
modifications to the tower affect the plant's performance.
Six different configurations were considered, considering
a constant tower diameter, a constricted flow section at the
chimney inlet, and a narrowed flow cross-section at the
chimney inlet with a 10% reduction in tower diameter.
Assessment considering factors such as flow speed,
generated power, and entropy revealed that the
configuration with a narrowed flow cross-section at the
chimney entrance provided the best performance, as
evidenced by the efficiency results too. To further enhance
efficiency and ensure consistent energy production, heat
storage media were incorporated into specific
configurations. This added heat storage improved the
management of collected energy by prolonging its transfer
to the moving air, thereby enhancing power output during
the night. The results from all six models reveal that:

e The SCPPs can maintain continuous operation
throughout the day.

e Solar chimney power plants that rely solely on
the ground for thermal storage (SCPP4, SCPPS5,
and SCPP6) exhibit the highest flow rates.
However, after sunset, the highest velocities are
achieved in configurations that incorporate
additional thermal storage media (SCPPI,
SCPP2, and SCPP3).

e The electrical power output during the day is
greater in SCPP4, SCPP5 and SCPP6.

e Plants equipped with additional heat storage
media (SCPP1, SCPP2, and SCPP3) generate
even higher electrical power during the night.

e Models that use only ground as the storage
system (SCPP4, SCPPS5, and SCPP6) exhibit
higher entropy production.

e Four models (SCPP1, SCPP2, SCPP4, and
SCPP5) show a reduction in entropy.

Based on these results, the SCPP configuration with a
narrowed flow cross-section at the chimney inlet, a 10%
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reduction in tower diameter, and extra heat storage media

max maximum

(SCPP3) proved to be the most efficient, providing min  minimum
consistent operation and efficiency throughout the day,

. . : t total
while also offering reduced system costs. This )
configuration ensures uninterrupted operation, which is *® environment
critical in ensuring a smooth power generation process. Its
increased efficiency and electrical power generation, References
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