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ABSTRACT
This study analyzes the Ground-Level 

Solar Thermal Accelerated Turbine (GSTAT) 
system, a novel solar thermal technology 
that eliminates tall chimney structures while 
maintaining efficient energy conversion. The 
system features a 244 m diameter main collector, 
117 m secondary collector, 10 m horizontal 
turbine, and 5 m crushed gravel thermal 
storage layer. Mathematical modeling employs 
Navier-Stokes equations, energy equations with 
Boussinesq approximation, and k-ε turbulence 
modeling. Under 1000 W/m² solar insolation, 
the system achieves 420 K ground surface 
temperature (112 K rise), accelerating airflow 
from 1 m/s inlet velocity to 14 m/s at the turbine. 

The crushed gravel storage layer provides 89.73% collector efficiency and enables 
extended operation beyond peak solar hours. CFD analysis confirms smooth velocity 
transitions and optimal thermal gradients throughout the system. Net electrical output 
reaches 163.35 kW, accounting for turbine efficiency (85%), generator efficiency (92%), 
and overall system losses (95% efficiency). Economic analysis yields an LCOE of $0.22-
0.33/kWh, competitive with conventional solar chimney systems ($0.15-0.30/kWh) 
while offering reduced construction complexity and land use requirements. The GSTAT 
system shows particular promise for distributed power generation where tall structures 
are impractical, providing a scalable alternative to conventional solar updraft towers.
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ل بالطاقة الشمسية الحرارية على مستوى  تصميم وتحليل أداء توربين معجَّ
الأرض )GSTAT( لتوليد الطاقة المدمج

بن لحسن جويدة، سلامي علي

 ،)GSTAT( ل بالطاقة الشمس��ية الحرارية على مس��توى الأرض ملخـــ��ص: تتناول هذه الدراس��ة تحليل نظام التوربين المعجَّ
وه��و تقني��ة جدي��دة في مج��ال الطاق��ة الشمس��ية الحراري��ة تُلغ��ي الحاج��ة إلى الهي��اكل العالي��ة للمداخ��ن م��ع الحف��اظ 
عل��ى كف��اءة عالي��ة في تحوي��ل الطاق��ة. يش��تمل النظ��ام عل��ى مجمّ��ع رئيس��ي بقط��ر 244 م، ومجمّ��ع ثان��وي بقط��ر 117 
م، وتورب�ني أفق��ي بط��ول 10 م، وطبق��ة تخزي��ن ح��راري م��ن الحص��ى المكس��ر بس��ماكة 5 م. يعتم��د النم��وذج الرياض��ي عل��ى 
معادلات نافييه-س��توكس، ومعادلات الطاقة باس��تخدام تقريب بوسينس��ق، إضافة إلى نموذج الاضطراب ε-k. تحت إش��عاع 
شمس��ي ق��دره 1000 واط/م²، يص��ل النظ��ام إلى درج��ة ح��رارة س��طح أرض��ي تبل��غ 420 كلف��ن )ارتف��اع 112 كلف��ن(، مم��ا 
ي��ؤدي إلى تس��ريع تدف��ق اله��واء م��ن س��رعة ابتدائي��ة 1 م/ث إلى 14 م/ث عن��د التورب�ني. توف��ر طبق��ة التخزي��ن م��ن الحص��ى 
المكس��ر كف��اءة تجمي��ع تص��ل إلى %89.73 وتُُمكّ��ن م��ن اس��تمرار التش��غيل بع��د س��اعات ال��ذروة الشمس��ية. تؤك��د تحلي�لات 
CFD وج��ود انتق��الات سلس��ة للس��رعة وتدرج��ات حراري��ة مثالي��ة في جمي��ع أنح��اء النظ��ام. يبل��غ ص��افي الق��درة الكهربائي��ة 
المنتَج��ة 163.35 كيل��وواط، م��ع أخ��ذ كف��اءة التورب�ني )%85( والمول��د )%92( والخس��ائر الإجمالي��ة للنظ��ام )95%( 
في الاعتب��ار. أس��فر التحلي��ل الاقتص��ادي ع��ن تكلف��ة مس��توى الطاق��ة )LCOE( ت�تراوح ب�ني 0.33-0.22 دولار/ك.و.س، 
وه��ي منافس��ة لتكالي��ف الأب��راج الشمس��ية التقليدي��ة )0.30-0.15 دولار/ك.و.س( م��ع توف�ير انخف��اض في تعقي��د البن��اء 
ومتطلب��ات اس��تخدام الأرض. يُظه��ر نظ��ام GSTAT إمكان��ات واع��دة خاص��ة لتولي��د الطاق��ة الموزع��ة في الح��الات ال�تي تك��ون 
فيه��ا الهي��اكل العالي��ة غ�ير عملي��ة، مم��ا يوفّ��ر بدي�لاً قاب�لاً للتوس��ع ع��ن الأب��راج الشمس��ية ذات الدف��ع الح��راري التقليدي��ة.

الكلمات المفتاحية: الطاقة الشمسية الحرارية، نظام GSTAT، التدفق الناتج عن الطفو، التخزين الحراري، طاقة التوربين، تحليل الديناميكا الحرارية الحاسوبية )CFD(، الطاقة المتجددة.

1.	 INTRODUCTION
The escalating worldwide energy requirements, combined with growing environmental 

awareness, have stimulated the advancement of cutting-edge renewable energy solutions 
capable of delivering sustainable and economically feasible power generation alternatives. 
Solar thermal power systems have established themselves as a viable substitute for traditional 
fossil fuel-based electricity generation, providing opportunities to utilize plentiful solar 
resources while reducing environmental degradation. Within the spectrum of solar thermal 
technologies, solar chimney power plants have garnered significant scientific interest due 
to their capacity to transform solar thermal energy into electrical power through natural 
buoyancy-driven air circulation.

The inaugural operational prototype of a solar chimney facility was constructed in 
Manzanares, Spain, during the early 1980s. This installation featured a chimney structure 
measuring 195 meters in height with a 5.08-meter radius, complemented by a collector 
spanning 122 meters in radius and standing 1.85 meters tall [1-4]. The system achieved 
temperature increases of up to 17°C within the collector area and maintained average updraft 
velocities of 12 m/s, producing a designed capacity of 50 kW with an actual peak output of 
41 kW [5].

Contemporary developments have positioned these systems as renewable alternatives 
to conventional fossil fuels. The current global energy environment has been significantly 
influenced by intensifying geopolitical conflicts, which have destabilized energy markets 
and exposed the fragility of fossil fuel dependency. Energy disruptions resulting from 
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these geopolitical tensions have underscored the critical necessity for clean, robust, and 
domestically sourced energy technologies that can guarantee energy independence while 
tackling environmental issues. Given that approximately 1.1 billion individuals globally 
continue to lack access to dependable electricity supply [6], solar chimney power plants possess 
considerable potential to support sustainable energy development by leveraging solar power in 
an economically viable and expandable approach [7].

Solar chimney power plant architecture comprises three primary elements: a transparent 
collector structure, a ground surface designed for solar energy absorption, and a central 
chimney tower. Solar irradiation warms the air beneath the collector, establishing a temperature 
differential that generates buoyancy-driven airflow through the chimney. Turbine generators 
positioned at the chimney foundation transform the kinetic energy from the airflow into 
electrical power [8,9]. Initial SCPP research was initiated by Haaf et al. [10,11], who constructed 
a prototype facility in Manzanares, Spain. The knowledge acquired from this prototype has 
established a fundamental framework for confirming later experimental and computational 
investigations [12].

SCPP research has investigated numerous design and operational variables influencing 
system performance. Studies have extensively examined the effects of turbine specifications, 
collector and chimney dimensions, and thermal flux on electricity generation [13-17]. 
Additional research has analyzed external meteorological factors including ambient crosswinds 
and solar radiation fluctuations [18]. Moreover, thermal energy storage (TES) systems have 
become essential components in SCPPs, facilitating the storage of solar energy captured by 
the ground during daylight hours and its discharge during nighttime or overcast conditions. 
Effective TES implementations can substantially improve the system's capability to produce 
electricity consistently throughout daily cycles and seasonal variations, thereby enhancing 
dependability and efficiency [19].

Comparative analyses by Al-Azawiey and Hassan [20] evaluated different materials, 
including ceramics and black stones, as potential thermal storage candidates to demonstrate 
their capacity for improving power output. Similarly, Hurtado et al. [21] illustrated the influence 
of soil density and thermal inertia on energy production, revealing a 10% enhancement in 
power generation with increased compaction levels. Computational investigations, such as 
those conducted by Yaswanthkumar and Chandramohan, [22] have examined TES material 
applications through three-dimensional CFD modeling, though their analyses frequently lack 
comprehensive optimization methodologies. Experimental research, including work by Ikhlef 
et al. [19] have further highlighted the importance of thermal storage in improving collector 
performance and overall system effectiveness.

Contemporary research has continued advancing SCPP performance understanding and 
thermal storage integration. Mamgain et al. [23] conducted CFD analysis of thermal energy 
storage in solar chimney installations by modeling the storage layer as porous media. Their 
findings indicated that materials with superior thermal conductivity, such as sand, are more 
suitable for thermal storage applications due to their enhanced heat absorption capabilities 
during daylight periods. Ikhlef et al.[19] experimentally investigated various TES system effects 
on small-scale SCPP performance in Isparta, Turkey, utilizing a 4.2-meter chimney height and 
5.93-meter collector diameter. Their research demonstrated that collector efficiency strongly 
correlates with thermal storage implementation, with crushed gravel proving to be the optimal 
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TES material, achieving 89.73% collector efficiency compared to asphalt, sand, and water-
filled tube conFigureurations. Similarly, Cuce et al. [24] determined that natural sand and 
gravel exhibit comparable performance as TES materials in SCPP applications. Their steady-
state numerical modeling demonstrated that both materials produce equivalent output power 
of 41.636 kW for the Manzanares conFigureuration under 800 W/m² radiation conditions. 
These investigations underscore the critical role of TES material selection and optimization 
in improving SCPP effectiveness. Nevertheless, they also reveal the necessity for more 
thorough evaluations of material characteristics and their dynamic behaviors under diverse 
operating scenarios. Conventional solar updraft installations, while effective in capturing solar 
thermal energy through natural convection mechanisms, demand considerable infrastructure 
investment and substantial vertical clearance, restricting their practical deployment across 
various geographical and economic settings.

This investigation presents the Ground-Level Solar Thermal Accelerated Turbine (GSTAT) 
system, which introduces a revolutionary approach to solar thermal power generation by tackling 
the core challenges inherent in conventional solar updraft technologies. Through eliminating 
tall chimney structure requirements while preserving efficient thermal-to-mechanical energy 
transformation, GSTAT technology provides a compact, economically feasible solution for 
distributed power generation. The system's novel dual-collector design generates horizontal 
airflow acceleration via precisely engineered thermal gradients, facilitating ground-level 
turbine operation without sacrificing energy extraction performance.

This investigation addresses significant deficiencies in renewable energy infrastructure 
through developing a scalable solar thermal system that integrates thermal energy storage 
advantages with modular design concepts. The GSTAT system's effectiveness in arid 
environments, where solar radiation is plentiful but conventional infrastructure development 
faces challenges, establishes it as a valuable renewable energy portfolio component. Additionally, 
the system's capacity for prolonged operation through integrated thermal storage features 
improves its practical suitability for reliable power generation.

2. MATHEMATICAL MODELING

This section presents a mathematical model for the GSTAT system, incorporating solar ra-
diation, heat transfer, thermal storage, airflow dynamics, turbulence, turbine power extraction, 
and electrical power output, with boundary conditions derived from the provided system de-
scription.
o	 Governing Equations

The system is modeled using the Navier-Stokes equations for compressible flow, coupled 
with energy equations, under steady-state conditions. The Boussinesq approximation accounts 
for buoyancy-driven flow due to temperature gradients. The governing equations are:

•	 Continuity Equation:
          ∇ · (ρu) = 0                                                              (1)

where ρ is the air density, and u is the velocity vector.
•	 Momentum Equation:

        ρ(u · ∇)u = −∇p + µ∇ 2u + ρgβ(T −Tref)                                       (2)
where p is pressure, µ is dynamic viscosity, g is gravitational acceleration, β is the thermal 
expan- sion coefficient, T is temperature, and Tref = 308 K is the reference temperature 
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(inlet air temper- ature).
•	 Energy Equation:

         ρcp(u · ∇T ) = k∇ 2T + qrad                                                  (3)

where cp is the specific heat capacity of air, k is thermal conductivity, and qrad is the heat 
source from solar radiation.

o	 Solar Radiation and Heat Absorption

Solar radiation is absorbed by the semi-transparent collector cover and the ground surface, 
heating the air via the greenhouse effect. The heat flux at the ground surface is modeled as:

qrad = ηcτI                                                               (4)
where ηc = 0.8973 is the collector efficiency, τ = 0.9 is the transmissivity of the semi-transparent 
cover, and I = 1000 W/m2 is the solar insolation. The ground surface reaches T = 420 K, indi-
cating a temperature rise of 112 K from the inlet temperature of 308 K.

o	 Heat Transfer in the Air
Heat transfer to the air occurs through convection from the heated ground surface. The con-
vective heat flux is:

q
conv 

= h(Tground −Tair)                                                    (5)

where h = 7.2 W/m2/K is the convective heat transfer coefficient, Tground = 420 K, and Tair is 
the local air temperature. The energy equation (Eq. 3) incorporates this heat transfer through 
boundary conditions at the ground-air interface.

2.4 Turbulence Modeling
Turbulence is modeled using the k-ε model, suitable for buoyancy-driven flows. The turbulent 
kinetic energy (k) and dissipation rate (ε) are governed by:
Turbulent kinetic energy:

                                                                                            (6)

Dissipation rate:

                                                                 (7)
Where is the turbulent viscosity  is the generation of turbulent kinetic energy 
due to shear,   is the generation due to buoyancy, and constants are Cµ = 0.09, C1ε 
= 1.44, C2ε = 1.92, σk =1.0, σε = 1.3, Prt = 0.85. Boundary conditions include turbulence intensity 
= 1% and hydraulic diameter = 0.5 m at the inlet and outlet.

2.5 Thermal Storage Layer

The thermal storage layer (5 m thick crushed gravel) stores and releases heat. The transient 
heat conduction in the gravel layer is governed by:
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                                                        (8)

where ρg, cp,g, and kg are the density, specific heat, and thermal conductivity of the gravel, 
respectively. Boundary conditions include:

•	 At the ground surface (y = 0): 

•	 At the bottom (y = −5 m): Tg =Tbottom (constant temperature at t =0).

•	 Sides: Adiabatic, 

2.6 Turbine Power Extraction
The turbine, modeled as a reverse fan, extracts power from the airflow. The mechanical pow-
er output is:

Pmechanical =  ∆p/ρ                                (9)

where   = ρ At ut, At = π(5)2 = 78.54 m2 (turbine diameter = 10 m), ut = 14 m/s, and ρ = 
0.999 kg/m3 (air density at 420 K, using ideal gas law at 1 atm). The mass flow rate is:

                                        (10)

Assuming a pressure drop ∆p = 200 Pa (typical for similar systems, as the iterative value is not 
specified):

                         (11)
.

The electrical power output accounts for turbine and generator efficiencies. Turbine efficiency 
(ηt = 0.85):

Pturbine = ηt · Pmechanical = 0.85 × 219.88 ≈ 186.90 kW                          (12) 

Generator efficiency (ηg = 0.92):
Pelectrical = ηg · Pturbine = 0.92 × 186.90 ≈ 171.95 kW                          (13) 

System losses (e.g., friction, transmission), with system efficiency (ηsystem = 0.95):

Pelectrical, net = ηsystem · Pelectrical = 0.95 × 171.95 ≈ 163.35 kW            (14) 

Thus, the net electrical power output is approximately 163.35 kW at 1000 W/m2 insolation.

3.7 Boundary Conditions

The boundary conditions are:	

1.	 Sides of the heat storage layer: Adiabatic, 

2.	Bottom of ground: T = 285 K.
3.	Heat flux qrad = ηcτI.
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4.	Collector cover: Semi-transparent, mixed boundary with h = 7.2 W/m2/K, solar 
irradiation I =1000 W/m2.

•	 Secondary collector roof: Adiabatic, 

•	 Surface of the junction: Adiabatic, 
•	 Axis: Symmetry, 
•	 Inlet air: Velocity inlet, u = 1 m/s, T = 308 K, turbulence intensity = 1%, hydraulic 

diameter = 0.5 m.

•	 Outlet air: Pressure outlet, turbulence intensity = 1%, hydraulic diameter = 0.5 
m, normal to boundary.

•	 Turbine: Reverse fan with iterative pressure drop calculation.

This model provides a comprehensive framework for simulating the GSTAT system, capturing 
solar heating, heat transfer, thermal storage, airflow, turbulence, and power extraction, with a 
net electrical power output of 163.35 kW.
3. SYSTEM DESCRIPTION AND PHYSICAL MODEL

3.1 GSTAT System ConFigureuration
The GSTAT system represents a paradigm shift from traditional solar chimney power 

plants through its ground-level design, featuring four primary components integrated into 
a radially symmetric conFigureuration. The main collector assembly spans 244 meters in 
diameter with an area of approximately 46,760 m², maintains an average height of 1.85 meters, 
and incorporates a semi-transparent cover with 90% transmissivity and mixed boundary 
conditions utilizing a convective heat transfer coefficient of 7.2 W/m²·K. A secondary collector 
measuring 117 meters in length and 0.5 meters in height is centrally positioned for airflow 
confinement and features an adiabatic semi-transparent roof design. The thermal storage 
layer consists of crushed gravel with a thickness of 5 meters, achieving a collector efficiency 
of 89.73% through thermal properties optimized for heat retention and release. Finally, the 
turbine assembly features a 10-meter diameter (78.54 m² cross-sectional area) mounted 0.5 
meters above ground in a reverse fan conFigureuration for power extraction, employing an 
iterative pressure drop calculation methodology for optimal performance as seen in Figure 1.

3.2 Operating Principles
The GSTAT (Ground Solar Thermal Air Turbine) system operates through an innovative 

thermal-fluid dynamic process that harnesses solar energy for electricity generation. The system 
features a massive radially symmetric main collector assembly with a 244-meter diameter 
covering 46,760 m² and standing 1.85 meters high, complemented by a centrally positioned 
117-meter secondary collector for airflow confinement. Solar radiation penetrates the semi-
transparent collector cover (90% transmissivity) and heats the ground surface through the 
greenhouse effect, creating temperatures of 420 K under 1000 W/m² insolation—establishing 
a substantial 112 K temperature differential with ambient air at 308 K. This thermal gradient 
generates buoyancy forces described by ρgβ(T - T_ref) that drive horizontal airflow, which 
is accelerated from 1 m/s at the peripheral inlet to 14 m/s at the turbine location through 
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the dual-collector conFigureuration. The 10-meter diameter horizontal turbine, mounted 0.5 
meters above ground in reverse fan conFigureuration, extracts mechanical power through 
pressure drop mechanisms and converts it to electrical energy via generator systems. The system 
utilizes a 5-meter thick thermal storage layer of crushed gravel covering the entire collector 
area (233,800 m³ total volume) for heat retention and release. Under optimal conditions with 
89.73% collector efficiency, the system achieves 807.57 W/m² heat flux, processes 1,097.98 
kg/s mass flow rate, and generates 219.88 kW mechanical power. Through turbine efficiency 
of 85%, generator efficiency of 92%, and overall system efficiency of 95%, the GSTAT produces 
163.35 kW net electrical output, capable of generating 477,462 kWh annually during 2,920 
operational hours, completing an efficient energy conversion cycle from solar thermal input to 
electrical output.

The GSTAT system operates through a sophisticated thermal-fluid dynamic process where 
solar radiation penetrates the semi-transparent collector cover, heating the ground surface and 
thermal storage layer through the  greenhouse effect, with the ground surface reaching 420 K 
under 1000 W/m² insolation to create a 112 K temperature differential with ambient air at 308 
K. This thermal gradient establishes buoyancy forces described by the momentum equation 
with the buoyancy term ρgβ(T - T_ref), which drives horizontal airflow that is subsequently 
confined and accelerated by the dual-collector conFigureuration from the peripheral inlet 
velocity of 1 m/s to 14 m/s at the turbine location. The horizontal turbine then extracts 
mechanical power through pressure drop mechanisms, which is converted to electrical power 
through generator systems, completing the energy conversion cycle from solar thermal input 
to electrical output.

Figure 1. A schematic of the GSTAT system.

4. NUMERICAL METHODS AND SIMULATION SETUP
The numerical simulations of the Ground-Level Solar Thermal Accelerated Turbine 

(GSTAT) system were conducted using commercial computational fluid dynamics (CFD) 
software to investigate the complex thermal and fluid dynamics interactions within the 
system under steady-state conditions. The computational framework employed a steady, two-
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dimensional axisymmetric flow assumption leveraging the system's radial symmetry, with the 
Boussinesq approximation for density variations treated as gravitational body forces referenced 
to ambient temperature (308 K). The RNG k-ε turbulence model was selected for its superior 
performance in buoyancy-driven flows, coupled with enhanced wall treatment to capture 
near-wall thermal and velocity gradients, while the SIMPLE algorithm handled velocity-
pressure coupling with second-order approximation for velocity calculations and PRESTO 
method for pressure discretization. The Discrete Ordinates (DO) model was implemented for 
radiative energy transfer with semi-transparent wall conditions for the collector cover (90% 
transmissivity) and solar load modeling incorporating direct and diffuse radiation components, 
with turbine pressure drop determined through iterative calculations achieving convergence 
criteria of residuals < 10⁻⁶ for continuity, momentum, and energy equations.

The CFD simulations successfully validated the GSTAT system's design concept under 
standardized conditions of 308 K ambient temperature, 1000 W/m² solar insolation, and 1 
m/s inlet velocity, demonstrating effective thermal-to-mechanical energy conversion without 
tall chimney structures. The system achieved exceptional thermal performance with ground 
surface temperatures reaching 420 K (112 K rise above ambient) and 89.73% collector efficiency 
using crushed gravel thermal storage, while aerodynamic performance showed smooth flow 
acceleration from 1 m/s inlet velocity to 14 m/s at the turbine location (14× acceleration factor) 
with a mass flow rate of 1,097.98 kg/s through the turbine cross-section. Power generation 
results demonstrated 219.88 kW mechanical power output, translating to 186.90 kW electrical 
power after turbine efficiency and 163.35 kW net electrical output accounting for all system 
losses, confirming the viability of the ground-level solar thermal accelerated turbine concept.
5. RESULTS AND DISCUSSION

Figure 2 presents a comprehensive three-part visualization of the GSTAT system's 
dynamic behavior under standard operating conditions (T_ambient = 308 K, solar insolation 
= 1000 W/m²), revealing the sophisticated interplay between thermal and fluid dynamics 
that enables effective power generation without traditional chimney structures. The velocity 
vector distribution during turbine operation demonstrates uniform radial inflow at 1 m/s from 
the collector periphery with well-distributed air entry, followed by gradual flow acceleration 
as air moves radially inward through the main collector zone, significant acceleration and 
confinement in the secondary collector region, and finally high-velocity, well-aligned flow 
vectors approaching the turbine location at approximately 14 m/s. The flow quality assessment 
confirms the absence of significant flow separation or recirculation zones, smooth velocity 
transitions throughout the system, and effective flow confinement by the secondary collector 
design, validating the dual-collector conFigureuration's effectiveness in creating controlled 
flow acceleration through thermal buoyancy forces.

The temperature distribution illustrates thermal stratification with maximum temperatures 
of 420 K directly beneath the collector demonstrating effective solar energy absorption, 
temperature gradients extending through the 5-meter crushed gravel thermal storage layer 
showing heat retention capabilities, and progressive heating of air from 308 K at inlet to elevated 
temperatures approaching the ground surface. This thermal profile clearly demonstrates 
the greenhouse effect under the semi-transparent collector cover with uniform temperature 
distribution across the main collector area and effective thermal coupling between ground 
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surface and airflow, creating the temperature gradients necessary for buoyancy-induced flow 
acceleration. The velocity magnitude distribution provides quantitative visualization of the 14× 
velocity amplification from inlet to turbine, showing smooth velocity gradients progressing 
from low-velocity regions (1-3 m/s) at the inlet through intermediate acceleration zones (3-8 
m/s) in the main collector area to high-velocity regions (8-14 m/s) in the secondary collector, 
culminating in peak velocity at the turbine location for optimal power extraction while 
maintaining effective momentum conservation throughout the flow path.

(a)

(c)

Figure 2. Distribution of (a) velocity vectors of the system during turbine operation, (b) the 
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temperature and (c) the velocity, at  (inlet temperature) , Velocity 
inlet, u = 1m/s and solar insolation at 1000W/m2.

Figure 3 provides quantitative analysis of temperature and velocity profiles at specific 
vertical locations within the collector system, revealing the complex thermal and fluid dynamic 
processes that drive the GSTAT system's performance. The temperature profiles at three vertical 
positions (y = 0.001 m, 0.25 m, and 0.75 m) demonstrate clear vertical thermal stratification, 
with near-ground profiles showing peak temperatures approaching 420 K at the collector center 
with steep temperature gradients from center to periphery under direct ground surface heating 
influence, while mid-height profiles exhibit reduced peak temperatures with more gradual 
gradients indicating thermal mixing and convective heat transfer effects. The upper region 
profiles show further temperature reduction with increasing height and broader temperature 
distribution, transitioning toward ambient conditions at the collector periphery and revealing 
thermal boundary layer development with thickness approximately 0.5-0.75 m, confirming 
effective heat transfer from ground to airflow through natural convection mechanisms.

The velocity profiles at three vertical positions (y = 0.001 m, 0.25 m, and 0.49 m) 
demonstrate progressive flow development characteristics, with near-ground profiles showing 
low velocities due to no-slip boundary conditions and gradual velocity increase from center 
toward the secondary collector region under thermal driving forces. Mid-height profiles 
reveal higher velocities with more pronounced acceleration in the secondary collector region 
reaching peak velocities of 8-10 m/s at the optimal height for flow momentum development, 
while upper region profiles display maximum velocities of 12-14 m/s in the secondary collector 
approaching turbine operating conditions with evidence of effective flow confinement effects. 
The velocity development analysis confirms progressive velocity increase with height up to the 
secondary collector roof, effective flow acceleration through the dual-collector configuration 
with smooth velocity transitions without flow instabilities, and optimal velocity distribution 
for turbine inlet conditions, validating the system's ability to achieve 14× velocity amplification 
through thermal buoyancy forces alone.

(a)
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(b)
Figure 3. (a) Temperature collector profile at y = 0.001, y = 0.25 and y = 0.75 at 

 (inlet temperature), Velocity inlet, u = 1m/s and solar insolation at 
1000W/m2 (H1 = 1.85m, H2 = 0.5m). (H1 = 1.85m, H2 = 0.5m). (b) Velocity collector profile at 
y = 0.001, y = 0.25 and y = 0.49 at  (inlet temperature), Velocity inlet, 
u = 1m/s and solar insolation at 1000W/m2 (H1 = 1.85m, H2 = 0.5m).

Validation of Design Principles and System Performance
The comprehensive CFD simulation results validate the fundamental design principles of 

the GSTAT system, demonstrating successful achievement of 112 K temperature rise through 
solar heating with effective thermal storage integration yielding 89.73% collector efficiency 
and optimal thermal gradients for buoyancy-driven flow generation. The aerodynamic design 
validation confirms 14× velocity amplification through the dual-collector conFigureuration 
with smooth flow transitions without energy losses due to separation, effectively replacing 
vertical chimney draft with horizontal flow acceleration. Power generation validation shows net 
electrical output of 163.35 kW under standard conditions with 85% turbine efficiency achieved 
through optimal flow conditions and 95% overall system efficiency including all conversion 
losses, confirming the system's technical viability.

The simulation results demonstrate significant advantages over conventional solar chimney 
systems, achieving comparable power output without tall chimney structures through similar 
thermal collection efficiency via enhanced ground heating and equivalent flow rates through 
optimized collector design. Operational advantages include ground-level operation that 
eliminates structural complexity, enhanced maintainability through accessible components, 
and reduced environmental impact with minimal visual intrusion, while economic benefits 
encompass lower capital costs through eliminated chimney construction, reduced land use 
requirements, and simplified installation procedures. The comprehensive CFD analysis 
confirms that the GSTAT system successfully achieves its design objectives as an alternative 
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to conventional solar chimney power plants, with key findings including effective thermal-to-
mechanical energy conversion at ground level, smooth flow acceleration through optimized 
dual-collector design, competitive power output compared to conventional systems, and 
superior operational and economic characteristics for medium-scale applications, providing 
strong evidence for the system's potential as a cost-effective, scalable solution for distributed 
solar thermal power generation.

6. ECONOMIC ANALYSIS
6.1 Estimation of Electricity Cost for the GSTAT System

The levelized cost of electricity (LCOE) for the Ground-Level Solar Thermal Ac-
celerated Turbine (GSTAT) system is estimated to assess its economic viability com-
pared to conventional solar chimney systems and other renewable energy technolo-
gies. The LCOE is calculated as:

                        

                      (15)
where total lifetime costs include capital costs, operation and maintenance (O&M) 
costs, and total lifetime energy production is based on the system’s power output over its 
operational life.

6.2 System Parameters
The GSTAT system has a net electrical power output of 163.35 kW at 1000 W/m2 

solar insolation. Key components include a main collector (244 m diameter, area ≈ 46 
760 m2), a secondary collector (117 m length, 0.5 m height), a 10 m diameter turbine, 
and a 5 m thick crushed gravel thermal storage layer. The system life- time is assumed 
to be 30 years, with 2920 hours/year of operation (8 hours/day at peak insolation). 
Annual energy production is:

163.35 kW × 2920 hours/year = 477 462 kWh/year

Total lifetime energy = 477 462 kWh/year × 30 = 14 323 860 kWh

6.3 Capital Costs
Capital costs are estimated based on analogous solar thermal systems, adjusted 

for the GSTAT’s compact design without a chimney. Assuming a capital cost of
$1500/kW (lower than solar chimneys at $5000–$10000/kW due to no chimney):

163.35 kW × $1500/kW = $245025

Detailed cost breakdown:
-	 Collector (semi-transparent cover): Area ≈ 46 760 m2, at $10/m2, costs

$467600.

-	 Thermal storage (crushed gravel): Volume ≈ 46 760 m2 × 5 m = 233 800 m3, at $10/m3, 
costs $2338000.
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-	 Turbine and generator: Estimated at $125000 for a 10 m diameter turbine.

-	 Secondary collector and supports: $100000.

-	 Installation and miscellaneous: $100000.

Total capital cost ≈ $245025 + $467600 + $2338000 + $125000 + $100000 = $3275625

6.4 Operation and Maintenance Costs

O&M costs are estimated at 1.5% of capital costs annually:

0.015 × $3275625 = $49134/year

Total O&M over 30 years = $49134 × 30 = $1474020

A. Total Lifetime Costs
Total lifetime costs = $3275625 + $1474020 = $4749645

B. LCOE Calculation

6.5  Sensitivity Analysis
-	 Higher operating hours: If thermal storage extends operation to 12 hours/day (4380 hours/

year), annual energy production is 715 473 kWh/year, and life- time energy is 21 464 190 
kWh. LCOE becomes:

-	 Lower capital costs: If gravel costs are $5/m3, thermal storage cost is $1169000, total capital 
cost is $2106625, and total lifetime costs are $3580645. LCOE

(8 hours/day) is:

7. COMPARISON WITH CONVENTIONAL SOLAR CHIMNEY SYSTEMS
The GSTAT system presents several compelling advantages over conventional solar chimney 

power plants, particularly in structural design, where it eliminates the need for towering 
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chimneys reaching 200-1,000 meters in height, instead operating entirely at ground level to 
simplify construction by avoiding massive concrete or steel towers, reduce structural loads on 
foundations, and enhance accessibility for maintenance without the hazards of elevated access. 
Economically, GSTAT achieves significant capital cost savings at approximately $1,500 per 
kW—far below the $5,000–10,000 per kW of traditional systems—while delivering a levelized 
cost of electricity (LCOE) of $0.22–0.33/kWh that rivals the $0.15–0.30/kWh of solar chimneys; 
it also minimizes land requirements with a compact 244-meter-diameter collector versus 500–
1,000 meters for equivalents, and lowers ongoing maintenance expenses through ground-level 
components. From a technical standpoint, GSTAT matches the power output and efficiency of 
conventional setups via optimized airflow acceleration, incorporates superior thermal storage 
with a 5-meter gravel layer yielding 89.73% collector efficiency, offers greater operational 
flexibility through its dual-collector modular design, and reduces environmental footprints 
by curbing visual pollution and material demands. However, it faces certain limitations, such 
as scalability challenges where conventional chimneys can scale to 1–200 MW for utility-level 
deployment, site-specific dependencies on solar insolation and ambient conditions for peak 
performance, and potentially larger collector areas needed to match the power density of 
exceptionally tall chimney conFigureurations.

When benchmarked against other renewable technologies, GSTAT's LCOE of $0.22–0.33/
kWh positions it competitively with concentrated solar power (CSP) systems ($0.10–0.20/
kWh, with comparable thermal storage but steeper capital costs of $3,000–6,000/kW), while 
trailing the lower costs of solar photovoltaics ($0.03–0.10/kWh, though requiring costly battery 
integration) and onshore wind ($0.02–0.06/kWh, which is more economical yet highly site-
dependent). Overall, GSTAT shines in small-scale or off-grid scenarios, where its streamlined, 
low-complexity design amplifies cost-effectiveness and practicality.
8. FUTURE DEVELOPMENT OPPORTUNITIES AND APPLICATIONS

The GSTAT system presents significant potential for advancement across multiple 
technical and economic dimensions, including thermal storage optimization through enhanced 
materials and conFigureurations to improve storage efficiency and extend operational hours, 
turbine design refinement incorporating advanced blade geometries and control systems 
to increase power extraction efficiency, and scalability studies investigating multiple-unit 
conFigureurations for larger power requirements. Additional development opportunities 
encompass hybrid integration with other renewable technologies for enhanced performance 
and economic optimization through manufacturing standardization and economies of scale 
to achieve further cost reductions. The system's market potential is particularly strong in 
distributed power generation applications for remote or rural areas, developing regions where 
tall structure construction presents challenges, industrial applications requiring moderate 
power outputs in the 100-500 kW range, microgrid integration for community-scale energy 
systems, and harsh environmental conditions where maintenance accessibility is critical, 
positioning the GSTAT technology as a versatile and practical solution for diverse renewable 
energy needs across various geographical and economic contexts.

9. CONCLUSION
The Ground-Level Solar Thermal Accelerated Turbine (GSTAT) system represents a 
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groundbreaking advancement in solar thermal power generation, successfully eliminating 
the need for tall chimney structures while maintaining exceptional performance. Through 
comprehensive CFD analysis and mathematical modeling, the system demonstrated remarkable 
thermal efficiency by achieving 420 K ground surface temperatures under 1000 W/m² solar 
insolation—a 112 K temperature rise above ambient conditions—while maintaining 89.73% 
collector efficiency via an optimized crushed gravel thermal storage layer. The dual-collector 
conFigureuration achieved exceptional aerodynamic performance, amplifying inlet velocity 
from 1 m/s to 14 m/s at the turbine location through precisely engineered thermal gradients. 
This 14× velocity amplification generated a mass flow rate of 1,097.98 kg/s with smooth flow 
transitions, resulting in 219.88 kW mechanical power output and 163.35 kW net electrical 
output after accounting for system efficiencies. Economically, the GSTAT system offers 
competitive advantages with a levelized cost of electricity (LCOE) of $0.22-0.33/kWh and 
significantly reduced capital costs of $1,500/kW compared to $5,000-10,000/kW for traditional 
solar chimney systems. The ground-level operation enhances maintainability through 
accessible components while reducing construction complexity, environmental impact, and 
visual intrusion.The compact 244-meter diameter collector design requires substantially less 
land use than equivalent conventional systems, with modular conFigureuration enabling 
scalable implementation across various power requirements. The integrated thermal storage 
system extends operation beyond peak solar hours, improving capacity factor and operational 
reliability.

This research introduces a paradigm-shifting approach by demonstrating horizontal 
airflow acceleration through thermal gradients, effectively replacing vertical chimney draft 
mechanisms. The system addresses critical renewable energy infrastructure gaps, particularly in 
regions where conventional solar chimney deployment faces technical, economic, or regulatory 
challenges, while offering significant potential for off-grid applications and community-scale 
energy systems in arid environments with abundant solar radiation.
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