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The experimental methodology involved systematic
monitoring of critical performance parameters,
includingair velocity profiles, temperature
distribution patterns, and humidity variations across
multiple system  configurationsover  extended
operational periods.

Two distinct absorber materials were evaluated: high- reflectivity aluminum and high-
absorption black polymer, tested in combination with varying air inlet configurations ranging
from single to quintuple inlet designs. Comprehensive data acquisition was achieved through
strategically positioned LM35 temperature sensors, PCE-THA 10 thermo- hygro-
anemometer measurements, and Arduino Mega microcontroller- based data logging systems.
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Experimental results demonstrate that the optimal configuration combines a black polymer
absorber with a dual air inlet design, achieving superior thermal performance with maximum
air temperatures reaching 78°C and chimney updraft velocities of 2.8 m/s during peak solar
irradiation periods. The study reveals distinct operational phases characterized by 12-13
hours of active airflow generation, with humidity effects significantly influencing system
thermodynamics, particularly in moisture-sensitive configurations. These findings provide
critical design optimization data for enhancing SCPP system efficiency and establish a
foundation for scaling renewable energy applications in arid and semi-arid regions where
conventional energy infrastructure may be limited.
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1. INTRODUCTION

The global energy landscape is undergoing a profound transformation characterized by
unprecedented demand growth and escalating environmental pressures. In 2024, worldwide
energy consumption surged by 2.2%, nearly doubling the historical average of 1.3% observed
between 2013 and 2023 [1]. This remarkable acceleration was exacerbated by extreme weather
phenomena, which contributed an estimated 0.3 percentage points to the overall growth
trajectory [2]. The surge reflects fundamental structural shifts in global energy utilization
patterns, with developing economies expanding their industrial capabilities while developed
nations grapple with increasing digitization demands. Particularly striking was the electricity
sector's expansion, which reached 4.3% in 2024, the largest absolute increase ever recorded [3]
outside of post-recession recovery periods. This dramatic growth stems from the rapid
proliferation of energy-intensive applications, including widespread air conditioning adoption
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in emerging markets, exponential expansion of digital infrastructure, proliferation of data
centers, artificial intelligence computational requirements, and the accelerating electrification
of transportation and industrial processes across multiple sectors.

Despite significant progress in renewable energy deployment, the global energy mix remains
heavily dependent on fossil fuels, underscoring the urgent need for innovative clean energy
solutions. While renewables achieved a notable 38% share of total energy supply growth in
2024, followed by natural gas (28%) and coal (15%), this progress is insufficient to meet
international climate commitments [4]. The persistence of fossil fuel dominance is reflected in
continued environmental degradation, with energy-related CO, emissions rising by 0.8%
despite global climate pledges [5]. Furthermore, global energy intensity improvements
remained disappointing at merely 1%, continuing the concerning slowdown observed in recent
years [6]. These statistics highlight critical gaps in current renewable energy deployment
strategies, particularly the need for technologies capable of operating efficiently across diverse
geographical regions, varying climatic conditions, and economic development levels. The
challenge is especially acute in arid and semi-arid regions of developing countries, where
abundant solar resources remain largely untapped due to technological and economic barriers
associated with conventional photovoltaic and concentrated solar power systems [7].

Solar Chimney Power Plants (SCPPs) emerge as a particularly promising technology for
addressing these challenges, offering a unique approach to sustainable electricity generation
that is exceptionally well-suited for regions with high solar irradiance and limited water
resources. The fundamental operating principle of SCPPs leverages solar-induced buoyancy
effects through an elegantly simple yet thermodynamically sophisticated process: solar
radiation penetrates a transparent collector canopy, heating the air mass beneath and reducing
its density relative to ambient conditions [8]. This density differential creates natural
convective updrafts that flow through a central chimney structure, where the kinetic energy of
the rising air mass drives electricity-generating turbines positioned at the chimney base or
within the tower structure. The system's inherent advantages include minimal water
consumption, low maintenance requirements, use of readily available construction materials
[9], and the ability to operate continuously during daylight hours without complex tracking
systems or high-temperature components. Unlike photovoltaic systems that suffer
performance degradation in high-temperature environments [10], SCPPs actually benefit from
elevated ambient temperatures, making them ideally suited for desert and semi-desert regions
where conventional solar technologies face operational challenges [11].

The conceptual foundation of SCPP technology traces its intellectual origins to visionary early
20th-century innovations that recognized the untapped potential of atmospheric convection
for power generation. The earliest documented proposal emerged from Isidoro Cabanyes in
Spain (1903) [12], who conceptualized harnessing solar-heated air currents for mechanical
work, followed by Hanns Gulnther's more detailed theoretical framework developed in
Germany (1931) [13], which provided mathematical foundations for combining greenhouse
and chimney effects in power generation applications [14]. These pioneering concepts
remained largely theoretical until the late 20th century [15], when advancing materials science
and engineering capabilities enabled practical implementation. The technology's technical
viability was conclusively demonstrated through the landmark Manzanares experimental plant
in Spain (1982-1989), a groundbreaking project that represented the first large-scale validation
of SCPP principles. This ambitious prototype featured impressive dimensions, including a 244-
meter-diameter collector area and a 194.6-meter-high concrete chimney, successfully

Solar Energy and Sustainable Development, Votume (14) - N* (2). December 2025 149



Khaled Djakhdane et. al.

generating up to 50 kW of peak electrical power while operating continuously for seven years
[16-18]. The Manzanares project provided crucial empirical data that validated theoretical
predictions and demonstrated the technology's potential for commercial-scale deployment.
Building upon the Manzanares foundation, subsequent research has progressively advanced
the understanding of SCPP thermodynamics, fluid mechanics, and design optimization
through increasingly sophisticated experimental and computational investigations. In [19],
Pasumarthi and Sherif have conducted pioneering validation studies using smaller-scale
experimental systems in Florida, USA, successfully correlating theoretical heat transfer models
with empirical performance data and establishing important scaling relationships for collector-
to-chimney area ratios. Authors in [20] have contributed significant insights into transient
thermal behavior, documenting critical operational phenomena including temperature
inversions during post-sunrise periods and achieving collector-to-ambient temperature
differentials reaching 24.1°C under optimal conditions, while identifying the importance of
thermal mass effects on system stability. Recent advances have focused on innovative design
modifications and hybrid system integration, with parametric optimization studies
investigating flow variations in semi-elliptical collector curvatures to enhance energy
generation while minimizing resource utilization [21]. Glass-covered collector configurations
have demonstrated remarkable improvements, increasing air outlet temperature by 16.4°C and
air flow rate by 34%, with thermal efficiency enhanced from 10.3% to 14.6% [22].

Experimental investigations with divergent chimney designs and optimized height parameters
have shown significant power output enhancements through systematic variation of collector
height, radius, and chimney dimensions [23]. The integration of thermal storage systems has
gained considerable attention, with phase change material (PCM) integration studies
addressing performance limitations and reliability challenges inherent to solar radiation
intermittency [24]. Advanced hybrid configurations have demonstrated exceptional potential,
including integrated electrolysis stations producing 13,000 kg of green hydrogen annually
while generating 380,263 kWh of electrical energy [25], and coupling with water desalination
plants to enhance both energy and freshwater production through excess heat recovery [26].
Innovative hybrid systems combining SCPPs with gas power plants have achieved power
output increases of 554%, 208%, and 125% at different radiation flux levels through buried pipe
heat recovery configurations [27]. However, despite these substantial advances in geometric
optimization, hybrid integration, and thermal enhancement strategies, critical knowledge gaps
persist regarding the systematic evaluation of absorber material properties, particularly the
comparative performance of polymer versus metallic surfaces, and the quantitative
optimization of air inlet configurations, which directly govern SCPP performance
characteristics and commercial viability for deployment in diverse climatic conditions. This
study addresses identified knowledge gaps through a comprehensive experimental
investigation of a pilot-scale SCPP constructed and operated in Tiaret, Algeria, a location
strategically selected for its exceptional solar irradiance levels and arid climatic conditions that
represent ideal operational environments for SCPP deployment. Our research systematically
examines two primary parameters previously under-investigated in the literature: first,
absorber material selection and optimization through direct experimental comparison of high-
thermal-absorption polymer materials (specifically black plastic with enhanced solar
absorptivity) versus high-reflectivity metallic surfaces (aluminum with superior thermal
conductivity characteristics), evaluating their relative performance in thermal energy capture
efficiency, temperature distribution uniformity, and thermal stability under prolonged solar
exposure. Second, we systematically evaluate 1-5 air inlet configurations to quantify their
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effects on key performance parameters, including airflow velocity, temperature distribution,
humidity influences, and overall thermal efficiency across diverse environmental conditions.
The experimental facility incorporates a 3-meter-diameter LDPE collector optimally
positioned at 30° inclination and a 6-meter-high PVC chimney with 110 cm diameter,
comprehensively instrumented with precision temperature sensors (LM35), humidity
monitoring systems, and velocity measurement equipment (PCE-THA 10 thermo-hygro-
anemometer) strategically positioned throughout the system to enable continuous
measurement of performance parameters under real operational conditions. Through
systematic parametric studies conducted during optimal solar conditions (April-June period),
this research aims to identify design configurations that maximize updraft velocity and thermal
efficiency while minimizing system complexity and construction costs, ultimately providing
actionable engineering insights and empirical data for developing scalable, cost-effective SCPP
systems suitable for widespread deployment in arid regions characterized by high solar
potential but limited access to conventional power infrastructure.

2. ANALYTICAL AND NUMERICAL MODELING FRAMEWORKS FOR SCPP SYSTEMS
The theoretical foundation of SCPP technology rests upon well-established thermodynamic
and fluid mechanics principles, with significant research devoted to developing predictive
models that relate system geometry, environmental conditions, and performance outputs.
Early analytical frameworks established by Schlaich et al. [28] formulated the fundamental
energy balance equations governing SCPP operation, demonstrating that power output scales
proportionally with collector area, solar irradiance intensity, and the square of chimney height,
while inversely relating to system pressure losses. These pioneering models utilized simplified
one-dimensional approximations assuming steady-state conditions and uniform temperature
distributions, providing crucial design guidelines despite inherent limitations in capturing
complex three-dimensional flow phenomena and transient thermal effects [29].

Bernardes et al. significantly advanced analytical modeling capabilities by incorporating
comprehensive heat transfer mechanisms, including solar radiation absorption, convective
heat exchange between absorber surfaces and air masses, and radiative losses from collector
surfaces, while developing coupled differential equations that simultaneously solve for
temperature profiles, pressure distributions, and velocity fields throughout the collector-
chimney system. Their work established critical dimensionless parameters, including the
Rayleigh number characterizing buoyancy-driven flow intensity and the Nusselt number
quantifying convective heat transfer efficiency, enabling systematic performance prediction
across varying operational conditions and geometric configurations [30]. Subsequent
refinements by Pretorius and Kroger [31] introduced more sophisticated analytical treatments
incorporating turbulence effects, non-uniform solar irradiance patterns, and three-
dimensional collector geometry influences, achieving improved agreement between theoretical
predictions and experimental measurements from the Manzanares facility.

The evolution of computational capabilities has enabled increasingly detailed numerical
simulations that overcome analytical model limitations through direct solution of governing
Navier-Stokes equations, energy conservation principles, and radiation transport phenomena.
Comprehensive computational fluid dynamics (CFD) investigations by Ming et al. [32]
employed three-dimensional Reynolds-Averaged Navier-Stokes (RANS) turbulence modeling
with k-¢ closure schemes to resolve complex flow structures within SCPP systems, revealing
critical insights into collector entrance effects, flow separation phenomena, and velocity profile
development that significantly influence overall system efficiency. Their simulations
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demonstrated that collector flow exhibits distinct radial acceleration as air moves toward the
chimney base, with velocity increasing from typical inlet values of 0.5-1.0 m/s to exit velocities
of 10-15 m/s in optimized configurations, while temperature fields show strong stratification
with peak values occurring at approximately 0.7-0.8 of the collector radius [33]. Advanced CFD
studies by Gholamalizadeh and Kim [34] incorporated sophisticated radiation models,
including the discrete ordinates method (DOM) and surface-to-surface (S2S) radiation to
accurately capture solar energy absorption and thermal re-radiation effects, achieving
prediction accuracies within 5-8% of experimental measurements for temperature
distributions and 10-15% for velocity profiles under steady-state conditions.

Transient numerical modeling has emerged as a critical research frontier, addressing SCPP
performance variations throughout diurnal solar cycles and enabling optimization of thermal
energy storage integration strategies. Zhou et al. [20] conducted pioneering transient
simulations capturing startup phenomena, demonstrating that SCPP systems require 2-4 hours
to achieve thermal equilibrium after sunrise, with temperature inversion effects occasionally
occurring when absorber surface temperatures temporarily fall below ambient due to
nocturnal radiative cooling. Dynamic simulations by Motsamai et al. [35] examined the
influence of thermal mass on system stability and evening power generation extension,
revealing that concrete or water-based thermal storage can sustain power generation for 2-6
hours beyond sunset, depending on storage capacity and solar collection efficiency during
daylight periods. Recent coupled simulations integrating computational fluid dynamics with
phase change material (PCM) thermal storage models have demonstrated potential for
extending operational periods to nearly 24-hour continuous generation through strategic
placement of encapsulated PCM modules beneath collector absorber surfaces, though
experimental validation of these advanced configurations remains limited.

Despite substantial progress in analytical and numerical modeling capabilities, significant
knowledge gaps persist regarding model validation against systematic experimental data,
particularly for polymer-based absorber materials that exhibit different thermal response
characteristics compared to traditional metallic surfaces, and for air inlet configuration
optimization, where existing models rely primarily on theoretical assumptions rather than
empirical validation. Most CFD studies have focused on idealized boundary conditions with
uniform material properties and simplified geometric representations, while experimental
investigations validating these models across diverse absorber materials, inlet configurations,
and environmental conditions remain scarce [36]. Furthermore, existing analytical
correlations for efficiency prediction were predominantly derived from large-scale installations
(collector diameters >100 m) with limited experimental verification for small-scale prototypes
(3-10 m diameter), where scaling effects, edge phenomena, and surface roughness influences
may significantly deviate from theoretical predictions based on dimensional analysis. The
present experimental investigation addresses these identified gaps through systematic
parametric analysis of absorber material selection (polymer versus metallic surfaces) and air
inlet configuration optimization (1-5 inlet arrangements), providing empirical data that
enables direct validation of existing analytical and numerical models. By establishing
performance correlations specifically applicable to small-scale SCPP systems (3-10 m
diameter), this research bridges the knowledge gap between large-scale theoretical predictions
and practical small-scale implementations. These findings offer actionable design guidelines
for distributed power generation in arid regions with limited infrastructure access, where
economically viable and scalable renewable energy solutions are essential for sustainable
development.
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3. EXPERIMENTAL SETUP

3.1. Overview and site characteristics

The experimental investigation was conducted at Ibn-Khaldoun University Park, Tiaret,
Algeria (35°21'00.0"N, 1°18'47.2"E), a location strategically selected for its exceptional solar
irradiance characteristics and representative arid climatic conditions. Tiaret's geographical
position provides optimal solar exposure with minimal atmospheric interference, featuring
average daily solar irradiation exceeding 5.5 kWh/m?2/day during the experimental period
(April-June). The site's elevation of approximately 1,080 meters above sea level ensures
reduced atmospheric density, which enhances natural convection effects critical for SCPP
operation. The experimental facility was positioned to minimize surrounding obstructions and
maximize solar exposure throughout the measurement period, with prevailing wind patterns
carefully considered for air inlet positioning.

3.2. Solar chimney configuration and design specifications

The prototype SCPP system was designed following established scaling principles derived from
the Manzanares pilot plant, with careful attention to preserving critical dimensionless
parameters that govern buoyancy-driven flow behavior and thermal conversion efficiency. The
dimensional ratios were selected based on geometric similarity criteria, maintaining a chimney
height-to-diameter ratio (H/D = 5.45) consistent with optimal performance ranges identified
in prior CFD simulations and analytical models [8, 35], while the collector diameter-to-
chimney height ratio (Dc/Hc = 0.5) was optimized to balance thermal energy collection area
with structural feasibility for small-scale experimental validation. This scaling approach
enables direct correlation of experimental results with theoretical predictions while specifically
addressing two under-investigated parameters: absorber material thermal response
characteristics (polymer versus metallic surfaces) and air inlet configuration effects (1-5 inlet
arrangements), both of which significantly influence system performance but lack
comprehensive empirical validation in existing literature. The prototype dimensions were
further constrained by practical considerations, including material availability,
instrumentation requirements for comprehensive spatial temperature mapping, and the need
to achieve measurable airflow velocities (>1.5 m/s) suitable for turbine integration studies in
future experimental phases.
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Figure 1: (a) Prototype of solar chimney (b) Temperature sensors in prototype development.
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The system comprises a 3-meter-diameter circular solar collector positioned at a 30°
inclination angle to maximize solar energy capture for Tiaret's latitude, providing a total
collection area of 7.07 m2 and featuring a low-density polyethylene (LDPE) film canopy with
200 ym thickness, 88% solar transmittance, and enhanced UV resistance for long-term outdoor
exposure. The collector assembly incorporates two systematically evaluated absorber materials:
high-density polyethylene black plastic with 0.95 solar absorptance and 0.88 thermal emittance
for superior heat absorption characteristics, and aluminum alloy 6061-T6 with >90% solar
reflectance and 167 W/(m-K) thermal conductivity for comparative analysis of reflective versus
absorptive thermal strategies. The vertical chimney structure, representing the critical
component for converting thermal buoyancy into directed airflow, features a 6-meter height
with 1.10-meter internal diameter (height-to-diameter ratio of 5.45) constructed from
polyvinyl chloride (PVC) with 3.2 mm wall thickness, selected for optimal thermal properties
including 81°C glass transition temperature, 0.14 W/(m-K) thermal conductivity, and 0.91
thermal emissivity. The chimney's structural integrity is ensured through a carbon steel
framework (Fe 250 grade) providing 250 MPa yield strength and economic viability with 40%
lower cost than stainless steel alternatives, while maintaining service temperature capability up
to 400°C. The air inlet system incorporates variable configurations (1-5 inlets) with circular
geometry matching the chimney cross-sectional area, individual inlet diameters of 1.10 meters
providing total inlet areas ranging from 0.95-4.75 m2, strategically positioned radially around
the collector perimeter opposite to prevailing wind direction. Each inlet features rounded
entrance geometry with 0.05-meter radius, internal flow straightening vanes, and adjustable
dampers to minimize pressure losses and ensure uniform flow distribution during systematic
parametric evaluation. The complete system integration enables precise measurement of
thermal and flow characteristics under varying absorber material and inlet configuration
conditions, providing comprehensive data for performance optimization analysis. This
configuration allows for a systematic investigation of the two critical design parameters while
maintaining consistent boundary conditions and measurement accuracy throughout the
experimental campaign.

3.3. Instrumentation and data acquisition system

The comprehensive instrumentation network was strategically designed to capture detailed
thermal, environmental, and flow characteristics throughout the SCPP system, incorporating
a distributed temperature measurement system utilizing twelve LM 35 precision temperature
sensors with —55°C to +150°C measurement range, +0.5°C accuracy, and <30-second
response time, positioned at critical locations including collector inlet (2 sensors for ambient
conditions), collector interior (4 sensors for spatial temperature distribution), collector
outlet/chimney inlet (2 sensors for heated air temperature), chimney mid-height (2 sensors for
thermal profile verification), and chimney outlet (2 sensors for exit air temperature).
Environmental parameter monitoring was achieved through a PCE-THA 10 thermo-hygro-
anemometer providing simultaneous measurement of temperature (—15°C to +50°C, +0.6°C
accuracy), relative humidity (5—95% RH, +3% accuracy), and air velocity (0.4—35 m/s, +3%
reading accuracy) with integrated data logging capabilities and USB connectivity for
continuous environmental characterization. The data acquisition and control system centered
on an Arduino Mega microcontroller platform featuring an ATmegal280 processor with a 16
MHz crystal oscillator, 54 digital 1/0 pins, 16 analog input channels with 10-bit ADC
resolution, and 4 UART serial ports enabling simultaneous connectivity to all sensor networks
with a 1-minute sampling frequency for continuous 24-hour operation cycles. Data quality
assurance was implemented through pre-experiment NIST-traceable sensor calibration, daily
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cross-referencing between redundant sensors for in-situ verification, automated sensor
validation with error detection algorithms, and redundant data storage systems incorporating
an SD card interface with GPS time synchronization and cloud backup capabilities. The
measurement protocol included systematic data filtering to exclude adverse weather conditions
(precipitation, winds >15 m/s), repeatability testing under identical conditions for statistical
validation, and post-experiment calibration drift assessment to ensure measurement accuracy
and reliability throughout the experimental campaign. This integrated instrumentation system
enables precise quantification of thermal performance, airflow characteristics, and
environmental influences while maintaining high data quality standards essential for
systematic parametric analysis of absorber material and air inlet configuration effects on SCPP
performance.

All sensors underwent rigorous three-point calibration against NIST-traceable reference
standards (+0.10C for temperature, +0.5% for humidity, +0.02 m/s for velocity) before
installation, with calibration certificates documenting traceability to international standards
(ISO/IEC 17025). Measurement uncertainty analysis, performed according to the Guide to the
Expression of Uncertainty in Measurement (GUM), yielded combined standard uncertainties
of +0.60C for temperature (accounting for sensor accuracy +0.50C, calibration uncertainty
+0.10C, spatial variability +0.30C, and drift £0.20C), +3.5% for humidity measurements, and
+0.15 m/s for velocity measurements under operational conditions. Each experimental
configuration was tested through five complete diurnal cycles (sunrise to sunset) over
consecutive clear-sky days, with data acquisition performed at 60-second intervals, yielding
approximately 720 measurement points per sensor per day and a total dataset exceeding 43,000
validated data points across the 12-week experimental campaign. Repeatability testing
demonstrated excellent consistency with coefficient of variation (CV) values below 4.2% for
temperature measurements and below 6.8% for velocity measurements across replicate trials,
while post-experiment calibration verification (conducted after campaign completion)
confirmed sensor drift remained within acceptable limits (<0.30C for LM35 sensors, <2% for
PCE-THA 10), ensuring data reliability throughout the extended measurement period.

3.4. Experimental methodology and test protocols

The experimental investigation employed a systematic two-phase approach designed to isolate
and quantify the individual effects of absorber material selection and air inlet configuration on
SCPP performance while maintaining rigorous quality control standards throughout the
measurement campaign. Phase 1 focused on absorber material comparison over a 4-week
(April 2024) utilizing a fixed 2-inlet configuration as a baseline, systematically evaluating black
plastic versus aluminum absorber surfaces through continuous monitoring with daily
performance assessment to determine optimal thermal energy capture characteristics under
identical operational conditions. Phase 2 concentrated on air inlet optimization over an 8-week
duration (May-June 2024) using the optimal absorber material identified from Phase 1,
systematically varying inlet configurations from 1 to 5 inlets with weekly configuration changes
and 3-day stabilization periods to ensure thermal equilibrium before data collection, enabling
precise quantification of inlet quantity effects on airflow velocity, temperature distribution,
and overall system thermal efficiency. Quality assurance protocols incorporated
comprehensive sensor calibration procedures, including pre-experiment calibration against
NIST-traceable references, daily in-situ cross-referencing between redundant sensors for drift
detection, and post-experiment validation with calibration drift assessment and correction
factor application to ensure measurement accuracy throughout the extended experimental
period. Environmental controls included continuous monitoring of solar irradiance, ambient
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temperature, and wind speed conditions, with systematic data filtering to exclude
measurements during adverse weather conditions (precipitation, high winds >15 m/s) that
could compromise measurement validity, and repeatability testing through duplicate
measurements under identical conditions for statistical validation of results. The experimental
protocol ensured systematic parameter isolation by maintaining consistent boundary
conditions, standardized measurement procedures, and rigorous data quality control, enabling
reliable assessment of absorber material and air inlet configuration effects on SCPP thermal
and flow performance characteristics. This methodological approach provides comprehensive
parametric analysis capabilities while ensuring high-quality, reproducible data collection
suitable for engineering design optimization and scientific validation of SCPP performance
enhancement strategies.

4. RESULTS, ANALYSIS AND DISCUSSION

4.1. Overview of experimental campaign

The experimental investigation was conducted over a 12-week period (April-June 2024) under
optimal climatic conditions characterized by high solar irradiance (average 6.2 kWh/m?/day),
low ambient humidity (15—45% RH), and minimal precipitation, providing ideal operational
parameters for SCPP performance evaluation. The systematic two-phase approach enabled a
comprehensive assessment of design parameters while maintaining controlled boundary
conditions essential for reliable parametric analysis. All measurements were conducted during
peak solar hours (08:00-18:00), representing the period of maximum solar irradiance and
active system operation. Continuous 24-hour monitoring was implemented throughout the
experimental campaign to comprehensively capture diurnal thermal behavior patterns, system
transient responses during startup and shutdown phases, and nocturnal cooling dynamics.
This extended monitoring protocol enabled complete characterization of the SCPP's thermal
performance across full day-night cycles, providing critical insights into operational stability
and thermal inertia effects.

4.2. Absorber material performance analysis

The comparative evaluation of absorber materials revealed fundamental differences in thermal
energy capture efficiency and temperature stability characteristics, as comprehensively
illustrated in Figure 2, which presents the diurnal temperature evolution profiles for both black
plastic and aluminum absorber configurations measured at sensor position T3 located at the
collector outlet. The black plastic absorber demonstrated markedly superior thermal
performance throughout the entire measurement period, achieving sustained peak air
temperatures of 78°C during optimal solar conditions (10:00-18:00 hours), representing a
significant 8°C temperature advantage over the aluminum absorber's maximum recorded
temperature of 70°C, corresponding to an 11.4% improvement in thermal energy capture
directly attributable to the black plastic's exceptional solar absorptance coefficient (¢ = 0.95)
compared to aluminum's high solar reflectance (p > 0.90). Figure 2 clearly illustrates the
distinct behavioral characteristics of each absorber material, with the black plastic
configuration exhibiting remarkably stable and consistent temperature evolution patterns
beginning with gradual temperature rise at sunrise (06:45), achieving steady-state thermal
conditions within approximately 2 hours of peak solar exposure (08:30-09:00), and
maintaining elevated temperatures exceeding 60°C for extended operational periods spanning
8 continuous hours (10:00-18:00). In stark contrast, the aluminum absorber demonstrated
rapid initial temperature rise due to its superior thermal conductivity (167 W/m-K), as
evidenced by the steeper slope in Figure 2 during early morning hours (07:00-09:00), but
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subsequently exhibited pronounced temperature fluctuations and thermal instability
throughout the day, particularly evident during periods of variable cloud cover and transitional
solar conditions, with temperature oscillations of +5°C compared to the black plastic's stable
+2°C variations. The temperature differential between absorber materials, clearly visible in
Figure 2, remained consistently favorable for the black plastic configuration throughout the
operational period, with maximum differentials reaching 10-12°C during peak solar hours
(12:00-14:00) and maintaining 5-8°C advantages even during reduced solar conditions (16:00-
18:00). Quantitative thermal efficiency analysis, calculated as the ratio of thermal energy gained
by the air mass to incident solar radiation, revealed the black plastic absorber's superior
performance with average efficiencies of 45-52% during peak solar conditions compared to
35-42% for aluminum, while Figure 2 demonstrates that the black plastic-maintained
temperatures above 50°C for 10-11 hours daily compared to aluminum's 7-8-hour period
above the same threshold.
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Figure 2. Comparative temperature performance: Black plastic vs. Aluminum absorbers.

The superior thermal stability exhibited by the black plastic absorber, as evidenced by the
smoother temperature curves in Figure 2, results from its ability to convert absorbed solar
radiation directly into thermal energy with minimal reflection losses, contrasting with
aluminum’s high reflectivity that reduces available thermal input despite superior thermal
conductivity properties. Temperature uniformity analysis across the collector area
demonstrated more consistent spatial temperature distribution with the black plastic absorber
(£2.1°C standard deviation) compared to aluminum (£3.8°C), enhancing overall system
efficiency by promoting uniform buoyancy forces and reducing thermal stratification effects
that impede optimal airflow development. The pronounced temperature maintenance
capability shown in Figure 2 for the black plastic configuration, with gradual temperature
decline during evening hours (18:00-20:00) compared to aluminum's rapid temperature drop,
indicates enhanced thermal mass effects and sustained energy release characteristics crucial for
extended operational periods. This comprehensive thermal performance analysis, validated
through Figure 2's detailed temperature evolution data, conclusively demonstrates the black
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plastic absorber's superiority for SCPP applications, providing both higher peak temperatures
and enhanced operational stability essential for optimal system performance and commercial
viability.

The observed performance differential between black plastic and aluminum absorbers stems
from fundamental heat transfer mechanisms governing SCPP thermodynamics. The black
plastic's superior performance (@« = 0.95) maximizes solar absorptivity, converting incident
shortwave radiation directly into sensible heat through enhanced photon absorption across the
visible spectrum, whereas aluminum'’s high reflectivity (p > 0.90) redirects a substantial portion
of incoming radiation, reducing available thermal energy despite its superior thermal
conductivity (167 W/m-K). The temperature stability exhibited by black plastic results from its
lower thermal emissivity (¢ = 0.88), which minimizes longwave radiative losses to the collector
canopy, thereby maintaining elevated air temperatures essential for sustaining strong
buoyancy-driven updrafts characterized by density differentials (4p/p =~ 0.15-0.17) that drive
convective mass flow through the chimney. Conversely, aluminum's rapid thermal response
creates pronounced temperature gradients that induce localized flow instabilities, disrupting
uniform buoyancy force distribution and reducing overall convective heat transfer efficiency
as quantified by the reduced Nusselt numbers observed in aluminum configurations.

4.3. Air inlet configuration optimization

The systematic evaluation of air inlet configurations (1-5 inlets) using the optimal black plastic
absorber revealed critical relationships between inlet quantity and system performance
parameters, with the 2-inlet configuration emerging as optimal through achieving peak airflow
velocities of 2.8 m/s in the chimney while maintaining consistently high air temperatures of
74-78°C throughout the operational period (06:45-19:00), representing an ideal balance
between adequate air supply for thermal energy absorption and sufficient flow restriction to
maintain elevated temperatures essential for strong buoyancy-driven updrafts. Single-inlet
configurations, while achieving the highest individual air temperatures (up to 80°C), suffered
from insufficient airflow rates with maximum velocities limited to 1.9 m/s, thereby
constraining overall energy conversion potential despite superior thermal performance,
whereas configurations with 4-5 inlets demonstrated high airflow rates (up to 3.2 m/s) but
significantly reduced air temperatures (65-70°C maximum) due to insufficient residence time
for thermal energy absorption and excessive dilution effects from ambient air entrainment.
The 2-inlet configuration demonstrated superior operational characteristics with consistent
airflow maintained from 06:45-07:00 to 19:00-21:00, providing 12-13 hours of active power
generation potential daily, achieved through the configuration's ability to maintain adequate
temperature differentials for buoyancy-driven flow even during reduced solar conditions,
while critically showing minimal nighttime airflow (00:00-06:00), indicating operation
primarily driven by solar-induced thermal effects rather than external wind interference and
ensuring predictable solar-dependent system behavior. Configurations with higher inlet
quantities (4-5 inlets) exhibited undesirable nighttime airflow attributed to external wind
effects rather than thermal buoyancy, representing parasitic losses and reduced system
efficiency, while the 3-inlet configuration showed intermediate performance but demonstrated
greater sensitivity to environmental variations and reduced operational stability compared to
the optimal 2-inlet arrangement. Energy yield analysis based on kinetic energy content of the
chimney airflow demonstrated that the 2-inlet configuration could theoretically generate 25-
35% more electrical power compared to sub-optimal inlet arrangements, with the optimal
balance between airflow velocity (2.8 m/s) and temperature (78°C maximum) providing
superior driving potential for turbine operation and enhanced economic viability for SCPP
installations in arid climatic conditions.
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4.4. Humidity effects and environmental influences

Comprehensive humidity analysis revealed significant impacts on system thermodynamic
processes and overall efficiency, as systematically illustrated in Figure 3, which presents the
diurnal variation of temperature and humidity for the optimal 2-inlet configuration,
demonstrating three distinct operational phases directly correlating with environmental
moisture patterns and their consequential effects on SCPP thermal performance.
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Figure 3. Climber removing trips of the trailing edge serrations mounted on wind turbines blades [55].

The experimental results, clearly depicted in Figure 3, show a pronounced nighttime saturation
phase (00:00-05:00 hours) characterized by relative humidity levels exceeding 80% and
minimal thermal activity with temperatures remaining near ambient conditions (20-25°C),
followed by a critical daytime drying phase (05:00-12:00 hours) featuring rapid humidity
decrease from saturation levels to noontime minimum values of 6% RH, coinciding precisely
with peak solar irradiation periods and maximum temperature achievement as shown by the
inverse correlation between humidity and temperature curves in Figure 3.

The evening recovery phase (16:00-00:00 hours) demonstrated a gradual humidity increase
concurrent with declining solar influence and temperature reduction, with Figure 3 clearly
illustrating how humidity levels progressively rise from the daily minimum of 6% to overnight
saturation levels while temperatures correspondingly decrease from peak values of 78°C to
ambient conditions. The relationship between humidity and system performance proved
particularly critical during morning startup periods, where Figure 3 reveals that high humidity
levels (>60% RH) between 05:00-08:00 hours significantly delayed thermal equilibrium
establishment and reduced initial temperature rise rates, with the steepest temperature
increases occurring only after humidity dropped below 40% RH around 09:00 hours.
Conversely, the extremely low humidity conditions during peak solar hours (6-15% RH), as
shown in Figure 3, enhanced thermal performance by minimizing latent heat effects and
promoting more efficient sensible heat transfer processes, evidenced by the sustained high
temperature plateau (74-78°C) maintained when humidity remained below 20% RH during
10:00-16:00 hours. The pronounced humidity sensitivity observed in Figure 6 has important
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implications for SCPP deployment in coastal regions with elevated ambient moisture levels, as
the 2-inlet configuration showed amplified response to humidity variations with temperature
fluctuations of +4°C during high humidity periods compared to +1.5°C during low humidity
conditions, suggesting that coastal implementations may require modified inlet strategies or
humidity mitigation measures. Figure 3 conclusively demonstrates that optimal SCPP
performance occurs during low humidity periods (RH < 20%) where maximum temperature
differentials and sustained thermal efficiency are achieved, while high humidity conditions
(RH > 60%) significantly compromise system performance through reduced temperature rise
rates and delayed thermal equilibrium, indicating that performance optimization must
carefully consider local climatic moisture patterns for successful SCPP deployment in diverse
geographical environments.

4.5. System performance optimization and energy yield

The optimal system configuration, comprising black plastic absorber material and 2-inlet air
supply arrangement, achieved exceptional performance metrics representing significant
improvements over all alternative configurations tested, with the synergistic combination
delivering maximum air temperature of 78°C and peak airflow velocity of 2.8 m/s, resulting in
temperature differentials between collector outlet and ambient conditions reaching 45-50°C
during optimal periods and providing substantial driving potential for turbine operation with
theoretical power generation capabilities exceeding baseline configurations by 15-20%
compared to aluminum absorber alternatives and 25-35% compared to sub-optimal inlet
arrangements. Energy yield analysis, based on kinetic energy content of the chimney airflow
calculated using the relationship E = 1/2 pAv® (where p is air density, A is cross-sectional
area, and v is velocity), demonstrated that the optimal configuration's superior velocity-
temperature combination translates directly to enhanced electrical power generation potential,
with the sustained high-temperature operation (>60°C for 10-11 hours daily) and consistent
airflow velocities (2.0-2.8 m/s during peak periods) providing ideal conditions for continuous
turbine operation throughout extended daylight hours. The economic and environmental
assessment of LDPE/PVC materials versus traditional metallic alternatives reveals significant
advantages for polymer-based SCPP construction. Material cost analysis indicates that black
LDPE absorber procurement costs approximately $8-12/m2 compared to $45-60/m? for
aluminum alloy 6061-T6, yielding 60-70% capital expenditure reduction for collector
assembly, while PVC chimney construction ($25-35/m?2 installed) offers 40% cost savings over
equivalent stainless-steel structures without compromising structural integrity for small-scale
installations. Environmental life-cycle considerations demonstrate that LDPE/PVC systems
require 3-4 times lower embodied energy during manufacturing (80-95 MJ/kg for PVC versus
227 MJ/kg for aluminum), reducing carbon footprint by approximately 2.1-2.8 kg CO,-eq/kg
material, though end-of-life recyclability remains a concern requiring development of polymer
recovery protocols. The 5-7 year estimated service life of UV-stabilized LDPE collectors and
15-20-year durability of PVC chimneys in arid climates, combined with minimal maintenance
requirements and the potential for regional polymer sourcing in developing economies,
establish favorable levelized cost of energy (LCOE) projections of $0.08-0.12/kWh for
distributed SCPP installations compared to $0.15-0.25/kWh for conventional metallic designs.
However, comprehensive cradle-to-grave assessments incorporating material degradation
under prolonged UV exposure, micro-plastic generation risks, and regional waste management
infrastructure capabilities remain necessary for definitive sustainability validation of polymer-
based SCPP deployment strategies.

The identified optimal design parameters offer compelling practical advantages, including
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reduced material costs through utilization of readily available polymer materials, simplified
construction requirements eliminating complex metallic fabrication processes, enhanced
performance reliability through stable thermal characteristics, and superior economic viability
with black plastic absorber costs approximately 60-70% lower than equivalent aluminum
systems while delivering superior thermal performance. Scalability analysis indicates that the
experimental results provide valuable guidelines for commercial SCPP development, with the
quantitative relationships between absorber material properties (¢ = 0.95 for black plastic),
inlet configurations (optimal 2-inlet arrangement), and performance outcomes (78°C peak
temperature, 2.8 m/s peak velocity) establishing engineering design criteria for larger
installations in similar arid climatic conditions. The systematic optimization methodology
developed in this study, validated through comprehensive parametric analysis, offers a
reproducible approach for SCPP system design across different geographical locations and
environmental conditions, with the demonstrated performance improvements directly
translating to enhanced economic viability through increased energy yield, reduced
construction costs, and improved operational reliability essential for successful commercial
deployment in regions with abundant solar resources but limited conventional energy
infrastructure access.

4.6. Quantitative performance metrics and statistical validation

To provide a rigorous quantitative assessment of system performance, key engineering metrics
were calculated and statistically validated across all experimental configurations. The thermal
lift coefficient, defined as § = AT /T ambient, achieved maximum values of 0.168 + 0.012 for
the optimal black plastic/2-inlet configuration compared to 0.142 + 0.018 for aluminum
absorber systems, representing an 18.3% improvement with statistical significance (p < 0.01,
n =45 measurement cycles). Volumetric airflow rate through the chimney, calculated as Q =
v - A, where A = 0.95 m2 (chimney cross-sectional area), reached peak values of 2.66 + 0.15
m3/s for the 2-inlet configuration, yielding a mass flow rate of m = 2.85 + 0.16 kg/s under
standard atmospheric conditions (p,;, = 1.07 kg/m3 at elevated temperatures). System
thermal efficiency, quantified as n_thermal = (m-cp - AT)/(Acouector * Isotar), Where
¢ , = 1005 J/(kg-K) and average solar irradiance Is,q, = 850 W/m2 during peak hours,
demonstrated optimal performance of 0.52 + 0.04 (52%) for black plastic absorber versus 0.38
+ 0.05 (38%) for aluminum, with ANOVA analysis confirming significant absorber material
effects (F =87.3, p < 0.001). The theoretical power potential, estimated using P = 0.5:m-v2,
yielded maximum values of 11.2 + 1.3 W for the optimal configuration, while the buoyancy-
driven pressure differential, calculated from AP = pampient * 9 - H - (AT /T gmpient), reached
23.4 + 1.8 Pa, providing sufficient driving force for turbine operation in scaled commercial
installations. These quantitative metrics, supported by repeated measurements and statistical
validation (confidence interval 95%), establish rigorous performance benchmarks and enable
direct comparison with theoretical models and alternative SCPP designs reported in the
literature.

4.7. Comparative analysis with literature and performance validation

The achieved performance metrics compare favorably with previous SCPP research while
demonstrating improvements through systematic parameter optimization. The maximum
temperature differential of 50°C exceeds values reported by Zhou et al. (24.1°C) and
approaches the performance levels achieved by Kasaeian et al. (25-26.3°C), while the peak
airflow velocity of 2.8 m/s significantly surpasses previously reported values of 1.3 m/s. These
improvements validate the effectiveness of the polymer-based absorber material and optimized
inlet configuration approach.
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The extended operational period of 12-13 hours daily demonstrates practical viability for
distributed power generation applications, while the system's stability and predictable behavior
patterns support commercial deployment potential. The research contributes a new
understanding of polymer material applications in SCPP systems and provides empirical
validation for multi-inlet optimization strategies previously unexplored in the literature.

3. CONCLUSIONS AND FUTURE DIRECTIONS

In conclusion, this comprehensive experimental investigation conducted at the University of
Tiaret, Algeria, establishes definitive performance optimization parameters for small-scale
Solar Chimney Power Plant (SCPP) systems through systematic evaluation of absorber
materials and air inlet configurations. The black polymer absorber demonstrated superior
thermal performance, achieving maximum air temperatures of 78°C with exceptional stability
(x£2°C variations) compared to aluminum'’s 70°C peak and pronounced fluctuations (£5°C),
while providing 60-70% cost reduction advantages over metallic alternatives. The dual air inlet
configuration emerged as optimal, delivering peak airflow velocities of 2.8 m/s and sustaining
12-13 hours of continuous daily operation, representing 25-35% theoretical power generation
improvement over suboptimal arrangements. Critical humidity analysis revealed that low
moisture conditions (<20% RH) enhance system efficiency, while high humidity periods (>60%
RH) significantly compromise thermal performance, establishing crucial deployment
guidelines for diverse climatic environments. The synergistic combination of black plastic
absorber and 2-inlet design achieved temperature differentials of 45-50°C, providing
substantial turbine driving potential and demonstrating commercial viability for arid regions
with abundant solar resources. These empirically validated optimization principles establish a
reproducible methodology for SCPP system design, with quantified performance relationships
directly applicable to larger installations.

Future research priorities must address commercial-scale validation through pilot plants
exceeding 1 MW capacity, development of advanced polymer composites with enhanced
thermal absorption coefficients (« > 0.97), investigation of active humidity control systems for
coastal and tropical deployments, integration of thermal energy storage using phase change
materials for extended operational periods, optimization of turbine designs specifically tailored
to the identified airflow characteristics (2.0-2.8 m/s operational range), comprehensive techno-
economic feasibility studies incorporating regional cost variations and policy frameworks, and
development of hybrid renewable configurations combining SCPP technology with
photovoltaic and wind systems to maximize energy yield and grid stability in distributed
generation applications across developing regions.
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Appendix A: Worldwide energy consumption growth patterns, 2024.

Key global growth rates and the share of energy demand growth by source, 2024

Key global growth rates, 2024 Global demand growth, 2024
13.9EJ
5%
4.3%
par
4%
3.2%
3%
2.2%
2%
1%
Total energy demand GDP Electricity demand

Figure 4. 2024 Global energy market growth distribution.
Appendix B: Dimensional specifications of solar chimney prototype.

Table 1. Physical design parameters and tolerances for solar chimney system.

Component Parameter Dimension (cm) Tolerance Notes
Height 115 +15 Measured at center

Collector - - -
Diameter 300 +3.0 Outer edge dimension
Height 600 +5.0 Vertical measurement

Chimney Diameter 110 +2.0 Internal diameter
Wall thickness 0.32 +0.02 PVC sheet specification

. Inlet diameter 110 +2.0 Circular opening

Air system - -

Outlet diameter 110 +2.0 Matches chimney base

Table 2. PVC material properties: Thermal, physical, and experimental parameters.

Ref. no | Value | Measurement conditions Property

Thermal properties

[37] 81°C Differential scanning calorimetry Glass-transition temperature

[38] 115—-245°C ASTM D3418 Melting temperature range

[39] 500 J/(kg-K) 25°C, 1atm Heat capacity

0.14 W/(m-K) 20°C, steady-state Thermal conductivity

Physical properties

[40] 1380 kg/m3 25°C Density
Experimental data 0.91 50-100°C, & (hemispherical) Emissivity

Appendix C: Experimental setup components.

Figure 5. Experimental setup and instrumentation configuration.

Solar Energy and Sustainable Development, Votume (14) - N* (2). December 2025 163



Khaled Djakhdane et. al.

Table 3. Technical specifications of the PCE-THA 10 Thermo-Hygro-Anemometer.

Parameter | Specification
Temperature
Measuring range —15t0 +50°C
Accuracy +0.6°C
Resolution 0.1°C
Wind Speed
Measuring range 0.4to35m/s
Accuracy +3% of reading
Units m/s
Humidity
Measuring range 510 95% r.H.
Accuracy +3%r.H. (25°C, 30—95%r.H.)
+5% r.H. (25°C, 10—-30%r.H.)
Resolution 0.1%r.H.
Operating conditions
Temperature 0to+50°C
Humidity <80% r.H. (non-condensing)
Physical dimensions
Size(L X W X H) 244 X 77 x 43 mm3
Weight ~300 g (typical, with batteries)
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