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RESUMO 

Introdução: Os aquecedores solares de ar (ASAs) representam uma tecnologia solar passiva promissora para 
aplicações de aquecimento de ambientes e secagem. Apesar de seu potencial, a combinação da avaliação de 
desempenho térmico (primeira lei) e exergético (segunda lei) de ASAs fabricados com materiais de baixo custo 
e localmente disponíveis ainda é pouco explorada. Objetivo: Este estudo teve como objetivo projetar, construir 
e avaliar experimentalmente três configurações de absorvedores de baixo custo para ASAs. Métodos: Três 
configurações de absorvedores (tubo de alumínio, mangueira corrugada de folha de alumínio e placa 
trapezoidal de aço galvanizado) foram construídas na Universidade de Misan, Maysan, Iraque. O ASA foi 
testado sob convecção natural e forçada, com ângulos de inclinação de 25°, 30° e 35°. A eficiência térmica foi 
calculada utilizando a primeira lei da termodinâmica, enquanto a eficiência exergética foi determinada por meio 
do modelo do fator de Petela. Resultados: Sob convecção natural, o absorvedor trapezoidal de aço alcançou o 
maior incremento de temperatura do ar (~65 °C próximo ao meio-dia solar). O ângulo de inclinação ótimo foi de 
30°, proporcionando uma temperatura do ar na saída de aproximadamente 90 °C. Sob convecção forçada, a 
eficiência térmica atingiu um máximo de 22,9% e a eficiência exergética alcançou 0,14% para o absorvedor 
trapezoidal, ambos superiores aos das configurações de mangueira de folha de alumínio (21%; 0,13%) e tubo 
de alumínio (20%; 0,12%). O custo total de fabricação variou entre USD 120 e 150. Discussão: A convecção 
forçada melhorou a transferência de calor ao aumentar o coeficiente convectivo e reduzir a resistência da 
camada limite térmica, resultando em eficiências superiores tanto pela primeira quanto pela segunda lei da 
termodinâmica, apesar de um menor incremento de temperatura. As baixas eficiências exergéticas são 
consistentes com a literatura para sistemas solares térmicos de baixa temperatura e refletem a irreversibilidade 
inerente à conversão de radiação solar de alta qualidade em calor de baixa qualidade. Conclusões: O 
absorvedor trapezoidal de aço galvanizado, orientado a 30° e operado sob convecção forçada moderada, 
constitui a configuração de ASA mais eficiente do ponto de vista termodinâmico e mais econômica entre as 
avaliadas. Os resultados sustentam a viabilidade de ASAs fabricados localmente para aplicações domésticas e 
agrícolas em regiões rurais e de alta irradiância. 

Palavras-chave: Aquecedor Solar de Ar; Eficiência exergética; Eficiência térmica; Materiais de baixo custo; 
Absorvedor trapezoidal. 
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ABSTRACT 
 
Background: Solar air heaters (SAHs) represent a promising passive solar technology for space heating and 
drying applications. Despite their potential, the combination of thermal (first-law) and exergy (second-law) 
performance evaluation for SAHs fabricated from low-cost, locally available materials remains largely 
unexplored. Aim: This study aimed to design, build, and experimentally evaluate three low-cost SAH absorber 
configurations. Methods: Three absorber configurations (i.e., aluminium tube, corrugated aluminium foil hose, 
and trapezoidal galvanized steel plate) were constructed at the University of Misan, Maysan, Iraq. The SAH was 
tested under natural and forced convections at tilt angles of 25°, 30°, and 35°. Thermal efficiency was calculated 
using the first law of thermodynamics, while exergy efficiency was determined using the Petela factor model. 
Results: Under natural convection, the trapezoidal steel absorber achieved the highest air temperature 
increment (~65 °C near solar noon). The optimal tilt angle was 30°, yielding an outlet air temperature of 
approximately 90°C. Under forced convection, the trapezoidal absorber achieved thermal efficiency of 22.9% 
and exergy efficiency of 0.14%, both superior to the aluminium foil hose (21%; 0.13%) and aluminium tube 
(20%; 0.12%) configurations. Total fabrication cost ranged from USD 120 to 150. Discussion: Forced 
convection improved heat transfer by increasing the convective coefficient and reducing thermal boundary layer 
resistance, resulting in superior first- and second-law efficiencies despite a lower temperature increment. The 
low exergy efficiencies are consistent with the literature for low-temperature solar thermal systems and reflect 
the inherent irreversibility of converting high-grade solar radiation into low-grade heat. Conclusions: The 
trapezoidal galvanized steel absorber, oriented at 30° and operated under moderate forced convection, 
constitutes the most thermodynamically efficient and cost-effective SAH configuration among those evaluated. 
The findings support the viability of locally manufactured SAHs for domestic and agricultural applications in rural 
and high-irradiance regions. 
 
Keywords: Solar Air Heater; Exergy efficiency; Thermal efficiency; Low-cost materials; Trapezoidal absorber. 
 

  الملخص
 

. وعلى الرغم من الإمكانات الكبيرة الموادإحدى التقنيات الشمسية السلبية الواعدة في تطبيقات التدفئة وتجفيف  (SAHs) الهواء الشمسية سخانات تعُدّ  :الخلفية
لسخانات الهواء ن الدراسات التي تجمع بين تقييم الأداء الحراري (القانون الأول للديناميكا الحرارية) والأداء الإكسرجي (القانون الثاني) فإلهذه الأنظمة، 

ً ما تزال محدودةال الشمسية ي لثلاثة ء التجريبهدفت هذه الدراسة إلى تصميم وتصنيع وتقييم الأدا :الهدف .مصنَّعة من مواد منخفضة التكلفة ومتوفرة محليا
من رقائق  مموج خرطوم، لمنيومالأ (أنبوب من نماذج من الممتصاتتم تصنيع ثلاث  :طرائق العمل .لممتصات سخان الهواء الشمسينماذج منخفضة التكلفة 

سخان الهواء الشمسي في حالتي الحمل وتم اختبار في جامعة ميسان، محافظة ميسان، العراق. ) لاذية مجلفنة ذات شكل شبه منحرففو وصفيحةالألمنيوم، 
حُسبت الكفاءة الحرارية باستخدام القانون الأول للديناميكا الحرارية، بينما حُددت الكفاءة °. 35و° 30و° 25الطبيعي والقسري عند زوايا ميل قدرها 
ممتص الفولاذي شبه المنحرف أعلى زيادة في درجة حرارة في حالة الحمل الطبيعي، حقق ال :النتائج. )Petelaالإكسرجية باستخدام نموذج عامل بيتلا (

م. أمّا في حالة الحمل ° 90، حيث بلغت درجة حرارة الهواء الخارج نحو °30م عند ذروة الإشعاع الشمسي). وكانت زاوية الميل المثلى ° 65الهواء (حوالي 
%، وهي قيم أعلى من تلك التي حققها خرطوم رقائق 0.14إكسرجية بلغت  % وكفاءة22.9القسري، فقد حقق الممتص شبه المنحرف كفاءة حرارية بلغت 

أدّى الحمل  :المناقشة .دولارًا أمريكيًا 150و 120ة بين %). وتراوحت تكلفة التصنيع الكلي0.12%؛ 20%) وأنبوب الألمنيوم (0.13%؛ 21الألمنيوم (
الحراري وتقليل مقاومة طبقة الحد الحرارية، مما نتج عنه تحسين الكفاءتين الحرارية  القسري إلى تحسين انتقال الحرارة من خلال زيادة معامل الحمل

نظمة الشمسية والإكسرجية رغم انخفاض مقدار الزيادة في درجة الحرارة. كما أن انخفاض الكفاءة الإكسرجية يتوافق مع ما ورد في الأدبيات الخاصة بالأ
يعُدّ الممتص  :الاستنتاجات .الجودة إلى حرارة منخفضة الجودة اللاإنعكاسية لتحويل الإشعاع الشمسي عالي الحرارية منخفضة الحرارة، ويعكس الطبيعة

وتشغيله تحت حمل قسري معتدل، التكوين الأكثر كفاءةً من الناحية الديناميكية الحرارية ° 30الفولاذي المجلفن ذو الشكل شبه المنحرف، عند زاوية ميل 
المدروسة. وتدعم هذه النتائج جدوى استخدام سخانات الهواء الشمسية المصنّعة محليًا في التطبيقات المنزلية والزراعية في  النماذجدية بين والأكثر جدوى اقتصا

 المناطق الريفية والمناطق ذات الإشعاع الشمسي العالي. 

 .منحرف شبه ممتص التكلفة؛ منخفضة مواد الحرارية؛ الكفاءة ؛ةرجيالإكس كفاءةال الشمسي؛ الهواء سخان :المفتاحية الكلمات

 
 
1. INTRODUCTION: 

 

Since humans settled on Earth, they have 
found that the sun is the most important source of 
warmth and energy for life, and for survival, they 
have continued to travel to the sunniest places. 
Over the centuries, many architectural alterations 
were adopted to capture the heat transmitted by 
the sun, especially in cold climates (Saxena et 
al., 2015). Nowadays, solar energy is not limited 
to heating; it is also used to generate electricity. 
Many applications, such as heating, cooling, food 

cooking, battery charging, and lighting, were 
integrated with solar energy in buildings (Sayigh, 
2012). The applications of investing in solar 
energy are generally divided into two sectors (i.e., 
thermal and non-thermal applications) and solar 
energy conversion. The thermal applications 
included water and space heating, cooling and 
refrigeration, water purification, food cooking, and 
product drying (AMORIM et al., 2020; Close, 
1963; Indora et al., 2018; Kalogirou S. A., 2004; 
RABAT et al., 2018; El Khadraoui et al., 2016). 
Non-thermal applications, on the other hand, can 
include electricity generation, battery charging, 
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building lighting, transportation, irrigation, and 
communication and navigation aids (Ollas et al., 
2023; Bartłomiejczyk, 2018; El-Faouri et al., 
2016; Gibson & Kelly, 2009; Kanna et al., 2020; 
Siddikov et al., 2021).   

A solar air heater (SAH) is one of the most 
attractive passive solar methods for converting 
incident solar radiation into air heating. SAHs are 
an increasingly important technology in 
renewable energy, providing a sustainable and 
efficient means of space heating. The heat 
captured using SAHs can not only be used for 
residential, commercial, and industrial building air 
conditioning, but also for drying crops and 
clothes, and for heating animal pens during cold 
winters. This technology offers significant 
environmental benefits by reducing reliance on 
fossil fuels and decreasing greenhouse gas 
emissions. Additionally, SAHs are relatively low-
cost and require minimal maintenance, making 
them accessible and practical for widespread 
use.  

Research shows that solar air heaters 
(SAH) can be classified by collector geometry, 
construction material, airflow configuration, and 
heat transfer enhancement practices. One 
important parameter, amongst others, is the 
construction material used, which will strongly 
affect both the economic benefits and the thermal 
performance of an SAH system. Lightweight, low-
cost materials such as corrugated steel sheets, 
aluminium plates, or polymer-based components 
have been used in practice because they are 
widely available and easy to make. Passive solar 
heat storage systems were used in buildings as 
early as the end of the 1800's, using simple 
glazing on large amounts of glass to capture the 
sun's heat and improve the indoor environment's 
thermal conditions. Modern SAH systems have 
built on this history with enhanced absorber 
geometry, optimised airflow designs, and high-
performance materials which work together to 
create systems with superior thermal efficiency 
while being produced for very low costs (Ahmadi 
et al., 2021; Hegde et al., 2023; Kalair et al., 
2022, PORTELA et al., 2020).  

In the common design, there were two 
layers of glazing with two vertical chambers 
separated by a thin transparent foil, and a top 
layer of glazing that allows natural convection 
airflow. The chambers heated up as the sun hit 
the glazing, with the chamber next to the wall 
heating up first. The transparency of common 
materials limited the usable materials for 
construction. Other design types involved glazing 
and a range of black-absorbing materials, with air 

convection behind the heated surface. Different 
materials, such as Aluminium, twin-pack, dark 
metal glazing, wooden, and black mesh, were 
used as absorbers. (Arıcı et al., 2020; Piffer et al., 
2022). Some designs used fans to assist air flow, 
while others relied on natural convection, often 
determined by stack height on the unglazed side 
(Song et al., 2022; Fan et al., 2022; Stafford et 
al., 2021). A suitably selected material can be 
highly efficient and be called a passive system, 
since it does not require a fan to displace the air 
to be heated (Ghritlahre et al., 2022).  

The availability and cost of building 
materials significantly influence the feasibility and 
sustainability of solar thermal systems in 
developing areas. Using cheap, locally available 
materials to build SAHs lowers capital costs and 
enables systems to be built, run, and maintained 
without relying on imported parts or specialized 
manufacturing resources. This method helped 
communities become more self-sufficient and 
made it easier for more people to use renewable 
heating technologies, especially in rural and low-
income areas (Chandran et al., 2024). In addition, 
using common materials such as aluminium 
sheets, galvanized steel plates, and flexible foil 
ducts can reduce the manufacturing costs while 
having high thermal performance (Saxena et al., 
2015). As a result, low-cost, cost-effective SAHs 
made from locally sourced materials are an 
essential strategy for enhancing renewable 
energy adoption and reducing dependence on 
fossil fuels (Kalogirou, 2004). Although solar 
energy is significantly available in southern Iraq, 
the utilisation of solar thermal technology is 
limited by economic barriers and insufficient 
industrial infrastructure. The thermal efficiency of 
SAHs has been investigated extensively over the 
last decade; however, less effort has been 
devoted to exergy efficiency, which assesses the 
quality of energy (Albdoor et al., 2024; Kalaiarasi 
et al., 2016). 

While many efforts have been made to 
investigate the performance improvement of 
SAHs, there has been a notable lack of research 
on low-cost prototypes fabricated from locally 
available materials. In this study, a prototype of 
SAH made from low-cost, readily available 
materials with high thermal performance was 
developed in a typical region with high solar 
irradiation. In this SAH, three absorber 
configurations (i.e., aluminium tubes, aluminium 
foil hoses, and trapezoidal steel plates) coated 
with black matte were tested under natural and 
forced convection at different tilt angles. This 
research also provides practical guidance for 
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optimal design and implementation by analysing 
outlet air temperature, thermal and exergy 
efficiencies, and operational behaviour across 
various configurations. 

1.1. Aims 

• To design and fabricate a solar air heater 
using low-cost, locally available materials. 

• To experimentally compare the performance 
of three absorber geometries under identical 
operating conditions. 

• To evaluate the influence of tilt angle and 
airflow mode (natural and forced convection) 
on temperature rise and thermal efficiency. 

• To perform a second-law (exergy) analysis to 
assess energy quality and system 
irreversibility. 

• To assess the economic feasibility of locally 
manufactured SAH systems for practical 
deployment. 

2. MATERIALS AND METHODS:  

 

2.1. Location and climatic conditions 

The experiments were conducted in 
Maysan, Iraq (31.9°N, 47.1°E), where the 
average solar irradiance at noon during the test 
season is between 750 and 900 W/m². The 
climate has a lot of direct sunlight and little 
humidity, making it a good place for solar air 
heating. 

2.2. Solar air heater construction 

The SAH was built as a flat-plate collector, 
as shown in Figure 1. The collector box was 
made with an L-shaped steel frame, which made 
it strong and stable with respect to temperature. 
The overall area of the solar collector was 1.275 
m², and 8 mm plywood covered the inner side 
walls, and a 10 mm fiberglass insulation blanket 
covered the parts not exposed to the outside. The 
glazing cover was a 4 mm-thick sheet of clear 
glass, chosen for its ability to let a lot of light 
through and withstand bad weather. The air inlet 
was at the bottom of the collector, and the outlet 
was at the top. This made it easy for both natural 
and forced air to move through the collector. 

2.3 Configurations of the absorber plate 

Three absorber configurations were 
designed and evaluated, each coated with black 
matte paint Figure 2. 

• Aluminium tube absorber: 

Ten aluminium tubes, length of 1.5 m, 
diameter of 7.62 cm, and overall solar captured 
area of 1.05 m2 arranged vertically. Tubes create 
parallel air passages, allowing convective heat 
transfer. 

• Aluminium foil hose absorber: 

Six flexible corrugated aluminium hoses 
arranged vertically, with a diameter of 10.16 ��, 
and the dimensions of the exposed surface were 
(150×70 cm). The corrugated texture increases 
surface turbulence, which enhances heat 
transfer. 

• Trapezoidal steel plate absorber: 

Single sheet of corrugated trapezoidal 
steel, the dimensions of the exposed surface 
were (150×70 cm), thickness of 0.7mm. The 
corrugation increases effective surface area and 
enhances air surface contact. 

2.4 Operating modes 

The SAH was examined under two 
scenarios: 

• Natural convection: No fan assistance; 
airflow driven by natural convection. 

• Forced convection: Air is supplied by a 
fan at the outlet side, operating at 220-
240 V, 50/60 Hz, with a rotation speed of 
2250 rpm and an electric power of 19 W. 
A multi-level voltage regulator was used 
to control the fan speed and thus adjust 
the airflow rate based on the experimental 
conditions. The forced mode might 
increase airflow rate, reduce air residence 
time, and improve convective heat 
transfer. 

2.5 Instrumentation and data collection 

All tests were performed when the sky 
was clear, so cloud shading wouldn't significantly 
alter the measurements. Data were collected 
every hour from 7:20 to 16:20, when solar 
radiation was at its highest. K-type 
thermocouples were placed at the air entry and 
exit points to ensure that the bulk air temperature 
changes were accurately represented. A digital 
thermometer was used to monitor the ambient 
temperature, and the wind speed was checked 
periodically to assess its effect on heat loss by 
convection. The SAH was tested at three different 
angles (i.e., 25°, 30°, 35°) to see how the angle 
of tilt affected the system's thermal behavior 
Figure 3. 
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2.6 Performance evaluation 

The model developed by Ref. (Chamoli, 
2013) for evaluating SAH performance was 
based on useful heat gain, thermal efficiency, and 
the effects of airflow regime and absorber 
configuration on the temperature rise. The 
assessment was predicated on the recorded inlet 
and outlet air temperatures, solar irradiance, and 
mass flow rate. The useful heat gain is the 
amount of thermal energy that flows from the 
absorber to the air flowing through it. It is 
calculated as Equation 1: �	 = �� . �
 ���	� − ����          ���. 1� 

where ��  is the mass flow rate of air (kg/s), �
is the specific heat capacity of air, and ��	� −���is the temperature rise of the air as it passes 
through the collector. In forced convection mode, 
the mass flow rate was obtained from measured 
airflow velocity using Equation 2: 

�� = ����          ���. 2� 
where � is the air density, � is the air velocity 

(m/s), and �� is the cross-sectional area of the air 
duct. Using a digital anemometer, airflow velocity 
within the collector was measured directly at the 
outlet of the air channel. The instrument has an 
accuracy of ±0.03 m/s (0-10m/s) with the ability to 
make this measurement in the middle of the 
outlet duct. Each measurement was recorded at 
every experimental time interval. 

          The instantaneous thermal efficiency of the 
collector was then calculated using Equation 3: 

��� = �	�. �           ���. 3� 
 
where � is the measured plane-of-array solar 
irradiance (W/m²) and �  is the collector's 
exposed area. This efficiency reflects the 
proportion of incident solar energy that is 
successfully converted into useful heating of the 
air stream. 

To assess the impact of airflow rate on heat 
transfer, a thermal performance analysis was 
conducted under both natural and forced 
convection conditions. In forced convection, 
higher airflow velocity increases the convective 
heat transfer coefficient, enhancing heat removal 
from the absorber surface and leading to higher 
thermal efficiency even when the outlet air 
temperature rise is smaller. In contrast, natural 
convection typically produces a higher 
temperature rise but a lower mass flow rate, 

resulting in lower overall heat gain. 

2.7 Exergy Analysis 

To assess the quality of the collected 
solar energy, the exergy (second-law) efficiency 
was computed for each timestamp and operating 
mode (Chamoli, 2013; Petela, 2003). The useful 
exergy rate of the heated airstream, neglecting 
pressure effects and assuming ideal-gas 
behaviour for air, is given by Equation 4: 

��	 = ��  �
[���	� − ���� − �# $% &��	���� '     ���. 4� 
where ��  is the air mass flow rate, ��� and ��	� are the inlet and outlet air temperatures (K), 

and �# is the ambient. Equation (5) presented the 
solar exergy input to the collector aperture. �  
that was estimated with the Petela factor ) that is 
presented in Equation (6). 

��
☉

= �*+,� ∅                           ���. 5� 

∅ = 1 − 43 T0T
☉

+ 13 &T0T
☉

'2         ���. 6� 
with �POA the plane-of-array irradiance on the 

collector tilt. 

The exergy (second-law) efficiency is given by 
Equation (7): 

ѱ = E� 5E�
☉

                                ���. 7� 
and the exergy destruction rate quantifies 

irreversibility: ���78� = ��
☉

− ��	 

The overall parameters used in the analytical 
evaluation is presented in Table 1. 

 

2.8 Uncertainty analysis 

The uncertainty associated with the 
measured variables propagates into the 
calculated thermal and exergy efficiencies. The 
main measured parameters include air 
temperature and air velocity. Each measuring 
instrument introduces measurement error, which 
contributes to the overall uncertainty of the 
calculated results. 

The uncertainties in the calculated exergy 
and thermal efficiencies were estimated using the 
basic root-sum-square (RSS) method. If a 
parameter 9 is a function of a series of measured 
independent variables :�, the relative uncertainty ;<9 for the 9 can be acquired according to 



Periódico Tchê Química.  ISSN 2179-0302. (2026); vol.23 (n°52) 
Downloaded from www.periodico.tchequimica.com 

  131 

Equation 8 (Yang et al., 2015): 

 

;<9 =
=∑ &?9�:� . ;:�'@�A

9            ���.  8� 

where:  

• Thermocouple temperature measurement: 
±0.5 °C. 

• Air velocity measurement: ±0.03 m/s. 

The combined uncertainty of the thermal 
efficiency was estimated at ±0.8% to ±1.8%, 
while the uncertainty of the exergy efficiency was 
±0.005% to ±0.015%. 

These uncertainty levels are within the 
acceptable range for experimental solar thermal 
system studies reported in the literature. 

 

2.9 Cost-effective material selection 

The material selection for the solar air 
heater prototypes was based on optimizing 
thermodynamic performance and ensuring 
economic viability for potential widespread 
deployment in the local Iraqi market. Aluminium 
tubes, corrugated aluminium foil hoses, and 
trapezoidal galvanized steel sheets were selected 
based on their local market availability, low cost, 
ease of fabrication, and favourable thermal 
properties. The overall prices of components 
used in the design and construction of SAH were 
presented in Table 2. The total fabrication cost for 
the solar collector ranged from approximately 
$120 to $150, depending on the specific absorber 
configuration. Aluminium was selected because 
of its high thermal conductivity and low weight. 
The trapezoidal galvanized steel, on the other 
hand, offers structural rigidity and a geometrically 
augmented heat transfer surface area, achieved 
without specialized manufacturing processes. All 
absorber surfaces were coated with a low-cost 
matte-black paint to enhance solar energy 
absorption. In addition, the use of locally sourced 
materials facilitates easier maintenance, 
enhances local repairability, and ensures long-
term sustainability, all of which are considered 
critical factors for adoption in rural and low-
income communities.  

 

3. RESULTS AND DISCUSSION:  

 

3.1. Comparison of air temperature increase 

across absorber geometries 

Figure 4 shows the hourly temperature 
increments, expressed as the difference between 
the outlet and inlet air temperatures, for three 
absorber geometries under natural convection. 
The configurations evaluated were the aluminium 
tube, aluminium foil hose, and trapezoidal steel 
plate. The temperature increment increases 
gradually from early morning (around 7:20 AM) 
as solar irradiance intensifies, reaches its peak 
between 11:20 AM and 12:40 PM, and gradually 
declines in the afternoon due to reduced solar 
flux and accumulated thermal losses. Under 
natural convection, the trapezoidal steel absorber 
achieved the highest temperature increment, 
recording around 65 °C near noon. The 
aluminium foil hose exhibited intermediate 
performance with a temperature increment 
ranging between (55–60 °C), while the aluminium 
tube absorber displayed the lowest increment 
(below 50 °C). The temperature increment in the 
trapezoidal design was attributed to its 
corrugated surface geometry, which increases 
the effective heat-transfer area and induces mild 
turbulence, enhancing air mixing. The other two 
absorbers, being smoother and less conductive, 
developed weaker buoyancy-driven airflow and 
lower air-temperature elevation. 

Under forced convection, the overall 
temperature increments as shown in Figure 5 
were smaller than those of natural convection, 
which are 30 °C for the trapezoidal steel plate, 26 
°C of aluminium foil hose, and 20 °C of 
aluminium tube; because the fan-driven flow (1.2 
m/s) increased the flow rate of mass and reduced 
the residence time of air inside the duct. 

3.2 Effect of tilt angle on temperature distribution 
under natural convection 

Figure 6 presents the variation in air 
temperature over time for the trapezoidal steel 
plate absorber operating under natural 
convection at three tilt angles (25°, 30°, and 35°), 
along with the inlet-air temperature for reference. 
A clear diurnal pattern is observed across all tilt 
settings: the outlet temperature increases 
gradually from the morning hours as solar 
irradiance rises, reaches a maximum between 
11:20 AM and 12:40 PM, and then decreases 
toward the late afternoon as solar irradiance 
declines. The results demonstrate a distinct 
influence of the collector inclination on thermal 
performance. The collector tilted at 30° achieved 
the highest leaving air temperature, 
approximately 90 °C, at 11:20 AM and 12:20 PM. 
The 25° tilt configuration exhibited slightly lower 
maximum temperatures, while the 35° tilt 
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recorded a peak that was similar, though 
marginally lower. This indicates that the 30° 
inclination provides the optimum orientation for 
maximizing solar radiation absorption and heat 
transfer to the air. At smaller angles (25°), part of 
the incident solar energy is reflected due to the 
shallower orientation relative to the solar beam, 
reducing effective insolation during morning and 
afternoon periods. Conversely, at higher tilt (35°), 
the collector receives less direct radiation near 
noon when the solar altitude is highest, slightly 
diminishing thermal gain despite improved 
morning and evening collection. Across all tilt 
angles, the trapezoidal absorber maintained a 
strong temperature gradient due to its corrugated 
design and high thermal conductivity, which 
enhanced buoyancy-driven air circulation even 
without forced flow.  

3.3 Thermal efficiency under natural and forced 
convection 

Figure 7. illustrates the diurnal variation of 
thermal efficiency for the solar air heater 
operating under natural and forced convection 
conditions. Efficiency increased progressively 
from early morning as solar irradiance intensified, 
reached its maximum around solar noon (11:20 
AM–12:40 PM), and then gradually declined as 
solar radiation decreased in the afternoon. The 
collector operating under forced convection 
clearly outperformed the natural-flow 
configuration throughout the day. At midday, the 
efficiency reached a peak value of approximately 
22.9 % for the forced-flow system, compared with 
15.5 % for natural convection. The superior 
performance under forced flow is primarily 
attributed to the higher air mass flow rate, which 
enhanced the convective heat transfer coefficient, 
minimized the thermal boundary layer on the 
absorber surface, and reduced temperature 
stratification inside the duct. Although the outlet-
air temperature difference was smaller under 
forced operation, the overall useful heat gain was 
significantly higher due to the higher rate of 
energy transport. In contrast, the natural-
convection mode, driven solely by buoyancy 
forces, exhibited lower heat-extraction efficiency 
and greater temperature nonuniformity along the 
flow path. 

3.4 Comparative performance of absorber 
geometries 

Figure 8 compares the thermal and 
exergy efficiencies of the three absorber 
geometries under forced convection. All 
configurations show a strong daily trend, with 
efficiencies steadily rising from morning hours as 
solar irradiance increases, peaking around 12:20 

PM and slowly falling toward late afternoon. The 
trapezoidal absorber achieves the highest 
thermal efficiency, peaking at approximately 23%, 
followed by the aluminium foil hose at 21% and 
the aluminium tube at 20%. The trapezoidal 
shape has better heat transfer properties 
because it provides a larger effective surface 
area and generates stronger airflow turbulence, 
thereby improving convective heat transfer. A 
corresponding trend is evident in the exergy 
efficiency, which quantifies the quality and useful 
work potential of the thermal energy delivered. 

Even though the absolute exergy values are 
usually low for a low-temperature solar thermal 
system, they still follow the same performance 
order as the thermal efficiency, indicating that 
geometry affects performance. The trapezoidal 
absorber achieved the highest exergy efficiency 
at approximately 0.14%, followed by the foil hose 
of 0.13% and the aluminium tube of 0.12%. The 
higher air velocity in the SAH increased the heat 
transfer coefficient, resulting in higher thermal 
efficiency regardless of the lower temperature 
increment. A comparison of the two flow regimes 
reveals a fundamental thermodynamic trade-off 
between temperature elevation and heat transfer 
rate. While natural convection yields a higher 
outlet temperature, its useful heat gain is 
constrained by a limited air mass flow rate. 
Conversely, forced convection achieves a lower 
temperature increment but attains a higher 
overall heat collection efficiency due to its higher 
volumetric flow rate. Across both operational 
modes, the trapezoidal absorber demonstrated 
consistent performance superiority over the foil 
and tubular designs, underscoring the 
pronounced influence of absorber geometry and 
material thermal conductivity on the collector's 
temperature field. The observed correlation 
between thermal and exergy efficiencies 
suggests that geometric improvements to the 
absorber not only enhance useful heat gain but 
also reduce thermodynamic irreversibility, 
including non-uniform temperature distribution 
and entropy generation. 

3.5 Exergy performance and irreversibility trends 

Figure 9 illustrates the behaviour of 
exergy efficiency and normalized exergy 
destruction for both natural and forced convection 
modes. The exergy efficiency increases gradually 
from early morning, reaching a maximum near 
solar noon, and subsequently decreases as solar 
irradiation weakens. Forced convection 
consistently produces higher exergy efficiency, 
reaching up to 0.14%, compared to natural 
convection, which peaks at 0.09%. This 
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improvement is attributed to the enhanced air 
mass flow rate under forced operation, which 
reduces temperature gradients within the 
collector and promotes more effective utilization 
of the absorbed solar exergy. The lower panel 
shows the corresponding trend of normalized 
exergy destruction, which is inversely related to 
exergy efficiency. Natural convection exhibits 
significantly higher exergy destruction during 
morning and afternoon periods due to strong 
temperature non-uniformity and limited internal 
heat transfer. 

In contrast, forced convection suppresses 
irreversibility during peak solar hours, with 
destruction levels dropping to their lowest values 
around noon, when flow-induced mixing is 
strongest. The alignment of minimum exergy 
destruction with maximum exergy efficiency 
confirms the strong thermodynamic advantage of 
assisted airflow operation. Overall, the figure 
emphasizes that forced convection results in a 
more thermodynamically reversible process, 
reducing entropy generation and improving the 
quality of the useful energy delivered by the 
system. These results align with previously 
reported findings in the literature, where exergy 
efficiency of SAHs improves under higher mass-
flow rates due to enhanced convective heat 
transfer and reduced internal irreversibility. The 
trends shown reaffirm that for hot, high-irradiance 
climates such as Maysan, Iraq, a fan-assisted 
configuration is markedly superior for improving 
system sustainability and second-law 
performance. 

3.6 Energy–exergy correlation and design 
implications 

Figure 10 illustrates the relationship 
between thermal and exergy efficiencies for a 
solar air heater with a trapezoidal absorber 
operating under forced convection. A clear 
positive correlation is observed, indicating that as 
the collector extracts more useful thermal energy 
from incident solar radiation, the fraction of that 
energy converted into available (high-grade) work 
also increases. The linear regression trend 
confirms that second-law performance improves 
proportionally with first-law efficiency, highlighting 
the importance of enhancing convective heat 
transfer and reducing internal temperature 
gradients. While exergy efficiencies remain 
significantly lower than thermal efficiencies, as 
expected for low-temperature solar systems, the 
upward trend demonstrates that design features 
that promote uniform heating, improved mixing, 
and reduced thermal resistance (such as the 
trapezoidal geometry) simultaneously reduce 

irreversibility and entropy production. This 
reinforces the conclusion that optimizing absorber 
geometry and airflow not only increases heat gain 
but also enhances the thermodynamic quality of 
the energy delivered by the solar air heater. 

 

4. CONCLUSIONS: 

 This work conducted a performance 
evaluation of a low-cost solar air heater (SAH) 
using thermal and exergy efficiencies. The 
materials used to construct SAHs were locally 
available and economically viable. Three different 
configuration absorbers (i.e., parallel aluminium 
tubes, a corrugated aluminium foil hose, and a 
trapezoidal galvanized steel plate) were 
experimentally examined under natural and 
forced convection regimes. The influence of tilt 
angles on the SAH performance was also 
investigated under (25°, 30°, and 35°). The 
results showed that the trapezoidal steel 
absorber performed better than other 
configurations, achieving the highest outlet 
temperatures and the greatest thermal and 
exergy efficiencies. The most stable operation 
and higher solar energy capture were achieved at 
a SAH tilt angle of 30°. The results also showed 
that natural convection had higher outlet 
temperatures than forced convection. 

Meanwhile, under forced convection, the 
thermal and exergy efficiencies were 22.9% and 
0.14%, respectively, for a 30° tilt angle and a 
trapezoidal galvanized steel plate configuration. 
Exergy analysis indicated that, while 
characteristically low for a low-temperature 
thermal system, it improved under forced 
convection, reaching a peak value of 0.14% for 
the trapezoidal absorber at a 30° tilt angle. This 
enhancement is attributed to reduced thermal 
gradients and the associated irreversibility within 
the collector. An economic assessment confirmed 
the cost-effectiveness of this approach; the 
complete experimental apparatus, including all 
absorber variants, glazing, insulation, and 
instrumentation, was fabricated for approximately 
120 and 150 USD. This underscores the potential 
for localized manufacturing and deployment in 
rural or low-income settings. In conclusion, the 
results indicate that a simple, economically 
fabricated SAH incorporating a trapezoidal steel 
absorber at a 30° tilt and operated under 
moderate forced convection constitutes a 
practical and efficient heating solution for 
domestic and agricultural applications in regions 
of high solar insolation. 
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5. DECLARATIONS  

5.1. Study Limitations  

Although the present study provides 
valuable insights into the thermal and exergy 
performance of a low-cost solar air heater 
constructed from locally available materials, 
several limitations should be acknowledged. 

 Methodological limitations: The 
experimental investigation was conducted under 
outdoor environmental conditions, where solar 
irradiance, ambient temperature, and wind speed 
naturally fluctuate throughout the day. Although 
efforts were made to measure accurately and 
average over a set period to reduce variability, 
environmental factors may still have affected how 
much heat the thermometer measured and how 
efficiently the solar collector operates. In addition, 
the research study focused mainly on steady-
state conditions and did not examine how the 
solar collector operated under changing 
conditions over time. 

 Sample size and experimental replication: 
The experiments were conducted over a limited 
number of days due to timing and conditions. 
With a larger sample size, we could evaluate how 
the systems operate more fully. If we did more 
repetitions of the tests, we could statistically 
validate the outcomes. 

 Resource and Equipment Limitations: The 
experiments were set up using commercially 
available sensors and tools, all of which were 
calibrated to measure accurately. Due to this, the 
accuracy of the readings from the thermocouples, 
solar meters, and anemometers introduces 
uncertainty that may impact the calculated 
thermal and exergy efficiencies. The use of 
higher-grade instruments could improve precision 
in future studies. 

 Generalizability limitations: The 
experimental testing was conducted in Maysan, 
Iraq, where the climate is characterized by high 
solar radiation and high ambient temperatures. 
The results of this study may differ if the same 
system were applied in different climatic regions, 
such as cold climates or areas with low solar 
irradiance. Therefore, the results reported in this 
study should be viewed only in the context of a 
similar type of climate. 

 Scope limitations: In this investigation, we 
compared three different absorber geometries in 
a single-pass solar air heater configuration. No 
other design configurations (e.g., multi-pass air 
channels, absorbers with selective coatings, 
thermal energy storage integration, or variations 

in air flow) were considered. Our evaluation was 
limited to thermal and exergy performance; we 
did not consider long-term durability or an 
economic life-cycle evaluation of the solar air 
heater, as these topics were beyond the scope of 
this research. 
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Figure 1. Illustration of the dimension and configuration of SAH. 
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Figure 2. Locally materials used for building the absorber: A) Aluminium tube absorber; B) 

Aluminium foil hose absorber; C) Trapezoidal steel plate absorber. 
 

 
Figure 3. The SAH unit from different directions, highlighting the airflow inlet, outlet fan, and 

adjustable collector inclination. 

 
Figure 4. Variation in air-temperature increment with time under natural convection for different 

absorber configurations. 
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Figure 5. Variation in air-temperature increment with time under forced convection for different 

absorber configurations. 

 
Figure. 6. Variation of outlet-air temperature with time under natural convection for the 

trapezoidal steel plate absorber at three different tilt angles (25°, 30°, and 35°). 

 

 
Figure 7. Hourly variation of thermal efficiency under natural and forced convection modes for 

the trapezoidal steel absorber at a tilt angle of 30°. 
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Figure 8. Comparison of thermal and exergy efficiencies for three absorber geometries 
(trapezoidal steel plate, aluminium foil hose, and aluminium tubes) under forced convection at a 

tilt angle of 30°. 
 

 
Figure 9. Variation of exergy efficiency (top) and normalized exergy destruction (bottom) for the 

solar air heater under natural and forced convection throughout the daytime period at a 30° tilt angle. 
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Figure 10. Correlation between thermal efficiency and exergy efficiency for the solar air heater 

equipped with the trapezoidal absorber under forced convection. 
 

Table 1. Key Parameters used in analytical evaluation. Source: the author 
Parameter Symbol Value /Range Unit 

Collector area A 1.275 �@ 
Tilt angles tested  � 25°, 30°, 35° degrees 
Inlet air temperature TEF 23 � 43 ℃ 
Effective sun temperature T

☉

 5777 K 
Outlet air temperature TH5I 32 � 90 � 

Air velocity (forced mode) V 1.0 � 1.2 �/M 

Air density � 1.12 � 1.18 kg/mQ 
Specific heat of air �
 1.005 kJ/kg. K 

Mass flow rate (forced mode) � 0.014 � 0.021 kg/s 

 
Table 2. Costs of materials and fabrication process for SAH prototypes 

Components Material Quantity Unit cost 
(USD) Total cost (USD) 

Collector frame L-shaped steel 1 set $15 $15 

Glazing cover 4-5 mm clear glass 1 sheet $10 $10 

Insulation Fiberglass blanket 1 roll $5 $5 

Interior wall lining Plywood sheets 2 pieces $9 $18 

Absorber (type 1) Aluminium tubes 10 tubes $3 $30 

Absorber (type 2) Aluminium foil hoses 6 hoses $4 $24 

Absorber (type 3) Trapezoidal steel 
sheet 1 sheet $5 $5 

Black matte paint High-absorption 
coating 1 can $5 $5 

Fan (forced mode) 19 w axial fan 1 unit $6 $6 

Regulator voltage speed 
controller 1 unit $5 $5 

Digital thermometer - 1 unit $12 $12 
Airflow 
measurement basic handheld 1 unit $22 $22 

Miscellaneous wiring, brackets, - $20 $20 

 


