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An energy crisis is a significant concern, and solar collectors are among the most efficient energy 
conversion devices. Inefficient heat transfer is an issue that reduces overall performance. This research 
investigates the use of hollow semi-stadium fins (HSSF) arranged in a multi-level array with baffles 
to enhance the system’s overall performance. Outdoor testing was undertaken over three days with 
varying flow rates of 0.01 kg/s (Day 1), 0.03 kg/s (Day 2), and 0.07 kg/s (Day 3). The study considered 
the temperature of the solar collector, as well as its energy and exergy performance. The study found 
a thermal efficiency range of 12.99–71.91% and a maximum value of 71.91% corresponding to an 
irradiance of 800 W/m2 and a flow value of 0.07 kg/s. The inlet-to-outlet temperature differential 
peaked at 21.80 °C at 0.01 kg/s. The most excellent exergy efficiency was 17.06% at a flow rate of 
0.01 kg/s, with a range of 0.55% to 17.06% for all irradiances and mass flow rates. Performance 
results were validated using numerical results and earlier research. Larger flow rates increase thermal 
efficiency but decrease exergy efficiency. The solar collector with HSSF and baffles highlights its energy 
and exergy enhancements for sustainable energy applications.
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HSSF	� Hollow semi-stadium fins
FPSAC	� Flat plate solar collectors
IEA	� International Energy Agency
SDG	� Sustainable development goals
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To	� Outlet temperature
Ti	� Inlet temperature
Ta	� The temperature of the ambient
Tb	� Bending temperature
Tpm	� Absorber plate temperature
ṁ	� Mass flow rate of air
m	� Meters
cm	� Centimeters
mm	� Millimeters
kg/s	� Kilogram per second
Cp	� Specific heat capacity
Qu	� Useful thermal energy
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W	� Watts
kW	� Kilowatts
Ac	� Collector area
As	� Cross-sectional area of the collector
I	� Irradiance
hw 	� Convective heat transmission coefficient
p	� Density
k	� Thermal conductivity (insulation)
Ld	� Duct collector length
L	� Thickness (insulation)
Dh	� The hydraulic diameter of a solar collector
kfluid	� Thermal conductivity of fluid
Exdestruction	� Exergy destruction
Ein,f 	� Rate of exergy input
Ein,Q	� Radiation exergy rate
Sgen	� Entropy generation rate
Eout,f 	� Rate of exergy output
Re	� Reynolds Number
Nu	� Nusselt Number
w	� Duct collector width
d	� Duct collector height
f	� Friction factor
V	� Air velocity
WB 	� Baffle width
LB 	� Baffle length
Greek symbols
ηth	� Thermal efficiency
ηex	� Exergy efficiency
β	� Tilt angle of solar collector

The global energy sector is currently facing a critical challenge due to the increasing energy demands in 
industries such as transportation, electricity, and heating, as well as the rapid growth of the global population1–3. 
According to projections, worldwide energy use is expected to increase by 33% by 20404,5. Fossil fuels, including 
coal, petroleum, and natural gas, currently dominate the energy production sector. At the same time, these 
resources are finite and significantly influence environmental degradation, particularly through carbon 
dioxide emissions that contribute to adverse climate change6,7 In contrast, solar energy offers a sustainable and 
renewable alternative that can meet energy needs indefinitely, while simultaneously reducing pollution levels 
and minimizing environmental damage8–10 The burning of fossil fuels currently accounts for nearly 80% of 
global energy, according to the International Energy Agency (IEA). This dependence is envisioned to persist, 
with an anticipated yearly growth rate of 0.9% by 203011. In the meantime, renewable energy technologies are 
undergoing rapid development, with a foreseen yearly expansion rate of 3.0% up to 203012–14.

A solar thermal collector device serves as a substitute energy solution and is recognized as a green technology, 
contributing to reduced fossil fuel utilization and mitigating environmental pollution15. The flat plate solar 
collector (FPSC) is a notable technology used in solar energy systems to convert solar energy into thermal 
energy16,17. The collector’s setups incorporate numerous airflow designs. According to the application, solar 
collectors can be categorized into single-pass, double-pass, and triple-pass systems18,19. Fudholi et al.20 found 
that the solar air flat plate collector’s energy and useful work potential performances fluctuated between 28 and 
62% as well as 30% and 57%, respectively, making it suitable for drying applications. Azha et al.21 also found that 
collectors may heat water.

FPSCs are a favored choice for solar energy applications due to their cost-effectiveness, simplicity, and 
flexibility. Nevertheless, the core issue with FPSC is the inefficient heat exchange rate between the absorbent 
plate component and the circulation, which substantially decreases performance9,22,23. The issue can jeopardize 
the utilization of FPSC in various sectors. This is because it impacts the FPSC’s technical performance and 
feasibility for real-world applications. In light of this, the FPSC’s overall performance is enhanced by combining 
fin technology and baffle technology. The advancement of solar air collectors represents a deliberate initiative 
aimed at fulfilling Sustainable Development Goal (SDG) 7: Ensuring Affordable and Clean Energy15,24. The SDG 
highlights the importance of embracing energy technologies that are environmentally sustainable, economically 
viable, and renewable25. Solar thermal devices are critical in this context, facilitating the revolution to clean, 
affordable, and sustainable energy solutions. Next, Obaideen et al.26 indicate that approximately 72% scientific 
publications within the domain of solar energy technologies are linked to Sustainable Development Goal 7. 
Moreover, incorporating solar energy systems is gaining recognition as crucial in promoting global initiatives 
for sustainability and achieving net-zero carbon emissions27,28. Panda et al.29 discovered that the deployment of 
solar energy in the agricultural and aquaculture sectors can contribute to the realization of numerous United 
Nations Sustainable Development Goals (SDGs).

Various solutions are applied to elevate the potency of solar air devices30,31. A considerable amount of crucial 
studies have focused on the use of baffles and fins in solar collectors. Rani et al.32 demonstrated that applying fins 
along with baffles in solar collectors augmented thermal performance by up to 2.67 times and enhanced thermal 
efficiency by approximately 19.73% to 34.3%. This was achieved while concurrently reducing pressure drop and 
significantly improving heat transfer coefficients across diverse flow rates. A thermal performance boost of up to 
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44% over a smooth channel was observed by Jamal et al.33, who demonstrated that the implementation of equally 
shaped fins with minimum spacing, especially at half the fin’s length, leads to a considerable improvement in heat 
transfer and flow dynamics inside the solar air heater. Boussouar et al.34 found that perforated baffles featuring 
two openings, each with a diameter of 15 mm and a thickness of 1–2 mm, exhibited the highest Nusselt number 
(up to 79.56) and a pressure drop of approximately 459–496 Pa at a Reynolds number of 8500, thereby optimizing 
heat transfer efficiency. Razali et al.35 found that multidirectional tapered fins outperform rectangular fins by 
over 10% in solar collector performance. Past research has demonstrated that the inclusion of baffles and fins 
significantly improves the efficiency of solar air collectors.

Experimental testing of FPSAC is necessary for evaluating its real-time performance. As a result, solar 
thermal technologies have been the subject of numerous studies over the years, evaluating their performance 
and feasibility by examining their exergy and energy aspects. The collector developed by M. Arun36 achieved an 
exergy efficiency of 21.18% and an energy efficiency of 81.57% at a nanofluid concentration of 0.1 wt%, thereby 
enhancing its performance. Brahma et al.37 indicated that the solar air collector in the solar dryer incorporating 
phase change material (PCM) achieves an efficiency of energy ranging from 50.77% to 78.41%, along with an 
exergy efficiency of approximately 2.66% to 2.94%, thereby markedly enhancing drying performance compared 
to conventional open space drying techniques. Madadi et al.38 proved that the use of nanofluids significantly 
improves the energy efficiency of solar thermal systems by 25%. Besides that, Din et al.16 assessed a double-pass 
design combining vertically oriented PCM cylinders arranged in a staggered sandwich configuration, achieving 
an experimental thermal efficiency of up to 90.97%, particularly at lower mass flow rates of 0.01–0.03 kg/s, by 
enhancing heat transfer and energy storage through increased contact area and turbulence enhancement.

Although many investigations have examined the effectiveness of various solar collector configurations, there 
has been a lack of focus on the synergistic effects of baffles and hollow fin designs in multi-level set distance 
arrangements within solar thermal air collectors with a double-pass configuration, particularly concerning 
energy and exergy aspects through outdoor experimental testing. Filling this gap is essential for enhancing the 
overall operational performance of these technologies. Consequently, additional investigation in this domain is 
necessary. This paper aims to analyze the energy and exergy effects of the flat plate solar air collector (FPSAC) 
utilizing a multi-level array configuration of hollow semi-stadium fins (HSSF) with baffles. Comprehensive 
performance analyses (energy and exergy) are conducted to evaluate the effectiveness of this collector. This 
study presents a novel approach by incorporating a semi-stadium fin shape with a hollow design within a multi-
level array in the solar absorber of the collector. Based on the literature, this investigation is an extensive and 
experimental study. The primary contributions of the study are outlined as follows:

•	 A layered design featuring HSSF and baffles, as implemented in the FPSAC, improves its overall performance. 
To optimize system performance, fins are configured with a multi-level array with spacing differences of 1:2 
and tested in real-time conditions.

•	 For energy analysis, the heat exchange rate of the device significantly enhances the thermal energy conversion 
of the FPSAC through its distinctive use of HSSF integrated with baffles.

•	 The system exhibits a significant enhancement in exergy performance by reducing irreversibility in heat 
transfer processes. This improvement is attributed to the presence of a fin and baffle configuration, which 
results in more sustainable thermal energy utilization.

•	 A comprehensive assessment framework that includes energy and exergy performance is presented, with 
results validation demonstrating excellent agreement with previous research findings.

Methodology
The field-based assessment commences with the setting up of the solar collector through the assembly of the 
HSSF and baffles, followed by outdoor testing. Data are subsequently analyzed about energy performance, 
exergy performance, and comprehensive collector temperature behavior. Finally, both the numerical and 
experimental results are compared to validate the findings before concluding the study. The flowchart illustrating 
the investigation is presented in Fig. 1.

Novel fins and system description
Fins significantly improve the thermal energy utilization of collectors18,39. The solar collector used in this research 
uses novel stainless steel fins organized in a multi-level gap array with a hollow semi-stadium form. Figure 2 
depicts the novel fins, indicating that they possess a distinctive structure resembling a semi-stadium. The fin 
has been enhanced based on prior research indicating the importance of optimizing design characteristics to 
improve flow and thermal effectiveness40,41. The dimensions of these fins are as follows: height measures 4 cm, 
fin thickness is 0.3 cm, width is 3 cm, and hollow thickness is 0.5 cm.

Figure 3a shows a modified FPSAC with a revolutionary thermal improvement approach. The absorber plate 
has multi-level gap hollow semi-stadium stainless steel fins (HSSF) with baffles. Fins are strategically positioned 
to enhance heat interaction and ventilation dispersion. Baffles near the inlet section mix and guide incoming air 
to improve its contact with hot surfaces. A double-pass counterflow optimizes heat absorption from the absorber 
plate when airflow enters from the bottom, travels through the finned zone, and departs via the outlet. Air passes 
via the higher and lower ducts in the collectors. HSSF and baffles are attached to the top duct, located between 
the glazing and the absorber plate. The reverse air movement direction is positioned at the lower area of the duct, 
between the HSSF absorber plate and the collector bottom frame. A U-shaped bending area that connects the 
upper and lower ducts.

The solar absorber has a length and width of 2.3 m and 0.54 m, with a material thickness of 3.5 mm. It is 
made of black-painted aluminium. The upper and lower air passages of the system are deep, measuring 0.063 m 
and 0.07 m, respectively. Softwood blocks with thicknesses of 4.0 cm and 2.5 cm have been affixed to the sides 
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Fig. 2.  Hollow semi-stadium fins (HSSF) structure.

 

Fig. 1.  Flowchart of the field-based study.

 

Scientific Reports |         (2026) 16:6621 4| https://doi.org/10.1038/s41598-026-37250-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


and bottom of the conduits to provide insulation. A separation of 0.063 m is established between the absorbent 
plate and the glass surface by placing a 4.3 mm thick glass cover above the upper duct. The galvanized iron (GI) 
conduit is used to affix a 0.75 kW air vacuum at the outlet section. The solar simulator is situated 1.5 m above the 
solar collector. Table 1 provides a summary of the collector’s specifications, while Fig. 3b illustrates the FPSAC 
system’s operational concept and design model, which includes innovative fins and baffles.

Experimental procedure
The experimental setup considered for the field-based investigation is an FPSAC with a multi-level array of HSSF 
and baffles. Following the research conducted by Ng et al.42, the solar collector is positioned with an inclination 
angle of 15° to facilitate rain discharge in a south-facing direction, guaranteeing optimal solar exposure 
throughout the day. The FPSAC functions as the energy conversion unit that captures solar radiation to heat 
air as it travels through two distinct passages, thereby improving heat transfer efficiency. Environmental factors, 

Fig. 3.  (a) Overview of FPSAC added with HSSF (multi-level array), and baffles at the absorber plate, and (b) 
3D model of FPSAC.
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including solar irradiance, wind speed, and ambient temperature and humidity, are monitored by a weather 
station. Thermocouples were installed at numerous locations along the air collector and ducting. Continuous 
data acquisition over time was achieved by employing a data recorder to record data from thermocouples. The 
airflow rate was controlled by the air suction, which allowed for the analysis of various flow conditions. Figure 4 
illustrates the outdoor experimental setup.

Three mass flow rates of air are utilized to conduct outdoor testing. The experiments were conducted for three 
days at varying flow rates (0.01 kg/s, 0.03 kg/s, and 0.07 kg/s). After executing the indoor experimental testing, 

Fig. 4.  Outdoor experimental setup.

 

Solar collector parts Details Values

Collector Width × length × height, cm 54 × 230 × 17

Glazing Emittance 0.85

Flat plate Emittance 0.20

Air suction Load, kW 0.75

Fins

Height dimension, cm 4

Width dimension, cm 3

Length dimension, cm 0.3

Hollow thickness dimension, cm 0.5

Baffles
Height dimension, cm 5

Width dimension, cm 10

Insulation
Thermal conductivity, W/Mk 0.0262

Material thickness, cm 4

Table 1.  Solar collector design parameters.
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these three airflow rates were selected as the most significant flow rates affecting the collector’s performance. The 
testing was conducted at the Solar Energy Research Institute (SERI) in Universiti Kebangsaan Malaysia (UKM) 
from 9:00 AM to 4:00 PM. The weather station monitored the ambient temperatures, solar irradiance, and 
humidity. Various air properties were employed, including a density of 1.225 kg/m3 and a specific heat capacity 
of 1006 J/kg·K. The collector was installed at the test location, with coordinates of 2°55′38.4"N, 101°46′05.3"E. 
The key environmental and operational variables that were observed during the outdoor testing of the solar 
air collector are summarised in Table 2. The evaluations are categorized into many aspects, such as energy 
performance, including usable energy and thermal efficiency, along with exergy performance, which includes 
exergy efficiency and exergy destruction. The temperatures of the collectors were evaluated, including the input, 
outlet, plate, and bending temperatures of the collectors.

Uncertainty analysis
Uncertainty analysis is a structured technique for assessing and estimating errors. To fulfil this requirement, 
thorough sensor calibration procedures were conducted beforehand to improve measurement precision, 
reliability, and the overall validity of the data. It is essential to evaluate the reliability of data by ensuring that 
measurements are accurate and precise. Table 3 displays the findings of determining the level of uncertainty 
for each component of the equipment. The analysis results demonstrated that the measurement precision and 
reliability were enhanced, with uncertainties less than 2%. The standard deviation is represented using Eq. 
1 43. The mean of the measurements, the number of measurements, and the results of the measurements are 
represented as n, xi, and x. The corresponding uncertainty, u, is denoted by Eq. 2.

	
s =

√∑n

i
(xi − x)2

n − 1
� (1)

	
u =

√
s√
n

� (2)

Numerical procedure
Numerical testing is employed to verify the experimental outcomes of the outdoor testing of FPSAC with HSSF 
and baffles. The computational fluid dynamics tool used is Ansys Fluent 23.2 software, which facilitates the 
investigation of heat transport and airflow phenomena inside the system44,45. Numerous assumptions were 
established whereby the air is defined as an incompressible, Newtonian, stable, and three-dimensional medium. 
Furthermore, there are no thermal losses at the boundaries of the collector nor any air leakage along the solar 
collector. The k-ε Realizable model is utilized to analyze the correlations between heat transfer in heat conduction 
and fluid flow within solids in conjugate heat transfer involving turbulent flow.

The mesh independence analysis is performed utilizing six distinct grid configurations that vary from extra 
coarse to extra fine, as illustrated in Table 4. The geometry density of the simulations was determined through 

Instrument Variables Instrument model Measuring range Units Uncertainties,%

Thermocouples Temperature K-type -200—1260 °C °C  ± 0.1

Data logger Temperature readings AT4808 data taker -200—1300 °C °C  ± 0.1

Anemometer Velocity AM4206 0.40—25.0 m/s m/s  ± 1.2

Air Suction Velocity GTG GCIL 200 - m/s  ± 1.1

Weather station Irradiances Vantage Pro2 Plus 0 ~ 1800 W/m2 W/m2  ± 5%

Weather station Ambient temperature Vantage Pro2 Plus -79 ~ 93 °C °C  ± 0.3 °C

Weather station Humidity Vantage Pro2 Plus 0.1 ~ 100% %  ± 2%

Table 3.  Measuring instrument uncertainties.

 

Outdoor experiment

Parameters Values

Mass flow rate, kg/s 0.01 (Day 1), 0.03 (Day 2), 0.07 (Day 3)

Time 09:00 AM to 04:00 PM

Days of experiment Three days (Day 1, Day 2, and Day 3)

Specific capacity of air Cp , J/kgK 1006

Density of air, kg/m3 1.225

Location coordinate 2°55′38.4"N 101°46′05.3"E

Location detail Solar Energy Research Institute, Universiti Kebangsaan Malaysia (UKM), Bangi, Malaysia

Inclination angle 15°

Table 2.  Outdoor experimental parameters and conditions.
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a grid independence analysis conducted using Ansys. The criterion employed was average element quality, a 
quantitative metric that assesses the overall quality of all elements within the mesh, including skewness, aspect 
ratio, orthogonal quality, and the Jacobian ratio. Minor improvements in average element quality indicate that 
finer meshes do not increase computational load. Further refining only lowers element quality by –0.02%, 
confirming mesh independence.

To validate the findings, the outdoor experimental measurements were compared with the computational 
fluid dynamics (CFD) simulation results, specifically regarding energy efficiency across a range of irradiance 
levels (400–800 W/m2) and flow rates (0.01–0.07 kg/s). Subsequently, the outdoor findings are also validated 
through comparison with previous studies by P. Sudhakar and M. Cheralathan46, as well as Kim et al.47, by 
analyzing the trends and thermal performance.

Energy formulations
Thermal energy is directly converted from solar radiation using a solar thermal energy conversion device. Adding 
the fins and baffles to the collector could increase its energy efficiency48. This study examines the efficiency and 
acquisition of thermal energy by the solar thermal device. The solar collector’s effective heat gain is determined 
by the combined mass flow rate of the working fluid, the recorded temperatures of the inlet (Ti) and outlet (To), 
and the solar irradiance. Equations 3 - 4 43,49 encapsulate this relationship, with Cp denoting the specific heat 
capacity (air). In the interim, Eqs. 5–6 50,51 are implemented to assess the thermal efficacy of the collector.

	 Qu = ṁCp(T0 − Ti)� (3)

	 ṁ = pV As� (4)

	 Esun = IAc� (5)

	 ηth = Qu/Esun� (6)

Ac stands for the collector plate’s surface area, and I stands for solar irradiation. The surface area of the collector 
is determined using Eq. 7 19.

	 Ac = W idthxLength� (7)

Exergy formulations
Exergy analysis refers to techniques for determining the usable work potential of energy inside a system52. 
It measures energy in terms of both quantity and quality53. The performance of solar thermal collectors in 
producing maximum useful work must be evaluated, taking into account both the quality and degradation of 
energy during conversion54,55. The governing equations, parameters, and a detailed explanation of the FPSAC’s 
exergy effectiveness study are provided in this section. The input exergy rate includes both the exergy from solar 
radiation and the exergy carried by the flowing fluid. The fluid flow rate determines the inlet exergy, which is 
represented by Eq. 8 56.

	
Ein,f = mcp

(
Ti − Ta − Taln

(
Ti

Ta

))
� (8)

The exergy rate of solar radiation on the collection surface is determined by Eq.  9. Where I denote solar 
irradiation, and Ac denotes aperture area. Ts, the apparent solar temperature known as an exergy source, is 
assumed to be 4350 K43,57. Equation 10 43 defines exergy destruction, also known as Exdestruction. The rate of 
output exergy transported by fluid flow is represented by Eq. 11. Next, Eq. 12 is used to describe the entropy 
generation rate, denoted by the symbol Sgen. In Eq. 13, the entire amount of absorbed solar energy is symbolized 
by the symbol Qs, a useful heat gain of the solar collector system. The symbol indicates the total useful heat 
gained across the absorber area, taking into account optical reflection and transmission effects on the surface54.

	
Ein,Q = IAc

(
1 − Ta

Ts

)
� (9)

	 Exdestruction = TaSgen� (10)

Meshing setting (number of elements) Values of average element quality Variation in average element quality

Extra coarse (332,927) 0.59 9.56%

Coarser (783,331) 0.69 4.36%

Coarse (1,714,048) 0.73 2.56%

Normal (3,091,833) 0.76 1.10%

Fine (1,994,586) 0.77 0.76%

Finer (3,340,851) 0.78 -0.02%

Extra fine (3,504,321) 0.78

Table 4.  Summary of mesh independence study.
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Eout,f = mcp

(
To − Ta − Taln

(
To

Ta

))
� (11)

	
Sgen =

[( 1
Ta

− 1
Ts

)
· Qs

]
+

[
ln

(
Tout

Ti

)
−

(
Tout

Ta

)
+

(
Ti

Ta

)]
ṁCp� (12)

	
Qs =

[
IαP V P + Iαl(1 − P ) + Iτl(1 − P )nRαP V P +

Iτl(1 − P )nRαP V (1 − P ) + Iτl(1 − P ) (1 − nR)
]

· Ac� (13)

According to Eq. 14, the equations below represent the usable exergy rate. Due to that, the efficiency of exergy of 
FPSAC is determined by dividing the useful exergy rate by the incoming radiation exergy, as outlined in Eq. 15 
56.

	 Eu = Eout ,f − Ein ,f � (14)

	
ηex = Eout ,f − Ein ,f

IAc

(
1 − Ta

Ts

) � (15)

where Eout ,f  denotes the useful exergy output of the air and Ein ,f  denotes the exergy input of the air. Denoted 
as ηex, the exergy efficiency of the FPSAC quantifies the efficiency with which the available energy (exergy) is 
converted into usable output.

Results and discussions
Solar irradiances and ambient temperature
Over three days, the ambient temperature and solar irradiance were monitored at various air mass flow rates 
(0.01 to 0.07 kg/s). Figure 5a illustrates the solar irradiance and ambient temperature ranging between 9:00 AM 
and 4:00 PM on Day 1, with a flow rate value of 0.01 kg/s. Irradiation increased from 234 W/m2 to a maximum 
of 928 W/m2 at 1:00 PM, followed by an abrupt decline at 2:30 PM, likely due to cloud shading, and a swift 
recovery. The ambient temperature increased progressively from approximately 26 °C to a maximum of 35.5 °C, 
exhibiting less fluctuation than irradiance due to the accumulation of environmental heat.

The ambient temperature and irradiations from Day 2 are depicted in Fig. 5b at a flow rate value of 0.03 kg/s. 
The solar irradiation fluctuated between 288 W/m2 and 939 W/m2 throughout the day due to intermittent cloud 
cover. The ambient temperature increased consistently from approximately 26 °C to a maximum of 33.67 °C 
between 2:30 PM and 3:00 PM, once again demonstrating minimal short-term fluctuation, which is indicative 
of the accumulated solar heating. On Day 3, the irradiance experienced a significant increase to 806 W/m2 at 
a flow rate of 0.07 kg/s, followed by a subsequent decline to 86 W/m2, attributed once again to cloud cover. 
This is illustrated in Fig. 5c. The ambient temperature, which fluctuated between 25 °C and 33 °C, increased 
progressively and remained relatively stable despite the abrupt variations in irradiance.

Thermal profile of solar collector
The thermal efficiency of solar collectors is significantly impacted by their operating conditions and design. 
Performance can be substantially improved through innovations such as baffles and fins. At mass flow rates 
of 0.01, 0.03, and 0.07  kg/s, Fig.  6 illustrates the temperature distribution of the FPSAC using a multi-level 
HSSF array and baffles over a period of three days. Inlet–outlet temperature differences, bending temperature, 
absorber plate temperature, and outlet temperature were all measured. The thermal response was evaluated by 
varying the airflow rates, while the collector geometry remained constant. On Day 1 in Fig. 6a, at a flow rate of 
0.01 kg/s, the absorber plate recorded the highest average temperature of 53.45 °C, followed by the outflow at 
50.50 °C. However, the bending temperature was lower at 33.21 °C. The largest temperature differential attained 
was 21.80 °C between 12:00 and 3:00 PM, indicating substantial output potential for drying or space heating.

On Day 2, as shown in Fig. 6b, at a flow rate of 0.03 kg/s, the average temperatures of the absorber plate and 
exit were 47.62 °C and 41.13 °C, respectively. The maximum temperature differential between the inlet and the 
outlet was 12.24 °C. Temperatures equilibrated at 11:30 AM. The outflow was much lower than the plate, with an 
average bending temperature of 30.62 °C. In comparison to 0.01 kg/s, this flow rate resulted in reduced output 
temperatures and diminished temperature differentials. On Day 3 in Fig.  6c, at a flow rate of 0.07  kg/s, the 
average temperatures of the plate, outlet, and bending were 36.10 °C, 33.73 °C, and 29.87 °C, respectively. The 
most significant temperature variation was just 8.69 °C, with values decreasing after 2:00 PM. Despite elevated 
plate temperatures, the outlet and differential values were minimal, indicating that this flow rate is more suitable 
for applications requiring high circulation rather than elevated discharge temperatures.

The investigation reveals that convective heat transfer is facilitated by the increment in the mass flow rate, 
thereby reducing excessive heating on the plate. The FPSAC’s profile indicates a decrease in both the plate 
and outlet temperatures as the flow rate rises from 0.01 kg/s to 0.07 kg/s. The reduction of plate temperature 
as the flow rate increases is due to the promotion of convective cooling. This is accompanied by a decrease 
in the temperature differential, resulting from increased convective transmission and a shorter air residence 
time within the collector. Operating at a lower flow rate of 0.01 kg/s results in higher output temperatures and 
wider temperature differences, which is advantageous for applications that need high air temperatures, such as 
drying58. Conversely, a higher flow rate value enhances heat extraction capability while reducing the rise in air 
temperature.
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Fig. 5.  Solar irradiances and ambient temperatures on three different days, along with mass flow rates. (a) Day 
1 (0.01 kg/s), (b) Day 2 (0.03 kg/s), and (c) Day 3 (0.07 kg/s).
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Fig. 6.  Temperatures of FPSAC. (a) Day 1 (0.01 kg/s), (b) Day 2 (0.03 kg/s), and (c) Day 3 (0.07 kg/s).
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Energy performance of solar collector
Energy performance in outdoor conditions is crucial for verifying the feasibility of this collector system for 
practical applications in real-world settings. The thermal efficiency of FPSAC using HSSF and baffles at three 
mass flow rates of air (0.01  kg/s, 0.03  kg/s, and 0.07  kg/s) during three individual days (Day 1, Day 2, and 
Day 3) is illustrated in the line graph in Fig. 7 for each day. From 9:00 AM to 10:30 AM on all days, the trend 
indicated an increase in thermal efficiency in the morning. After that, the thermal efficiency began to fluctuate 
in the afternoon due to changes in ambient temperature and solar irradiance. The most consistent efficiency 
is demonstrated by the 0.07 kg/s case on Day 3, with a range of 25.64% to 71.91%. The 0.03 kg/s case on Day 
2, with a range of 19.145% to 58.77%, exhibits more fluctuations. The 0.01 kg/s case on Day 1, with a range of 
12.99% to 30.58%, remains relatively stable but low. A highest thermal efficiency of over 71.91% is achieved at the 
highest flow rate of 0.07 kg/s, followed by 0.03 kg/s at 58.77%, and 0.01 kg/s at 30.58%, which stays below 40%. 
The reason for this is that the collector extracts more heat at higher flow rates, which in turn reduces heat losses 
and improves efficiency. Therefore, an increased mass flow rate of air enhances thermal energy absorption while 
reducing the temperature differential between the input and output of the collector. The summary of the energy 
performance for each flow rate is presented in Table 5 below. The table demonstrates that the average thermal 
efficiency increases with mass flow rate, rising from 22.15% at 0.01 kg/s to 56.42% at 0.07 kg/s. Correspondingly, 
the average useful energy production increases from 233.07 W at 0.01 kg/s to 326.87 W at 0.07 kg/s, indicating 
improved heat extraction at higher flow rates.

The highest thermal efficiency values of the FPSAC is illustrated in Fig. 8 by a bar chart, which shows the 
collector’s performance at different irradiance conditions (200, 400, 600, and 800 W/m2) over three days at 
varying flow rate values (0.01, 0.03, and 0.07 kg/s). The analysis indicates a rising trend in efficiency as flow rates 
increase. Based on all irradiance levels, an irradiance of 800 W/m2 yields the most excellent thermal efficiency 
across all flow rates, with efficiency ranging from 30.58% to 71.91%. For an irradiance level of 200 W/m2, the 
efficiency is at its lowest across all flow rates, ranging from 12.99% to 25.64%. The peak efficiency recorded during 
this outdoor testing is 71.91%, achieved at an irradiance of 800 W/m2 and a flow rate of 0.07 kg/s, attributed to 

Mass flow rate, kg/s Average thermal efficiency,% Average useful energy, W

0.01 22.15 233.07

0.03 43.90 295.91

0.07 56.42 326.87

Table 5.  Overview of thermal efficiency.
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Fig. 7.  Thermal efficiencies of FPSAC for three days.
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enhanced convective heat transfer. The criteria for attaining optimal energy efficiency are consistent with the 
indoor testing outlined in Sect. 4.3.

Exergy performance of solar collector
Exergy analysis evaluates the quantity and quality of energy within the solar thermal system, providing a 
more accurate measure of real efficiency. The exergy efficiency of the FPSAC integrated with HSSF and baffles 
for air mass flow rates of 0.01 kg/s, 0.03 kg/s, and 0.07 kg/s is illustrated in Fig. 9 for Days 1 through 3. The 
overall trend indicates that fluctuations in exergy efficiencies during the day (from 9:00 AM to 4:00 PM) are 
influenced by solar irradiance levels, ambient temperature, and the collector’s temperature. The flow rate of 
0.01 kg/s (Day 1) demonstrated the most significant variation and the highest overall exergy efficiency, with 
percentages fluctuating between 5.25% and 17.06%. The peak efficiency occurs at 1:30 PM with 17.06% on this 
particular day. On day 2 (0.03 kg/s), the exergy efficiency gradually increased, culminating in a notable spike 
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Fig. 9.  Exergy efficiencies of FPSAC for three days.
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at 2:30 PM, reaching 16.11%, within a range of 0.55 to 16.11%. On Day 3 (0.07 kg/s), the experimental testing 
revealed the lowest exergy efficiency, which fluctuated between 0.51% and 6.95%, with a peak efficiency of 6.08% 
occurring at 10:30 AM. The ideal flow rate is discovered to be 0.01 kg/s, as it effectively balances adequate heat 
absorption with minimal thermal losses, thereby maximizing useful energy (exergy). Table 6 summarizes the 
exergy performance of each flow rate. The table demonstrates that the exergy efficiency decreases. The average 
exergy efficiency decreases as the mass flow rate increases, from 11.57% at 0.01 kg/s to 3.75% at 0.07 kg/s, as 
per the table. In contrast, the average exergy destruction experiences a substantial increase, rising from 24.00 W 
at 0.01 kg/s to 76.86 W at 0.07 kg/s. The reduction in exergy efficiency with increased flow rate is owing to the 
increased irreversibility within the solar collector system. The reasons for irreversibility come from heat loss and 
pressure drop inside the system. This underscores the increased irreversibility that occurs at higher flow rates.

Figure 10 is a bar chart illustrating the highest exergy efficiency values of FPSAC with HSSF and baffles at 
various flow rates (0.01 to 0.07 kg/s) and solar irradiance values spanning from 200 W/m2 to 800 W/m2. It is 
evident from the trend that increased solar irradiance results in increased exergy efficiency. Exergy efficiency 
increases with irradiance, with values of 3.5%, 5.25%, and 2.47% at 200 W/m2 for 0.03  kg/s, 0.01  kg/s, and 
0.07 kg/s, rising to 5.94%, 9.02%, and 3.54% at 400 W/m2, 7.3%, 12.9%, and 4.18% at 600 W/m2, and 9.42%, 
17.06%, and 6.08% at 800 W/m2 for the same mass flow rates. The optimal flow rate, which yields the highest 
overall exergy efficiency across all irradiance levels, is 0.01 kg/s. The experimental data indicate a maximal exergy 
efficiency of 17.06% within the irradiance range of 200–800 W/m2 and a flow rate range of 0.01–0.07 kg/s. The air 
travels excessively through the collector, resulting in minimal temperature gain. Consequently, the potential for 
high-quality energy transfer is restricted. From a practical perspective, the flow rate should be optimized using 
the available solar irradiance. The most efficient performance is achieved using approximately 0.01 kg/s under 
moderate to high irradiance. These findings suggest that adaptive or variable flow management systems can 
significantly enhance solar air collector performance by maintaining near-optimal exergy efficiency throughout 
the day.

The effect of temperature difference variations on the thermal efficiencies
The relationship between temperature difference against thermal efficiency at varying solar irradiance levels 
and mass flow rates is illustrated in Fig. 11, an outdoor experimental graph. Thermal efficiency progressively 
increases as the temperature difference rises, with a range of approximately 13% at 3 °C to 30% at 20 °C under 
the minimal flow rate condition of 0.01 kg/s. Nevertheless, the efficacy is considerably enhanced at 0.03 kg/s, 
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Fig. 10.  Highest exergy efficiency across irradiance levels.

 

Mass flow rate, kg/s Average exergy efficiency,% Average exergy destruction, W

0.01 11.57 24.00

0.03 6.20 56.86

0.07 3.75 76.86

Table 6.  Overview of exergy efficiency.
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with an approximate 55% increase at a 12 °C temperature variation. The highest thermal efficiencies are observed 
at an operating rate of 0.07 kg/s, with values ranging from 25 to 72% within a lower temperature fluctuation 
range of 1 °C to 9 °C. The synergistic effect of a high flow rate and a substantial solar input is demonstrated by 
these points, which correspond to higher solar irradiance levels exceeding 800 W/m2. In contrast, the system’s 
efficiency decreases to less than 25% at lower irradiance levels (< 200 W/m2) despite moderate flow rates, 
underscoring the importance of adequate solar input for optimal performance. Generally, higher mass flow rates 
lead to improved heat extraction and a reduced temperature rise, whereas lower mass flow rates result in greater 
temperature differences but lower efficiencies.

Validation analysis
The numerical results were used to validate the outdoor experiments of a solar air collector with hollow semi-
stadium fins (HSSF) and baffles at irradiance levels of 400, 600, and 800 W/m2, as shown in Fig. 12, with flow rates 
of 0.01, 0.03, and 0.07 kg/s. Both methods verified that fins and baffles enhanced energy efficiency by minimizing 
thermal losses and enhancing convective heat transfer. Outdoor experiments demonstrated efficiencies ranging 
from 30.58% to 71.91%, while numerical computations achieved efficiencies of 34.37% to 80.00% at 800 W/
m2. At 600 W/m2, the outdoor values ranged from 26.36% to 60.33%, while the numerical values ranged from 
32.71% to 69.39%. At 400 W/m2, the outdoor efficiencies decreased to 20.88–50.57%, while the numerical values 
ranged from 23.58 to 53.20%. The performance was at its best at 800 W/m2, moderate at 600 W/m2, and at 
its lowest at 400 W/m2, which demonstrates the significant impact of solar input. In conclusion, the findings 
substantiate the efficacy of baffles and fins as improvements to solar air collectors.

Comparison of the present study (outdoor) with prior studies
The comparison of thermal efficiency versus mass flow rate between the present outdoor study and prior 
works by P. Sudhakar and M. Cheralathan46, as well as Kim et al.47, is illustrated in the line graph in Fig. 13. 
In terms of average performance across all flow rates, the present study outperforms both referenced studies, 
demonstrating a consistent increase in efficiency from 30% at 0.01 kg/s to approximately 72% at 0.07 kg/s. In 
contrast, Sudhakar and Cheralathan46 reported that efficiencies increased from 46% to approximately 63% 
within the same range. In contrast, Kim et al.47 demonstrated significantly lower efficiencies, starting at 10% 
and achieving only approximately 44% at a flow rate of 0.07 kg/s. The superior performance of the present study 
can be attributed to the incorporation of cylindrical semi-stadium fins and baffles in the collector design, which 
likely enhanced heat transfer. This comparison confirms that the present study obtained an approximate 9% 
to 28% higher efficacy than the other two studies throughout the tested mass flow rate range. It can be proven 
that experimental validation, along with previous studies, validates the superior performance of the novel solar 
collector. The proposed solar collector design introduces the innovative HSSF with a multi-level array combined 
with baffles, which distinguishes its performance from previous research in solar thermal collectors.

Beyond technical performance, the proposed solar air collector system affects economic feasibility, system 
integration, and long-term operational dependability. The improved energy and exergy efficiency reduced 
operating costs and consumption of energy. These impacts can provide a more cost-effective energy system of 
solar air collectors compared to the conventional system. Integrating this technology into existing infrastructure 
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requires careful site-specific circumstances and retrofit procedures to address compatibility and scalability issues. 
Long-term dependability demands addressing material durability, maintenance, and performance stability over 
time to maintain efficiency and reduce lifetime costs. Incorporating these practical concerns into system design 
and assessment emphasizes its preparedness for real-world application and the need to address economic and 
operational variables to maximize sustainable energy deployment.

Conclusion
Both energy and exergy performances of the FPSAC were thoroughly examined using a multi-level array of 
hollow fins featuring a semi-stadium shape and baffles. The effectiveness of this configuration was validated 
through experimental and numerical testing, as well as a comparison with prior research. The research introduces 
a novel system design incorporating a multi-level HSSF and baffle setup, which substantially enhances the overall 
system performance. This novel configuration provides a sustainable and validated approach to advancing solar 
thermal energy applications. The collector system is tested in a real-time environment. The limitation of this 
study is that testing was conducted over a three-day period, which does not comprehensively reflect the long-
term performance of the system under diverse weather and seasonal conditions. The research utilized air mass 
flow rates of 0.01  kg/s, 0.03  kg/s, and 0.07  kg/s, and was experimentally tested over three consecutive days. 
The performance is tested through two main components: energy and exergy components, with temperatures 
(outlet, bending, plate, and the differential between the inlet and outlet) of the solar collector. The performance 
is assessed based on different irradiance levels. This comprehensive analysis results in the following conclusions:

•	 The ambient temperatures and solar irradiation were recorded throughout the three days, ranging from 25 °C 
to 35.5 °C and from 86 W/m2 to 939 W/m2.

•	 The inlet-to-outlet differential temperatures for the respective flow rates were 21.80 °C at 0.01 kg/s, 12.24 °C 
at 0.03 kg/s, and 8.69 °C at 0.07 kg/s. The absorber plate and outlet temperatures, along with the temperature 
difference between the inlet and outlet, decrease as the mass flow rate increases from 0.01 to 0.07 kg/s, pri-
marily due to enhanced convective heat transfer. The decrement in air residence duration within the collector 
is the primary cause of this effect.

•	 Testing at 0.07 kg/s on Day 3 yields the highest thermal efficiency (25.64%-71.91%), followed by 0.03 kg/s on 
Day 2 (19.145%-58.77%) and 0.01 kg/s on Day 1 (12.99%-30.58%). During outdoor testing, the maximum 
efficiency was 71.91% under an irradiance of 800 W/m2 and an air flow rate of 0.07 kg/s, considering all irra-
diance levels and flow rate conditions.

•	 Generally, a reduction in mass flow rate gives a decreasing trend in exergy efficiency. At the condition flow 
value of 0.01 kg/s, the efficiency values ranged from 5.25% to 17.06%. At 0.03 kg/s, the efficiency varied be-
tween 0.55% and 9.42%, while at 0.07 kg/s, it spanned from 0.51% to 6.95%. The best possible efficiency was 
attained at the minimum flow rate (0.01 kg/s). Moreover, the maximum exergy efficiency recorded across all 
irradiance levels was 17.06%.

•	 The present research validates the effectiveness of the improved design by demonstrating superior efficiency 
in comparison to numerical and previous studies.
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In brief, the HSSF’s multi-level array configuration and the inclusion of baffles substantially enhance the efficient 
transformation of incoming energy into thermal output, establishing it as a practical solution for future solar 
energy projects. The practical deployment of the proposed solar air collector necessitates a range of approaches, 
including evaluation of economic viability, identification of integration challenges, and assurance of long-
term reliability. It is recommended to integrate numerical data using artificial neural networks for thorough 
performance analysis and prediction. This will include doing both computational and experimental studies to 
assess the collector’s energy, entropy, economic, and environmental parameters.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding Author on 
reasonable request.
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