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ABSTRACT: Solar energy, a sustainable and environmentally benign resource, has increasingly captivated

scientific and engineering communities due to its ability to deliver clean energy with negligible
operational expenses, notwithstanding its relatively high initial installation costs. The present
investigation was undertaken to augment the thermal efficiency of a flat-plate solar collector by
employing a reflective mirror under the climatic conditions of Kirkuk, Iraq. Two identical collectors
were fabricated: one representing a conventional configuration and the other integrated with
a reflective mirror to amplify the incident solar radiation and consequently elevate heat absorption.
Experimental analyses were carried out during four consecutive months: December 2024 and
January, February, and March 2025 at 1:00 p.m. In December, the mirror-assisted collector attained
a thermal efficiency of 31.66%, compared with 28.99% for the conventional unit, indicating
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a 9.21% enhancement. In January, efficiency increased from 28.67% to 37.86%, corresponding
to a 32.05% improvement. February recorded values of 39.59% and 36.65%, showing an 8.02%
gain. March demonstrated the most substantial enhancement, as the modified collector reached
59.40% compared with 35.64% for the conventional system, a 66.66% increase. The outcomes
verify that reflective augmentation significantly enhances the collector’s thermal performance, with
the maximum efficiency observed in March due to the highest solar radiation intensity during this
period.

Keyworbps: thermal efficiency, solar still, cost evaluation, reflective mirrors, absorber plate

Introduction

Population expansion, technological advancements, and better living conditions have all
contributed to a meteoric rise in the world’s energy demands. Electricity and heat are the two
most common forms of energy production. Generation methods and their potential effects on
the environment have come under scrutiny in light of the enormous need for energy. As a result
of this innovation, renewable or clean alternatives have emerged, which rely on collecting
abundant solar radiation that hits the planet (Zarda et al. 2022). Greenhouse gas emissions might
be mitigated if renewable energy sources met a greater share of energy needs. Photovoltaic (PV)
systems turn the sun’s rays directly into electricity, while solar collectors transform it into heat.
In recent years, the need for renewable energy sources has grown significantly (Ali et al. 2025).

It is fascinating to see thermal collectors integrated into contemporary buildings’ facades or
roofs. Houses, apartment complexes, tourist attractions, hospitals, schools, and other buildings
can all benefit from their use to heat sanitary water. Mounting flat solar radiation reflectors
on thermal collectors can achieve an increase in thermal efficiency. The reflector is employed
to focus both direct and diffuse solar energy onto the collector, so enhancing the temperature
differential between the inlet and outlet water flow via the collector (Wells 2009).

Mulugata and Tesfay (2017) did an experiment to see if adding four external reflectors to the
bottom, top, left, and right sides of a liquid-cooled flat-plate collector (specifically a syphon-
type flat-plate collector) would improve its performance. Over the course of several days, the
experiment was carried out on a flat-plate collector with and without reflectors, and the data
was meticulously collected and stored according to the day. During daytime, the flat plate with
a reflector attained the greatest liquid-cooled outlet temperature of 98°C with 1,200 W/m?2 of
solar radiation. In contrast, on a sunny day, the flat plate without a reflector reached a maximum
temperature of 70°C and a maximum solar radiation of 1,200 W/mZ. A collector with strategically
placed reflectors generates a great deal more total thermal energy than one without them.

An experiment was done by Qiu et al. (2021) to see how well a solar trough collector worked.
The collector has a transparent hot mirror shield to keep heat in and two symmetrical solar
mirrors to make the solar radiation stronger. This research created a photo thermally coupled
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model. The model served as the basis for an initial comparison between the proposed receiver
and a standard receiver as well as two previously developed modified receivers. According to
the findings, the optical efficiency of the suggested receiver can reach 78.02%, surpassing that of
previously modified receivers and just 0.22 percentage points below that of the standard receiver.
It is possible for the suggested receiver to cut thermal loss by 11.2-89.6 W m3. This raises the
efficiency of both the receiver and photo thermal processes by 0.03—5.26%. Solar water heaters
that use a trapezoidal cavity as a concentrator and a linear Fresnel reflector were the subject of
an experimental investigation by Ghodbane et al. (2018). To get the concentrating line hot, we
tried out various configurations of reflective mirrors. The copper absorber tube had a black paint
coating and a selectively appropriate surface. The heat that might be used by the absorber tubes
was measured and compared with mirrors numbered 7, 9, and 11. Thanks to eleven reflecting
mirrors, the water temperature peaked at 74°C. We achieved a maximum thermal efficiency of
29.21%.

Solar water heaters, both residential and commercial, can benefit greatly from the employed
linear Fresnel concentrator in solar energy fields, according to the findings. This gadget serves
as a cost-effective thermodynamic process for heating water through solar energy. Tabasi et
al. (2019) did an experiment on the performance of a solar panel with reflecting mirrors. They
found that panel and mirror tilt as well as mirror length affected system performance, including
the rise in cell temperature. We sought out, debated, and modelled a wide range of potential
layouts, lighting, and shading scenarios in a three-dimensional space. The optimal reflective
mirror angle was found to be 0°, while the optimal solar panel tilt angle was determined to be
69.084°, according to the data. Solar panels equipped with reflective mirrors may provide an
estimated 2.38 GJ (613.89 kWh) of electrical energy each annum, according to the findings.

An experimental model of a photovoltaic/thermal (PV/T) collector was developed and
tested by Benkaddour et al. (2022). This model uses two moveable mirrors to concentrate solar
radiation and improve its electrical and thermal energy. Scientists analyzed electrical and thermal
efficiency in two scenarios one without mirrors and one with them strategically placed to prove
that the mirrors were effective at generating thermal and electrical energy from the collector.
The ideal angular positions for the lower reflector were found to be 14° in December and 42° in
June, according to numerical calculations; for the upper reflector, the ideal positions were 5° in
June and 30° in December. The findings showed that a PV/T collector’s average daily electrical
efficiency was 13.75% without mirrors and 14.09% with mirrors. A PV/T collector without
mirrors produced 41.58 Wh of electrical energy, but one with mirrors produced 27.25 Wh.
Because it is temperature dependent, the electrical efficiency of a mirrorless photovoltaic cell
is greater than that of a mirror-containing cell. A photovoltaic/thermal air collector with mirrors
achieves an average thermal efficiency of 46.17% per day, which is higher than the 46.10%
achieved without mirrors.

Two aluminum foil reflectors were put on top and bottom of a flat-plate solar collector by
Pavlovic and Kostic (2022). They then analyzed and tested the collector to see how the reflectors
changed its performance. Results showed that December had the lowest optimal angle position
for the lower reflecting mirrors (5°) and June the highest optimal angle position for the higher
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reflective mirrors (38°), with a collector angle of 45°. Compared to a collector devoid of reflectors,
one with them strategically produced substantially more total heat energy. These findings show
that aluminum foil reflectors are effective; a collector with reflectors can increase its energy
output by 35 to 44 per percent throughout the summer.

An experiment and a theory by Ahmed and Bawa (2018) looked into what happens when
reflecting mirrors are added to a photovoltaic/thermal hybrid collector that heats water and
air and makes electricity. Research on the hybrid solar collector’s efficiency focused on three
controlled variables: the angle of the bottom reflector, the presence or absence of reflective
mirrors, and the glass cover. The findings demonstrated that reflective mirrors caused the solar
cell’s temperature to rise. Its value was 92.70°C when the glass cover was used in conjunction
with the lower and upper mirrors, 76.10°C when the lower mirrors were used alone, and 71.35°C
when the reflective mirrors were not used. With two reflectors in use, the average daily overall
efficiency was 81.03%, indicating a high level of thermal and electrical efficiency. The daily
average overall efficiency was 589.5% with the glass cover and 499.7% without, indicating that
the glass cover had a substantial impact on overall efficiency. Additionally, the use of reflectors
improves overall efficiency.

Using external flat-plate reflectors and a parabolic collector mounted on arrays of flat-plate
collectors, Nagaraju et al. (2021) enhanced a single-slope solar still by adding sand troughs
to improve heat storage and evaporation. Experiments at 1-3 cm water depths showed the
best performance at 1 cm, yielding 0.453 L/m? versus 0.2 L/m? without sand troughs. The
modification increased daily productivity by 71.4% and efficiency from 37.9% to 65.08%. The
cost of freshwater production was 0.801/L over 12 years, proving the design both efficient and
economical. According to the findings, older flat-plate reflectors achieved a performance boost
of more than 30% per year, or 100—120 kWh/m?2. Performance gains of up to 170 kWh/m? were
possible when a reflector shaped like a parabolic collector was attached to a novel reflector
material. This allowed for a 30% reduction in the amount of land and collector area needed for
a given load.

A silicon photovoltaic (PV) system that makes use of inverters set at the ideal tilt angle
was the subject of an experimental investigation by Malik and Chandel (2020). The results
indicated that the PV inverter system’s average power augmentation was 10% in the summer
and 19.84% in the winter, with a difference of 13.23%. The inverter system performed best in
the summer with a tilt angle of 40° and a tilt angle of 15°. Bhowmik and Amin (2017) executed
an experimental investigation to evaluate a prototype flat-plate solar collector, both with and
without a reflector, in Gazipur, Bangladesh, in January 2015. The collector’s efficiency was 51%
without a reflector and 61% with a reflector. The overall efficiency of a flat-plate solar collector
is enhanced by around 10% when a reflector is employed with it. Naik and Palatel (2014)
executed an experimental investigation to assess the efficacy of a solar water heater augmented
with a planar reflector positioned at the upper edge of the collector in the tropical climate of
Calicut. A significant improvement in the thermal and electrical performance of the system
with the integrated reflector was observed compared to the system without the reflector. The
system demonstrated that a reflector tilt angle between 85° and 100° was optimal for improving
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TaBLE 1. Summary of core performance evaluation criteria in reviewed studies

TABELA 1. Podsumowanie gtéwnych kryteriéw oceny wynikéw w przeanalizowanych badaniach

Authors Enhancement Focus Findings

Optimum distance (20 mm) between ETC and
CPC; Mylar reflector achieved 3.5 L/m2-day vs.
1.9 L/m?-day (aluminum foil).

Optical enhancement using CPC

Kedar et al. 2021
reflectors

PCM-based stills improved distillate yield: Tubular
SS +218%, Single Basin +149%, Pyramidal
+125%, Hemispherical +94%, Stepped +68%.

Thermal enhancement using PCM

Singh et al. 2023 .
and nanoparticles

Yield: With PCM +9.5%, PCM+PF +16.8%,
PCM+SWF +13%. Energy efficiency 117.9%,
exergy 113.2% (PF).

Yousef and Hassan Thermal conductivity enhancement
2019 using PCM, fins, and SWF

CuO nanoparticles improved the thermal
conductivity of paraffin wax from 0.25 to
0.34 Wm.K

Utilizing CuO nanoparticles in PCM

Sonker et al. 2020 . .
for passive stills

Explored synergistic effects of three Productivity enhancement reached 73.8% under
Sharshir et al. 2017 enhancement techniques in hybrid | the combined modification (D: FGN + PCM + film
stills. cooling).

output and thermal efficiency under winter conditions. The aim of the study is to experimentally
evaluate how integrating upper and lower reflective mirrors with a conventional flat-plate solar
collector can enhance its thermal performance and economic feasibility under the atmospheric
conditions of Kirkuk, Iraq. The investigation focuses on quantifying improvements in outlet
temperature, heat gain, and thermal efficiency across different seasons by conducting tests from
December 2024 to March 2025. It further aims to assess the influence of varying volumetric flow
rates, identify optimal mirror tilt angles for maximizing solar concentration, and compare the
performance of the modified system with that of an identical conventional collector. Additionally,
the study seeks to determine whether mirror-assisted solar concentration offers a cost-effective
and practical enhancement technique relative to traditional configurations, thereby improving
the overall energy yield and reducing the levelized cost of heat production.

1. Experimental methodologies

This study involved developing a dual-plate solar collector test system. The first collector
served as the primary collector and operated using clean water only. The second collector was
identical to the first in all aspects, including dimensions and specifications, but incorporated two
reflective mirrors: one positioned above the flat collector (upper mirror) and another below it
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(lower mirror). Their purpose was to increase the concentration of solar radiation on the collector.
The temperatures at the solar collector’s inlet and outlet, as well as those of the glass surface
and absorber plate, were determined using appropriate sensors. Several measurements were
taken, including the volumetric flow rate of water and the amount of solar radiation reaching the
collector. Figure 1 illustrates the test setup.

Fig. 1. The experimental layout

Rys. 1. Uktad eksperymentu

1.1. Flat plate solar collector

The system comprises a square aluminum structure box (1 x 1) m, where there is a 5 cm-wide
gap between the three plastic panels and the inner aluminum layer that forms the outer part. In
the middle, insulating glass wool is sprayed, and then a layer of transparent glass, 4 mm thick,
is placed over it. It is immovable. The thickness was selected to accommodate the extensive
cross-sectional area of the module and safeguard it from damage and environmental degradation.
It also maximizes the absorption of solar radiation from the top, which in turn allows heat to
escape, reduces heat loss from the building, and provides insulation at the bottom and sides. The
absorber plate has dimensions of (0.95x 1) m, and there is a gap or distance of 2.5 cm between
it and the glass cover. The copper tubes that make up the solar collector are 0.85 m long and
have the following dimensions: The inner diameter of the head is 22.5 mm, and its thickness is
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1.5 mm. The inner diameter of the riser pipes is 9.5 mm, and its thickness is 1 mm. Armaflex
insulation is applied in two layers on the inner surfaces of the collector to insulate the pipes
connecting the system components and ensure that no heat is lost to the outside environment.
A network of plastic pipes connects the solar collectors of the system. Water is transported in the
system through these channels, which have a diameter of 0.5 in. Several valves and connectors
control the movement of fluids throughout the system. To ensure water circulation within the test
system, two pumps were used for each collector, with a height of no less than 2.5 m. These two
pumps played an important and effective role in moving water from the designated tank to the
flat solar collector.

1.2. Reflective mirrors

The reflective mirrors consist of a rectangular iron box with dimensions of (1x0.5) m. Its
unbreakability, heavy weight, stability, resistance to weather and strong winds, and affordability
made iron the preferred metal. We coated it to prevent the metal surface from forming a thin layer
of iron oxide, which leads to corrosion. Next, we place the flat mirrors inside the (0.97 x0.47)
m iron box shown in Figure 2. The mirrors are fixed to the iron frame with thermal silicone to
prevent them from being affected by heat, which may cause the mirrors to shatter.

Fig. 2. The reflective mirror in the test system

Rys. 2. Lustro odbijajace w uktadzie testowym

1.3. Solar collector measurement instruments and calibrations

A YF-S201 water flow sensor was used to track the rate of pure water flow. This sensor was
capable of measuring fluid flow rates between 1 and 30 L/min and could withstand pressures up to
1.75 megapascals. The flow sensors were carefully arranged as shown in Figure 3. A mechanism
was developed to record the temperature, flow rate, and radiation intensity of the fluid within
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the primary and secondary solar collectors to measure its thermal performance. The device was
powered by an Arduino chip, and the Arduino UNO model was specifically selected due to its
compatibility with the study variables. An external memory card (EMC) was used for long-term
data storage, providing twelve input and output channels.

All seven data points were recorded in the test system: the inlet and outlet temperatures,
absorber plate and cover glass temperatures, ambient temperature, flow rate, and radiation
intensity. The memory drive shown in Figure 3 stored the hourly recorded readings. For
temperature measurements, four digital Arduino-type (K) sensors and four analog NTC sensors
were connected to the Arduino system. The sensors were positioned as follows: two thermocouples
were installed at either end of the header tube to measure the inlet and outlet temperatures of
the fluid as it flowing from the primary system to the flat-plate solar collector. Each system also
had two thermal sensors mounted on the absorber plate to monitor its surface temperature, and
two additional sensors were attached to the glass cover to measure its temperature. Thermal
sensors were also placed near both experimental setups to record the ambient temperature. This
configuration ensured precise and comprehensive data collection for accurate assessment of the
system’s thermal performance.

Receiver water safety valve
Intensity solar — —
= W 1
| |
t[_____———_____llﬁ ———————— Arduino
n ﬁ e /;;/_
Toute - // -
Tglass| | =1 ﬁvalve/ > computer
m L

Reflective mirror Tin
""" Wiring

Piping
I_I Thermocouple

Fig. 3. A diagram of the flat solar collector

Rys. 3. Schemat ptaskiego kolektora stonecznego
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2. Theoretical methodology

Performance of flat plate solar water collectors (utilitarian energy): at steady state, the amount
of usable energy produced by a solar water collector is (Tarik and Ali 2020; Ali et al. 2023):

Qu = m ) Cp,w ' (Tlv, o Tlv, ci) (1)
where:
m — mass flow rate of the water [kg-s™1],
Cow — specific heat of water [kJ (kg-K)™!],
Tyeiand T, temperatures of the water at the input and exit of the solar collector,

respectively [K].

The flat plate solar water collector’s hourly efficiency 1, is (Nassar et al. 2023; Miri et al.
2023):
[0, dt
nse= A’l —100% 2)
.vcj[;[(t)dt

where:
I(t)— instantaneous intensity of solar radiation [Wm 2],
Asc_
0O, — thermal useful energy [W].

flat plate solar water collector area [m 2],

The total solar radiation G,,, .,; on the PV/T collector surface with tilted plane angle f3 is the
sum of several components, as shown in Figure 4, and including the following: the radiation that
hits the collector surface directly (G;.c./), the radiation that diffuses from the sky (Gy;rc01), the
radiation that is reflected from the ground (G ,), the radiation that is reflected from the bottom
reflector (G, with tilted plane angle a;), and the radiation that is reflected from the upper
reflector (G, with tilted plane angle a,) (Qader et al. 2023; Qader et al. 2024, Ali et al. 2025;
Fattahi 2021).

Gtat. col = Gdir. col + Gdif’.cal + Grey".gr + Gre_/'.rl + Gref.rZ (3)
where:
Gdir,col = Gin : Sin (a’ + B) (4)
I—cosP
Gy = Guy T 5)
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.l—cosB 6)

Gref .gr = p g . Gh 2
Gref.rl = pAl ! Gin : Sinx : Sin(a - (x‘l )’ X = (B + 2)(a‘l - (x‘) (7)
Gref.r2 =p, G, sint-cos(a, +a);t=(a+2)(a, =) (8)
where:
o — solar altitude angle,
G;,, — global solar incident radiation,
Gy — diffuse radiation on horizontal surface,
G, — global solar radiation on horizontal surface,
pg  — ground reflectance,
X — incidence angle of the reflected solar radiation on the absorber surface,
p4y1 — Alsheet reflectors reflectance.

Fig. 4. Schematic diagram of the flat plate solar collector with solar radiation reflectors

Rys. 4. Schemat ptaskiego kolektora stonecznego z elementami odbijajacymi promieniowanie stoneczne
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3. Result and discussions

This section presents a thorough examination of the data derived from practical experiments
performed on flat-plate solar collectors over the months of December, January, February, and
March. Testing commenced at 9:00 a.m. and persisted until 5:00 p.m. The tests aimed to enhance
the operational efficiency of the collector, augment the thermal energy acquired, and improve the
heat transfer coefficient. The impact of reflective mirrors was analyzed, and the system outcomes
were compared with and without their utilization. The lower mirror was secured at an angle
of ©=5°, while the angle of the upper mirror was adjusted. The optimal angles for each of the
four months were established as follows: 25°, 22°, 20°, and 18°, respectively. Distilled water
served as the reference point for comparison. The flow rates were adjusted to 0.0089, 0.012, and
0.015 L/s.

Figure 5 illustrates the correlation between solar radiation and the daily average duration
period of four months. Solar radiation is most intense between 9:00 a.m. and 11:00 p.m. during
the four months because the sun is perpendicular to the Earth’s surface during that period, which
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Fig. 5. The intensity of solar radiation in relation to daylight hours for December 2024 and the subsequent months
of January, February, and March 2025 in Kirkuk, Iraq

Rys. 5. Natgzenie promieniowania stonecznego w odniesieniu do liczby godzin dziennych w grudniu 2024 r.
oraz w kolejnych miesigcach: styczniu, lutym i marcu 2025 r. w Kirkuku w Iraku
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increases the incidence of solar radiation. During the months of December, February, and March,
it peaked at 696 W/m?, 890 W/m?2, 972 W/m?, and 999 W/m?, respectively, at exactly 1:00 p.m.
Because the sun is tilted relative to the Earth, its rays are less intense in the afternoon.

Figures 6 to 8 illustrate the correlation between outlet temperature and the monthly average for
March during the study period at 3 p.m. is presented at various flow rates (0.0089, 0.012, 0.015 L/s)
for both the conventional flat solar collector (lacking a reflective mirror), and the enhanced solar
collector (featuring a reflective mirror). The optimal angle for the upper mirror was established for
each of the four months specified (25°, 22°, 20°, 18°), while the lower mirror was maintained at
a fixed angle of 5° for the distilled water utilized within the collector. The findings indicated that
the exit temperature rises from 9:00 a.m. until 1:00 p.m. owing to the heightened intensity of solar
radiation on the collector and subsequently declines from 1:00 p.m. to 5:00 p.m., as solar radiation
diminishes on the collector for both the conventional and mirror-enhanced collectors.

Figure 6 illustrates that at a volumetric flow rate of 0.0089 L/s, the exit temperature of the
mirror-enhanced solar collector attained 51°C, whereas the exit temperature of the traditional
solar collector reached 47.97°C.

—e— with mirror —#—without mirror

w A AU
v O »nn O

outlet Temp. (°C)
538 kR 8

9 10 11 12 13 14 15 16 17
Time(hr)

Fig. 6. The correlation between the output temperature and the time average for March at a specified volumetric flow
rate at 0.0089 L/s

Rys. 6. Korelacja migdzy temperaturg na wylocie a $rednig czasowa dla marca przy okreslonym natezeniu przeptywu
objetosciowego wynoszacym 0,0089 1/s

Figure 7 illustrates that at a volumetric flow rate of 0.012 L/s, the exit temperature of the sun
collector augmented with a reflective mirror attained 50.89°C, whereas the exit temperature of
the traditional solar collector reached 47.76°C.

Figure 8 illustrates that at a volumetric flow rate of 0.015 L/s, the exit temperature of the solar
collector augmented with a reflective mirror attained 50.55°C, whereas the exit temperature of
the traditional solar collector reached 47.68°C.
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Fig. 7. The correlation between the output temperature and the time average for March at a specified volumetric flow
rate at 0.012 L/s

Rys. 7. Korelacja migdzy temperatura na wylocie a $rednig czasowa dla marca przy okreslonym nat¢zeniu przeptywu
objetosciowego wynoszacym 0,012 1/s
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Fig. 8. The correlation between the output temperature and the time average for March at a specified volumetric flow
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Rys. 8. Korelacja migdzy temperatura na wylocie a $rednia czasowa dla marca przy okreslonym nat¢zeniu przeptywu
objetosciowego wynoszacym 0,015 I/s
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Figures 9 to 12 illustrate the correlation between heat acquisition and the time average
over four months (December 2024, January, February, and March 2025) for two types of solar
collectors: a conventional flat-panel collector without a reflective mirror and an enhanced
collector with a reflective mirror. The optimal upper mirror angles for each month are set at
25°, 22°, 20°, and 18°, respectively, while the lower mirror remains fixed at an angle of 5°.
This analysis is based on a volumetric flow rate of 0.015 L/s of distilled water used within the
collector. The findings indicated that the heat gained escalates from 9:00 a.m. to 1:00 p.m. as
aresult of heightened solar radiation intensity on the collector and subsequently diminishes from
1:00 p.m. to 5:00 p.m. due to reduced solar radiation on the collector for both the conventional
and enhanced collectors utilizing a reflective mirror. The data indicates that the most heat gain
occurred in the solar collector enhanced by the incorporation of a reflective mirror. This result
signifies that an increased concentration of solar radiation incident on the collector enhances the
thermal exchange between the collector tube wall and the distilled water contained within the
collector.

In Figure 9 for December, the heat acquired by the enhanced solar collector utilizing
a reflective mirror was 220.48 watts at 1 p.m., whereas the traditional solar collector without
a reflective mirror acquired 201.85 watts, resulting in a percentage increase of 9.23% when
comparing the two collectors.

==@==\Without mirror === with mirrior
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Fig. 9. Heat gain per day at a volumetric flow rate of 0.015 L/s for both the improved solar collector, which uses an
upper reflective mirror at © = 25° and a lower mirror at © = 5°, and the conventional solar collector, measured in
December 2024 in Kirkuk, Iraq

Rys. 9. Dzienne przyrosty ciepta przy natgzeniu przeptywu objetosciowego wynoszacym 0,015 1/s zarowno dla
ulepszonego kolektora stonecznego, wyposazonego w gorne lustro odbijajace o kacie nachylenia © = 25° i dolne lustro
o kacie nachylenia © = 5°, jak i dla kolektora stonecznego konwencjonalnego, zmierzone w grudniu 2024 r. w Kirkuku

w Iraku
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Fig. 10. Heat gain per day at a volumetric flow rate of 0.015 L/s for both the improved solar collector, which uses
an upper reflective mirror at © = 25° and a lower mirror at © = 5°, and the conventional solar collector, measured in
January 2025 in Kirkuk, Iraq

Rys. 10. Dzienne przyrosty ciepta przy nat¢zeniu przeptywu objetosciowego wynoszacym 0,015 1/s zaréwno dla
ulepszonego kolektora stonecznego, wykorzystujacego gorne lustro odbijajace pod katem © = 25° i dolne lustro pod
katem © = 5°, jak i dla konwencjonalnego kolektora stonecznego, zmierzone w styczniu 2025 r. w Kirkuku w Iraku

In Figure 10 for January, the heat gained by the enhanced solar collector utilizing a reflective
mirror was 296.03 watts at 1 p.m., whereas the traditional solar collector without a reflective
mirror attained 255.13 watts. This indicates a 16.03% increase in heat acquisition when
comparing the enhanced collector to the traditional model.

In Figure 11 for February, the heat gained by the enhanced solar collector utilizing a reflective
mirror was 384.6 watts at 1 p.m., whereas the traditional solar collector without a reflective
mirror garnered 318.44 watts, indicating a 20.78% increase in heat acquisition when comparing
the improved and traditional collectors.

In Figure 12 for March, the heat gained by the enhanced solar collector utilizing a reflective
mirror was 593.31 watts at 1 p.m., whereas the traditional solar collector without a reflective
mirror garnered 356.06 watts, indicating a 66.63% increase in heat acquisition when comparing
the improved and traditional collectors.

Figures 13 to 15 represent the variation of experimental thermal efficiency over time for three
distinct volumetric flow rates: 0.0089, 0.012, and 0.015 L/s for the solar thermal collector, which
is enhanced with a reflective mirror, during December 2024 and the months of January, February,
and March 2025. The results indicate that practical efficiency enhances from 9:00 a.m. to 1:00
p.m. This result indicates that increased solar radiation enhances the efficiency of the solar
collector. Although solar radiation intensity decreases after 12:00 p.m., the efficiency continues
to increase to 1:00 p.m. This results from the thermal retention of the solar collector and the
surrounding atmosphere, which reduces thermal losses, meaning that heat dissipation from the
solar collector to the outside is minimal. Subsequent to 2:00 p.m., the collector performance
decreases as solar radiation intensity decreases until 5:00 p.m.
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Fig. 11. Heat gain per day at a volumetric flow rate of 0.015 L/s for both the improved solar collector, which uses
an upper reflective mirror at © = 25° and a lower mirror at © = 5°, and the conventional solar collector, measured in
February 2025 in Kirkuk, Iraq

Rys. 11. Dzienne przyrosty ciepta przy natezeniu przepltywu objetosciowego wynoszacym 0,015 1/s zaréwno dla
ulepszonego kolektora stonecznego, wyposazonego w gorne lustro odbijajace o kacie nachylenia © = 25° i dolne lustro
o kacie nachylenia © = 5°, jak i dla kolektora stonecznego konwencjonalnego, zmierzone w lutym 2025 r. w Kirkuku
w Iraku
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Fig. 12. Heat gain per day at a volumetric flow rate of 0.015 L/s for both the improved solar collector, which uses
an upper reflective mirror at © = 25° and a lower mirror at © = 5°, and the conventional solar collector, measured in
March 2025 in Kirkuk, Iraq

Rys. 12. Dzienne przyrosty ciepta przy nat¢zeniu przeptywu objetosciowego wynoszacym 0,015 1/s zaréwno dla
ulepszonego kolektora stonecznego, wyposazonego w gorne lustro odbijajace o kacie nachylenia © = 25° i dolne lustro
o kacie nachylenia © = 5°, jak i dla kolektora stonecznego konwencjonalnego, zmierzone w marcu 2025 r. w Kirkuku
w Iraku
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In December, Figure 13 shows that the maximum efficiency corresponds to the maximum
volumetric flow rate of 0.015 L/s. This phenomenon is because increasing the volumetric flow
rate leads to the breakdown of adjacent layers in the pipes, which enhances heat transfer from the
pipe surface to the fluid. The results indicated that the highest efficiency was for the volumetric
flow rate of 0.015 L/s, equal to 31.66% at 1:00 p.m., while for the volumetric flow rate 0.012 L/s
it equaled 29.53% at 1:00 p.m., and for the volumetric flow rate 0.0089 L/s its equal to 26.91%.
This means that the percentage enhancement of efficiency for the volumetric flow rate 0.015 L/s
over 0.012 L/s is 7.21%, and the percentage enhancement of efficiency for the volumetric flow
rate 0.015 L/s over 0.0089 L/s is 17.65%.
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Fig. 13. The effects of daylight hours on the thermal efficiency at various volumetric flow rates of the enhanced
collector utilizing a using the upper reflecting mirror at © = 25° and the lower mirror at © = 5° for December 2024,
Kirkuk, Iraq

Rys. 13. Wplyw dtugosci dnia na sprawno$¢ cieplna przy roznych natgzeniach przeptywu objgtosciowego
w ulepszonym kolektorze wykorzystujacym gorne lustro odbijajace pod katem © = 25° i dolne lustro pod katem © = 5°
w grudniu 2024 r. w Kirkuku w Iraku

As for January, Figure 14 shows that the maximum efficiency corresponds to the maximum
volumetric flow rate of 0.015 L/s. This difference is because increasing the volumetric flow rate
leads to the breakdown of adjacent layers in the pipes, which enhances heat transfer from the
pipe surface to the fluid. The results indicated that the highest efficiency was for the volumetric
flow rate of 0.015 L/s, equaling 37.86% at 1:00 p.m., while for the volumetric flow rate of
0.012 L/s its equaled 35.85% at 1:00 p.m., and for the volumetric flow rate of 0.0089 L/s it
equaled 27.62%. This means that the percentage enhancement of efficiency for the volumetric
flow rate 0.015 L/s over 0.012 L/s is 5.69%, and the percentage enhancement of efficiency for
the volumetric flow rate 0.015 L/s over 0.0089 L/s is 37.07%.
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Fig. 14. The effects of daylight hours on the thermal efficiency at various volumetric flow rates of the improved
collector a using the upper reflecting mirror at © = 22° and the lower mirror at © = 5° for January 2025, Kirkuk, Iraq

Rys. 14. Wptyw ditugosci dnia na sprawnos¢ cieplng przy réznych natgzeniach przeptywu objetosciowego ulepszonego
kolektora a, wykorzystujacego gorne lustro odbijajace pod katem © = 22° i dolne lustro pod katem © = 5°, w styczniu
2025 r. w Kirkuku w Iraku

As for February, Figure 15 shows that the maximum efficiency corresponds to the maximum
volumetric flow rate 0.015 L/s. This difference is because increasing the volumetric flow rate
leads to the breakdown of adjacent layers in the pipes, which enhances heat transfer from the
pipe surface to the fluid. The results indicated that the highest efficiency was for the volumetric
flow rate 0.015 L/s, equaling 39.59% at 1:00 p.m., while for the volumetric flow rate 0.012 L/s it
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Fig. 15. The effects of daylight hours on the thermal efficiency at various volumetric flow rates of the improved
collector a using the upper reflecting mirror at © = 20° and the lower mirror at © = 5° for February 2025, Kirkuk, Iraq

Rys. 15. Wptyw diugosci dnia na sprawnos¢ cieplng przy réznych natgzeniach przeptywu objetosciowego ulepszonego

kolektora a, wykorzystujacego gorne lustro odbijajace pod katem ©=20° i dolne lustro pod katem ©=5°,
w lutym 2025 r. w Kirkuku w Iraku
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equaled 37.03% at 1:00 p.m., and for the volumetric flow rate of 0.0089 L/s it equaled 32.04%.
This means that the percentage enhancement of efficiency for the volumetric flow rate 0.015 L/s
over 0.012 L/s is 6.91%, and the percentage enhancement of efficiency for the volumetric flow
rate 0.015 L/s over 0.0089 L/s is 23.56%.

As for March, Figure 16 shows that the maximum efficiency corresponds to the maximum
volumetric flow rate of 0.015 L/s. This is because increasing the volumetric flow rate leads
to the breakdown of adjacent layers in the pipes, which enhances heat transfer from the pipe
surface to the fluid. The results indicated that the highest efficiency was for the volumetric flow
rate of 0.015 L/s, equaling 59.4% at 1:00 p.m., while for the volumetric flow rate 0.012 L/s it
equaled 48.66% at 1:00 p.m., and for the volumetric flow rate 0.0089 L/s it equal to 37.7%. This
means that the percentage enhancement of efficiency for the volumetric flow rate 0.015 L/s over
0.012 L/s is 22.07%, and the percentage enhancement of efficiency for the volumetric flow rate
0.015 L/s over 0.0089 L/s is 57.56%.
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Fig. 16. The effects of daylight hours on the thermal efficiency at various volumetric flow rates of the improved
collector using the upper reflecting mirror at © = 18° and the lower mirror at © = 5° March 2025, Kirkuk, Iraq

Rys. 16. Wptyw dtugosci dnia na sprawnosc¢ cieplng przy roznych natgzeniach przeptywu objetosciowego ulepszonego
kolektora wykorzystujacego gorne lustro odbijajace pod katem © = 18° i dolne lustro pod katem © = 5°.
Marzec 2025 r., Kirkuk, Irak

Figures 17-19 show the association between the thermal efficiency and the temporal
mean for the four-month period (December 2024, January, February, and March of 2025) for
a conventional flat-plate collector (without a reflective mirror) and an enhanced collector (with
a reflective mirror). The optimal angle for the upper mirror was established for each of the
four months specified (25°, 22°, 20°, 18°), while the lower mirror was maintained at a fixed
angle of 5°) with a volumetric flow rate of 0.015 L/s of distilled water used inside the collector.
The findings indicated that thermal efficiency rises from 9:00 a.m. to 1:00 p.m. as a result of

237



heightened solar radiation intensity. Incident on the collector and decreases from 1:00 p.m.
to 5:00 p.m. due to the decreased solar radiation incident on the collector for both collectors
(conventional and enhanced with a reflective mirror). It is noted in the above figures that the
maximum thermal efficiency was achieved in the enhanced collector using a reflective mirror.
This result indicates that the greater the concentration of solar radiation incident on the collector,
the greater the improvement in the thermal exchange between the collector tube walls and the
distilled water used within the collector.

In Figure 17 for December, the efficiency of the thermal energy of the improved solar collector
utilizing a reflective mirror was 31.66% at 1:00 p.m., while the efficiency of the thermal energy
of the conventional solar collector without utilizing a reflective mirror was 28.99%, meaning
the percentage increase in thermal efficiency was 9.21% when comparing the improved and
conventional solar collectors.
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Fig. 17. The effects of daylight hours on the thermal efficiency at various volumetric flow rate of 0.015 L/s for both
the improved solar collector, which uses upper reflecting mirror at © = 25° and the lower mirror at © = 5°, and the
conventional solar collector, specifically for December 2024 in Kirkuk, Iraq

Rys. 17. Wplyw diugosci dnia na sprawnos¢ cieplna przy réznych nat¢zeniach przeptywu objgtosciowego
wynoszacych 0,015 1/s zardbwno w przypadku ulepszonego kolektora stonecznego, wykorzystujacego gorne lustro
odbijajace pod katem © = 25° i dolne lustro pod katem © = 5°, jak i w przypadku konwencjonalnego kolektora
stonecznego, w szczegdlnosci w grudniu 2024 r. w Kirkuku w Iraku

In Figure 18 for January, the efficiency of the thermal energy of the improved solar collector
utilizing a reflective mirror was 37.86% at 1:00 p.m., while the efficiency of the thermal energy
of the conventional solar collector without utilizing a reflective mirror was 28.67%, meaning
the percentage increase in thermal efficiency was 32.05% when comparing the improved and
conventional solar collectors.
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Fig. 18. The effects of daylight hours on the thermal efficiency at various volumetric flow rate of 0.015 L/s for both
the improved solar collector, which uses an upper reflecting mirror at © = 22° and a lower mirror at © = 5°, and the
conventional solar collector, specifically for January 2025 in Kirkuk, Iraq

Rys. 18. Wplyw diugosci dnia na sprawno$¢ cieplna przy roznych natgzeniach przeptywu objgtosciowego
wynoszacych 0,015 /s zarowno w przypadku ulepszonego kolektora stonecznego, wykorzystujacego gorne lustro
odbijajace pod katem © = 22° i dolne lustro pod katem © = 5°, jak i w przypadku konwencjonalnego kolektora
stonecznego, w szczegolnosci w styczniu 2025 r. w Kirkuku w Iraku

In Figure 19 for the month of February, the efficiency of the thermal energy of the improved
solar collector utilizing a reflective mirror was equal to 39.59% at 1:00 p.m., while the efficiency
of the thermal energy of the traditional solar collector without utilizing a reflective mirror
was equal to 36.65%, meaning the percentage increase in thermal efficiency was 8.02% when
comparing the improved and traditional solar collectors.

In Figure 20 for the month of March, the efficiency of the thermal energy of the improved
solar collector utilizing a reflective mirror was equal to 59.4% at 1:00 p.m., while the efficiency
of the thermal energy of the traditional solar collector without utilizing a reflective mirror was
equal to 35.64%, meaning the percentage increase in the amount of heat acquired was 66.66%
when comparing the improved solar collector and the traditional one.

Figure 21 illustrates a comparison of the practical thermal efficiencies between the
present study and those conducted by prior studies. The figure indicates that the highest
efficiency was attained through the enhancement involving a reflective mirror (the current
study) in comparison to the enhancement utilizing a source Hussein et al. (2024a) nanofluid.
Factors potentially influencing the efficacy of the enhancement with the nanofluid include
the detachment of nanoparticles from the fluid and the impact of the nanofluid on altering
meteorological circumstances. This technique contrasts with the reflective mirror employed
to enhance the efficiency of the solar collector in the present investigation. This mirror
substantially enhances the efficiency of the flat-plate solar collector by amplifying the
concentration of solar radiation and thereby augmenting its thermal storage capacity. This
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Fig. 19. The effects of daylight hours on the thermal efficiency at various volumetric flow rate of 0.015 L/s for both
the improved solar collector, which uses an upper reflecting mirror at © = 20° and a lower mirror at © = 5°, and the
conventional solar collector, specifically for February 2025 in Kirkuk, Iraq

Rys. 19. Wplyw diugosci dnia na sprawno$¢ cieplna przy roznych natgzeniach przeptywu objgtosciowego
wynoszacych 0,015 I/s zarowno w przypadku ulepszonego kolektora stonecznego, wykorzystujacego gorne lustro
odbijajace pod katem © = 20° i dolne lustro pod katem © = 5°, jak i w przypadku konwencjonalnego kolektora
stonecznego, w szczegodlnosci w lutym 2025 r. w Kirkuku w Iraku
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Fig. 20. The effects of daylight hours on the thermal efficiency at various volumetric flow rate of 0.015 L/s for both
the improved solar collector, which uses an upper reflecting mirror at © = 18° and a lower mirror at © = 5°, and the
conventional solar collector, specifically for March 2025 in Kirkuk, Iraq

Rys. 20. Wptyw dtugosci dnia na sprawnos¢ cieplna przy réznych nat¢zeniach przeptywu objetosciowego
wynoszacych 0,015 I/s zarowno w przypadku ulepszonego kolektora stonecznego, wykorzystujacego gorne lustro
odbijajace pod katem © = 18° i dolne lustro pod katem © = 5°, jak i w przypadku konwencjonalnego kolektora
stonecznego, w szczegdlnosci w marcu 2025 r. w Kirkuku w Iraku
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results in prolonged maintenance of optimal efficiency and expedited heat transfer between
the collector tubes and distilled water.
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Fig. 21. A comparison between the practical thermal efficiencies of the current study and those of previous researchers

Rys. 21. Poréwnanie rzeczywistych sprawnosci cieplnych uzyskanych w niniejszym badaniu z wynikami uzyskanymi
przez poprzednich badaczy

Figure 22 compares the thermal efficiency and economic performance of flat-plate solar
collectors with and without reflective mirrors from December 2024 to March 2025 in Kirkuk,
Iraq. The mirror-equipped collector consistently achieved higher efficiency, improving from
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Fig. 22. Estimated upfront-Copex-Levelized cost per kwh for flat-plate solar collectors with and without reflective
mirrors (Dec 2024-Mar 2025)

Rys. 22. Szacunkowe koszty poczatkowe, koszty operacyjne (Copex) oraz usredniony koszt za kWh dla ptaskich
kolektorow stonecznych z lustrami odbijajacymi i bez nich (grudzien 2024-marzec 2025)
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9.21% in December to 66.66% in March, leading to greater energy yield and reduced cost per
unit of heat produced. Overall, the figure demonstrates that incorporating reflective mirrors
enhances both thermal performance and economic feasibility by increasing energy output and
improving cost-effectiveness.

Conclusions

Based on the practical experiments conducted on both the conventional flat-plate solar
collector and the enhanced collector equipped with reflective mirrors during December 2024
and January to March 2025, it was concluded that the efficiency of the solar collector increased
steadily from 9:00 a.m. to 1:00 p.m., corresponding to the rise in solar radiation intensity.
Although solar radiation intensity began to decline after 12:00 p.m., the collector’s performance
continued to rise until 2:00 p.m. due to the high thermal storage capacity of the collector and the
surrounding atmosphere. Beyond 2:00 p.m., efficiency gradually decreased as the stored thermal
energy diminished. The experimental findings confirmed that the solar collector enhanced with
a reflective mirror consistently achieved higher thermal performance than the conventional
system. This improvement was attributed to the increased concentration of solar radiation on the
absorber surface, which strengthened the thermal exchange between the collector tube walls and
the working fluid.

The results demonstrated monthly variations in performance:

4 In December, the enhanced collector achieved 31.66% efficiency versus 28.99% for the
conventional collector, representing a 9.21% increase.

4 In January, efficiency improved by 32.05%, reaching 37.86% compared to 28.67% for the
conventional system.

4 In February, the enhancement yielded an 8.02% increase (39.59% vs. 36.65%).

4 In March, the highest performance was recorded, with the enhanced collector achieving
59.4% efficiency, compared to 35.64% for the conventional collector, a 66.66% improvement.
The maximum thermal performance was observed in March, corresponding to the highest

volumetric flow rate of 0.015 L/s and peak solar radiation intensity. These findings clearly

demonstrate that integrating reflective mirrors with flat-plate solar collectors significantly
enhances thermal efficiency, particularly under high-radiation conditions.
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Analiza techniczno-ekonomiczna dotyczaca poprawy
wydajnosci ptaskich kolektoréw stonecznych z wykorzystaniem
luster odbijajacych w warunkach atmosferycznych w miescie
Kirkuk w Iraku

Streszczenie

Energia stoneczna, jako zréwnowazone i przyjazne dla §rodowiska zrodlo energii, coraz bardziej
przyciaga uwagg Srodowisk naukowych i inzynieryjnych ze wzgledu na swojg zdolnos¢ do dostarczania
czystej energii przy znikomych kosztach eksploatacyjnych, pomimo stosunkowo wysokich poczatkowych
kosztow instalacji. Niniejsze badanie przeprowadzono w celu zwigkszenia sprawnosci cieplnej ptaskiego
kolektora stonecznego poprzez zastosowanie lustra odbijajacego w warunkach klimatycznych panujacych
w Kirkuku w Iraku. Wykonano dwa identyczne kolektory: jeden o konfiguracji konwencjonalnej, a drugi
wyposazony w lustro odbijajace, majace na celu wzmocnienie padajacego promieniowania stonecznego,
a co za tym idzie — zwigkszenie absorpcji ciepta. Analizy eksperymentalne przeprowadzono w ciagu czte-
rech kolejnych miesiecy: w grudniu 2024 r. oraz w styczniu, lutym i marcu 2025 r. o godz. 13:00. W grud-
niu kolektor z lustrem osiagnat sprawnos¢ cieplng na poziomie 31,66%, w poréwnaniu z 28,99% w przy-
padku urzadzenia konwencjonalnego, co wskazuje na poprawg o 9,21%. W styczniu sprawno$¢ wzrosta
z 28,67% do 37,86%, co odpowiada poprawie o 32,05%. W lutym odnotowano wartosci 39,59 i 36,65%,
co oznacza wzrost 0 8,02%. W marcu odnotowano najbardziej znaczacy wzrost, poniewaz zmodyfikowany
kolektor osiaggnat sprawnos¢ 59,40% w porownaniu z 35,64% w przypadku systemu konwencjonalnego, co
stanowi wzrost 0 66,66%. Wyniki potwierdzaja, ze zastosowanie powtoki odblaskowej znaczaco poprawia
wydajno$¢ termiczng kolektora, przy czym maksymalng wydajno$¢ odnotowano w marcu ze wzglgdu na
najwyzsze nat¢zenie promieniowania stonecznego w tym okresie.

SLOWA KLUCZOWE: sprawno$¢ termiczna, destylator stoneczny, ocena kosztow, lustra
odbijajace, ptyta absorpcyjna
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