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Abstract: This study investigated the performance optimization of nickel-cobalt (Ni-Co)-
coated absorber panels in solar flat plate collectors (SFPCs) using response surface method-
ology for sustainable operation and optimized performance. Ni-Co coatings, applied
through an electroplating process, represent a novel approach by offering superior ther-
mal conductivity, durability, and environmental benefits compared to conventional black
chrome coatings, addressing critical concerns related to ecological impact and long-term
reliability. Experiments were conducted to evaluate the thermal efficiency of Ni-Co-coated
panels with and without reflectors under varying flow rates, collector angles, and reflector
angles. The thermal efficiency was calculated based on the inlet and outlet water tempera-
tures, solar radiation intensity, and panel area. The results showed that the SFPC achieved
average efficiencies of 50.9% without reflectors and 59.0% with reflectors, demonstrating
the effectiveness of the coatings in enhancing solar energy absorption and heat transfer.
A validated quadratic regression model (R2 = 0.9941) predicted efficiency based on the
process variables, revealing significant individual and interaction effects. Optimization
using the Box–Behnken design identified the optimal parameter settings for maximum
efficiency: a flow rate of 1.32 L/min, collector angle of 46.91◦, and reflector angle of 42.34◦,
yielding a predicted efficiency of 79.2%. These findings highlight the potential of Ni-Co
coatings and reflectors for enhancing SFPC performance and provide valuable insights
into the sustainable operation of solar thermal systems. Furthermore, the introduction of
Ni-Co coatings offers a sustainable alternative to black chrome, reducing environmental
risks while enhancing efficiency, thereby contributing to the advancement of renewable
energy technologies.

Keywords: Ni-Co coatings; solar flat plate collectors (SFPCs); thermal efficiency; response
surface methodology; optimization; black chrome coatings

1. Introduction
Solar energy, an inexhaustible and clean source of energy, has immense potential to

meet the growing energy demands of modern societies while mitigating the environmental
impacts associated with fossil fuel usage [1–3]. Over the last few decades, harnessing solar
energy using various technologies has become a key area of research and development [4,5].
Recent studies have demonstrated the significant sustainability benefits of solar energy
systems. For example, solar collectors can reduce greenhouse gas emissions by up to 70%,
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while achieving energy efficiencies exceeding 85% [6]. Similarly, solar drying systems have
been shown to completely eliminate CO2 emissions compared to conventional electric
convective dryers, which emit 294–410 kg CO2 per kWh [7]. These findings underscore the
potential of solar energy technologies to contribute to environmental sustainability and cost
efficiency. Among these technologies, solar thermal systems, particularly solar flat plate
collectors (SFPCs), are widely recognized for their versatility, reliability, and adaptability to
diverse applications ranging from water heating to industrial processes [8–11]. However,
one of the primary challenges in this field is to improve the efficiency of these collectors to
make them a more viable and competitive option than conventional energy sources [12–14].
The ability of SFPCs to effectively capture, absorb, and retain solar radiation is directly
related to the materials and design characteristics of their absorber plates. Enhancements in
this area can significantly improve the thermal performance of solar collectors, thus driving
advancements in the practical applications of solar thermal technology.

One of the key strategies for enhancing the thermal efficiency of SFPCs is the use of spe-
cialized coatings on absorber panels. These coatings are designed to improve the selective
absorption of solar radiation while minimizing thermal losses due to radiation. Typically,
absorber plates are treated with selective coatings that exhibit high absorptance and low
emittance, which help convert a greater portion of the incident solar energy into usable
thermal energy. Traditional coating materials, such as black chrome (BC) [15–22], have been
extensively employed owing to their favorable properties, including high thermal stability
and robust absorption–emission characteristics. However, despite the advantages of BC
coatings, they have certain limitations, including environmental concerns related to the use
of Cr, which is a hazardous material, and performance limitations under specific operating
conditions. These challenges have spurred interest in alternative coating materials that can
offer similar or even superior thermal performance while addressing the environmental
and durability concerns of conventional coatings.

In this study, nickel-cobalt (Ni-Co) coatings emerged as a promising alternative to black
chrome for solar absorber panels. Ni-Co coatings possess several advantageous properties
that make them suitable for solar thermal applications, including high thermal conductivity,
good corrosion resistance, and the ability to be engineered for selective absorption–emission
characteristics [23–29]. These coatings can be deposited through electroplating, a process
that allows control over the composition, thickness, and surface morphology of the coating
layer. The Ni-Co alloy composition can be adjusted to optimize its optical and thermal
properties, enabling its tailored application in solar collectors. Furthermore, the use of
Ni-Co coatings can mitigate some of the environmental concerns associated with chromium-
based coatings, as Ni and Co are generally considered less hazardous when handled and
disposed of appropriately. Despite these advantages, research on Ni-Co coatings for
solar thermal applications, particularly SFPCs, remains limited, and there is a need to
explore their thermal efficiency under various operational conditions to fully understand
their potential.

Although the potential of Ni-Co coatings as a replacement for BC coatings is increas-
ingly recognized, there are significant gaps in the literature concerning their performance
optimization in SFPCs. Existing studies have largely focused on the development and char-
acterization of Ni-Co coatings without extensive investigation of their practical application
under realistic operating conditions in solar collectors. For instance, parameters such as
flow rate, collector angle, and the use of reflectors are known to significantly influence the
thermal performance of SFPCs; however, their effects on Ni-Co-coated absorber panels
remain under-explored. BC coatings have traditionally been favored owing to their estab-
lished thermal efficiency profiles under various environmental conditions; however, their
drawbacks have created an opportunity for new materials, such as Ni-Co, to be tested as



Sustainability 2025, 17, 461 3 of 23

viable alternatives. Furthermore, the effectiveness of these coatings in conjunction with
reflectors, which are often used to increase solar radiation on the collector surface, has not
been adequately investigated. Reflectors can significantly enhance the efficiency of solar
collectors by redirecting additional sunlight to the absorber panel, thereby maximizing the
absorbed solar energy. The combination of Ni-Co coatings and reflectors could potentially
offer a synergistic improvement in thermal efficiency; however, this possibility has received
limited attention in the research community.

The choice to focus on Ni-Co coatings rather than traditional BC coatings is driven
by both environmental and performance considerations. The production and disposal of
chromium-based materials, such as BC, present substantial ecological risks owing to the
toxicity and carcinogenic nature of chromium. In contrast, Ni-Co coatings, when properly
managed, represent a comparatively safer alternative with reduced environmental impact.
Moreover, Ni-Co coatings provide additional flexibility in terms of tuning their thermal
and optical properties through compositional adjustments, which can be advantageous
for optimizing coatings for specific applications and conditions. However, to date, there
has been insufficient research aimed at optimizing the performance of Ni-Co coatings for
SFPCs. Addressing this knowledge gap is essential for establishing Ni-Co coatings as viable
and sustainable alternatives to BC in solar thermal applications.

The objective of this study was to investigate the performance of Ni-Co-coated ab-
sorber panels in SFPCs, with a particular focus on optimizing the thermal efficiency under
variable operating conditions. Specifically, this study examines the impact of key process
variables, including the flow rate, collector angle, and reflector angle, on the thermal perfor-
mance of Ni-Co-coated panels. By conducting a systematic analysis of these variables, this
study seeks to provide insights into the conditions under which Ni-Co coatings can achieve
maximum efficiency in solar thermal applications. Additionally, this study explored the
effect of using reflectors in conjunction with Ni-Co-coated panels to assess whether this
combination can yield enhanced thermal performance compared to Ni-Co coatings alone.

To achieve these objectives, this research methodology incorporates both experimental
and analytical approaches to evaluate the thermal efficiency of Ni-Co-coated panels under
controlled conditions. Experimental testing involved varying the flow rate of the working
fluid within the collector, adjusting the angle of the collector to optimize solar radiation
absorption, and modifying the reflector angle to maximize the incident solar energy. The
results were analyzed to identify the optimal configurations for enhancing the thermal
efficiency of the SFPC system. Furthermore, by comparing the performance of Ni-Co-
coated panels with and without reflectors, this study aimed to determine the extent to
which reflectors contribute to the efficiency gains achievable with Ni-Co coatings. In
addition, this study emphasizes the sustainability of solar energy systems by focusing on
Ni-Co-coated SFPCs as a viable alternative to conventional heating systems that rely on
fossil fuels and emit significant GHGs. This research highlights the environmental benefits
of reducing carbon emissions while optimizing the thermal efficiency of solar systems,
thereby contributing to global efforts toward sustainable energy solutions.

2. Materials and Methods
2.1. Experimental Setup

The experimental setup for this study was designed around a Solar Flat Plate Collector
(SFPC) incorporating Ni-Co-coated absorber panels, as shown in Figure 1. The SFPC
apparatus includes essential components, such as an absorber panel, glazing, insulation,
and tubing. The setup was aimed at evaluating the thermal efficiency of the Ni-Co-coated
panels, with and without reflectors, under controlled conditions. The Ni-Co coating on the
absorber panels was applied using an electroplating technique designed to yield a layer
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thickness of approximately 18.6 µm. This coating thickness was selected based on previous
studies, indicating an optimal balance between thermal efficiency and material stability.
The process began with surface preparation, where the copper plate was polished and
degreased using a sodium hydroxide (NaOH) solution to remove any contaminants. The
surface was activated using hydrochloric acid (HCl). Subsequently, the electroplating bath,
comprising a nickel-cobalt electrolyte solution, facilitated the coating deposition. The Ni-Co
coating provided high absorptivity for solar radiation while maintaining the durability
required for long-term solar thermal applications.
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2.2. Data Collection Procedure

The experiments were conducted over the course of the second week of April 2024
under optimal weather conditions and sunny skies with no cloud cover to ensure consistent
solar radiation and reduce variability due to atmospheric factors. Data were collected daily
from 08:00 to 06:00 (GMT +5.30), covering the entire period of maximum solar exposure.
Before beginning each day’s experiment, the Solar Flat Plate Collector (SFPC), including
the glazing and absorber panel, was thoroughly cleaned and inspected to ensure optimal
operation and minimize discrepancies in the collected data. At the start of the experiment,
the reflectors were set to a flat position (0◦ relative to the SFPC), and the collector angle was
fixed at 45◦ relative to the ground to standardize the initial setup. The water flow rate was
set to 1 L per minute (L/min) using a flow meter installed at the outlet header. The flow
rate was established and stabilized 30 min prior to the start of data collection to ensure
consistent conditions throughout the experiment. At 08:00 a.m., data recording began.
The inlet (T1) and outlet (T2) water temperatures were measured along with the incident
solar radiation (SR) on the SFPC. These measurements formed the basis of the thermal
efficiency calculations. The same set of data (T1, T2, and SR) was collected hourly from
08:00 a.m. to 06:00 p.m. to capture the daily variation in solar radiation and its effects on
the thermal performance of the SFPC. These steps were repeated for three consecutive days.
The average data from these three days were used in subsequent analyses to enhance the
reliability and accuracy of the output, thus minimizing the influence of minor fluctuations
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in environmental conditions. Following the initial data collection phase, the reflectors were
adjusted to a 45◦ angle relative to the SFPC to investigate their effects on thermal efficiency.
With the reflector angle modified, steps 2–5 were repeated over the next three days to gather
comparative data.

2.3. Thermal Efficiency Calculation

The recorded experimental data were analyzed to determine the thermal efficiency
(η) of the solar flat plate collector (SFPC) over time. According to various studies [30–36],
the thermal efficiency of the solar water heating (SWH) system was calculated using the
following formula (Equation (1)):

η =
m × Cp × (T2 − T1)

A × G
(1)

where m represents the mass flow rate of water (kg/s).
Cp: specific heat capacity of water at constant pressure (J/kg·K).
For water, Cp was approximately 4186 J/kg·K at room temperature.
T1—inlet temperature of water (◦C).
T2—outlet temperature of water (◦C).
A—the effective area of the absorber panel (m2).
G—intensity of solar radiation (W/m2).

3. Single Objective Optimization of Process Variables
3.1. Range of Parameters

The selection of the flow rate, collector angle, and reflector angle was based on their
critical influence on the thermal performance and efficiency of solar flat plate collectors.
The flow rate was varied to optimize heat transfer and thermal utilization, with previous
studies reporting optimal results at higher flow rates such as 3.5 kg/min, achieving peak
efficiencies of 23% [37]. The collector angle was adjusted to capture the maximum solar
irradiance, ensuring optimal alignment with the sun’s trajectory, as demonstrated in similar
experimental setups [38]. Reflector angles were chosen to enhance the concentration of
solar energy on the absorber surface, a strategy proven effective in improving output
temperatures and system efficiency. These ranges were determined through iterative
design and validated against the established literature. From these inputs, the control
variables and their levels were set as listed in Table 1. The experimental conditions were
systematically varied according to the 17-run Design of Experiments (DOE) established
in this study. For each run, a specific combination of the flow rate, collector angle, and
reflector angle (Table 2) was implemented. Data for T1, T2, and SR were recorded hourly
throughout the day for each run for a total of 17 days of data collection to complete the
DOE sequence.

Table 1. Control variables and their levels.

S. No. Variables Units
Levels

Low
(−1)

Medium
(0)

High
(+1)

1 The volume flow rate of water (V0) L/min 0.5 1.5 2.5
2 Collector inclination (θ) Degree 30 45 60
3 Reflector inclination (α) Degree 30 45 60
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Table 2. Matrix of process variables.

S. No.
Flow Rate (V0) Collector Angle (θ) Reflector Angle (α)

L/min Degree Degree

1 1.5 45 45
2 2.5 45 30
3 0.5 30 45
4 0.5 45 30
5 1.5 45 45
6 1.5 45 45
7 2.5 45 60
8 1.5 30 30
9 0.5 45 60

10 2.5 30 45
11 1.5 45 45
12 1.5 60 60
13 1.5 45 45
14 1.5 60 30
15 0.5 60 45
16 1.5 30 60
17 2.5 60 45

3.2. Statistical Data Analysis

Following data collection, statistical analysis was conducted to develop a regression
model (Figure 2) that describes the relationship between the process variables and thermal
efficiency. This model, based on the response surface methodology (RSM), serves as
the foundation for optimization. The regression model can take different forms, namely,
linear, quadratic, or higher-order, based on the relationships observed. The suitability
of each model was evaluated by assessing the data fit and interaction significance. The
Box–Behnken Design (BBD) was utilized for the experimental design and optimization, as
shown in Figure 3.
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The Box–Behnken Design (BBD) using Design Expert software (version 7.0) was
selected over other designs, such as the Central Composite Design (CCD), due to its
superior efficiency in requiring fewer experimental runs (15 for three factors, compared
to 20 or more for CCD). This efficiency minimizes experimental time and resource use
while maintaining robust predictive accuracy. In addition, BBD avoids extreme factor
combinations that can destabilize the system, thereby ensuring that the process variables
remain within safe and practical operating ranges. The design is particularly well suited
for optimizing thermal and solar energy systems, where interaction and quadratic effects
are critical for understanding system behavior. Its spherical design space and reduced
sensitivity to measurement errors further enhance its suitability for this study. After that, the
statistical models were validated using analysis of variance (ANOVA), and the regression
coefficients were used to predict the optimal operating conditions. The adequacy of the
quadratic model was evaluated based on the coefficient of determination (R2), adjusted R2,
and predicted R2 values, which ensured the reliability of the design for optimization.

3.3. Sequential Model Sum of Square (SMSS)

Sequential model sum-of-squares analysis compares models with increasing complexi-
ties. For example, it tests whether adding quadratic terms improves the model fit. Only
models with terms that met the significance threshold (p < 0.1) were retained.

3.4. Lack of Fit (LF)

The lack of fit indicates how well the model fits the experimental data. A model with
a significant lack of fit cannot reliably predict outcomes and is therefore unsuitable. This
study aimed for an insignificant lack of fit, indicating that the model accurately represented
the collected data.

3.5. Model Summary Statistics

The model summary includes key metrics, such as adjusted R-squared, predicted R-
squared, and Prediction Error Sum of Squares (PRESS). An ideal model will have R-squared
values close to 1, low PRESS, and minimal standard deviation.
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3.6. Analysis of Variance (ANOVA)

ANOVA was used to determine the statistical significance of model terms and interac-
tions. Key points include:

• Model significance: Confirmed if prob > F value is below 0.05, indicating that the
term is influential.

• Predicted vs. adjusted R-squared: A difference of less than 0.2 suggests good model
reliability.

• Adequate precision: This metric (recommended as >4) was used to assess the signal-
to-noise ratio.

3.7. Statistics Optimization by Response Surface Methodology (RSM)

The model developed in the previous step was used to identify the optimal settings
for the SFPC parameters. The optimization was aimed at maximizing the thermal efficiency
by adjusting the flow rate, collector angle, and reflector angle within predefined constraints.
This analysis was performed using the desirability function approach in Design Expert
13.0, providing a practical balance between model accuracy and parameter constraints.

4. Results and Discussions
4.1. Performance of Ni-Co-Coated Absorber Panel

The thermal performance of the Ni-Co-coated absorber panel without reflectors was
evaluated by recording the ambient temperature, exit water temperature, incident solar
radiation, and efficiency over the course of the day from 08:00 a.m. to 06:00 p.m. Figure 4
illustrates the hourly variations in these parameters. The data provide key insights into the
behavior and efficiency of the Ni-Co coating in solar energy absorption and heat transfer
under direct sunlight without additional reflection.
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4.1.1. Performance of Ni-Co Panel Without Reflector (Time vs. Exit Water Temperature)

The exit water temperature gradually increased throughout the morning hours, peak-
ing in the early afternoon at 60.3 ◦C at 2:00 p.m., before gradually decreasing as the day
progressed and solar radiation decreased. This trend is consistent with studies that high-
light the diurnal variation in solar energy absorption, which generally follows the solar
irradiance pattern, peaking around solar noon owing to the maximum solar incidence.
From an initial morning temperature of 35.1 ◦C at 08:00 a.m., the temperature of the water
exiting the panel rose steadily as solar radiation intensified, demonstrating the effectiveness
of Ni-Co coatings in capturing and retaining heat within the absorber plate. The gradual
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increase in the exit water temperature aligns with the literature findings, which reported
that selective coatings, such as Ni-Co, are advantageous in enhancing the thermal perfor-
mance owing to their high absorptivity and relatively low emissivity compared to uncoated
surfaces. The peak temperature recorded in this study, 60.3 ◦C, indicates the capacity of the
Ni-Co coating to absorb substantial heat, even without reflectors to augment solar input.

4.1.2. Performance of Ni-Co Panel Without Reflector (Time vs. Incident Solar Radiation)

The incident solar radiation, which peaked at 819.4 W/m2 at 2:00 p.m., closely corre-
lated with the recorded exit water temperatures, as both reached their maximum values
around the same time. This relationship is typical in solar thermal applications because the
amount of absorbed solar radiation is directly proportional to the heat transfer achieved by
the system. The incident radiation began at 539.4 W/m2 in the morning and progressively
increased, tracking closely with the solar altitude angle until peaking in the early afternoon.
Subsequently, it declined as the sun’s position shifted toward the horizon. The observed
pattern of solar radiation throughout the day, along with the corresponding variations in
the exit water temperature, supports the concept of selective coatings that enhance the solar
absorption efficiency of the collector. As noted in the literature, selective coatings such as
Ni-Co are designed to maximize the absorption of shortwave solar radiation while mini-
mizing thermal losses through radiation. This characteristic is evident in the performance
of the Ni-Co panel, as it maintained high exit temperatures even when solar radiation
began to decrease in the late afternoon.

4.1.3. Performance of Ni-Co Panel Without Reflector (Time vs. Efficiency)

The efficiency of the Ni-Co coated panel exhibited a gradual increase from 40.8% at
08:00 a.m. to a maximum of 57.4% at 2:00 p.m., and then gradually declined to 53.1% at
6:00 p.m. This efficiency pattern reflects the combined effect of solar radiation intensity,
ambient temperature, and properties of the Ni-Co coating. The solar collector efficiency
depends on factors such as the optical characteristics of the collector, incident solar radiation,
and thermal losses. In the present study, the efficiency values were highest during peak
solar hours, suggesting that the Ni-Co coating was effective in capturing and converting
solar radiation into heat energy. However, the observed decline in efficiency during the
late afternoon, even when the exit water temperature remained relatively high, suggests a
diminishing effect of solar input compared to the increased thermal losses as the ambient
temperature starts to decrease.

The average efficiency during the day was 50.9%, which aligns with the findings of
previous studies [35,39] on selective coatings for solar thermal applications. For instance,
Kumar et al. [39] reported similar efficiency values for Ni-based coatings, demonstrating
their potential for applications that require moderate to high thermal efficiency. Compared
to conventional coatings, such as black chrome, Ni-Co coatings offer superior environmen-
tal benefits and corrosion resistance, making them a more sustainable and economically
feasible option. The electroplating process for Ni-Co coatings eliminates hazardous chem-
icals, reduces production costs and environmental risks, and enhances thermal stability
and durability [40]. These advantages extend the lifecycle of solar collectors, minimize
operational costs, and, when combined with their higher efficiency, position Ni-Co coatings
as a transformative solution for solar thermal systems. Furthermore, Ni-Co coatings, com-
pared to other eco-friendly alternatives such as sol-gel coatings and selective black paints,
demonstrate a lower environmental impact on a lifecycle basis. Their energy-efficient pro-
duction process, avoidance of hazardous materials, and superior recyclability make them a
sustainable choice for solar collector systems. Additionally, their enhanced durability and



Sustainability 2025, 17, 461 10 of 23

high thermal efficiency reduce material usage and associated lifecycle emissions, further
contributing to their environmental benefits.

4.1.4. Comparative Analysis with Uncoated or Conventionally Coated Panels

Compared with uncoated or conventionally coated panels, the Ni-Co coating demon-
strates competitive performance in terms of exit water temperature and efficiency without
the use of reflectors. Although adding reflectors would likely enhance the thermal efficiency
by increasing the incident solar radiation, the performance observed without reflectors
underscores the capability of the Ni-Co coatings to absorb and retain heat effectively. The
ability of Ni-Co coatings to achieve average efficiencies above 50% without reflectors makes
them suitable for applications in climates with high solar irradiance.

4.2. Performance of Ni-Co-Coated Absorber Panel with Reflectors

The use of reflectors in conjunction with Ni-Co-coated absorber panels enhances the
incident solar radiation and subsequently improves the thermal performance of a solar
flat plate collector (SFPC). In this section, we analyze the results of the Ni-Co-coated panel
with reflectors by examining the variations in the exit water temperature, solar radiation,
and efficiency throughout the day. The data presented in Figure 5 indicate significant
improvements in the thermal efficiency and exit water temperature when reflectors are
employed, showing the potential of reflectors in optimizing the performance of Ni-Co
coatings in solar thermal applications.
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4.2.1. Performance of Ni-Co Panel with Reflector (Time vs. Exit Water Temperature)

The exit water temperature in the Ni-Co-coated panel with reflectors showed a sub-
stantial increase compared with the configuration without reflectors, as shown in Figure 5.
Starting from an initial temperature of 39.7 ◦C at 08:00 a.m., the exit water temperature
reached its peak at 67.3 ◦C at 2:00 p.m., following the peak of the incident solar radiation.
This increase was approximately 7 ◦C higher than the peak temperature observed in the
absence of reflectors, highlighting the impact of the additional solar radiation reflected
on the absorber surface. The temperature profile indicates that the reflectors effectively
increased the thermal absorption capacity of the Ni-Co-coated panel by concentrating
more solar energy on the surface. This finding aligns with those of previous studies [36],
which demonstrated that solar reflectors can significantly enhance the solar collector per-
formance by increasing the solar flux received by the absorber. Additionally, the maximum
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outlet water temperature achieved with Ni-Co-coated plates and reflectors was 67.3 ◦C,
which exceeds the range of 50–60 ◦C reported in systems using selective black paint coat-
ings [38]. This demonstrates the potential of Ni-Co coatings to meet the thermal demands
of high-temperature applications, such as industrial drying and sterilization processes. The
elevated exit water temperature achieved with the reflectors confirms the suitability of the
Ni-Co coatings for high-efficiency solar thermal applications when supplemented with
additional reflectors.

4.2.2. Performance of Ni-Co Panel with Reflector (Time vs. Incident Solar Radiation)

The incident solar radiation with reflectors peaked at 898.1 W/m2 at 2:00 p.m., which
is significantly higher than the maximum radiation recorded without reflectors. The
addition of reflectors effectively enhanced solar radiation exposure throughout the day,
with an average daily solar radiation of 720.6 W/m2, compared to 684.1 W/m2 without
reflectors. This increase of approximately 36.5 W/m2 translates into a greater thermal
energy input to the SFPC, which, as observed, results in higher exit water temperatures
and improved efficiency. These results confirm the beneficial impact of reflectors on solar
energy collection because enhanced solar radiation leads to higher thermal gains within
the absorber panel. The present data demonstrate that the Ni-Co-coated panel responds
effectively to this increased solar input, making it an excellent candidate for configurations
that include reflectors.

4.2.3. Performance of Ni-Co Panel with Reflector (Time vs. Efficiency)

The thermal efficiency of the Ni-Co-coated panel with reflectors increased through-
out the day, reaching a maximum of 64.7% at 2:00 p.m. The efficiency values gradually
increased from 56.8% in the morning (08:00 a.m.), and an average efficiency of 59.0% was
achieved for the entire day. The efficiency pattern closely follows the incident solar radia-
tion trend, peaking when the solar radiation is the highest and declining as the radiation
decreases toward the evening. This average efficiency of 59.0% with reflectors represents an
improvement of approximately 8% compared to the average efficiency without reflectors
(50.9%). The increased efficiency demonstrates the effectiveness of the reflectors in improv-
ing the thermal performance of the Ni-Co coating, as additional solar radiation is directed
onto the absorber panel, thereby increasing the overall energy captured and transferred
to the working fluid. The improved efficiency observed with reflectors underscores the
potential of integrating reflector-based designs with Ni-Co coatings to maximize the solar
thermal output. Although emissivity remains a concern for Ni-Co coatings, as noted in
previous studies [41], the efficiency boost provided by reflectors mitigates some of these
thermal losses by increasing the overall thermal input.

4.2.4. Comparative Analysis Against Absorber Panel Without Reflectors

The performance analysis of the Ni-Co-coated absorber panel with reflectors revealed
a substantial improvement in the exit water temperature, incident solar radiation, and
thermal efficiency. The reflector setup provided an increase in the incident solar radiation
and exit water temperature, with a day-average efficiency improvement of 8% compared
with the setup without reflectors. This aligns with findings by Ullah et al., who reported
efficiency gains of 5–10% through reflector integration in parabolic trough solar collec-
tors [37]. However, the results of this study surpass those of reflector-aided systems with
conventional coatings, highlighting the synergistic effects of Ni-Co coatings and optimized
reflector angles. Therefore, this study demonstrates that the combination of Ni-Co coatings
with reflectors is a promising pathway for enhancing solar collector efficiency, particularly
in regions with high solar insolation.
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4.3. Regression Model of Ni-Co Panel

The development of a regression model is a critical step in understanding the re-
lationship between the process variables (flow rate V0, collector angle θ, and reflector
angle α) and the thermal efficiency of a Ni-Co-coated Solar Flat Plate collector (SFPC). The
quadratic regression model derived in this study provides a mathematical representation of
these interactions, facilitating prediction, optimization, and deeper insight into the factors
influencing thermal performance. The model presented in Equation (2) provides a compre-
hensive framework for exploring the effects of each variable and their interactions on the
thermal efficiency of an SFPC system.

Thermal E f f iciency = −327.325 + 38.352 V0 + 7.60783 θ + 9.61117 α − 0.21000 V0θ +

0.1967 V0α − 0.01389 θα − 14.8925 V0
2 − 0.076522 θ2 − 0.103 α2 (2)

4.3.1. Analysis of Main Effects

Flow Rate (V0): The coefficient for V0 is 38.352, indicating a strong positive influence on
thermal efficiency. As the flow rate increased, the thermal efficiency increased, suggest-
ing that higher water flow rates enhanced heat removal from the absorber panel, thus
maintaining a more efficient heat transfer process. However, the quadratic term (V0) has
a large negative coefficient (−14.8925), indicating that beyond a certain point, increasing
the flow rate reduces the efficiency. This aligns with the findings in the literature [42,43],
where excessive flow rates reduced the residence time of water in the collector, leading to
insufficient heat absorption. Therefore, there is an optimal flow rate range that maximizes
thermal efficiency, emphasizing the importance of careful control in practical applications.
Collector Angle (θ): The coefficient for θ is 7.60783, showing a positive but smaller effect
than V0. This implies that increasing the collector angle moderately enhances the thermal
efficiency. The angle of the collector affects the amount of solar radiation captured by the
absorber panel, with the optimal angles aligned with the position of the sun for maximum
radiation absorption [44,45]. However, the quadratic term θ2, with a negative coefficient
(−0.076522), suggests diminishing returns at larger angles, likely because of the decreased
effective exposure to solar radiation as the collector deviates from the optimal tilt.
Reflector Angle (α): The reflector angle α also has a positive effect on the efficiency, with
a coefficient of 9.61117. This suggests that increasing the reflector angle can enhance
the efficiency by directing more sunlight onto the absorber panel. Reflectors play a key
role in concentrating solar radiation, which is particularly beneficial for enhancing the
performance of selective coatings such as Ni-Co [46]. The negative quadratic term α2

(−0.103) indicates that, similar to the flow rate and collector angle, there is an optimal
reflector angle beyond which the efficiency gains taper off. This may be due to the fact
that overly large angles reduce the effectiveness of the reflector in concentrating sunlight
directly onto the absorber.

4.3.2. Interaction Effects

The model also incorporates interaction terms that reveal the combined influence
of multiple variables on thermal efficiency. These interactions provide insights into the
complex relationships that exist in a solar thermal system, where variables do not act
independently but rather influence each other.

Interaction between Flow Rate and Collector Angle (V0θ): The coefficient for V0θ is
−0.21000, indicating a slightly negative interaction between the flow rate and collector
angle. This suggests that as the flow rate increases, higher collector angles may slightly
reduce the efficiency. This could be due to the combined effect of increased flow, which
reduces the heat absorption time, and larger collector angles, which may not align optimally
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with solar radiation throughout the day. Similarly, many studies [47–50] have observed
that increased flow rates may counteract the benefits of certain collector angles, particularly
in fixed-angle systems.
Interaction between Flow Rate and Reflector Angle (V0α): The positive coefficient of
0.1967 for V0α suggests a favorable interaction between the flow rate and reflector angle.
This indicates that increasing both the flow rate and reflector angle simultaneously has a
compounding positive effect on the thermal efficiency. Higher flow rates paired with larger
reflector angles help effectively capture and transfer concentrated solar radiation into the
water, thereby maximizing the thermal gain.
Interaction Between Collector Angle and Reflector Angle (θα): The coefficient for θα is
−0.01389, indicating a weak negative interaction between the collector angle and reflector
angle. This suggests that large reflector angles may slightly diminish the efficiency gains
associated with higher collector angles. This can occur if the angle of the reflectors becomes
too steep, causing concentrated sunlight to miss the optimal focus on the absorber plate.

4.3.3. Interpretation of the Quadratic Terms

The presence of quadratic terms (V0
2, θ2, and α2) with negative coefficients indicates

that each process variable has an optimal point beyond which efficiency is further increased.
This finding is crucial for practical applications, as it suggests that there is a balance to
be achieved when setting these variables. The quadratic nature of these terms indicates
diminishing returns, which are often observed in solar thermal systems [51]. The model
emphasizes the need for precise control and optimization of each variable to maintain the
efficiency within a desired range.

4.3.4. Implications of the Regression Model

The quadratic regression model offers a predictive tool for optimizing the performance
of the Ni-Co-coated SFPC. By inputting different values for V0, θ, and α, the model can
predict the thermal efficiency, allowing system designers to identify configurations that
maximize energy capture and thermal performance. The significant coefficients for each
variable and their interactions highlight the complexity of the system, in which changes
in one parameter can influence the effects of others. Furthermore, the model’s structure
aligns with previous research that emphasizes the value of response surface methodology
in optimizing solar collector performance [52,53]. This model not only provides a means to
optimize efficiency, but also helps in understanding the underlying physics of how Ni-Co
coatings interact with flow rate, collector orientation, and reflector positioning.

Table 3 presents a comparison between the actual and theoretical thermal efficiency
values for the Ni-Co-coated solar panel with reflectors across various configurations of
the flow rate, collector angle, and reflector angle. The actual efficiency (η) was measured
experimentally, and the theoretical efficiency was calculated using a quadratic regression
model. The error, defined as the difference between the actual and theoretical efficiencies, is
minimal in most cases, with values generally within the range of ±4%. This close alignment
between the actual and theoretical efficiencies indicates that the regression model reliably
predicts the performance of the Ni-Co panel under different operational conditions [54–56].
The low error rates validate the effectiveness of the model in capturing the influence of key
variables on thermal efficiency.
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Table 3. Comparison of actual and theoretical efficiency for Ni-Co pane with reflector.

Run Order

The Volume
Flow of Water

(V0)

Collector
Inclination

(θ)

Reflector
Inclination

(α)

Actual
Thermal

Efficiency (η)

Theoretical
Thermal

Efficiency (η)
Error

L/min Degree Degree % % %

1 1.5 45 45 77 77.46 −0.61
2 2.5 45 30 32.6 32.96 −1.10
3 0.5 30 45 53.8 53.58 0.43
4 0.5 45 30 51.7 49.99 3.35
5 1.5 45 45 80.6 83.82 −4.08
6 1.5 45 45 81.1 80.21 1.14
7 2.5 45 60 36.2 35.84 1.01
8 1.5 30 30 37.8 38.52 −1.90
9 0.5 45 60 43.5 42.80 1.68
10 2.5 30 45 45.6 43.78 4.01
11 1.5 45 45 77.1 75.71 1.85
12 1.5 60 60 33.3 34.30 −3.18
13 1.5 45 45 79.5 79.02 0.69
14 1.5 60 30 36.4 34.91 4.10
15 0.5 60 45 54.6 56.02 −2.61
16 1.5 30 60 47.2 45.26 4.15
17 2.5 60 45 33.8 33.50 0.90

4.4. Optimization of Ni-Co Panel

The Ni-Co-coated solar panel with reflectors was optimized using the Box–Behnken
design (BBD) methodology to assess the influence of three key variables: water flow rate
(V0), collector inclination (θ), and reflector inclination (α) on thermal efficiency (η). Some
research has presented an experimental design and the resulting thermal efficiencies for
each run. The BBD approach allows for systematic variation in input parameters, facilitating
a robust evaluation of their combined effects on panel efficiency. The obtained thermal
efficiency values ranged from a minimum of 32.6% to a maximum of 81.1%, with the
highest efficiencies observed at mid-level settings of the flow rate and angles, particularly
around the central design points where V0 = 1.5 L/min, θ = 45◦, and α = 45◦. This pattern
indicates that the optimal performance of the Ni-Co-coated panel was achieved at balanced
parameter levels, highlighting the importance of a precise configuration to maximize
thermal efficiency. The results underscore the effectiveness of the Box–Behnken design in
identifying the optimal operating conditions for solar thermal systems (Table 4).

Table 4. Box–Behnken DOE and responses for Ni-Co panel with reflector.

Run Order

The Volume
Flow of Water

(V0)

Collector
Inclination (θ)

Reflector
Inclination (α)

Thermal
Efficiency (η)

L/min Degree Degree %

1 1.5 45 45 77.0
2 2.5 45 30 32.6
3 0.5 30 45 53.8
4 0.5 45 30 51.7
5 1.5 45 45 80.6
6 1.5 45 45 81.1
7 2.5 45 60 36.2
8 1.5 30 30 37.8
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Table 4. Cont.

Run Order

The Volume
Flow of Water

(V0)

Collector
Inclination (θ)

Reflector
Inclination (α)

Thermal
Efficiency (η)

L/min Degree Degree %

9 0.5 45 60 43.5
10 2.5 30 45 45.6
11 1.5 45 45 77.1
12 1.5 60 60 33.3
13 1.5 45 45 79.5
14 1.5 60 30 36.4
15 0.5 60 45 54.6
16 1.5 30 60 47.2
17 2.5 60 45 33.8

4.5. Lack of Fit Test

The lack of fit (LF) test is crucial for evaluating the adequacy of the regression model
developed to predict the thermal efficiency of a Ni-Co-coated solar panel with reflectors.
This test compares the model predictions with the actual experimental data to determine
how well the model fits the observed values. LF analysis was conducted for several
potential model structures, including linear, two-factor interaction (2FI), quadratic, and
cubic models. Given that the ratio between the maximum and minimum responses was
2.45, data transformation was unnecessary, and the actual data could be directly used for
fitting. The first step in assessing model fit involved examining the sequential sum of
squares (Type I), as shown in Table 5. This Table 5 provides insight into the performance of
each model type.

Table 5. Sequential sum of squares (Type I).

Source Sum of
Squares df Mean Square F-Value p-Value

Prob > F

Mean vs. Total 47,838 1 47,838
Linear vs. Mean 470.47 3 156.82 0.4009 0.7547
2FI vs. Linear 113.56 3 37.854 0.0761 0.9715
Quadratic vs. 2FI 4938.8 3 1646.3 351.13 <0.0001
Cubic vs. Quadratic 18.008 3 6.0025 1.621 0.3184
Residual 14.812 4 3.703
Total 53,394 17 3140.8

The p-values associated with the linear model, two-factor interaction, and cubic model
were all greater than 0.05, indicating that these models did not fit the actual data well.
In contrast, the quadratic model demonstrated a p-value of less than 0.05, suggesting a
significant fit with the experimental data. Therefore, the quadratic model was chosen as
the most appropriate structure to build the regression model for the Ni-Co panel with
reflectors. Further validation was conducted using the LF test statistics presented in Table 6,
which reinforces the suitability of the quadratic model.
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Table 6. Lack of fit test statistics for Ni-Co panel with reflector.

Source Sum of
Squares df Mean

Square F-Value p-Value
Prob > F

Linear 5070.4 9 563.38 152.14 0.0001
2FI 4956.8 6 826.14 223.1 <0.0001
Quadratic 18.008 3 6.0025 1.621 0.3184 Suggested
Cubic 0 0 Aliased
Pure Error 14.812 4 3.703

Both the linear and two-factor interaction models exhibited a significant lack of fit
(p < 0.05), indicating that they were unsuitable for accurately predicting efficiency. The
cubic model is aliased, which means that it cannot be used for model building owing to its
redundancy with existing terms. However, the quadratic model showed an insignificant
lack of fit (p = 0.3184), making it the best choice for developing a robust regression model.

4.6. Model Summary Statistics

The model summary statistics, displayed in Table 7, provide additional validation for
model selection. These statistics include the standard deviation, R-squared values, adjusted
R-squared, predicted R-squared, and prediction error sum of squares (PRESS), which are
key indicators of model reliability.

Table 7. Model summary statistics for Ni-Co panel with reflector.

Source Std. Dev. R-Squared Adjusted
R-Squared

Predicted
R-Squared PRESS

Linear 19.778 0.0847 −0.127 −0.326 7367.6
2FI 22.297 0.1051 −0.432 −1.146 11,920

Quadratic 2.1653 0.9941 0.9865 0.944 311.26 Suggested
Cubic 1.9243 0.9973 0.9893 + Aliased

The quadratic model shows a high R-squared value of 0.9941, indicating that 99.41%
of the variation in thermal efficiency can be explained by the model. This high R-squared,
along with an adjusted R-squared of 0.9865 and predicted R-squared of 0.944, suggests
a minimal deviation between the actual and predicted responses. The close alignment
between the adjusted and predicted R-squared values further confirms the reliability of the
quadratic model, as a difference of less than 0.2 is considered desirable for robust models.
Additionally, the PRESS value for the quadratic model (311.26) was significantly lower than
that of the linear (7367.6) and two-factor interaction (11,920) models. Lower PRESS values
indicate a stronger model fit, reinforcing the conclusion that the quadratic model is best
suited to these data.

4.7. Analysis of Variance (ANOVA)

An analysis of variance (ANOVA) was performed on the selected quadratic regression
model to assess the statistical significance of each term and interaction in predicting the
thermal efficiency of the Ni-Co-coated solar panel with reflectors. ANOVA based on the
Type III partial sum of squares was conducted with a 95% confidence level, meaning that
the p-value threshold for significance was set at 0.05. Any model term or interaction with a
p-value less than 0.05 is considered to have a significant influence on the thermal efficiency
of the response variable.

From Table 8, it is evident that the quadratic model has a significant effect on thermal
efficiency. For each individual factor in the model, the water flow rate (V0), collector
inclination (θ), and reflector inclination (α) exhibited statistically significant influences on
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the thermal efficiency. This confirms that adjusting these variables has a notable impact
on the performance of the Ni-Co-coated panel, aligned with expectations based on solar
thermal principles [11,57].

Table 8. Statistics of ANOVA for Ni-Co panel with reflector.

Source Sum of Squares df Mean Square F-Value p-Value Prob > F

Model 5522.843 9 613.6492 130.8839 <0.0001 Significant
A-Flow Rate (V0) 383.645 1 383.645 81.82681 <0.0001
B-Collector Angle (θ) 86.46125 1 86.46125 18.44113 0.0036
C-Reflector Angle (α) 0.36125 1 0.36125 0.07705 0.0234
AB 39.69 1 39.69 8.465394 0.0227
AC 34.81 1 34.81 7.424549 0.0296
BC 39.0625 1 39.0625 8.331556 0.7328
A2 933.8381 1 933.8381 199.1763 <0.0001
B2 1248.178 1 1248.178 266.2212 <0.0001
C2 2259.929 1 2259.929 482.0153 <0.0001
Residual 32.8195 7 4.6885
Lack of Fit 18.0075 3 6.0025 1.620983 0.3184 not significant
Pure Error 14.812 4 3.703
Cor. Total 5555.662 16

Additionally, the interactions between V0 and θ and between V0 and α were significant,
indicating that the combined effect of these variables contributed meaningfully to the
response. However, the interaction between θ and α did not have a statistically significant
influence, as indicated by a p-value greater than 0.05. This suggests that the combined effect
of the collector and reflector angles on the thermal efficiency is minimal when compared
to other interactions, potentially owing to their relatively independent impact on solar
radiation absorption and concentration.

The lack of fit (LF) test value for the model was found to be 1.62, which was insignif-
icant. This result implies that the lack of fit is not substantial, indicating that the model
fits well with the actual data and that the error is mainly due to pure experimental error
rather than a model misfit. This LF value translates to a 31.84% probability of error, which
is acceptable for this analysis and further supports the reliability of the model.

4.8. Model Fit and R-Squared Values

Table 9 presents the R-squared values of the quadratic model, which further validate
its suitability for predicting thermal efficiency. The adjusted R-squared value of 0.9864 and
the predicted R-squared value of 0.9439 were very close to each other, indicating a minimal
deviation between the actual and predicted values. This close alignment demonstrates
the robustness of the model and confirms its accuracy in predicting the thermal efficiency
based on the selected process variables.

Table 9. Values of R-squares for Ni-Co panel with reflector.

Std. Dev. 2.165294 R-Squared 0.994093

Mean 53.04706 Adj R-Squared 0.986497
C.V. % 4.081837 Pred R-Squared 0.943974
PRESS 311.2638 Adeq Precision 28.9922

Moreover, the adequate precision of the model was calculated to be 28.9, which was
significantly higher than the threshold value of 4. This high precision indicates a strong
signal-to-noise ratio, indicating that the model predictions are reliable and have low noise
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interference. A higher adequate precision value suggests that the model predictions were
based on well-defined signals, further confirming the accuracy and reliability of the model.

The normal plot of the internally studentized residuals, shown in Figure 6, reveals that
the residuals are closely aligned with the reference line and are symmetrically distributed
on both sides. This alignment indicated that the residuals were minimal, demonstrating a
good fit with the quadratic regression model. This pattern in the residuals is an indication
of the model’s accuracy in predicting thermal efficiency (Figure 7) without significant bias,
further validating its suitability.
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Figure 7. Predicted and actual responses for Ni-Co panel with reflector.

4.9. Surface Plot of the Response

The response contour surface plot in Figure 8 illustrates the combined effects of the
water flow rate and collector angle on the thermal efficiency (TE) of the Ni-Co-coated solar
flat plate collector (SFPC). As depicted in the plot, TE initially increases with both the
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collector angle and flow rate up to optimal levels, beyond which further increases in either
parameter result in a decline in efficiency. For the collector angle, the TE improved as the
angle increased, reaching a peak efficiency when the angle was optimally aligned with
solar incidence. However, as the collector angle exceeds this optimal point, the efficiency
starts to decrease, likely owing to misalignment with the incoming solar radiation, which
reduces the effectiveness of the absorber in capturing solar energy.
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Similarly, for the flow rate, an initial increase enhances the TE as it improves the rate
of heat transfer within the collector. However, beyond a certain flow rate, the efficiency
declines owing to the reduced residence time of water within the absorber, which limits the
amount of heat absorbed by the water. This pattern suggests that there are optimal collector
angles and flow rates that maximize the thermal efficiency of the SFPC, reinforcing the
importance of carefully tuning these parameters to achieve the best performance.

Figure 7 illustrates the distributions of the predicted and actual responses. The close
alignment between these two sets of values suggests that the model predictions closely
matched the actual data, reinforcing the robustness and reliability of the model in predicting
the performance of the Ni-Co-coated panel with reflectors. This consistency between the
predicted and observed responses is a strong indicator of the model’s practical applicability
in optimizing the solar collector efficiency.

An analysis of the effect of the reflector angle on the thermal efficiency (TE) of the
Ni-Co-coated solar flat plate collector (SFPC) is shown in Figure 8. The findings reveal that
the TE increases with the reflector angle up to a certain point, beyond which the efficiency
begins to decline. The maximum efficiency achieved was 81.1% at a reflector angle of 45◦,
whereas the minimum observed efficiency was 32.6%. The peak efficiency aligns with the
optimal angle at which the amount of solar radiation directed to the absorber is maximized.
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As the reflector angle increases beyond this optimal point, the efficiency decreases owing
to the suboptimal focusing of solar radiation on the absorber surface.

Figure 8 further illustrates the influence of the reflector angle, collector angle, and flow
rate on the TE. Variations in TE due to these parameters are explained in the previous sec-
tions, emphasizing that each parameter contributes to the collector’s overall performance,
with optimal settings for each leading to enhanced efficiency. The optimization objective
for the performance of the Ni-Co panel in the SFPC is to maximize the TE, subject to the
constraints presented in Table 10. Therefore, the collector rate (0.5 to 2.5 L/min), reflector
angle (30◦ to 60◦), and reflector angle (30◦ to 60◦), with equal weightage and importance,
were assigned to each parameter. Table 11 presents the optimized parameters, where a
maximum efficiency of 79.2% was achieved with a flow rate of 1.32 L/min, collector angle of
46.91◦, and reflector angle of 42.34◦. A desirability score of 0.974 indicates a high degree of
accuracy in the optimized results. The predicted maximum efficiency of 79.2% significantly
outperforms both uncoated panels (40–50%) [20,29] and panels coated with conventional
materials, such as black chrome (60–65%) [16,18]. This highlights the potential of Ni-Co
coatings as sustainable and high-performance alternatives capable of achieving efficiency
improvements of up to 14% over traditional coatings [39]. Moreover, the integration of
reflectors enhanced the overall system performance, contributing an additional 8% effi-
ciency gain [26]. The maximum efficiency of 79.2% achieved in this study has significant
implications for real-world solar applications. This efficiency not only enhances energy
yield and reduces the carbon footprint, but also lowers operational costs and broadens the
applicability of solar collectors across diverse climates. Furthermore, it supports indus-
trial processes requiring high temperatures, such as drying and desalination, and enables
integration into hybrid energy systems for improved performance and sustainability.

Table 10. Constraints used for optimizing the performance of Ni-Co panel.

Name Goal Lower
Limit

Upper
Limit

Lower
Weight

Upper
Weight Importance

Flow Rate is in range 0.5 2.5 1 1 3
Collector Angle is in range 30 60 1 1 3
Reflector Angle is in range 30 60 1 1 3
Thermal Efficiency maximize 32.6 81.1 1 1 3

Table 11. Optimized parameters and responses for Ni-Co panel with reflector.

Number Flow Rate Collector
Angle

Reflector
Angle

Thermal
Efficiency Desirability

1 1.32 46.91 42.34 79.246 0.974 Selected

5. Conclusions
This study evaluated the performance optimization of Ni-Co-coated solar flat plate

collectors (SFPCs) for sustainable operation. Key findings include:
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Predictive Modeling: A validated quadratic regression model (R2 = 0.9941) reliably
predicted the thermal efficiency based on operational variables.

These results establish Ni-Co-coated panels as a sustainable and efficient alternative
to conventional coatings, enhancing solar thermal system performance and supporting
broader renewable energy adoption. While this study demonstrates the potential of Ni-Co
coatings and reflector-based designs, further research is necessary to explore their long-term
durability under various climatic conditions, including extreme temperatures and humidity.
Additionally, investigating the integration of advanced materials, such as nanostructured
coatings, could provide insights into further improving thermal performance. Future
work could also focus on scaling up these systems for industrial applications, examining
their economic feasibility, and integrating these collectors into hybrid renewable energy
systems. These efforts will contribute to advancing solar thermal technology toward
broader adoption and sustainability goals.
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