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A B S T R A C T   

Solar collector plates are integral components for efficient solar heat transfer. While various 
metallic materials can serve as collector plates, aluminum stands out as a commonly employed 
choice with thermal conductivity comparable to copper and zinc. The material’s thermal con-
ductivity significantly impacts the heat transfer efficiency from sunlight to the collector. More-
over, the surface configuration of the plate is a crucial factor affecting solar heat absorption. This 
study investigates the utilization of corrugated collector plates made from two materials, 
aluminum and zinc-coated steel. The solar collector testing phase covers the dry and rainy seasons 
in Indonesia, thereby providing a comprehensive evaluation in various weather conditions. There 
are two stages of solar collector testing, namely testing before it is used to heat water and testing 
to heat water. Radiation data show seasonal variations, with higher radiation observed in the dry 
season. Evaluation of the performance of the solar collector before being used to heat water 
resulted in an average efficiency of 41.45 % for aluminum and 33.94 % for zinc-coated steel. 
Meanwhile, evaluation of the performance of solar collectors used to heat water produces an 
average efficiency of 20.40 % for aluminum and 10.47 % for zinc-coated steel. Corrugated 
aluminum solar collectors exhibited promising absorber potential, while zinc-coated steel 
demonstrated economic viability due to its lower cost compared to aluminum. The research 
underscores the potential applicability of solar collectors made from both materials throughout 
different seasons.   

1. Introduction 

Solar radiation represents a vast and renewable energy source, offering abundant and sustainable heat reservoirs on our planet. The 
direct conversion of solar energy into heat presents promising opportunities to meet the substantial demand for heat energy across 
industrial and residential sectors [1]. Harnessing solar energy holds the potential to significantly enhance heat energy provision in 
industries, catering to diverse needs such as water heating, steam generation, drying processes, cooling systems, air conditioning, 
desalination, and various applications within the food industry [2,3]. 

Research on solar collector systems in Indonesia has been conducted by researchers such as Syuhada et al. who conducted a study 
on the effect of iron absorber thickness for drying applications [4]. Andi et al. analyzed the performance of a solar water heating system 
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with a combination of absorber and phase change material (PCM) [5]. Dedy Ashari et al. conducted an experimental study on the effect 
of adding a reflector to flat plate collectors [6]. Nugroho et al. modified solar collectors from corrugated zinc with aluminum foil as an 
insulator [7]. 

Based on these research findings, in terms of materials used, heat absorbers are generally made from metals with high thermal 
conductivity, such as copper, aluminum, iron, steel, and zinc. To enhance solar radiation absorption, absorbers are coated with se-
lective layers [8]. The difference in thermal conductivity values among various plate materials affects the heat absorption of the plates 
from the sun. Commonly used materials for collector plates include aluminum [9–12] and copper [13–15]. Solar collector plates made 
of aluminum exhibit higher efficiency compared to copper collector plates [9]. Although aluminum has lower thermal conductivity 
compared to copper, another metal, zinc, has lower thermal conductivity compared to aluminum and copper. However, modifying zinc 
as a solar collector plate is highly promising for development, considering that zinc is widely used as roofing material in mountainous 
regions in Indonesia. From the perspective of surface shape, flat plate solar collectors are the most popular because of their 
cost-effective design and ease of use in the solar collector field. They are typically used for medium-temperature applications such as 
water heaters and space heaters, making them popular in the domestic sector. Solar water heaters using flat plate collectors have 
become important in households due to their cost-effectiveness, offering significant advantages over conventional electric heaters by 
eliminating electricity costs. Although affordable and simple, flat plate collector efficiency faces challenges arising from higher heat 
transfer coefficients and less optimal thermal performance. Specifically, most heat losses, up to 75 %, occur from the top of flat plate 
collectors [16]. The overall performance of collectors depends on managing heat losses and optimizing optical properties within the 
system. Heat losses in flat plate collectors are influenced by factors such as the area of the glass cover, wind speed, and ambient 
temperature. In addition, if the solar collector is used to heat water, the position of the water pipe will affect the total heat loss from the 
solar collector. The position of the water pipe above the absorber provides a smaller total heat loss compared to the position of the 
water pipe below the absorber. Strategies to mitigate these losses include minimizing conductive-convective losses from the absorber 
plate to the glass cover, particularly at the top of the collector. It should be noted that flat plate collector efficiency tends to decrease 
with increasing wind loss coefficients [17]. Compared to flat plate solar collectors, Corrugated Solar Collectors (CSC) provide irra-
diation with scattered reflection, where the reflected light has varied angles, thus scattering light back to the surrounding absorber 
plate. This results in greater light absorption compared to flat plates [18]. This modification aims to enhance solar radiation absorption 
by the collector. Zhang et al.’s findings in 2018 showed that the height of the corrugated absorber is the most significant factor 
affecting collector performance [19]. Effective efficiency can reach 67.83 % with an air velocity of 1.14 m/s. Other experimental 
results show an efficiency of 60 % for a mass flow rate of 0.025 kg/s [20]. The CSC with a 60.0◦ opening angle achieve the highest 
useful energy and average thermal efficiency of 87.54 kWh and 82.31 %, respectively, outperforming flat plate solar collectors [18]. 
The research results show that corrugated surface solar collectors have a large heat transfer area and high heat transfer coefficients, 
making them suitable for use in rural buildings in cold regions [21]. The corrugated absorber is approximated to be a V-corrugated 
configuration to consider the radiative heat transfer due to its similar geometry and literature availability of radiative heat transfer 
correlations for V-corrugated absorber [18]. 

All of these studies were conducted in only one seasonal condition, so it is unknown about the opportunities for utilizing solar 
collectors for various applications that can be done in all seasons as in Indonesia, namely the dry season and the rainy season. The 
presence of two seasons in Indonesia results in different levels of solar radiation each month and also varies depending on the city’s 
location above sea level. This research involves making corrugated plate solar collectors using aluminum and zinc plate materials. The 
type of zinc used in this research is zinc-coated steel. The selection of materials in our experimental design is based on the physical 
properties and performance of the materials in specific environmental conditions. For the dry season, aluminum was chosen due to its 
high thermal conductivity, allowing for effective heat distribution. This is particularly crucial during dry seasons when environmental 
temperatures can be significantly high, as the use of aluminum helps maintain the temperature of the materials and system more stable. 
On the other hand, for the rainy season, zinc-coated steel was selected for its cost efficiency. Zinc-coated steel is generally cheaper 
compared to several other materials, including aluminum. In conditions where materials are frequently exposed to rain, the use of zinc- 
coated steel can be a more economical choice while still providing adequate performance. Additionally, zinc-coated steel is commonly 
used as roofing material in areas with high rainfall. Comprehensive testing is carried out in two conditions: one without a water heater 
load and the other with a water heater load. This study also aims to determine the differences in solar collector performance in the two 
seasons commonly occurring in Indonesia, namely the dry season from April to October and the rainy season from October to April. 
Aluminum is used for solar collectors in the dry season, while zinc-coated steel is used in the rainy season. According to the Indonesian 
Central Bureau of Statistics, the use of zinc-coated steel for house roofs in Indonesia reaches 4.39 %, with the rest predominantly using 
tiles as house roofs. However, this zinc-coated steel material has not been developed into solar collectors for water heaters and other 
applications. Due to differences in time and materials used, correlation/relationship analysis between variables cannot be performed 
based on measurement results and calculated parameters. The analysis is done by comparing with research conducted by other re-
searchers using various materials. 

2. Experimental method 

In order to evaluate the performance of corrugated solar collectors made of aluminum and zinc-coated steel as water heaters with 
the water pipe positioned above the absorber, an experiment will be conducted following these steps. Initially, both types of solar 
collectors will be constructed with identical dimensions to ensure a fair comparison. Subsequently, testing will be carried out to 
measure the total heat loss from each collector and compare their thermal efficiency. Furthermore, testing will be conducted on both 
collectors during both dry and rainy seasons to understand their performance in various environmental conditions. Additionally, both 
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collectors will be assessed without a load to determine their individual performance and also as water heaters using an equivalent load. 
The results of these tests will be analyzed to evaluate the collectors’ performance during dry and rainy seasons, as well as their ef-
ficiency as water heaters. 

2.1. Set-up experiment 

To initiate the solar collector installation experiment, begin by preparing aluminum and zinc-coated steel plates measuring 100 cm 
in length, 80 cm in width, and 0.10 cm in thickness. Additionally, procure a transparent glass cover with a thickness of 0.22 cm, 
insulation with a thickness of 0.63 cm, and water pipes with a diameter of 1.24 cm and a length of 85 cm. Construct the solar collector 
by arranging the plates under the transparent glass cover at a tilt of 40◦. The position of the water pipe is placed above the absorber 
plate, as shown in Fig. 1. Integrate the water pipe network into the solar collector system, connecting it to the cooling channel. Ensure 
the provision of a water source and a warm water reservoir, as illustrated in Fig. 2. During the testing phase with a water heater load, 
ensure the flow of water from the bottom surface to the top of the plate, adhering to the configuration shown in Fig. 1. Conduct the 
testing phase between 10:30 a.m. and 2:15 p.m. West Indonesia Time (WIB), gathering data during this period on solar radiation 
intensity, ambient air temperature, plate temperature, and inlet and outlet water temperatures. Utilize essential equipment such as 
solar power meter (Extech SP505 Pocket Solar Power Meter) and an infrared thermometer (Fluke 62 Max IR Thermometer). Perform 
data collection for radiation, environmental temperature, and collector plate temperature every 15 min at three designated times: in 
May (dry season in Indonesia) for aluminum corrugated solar collectors (ACSC) and in October (rainy season in Indonesia) for zinc- 
coated steel corrugated solar collectors (ZCSC). The research site is located in Jatinangor, Sumedang, West Java, with geographic 
coordinates of 6◦55′12″ South Latitude and 107◦46′22″ East Longitude. This meticulous setup and testing protocol aim to evaluate the 
performance of aluminum and zinc-coated steel in a solar collector system under specific conditions. 

In Fig. 3, a plate lies beneath the transparent glass, possibly composed of aluminum or zinc-coated steel. The glass serves a dual 
purpose: shielding and allowing sunlight to penetrate, enabling the plate to absorb solar radiation effectively. Furthermore, the image 
illustrates the positioning of fluid pipes, crucial for circulating the heat transfer fluid. Whether placed above or below the plate, their 
arrangement can significantly influence the solar collector’s operational efficiency. The visual depiction in Fig. 3 aids in understanding 
the configuration of the solar collector components, showcasing how sunlight enters through the glass to reach the plate and high-
lighting the placement of the fluid pipes. This understanding is pivotal for assessing the solar collector’s performance in capturing and 
utilizing solar energy efficiently. 

2.2. Measuring instruments 

Solar radiation was measured using a solar power meter with an accuracy of approximately 3 %. The inlet and outlet temperatures 
of the collector, as well as the cover and ambient temperatures, were recorded using a digital infrared thermometer with an accuracy of 
±1.5 ◦C. Additionally, a solar power meter was employed to measure the intensity of solar radiation, while an anemometer was used to 
determine wind speed. An uncertainty analysis of the efficiency of the CSC has been conducted, which relies on the variables outlined 
in Tables 2 and 3. The method described by Pambudi et al. [7] and J.P. Holman [22] was utilized to analyze errors related to the 
procedure outlined below. Let R be a function of the independent variables y1, y2, y3, y4, ……, yn. 

R= f
(
y1, y2, y3, y4, ........yn

)
(1) 

Consider CR represents the measured result uncertainty and X1, X2, X3 …, Xn represent the uncertainties of independent variables y1, 
y2, y3, …, yn, respectively, the value of CR can be calculated as follows: 

CR =

[(

X1
∂R1

∂y1

)2

+

(

X2
∂R2

∂y2

)2

+

(

X3
∂R3

∂y3

)2

+ ....+

(

Xn
∂Rn

∂yn

)2
]

(2) 

Fig. 1. The two configurations of the solar collector: (a) with the water pipe positioned under the plate, and (b) with the water pipe located above 
the plate. 
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The relative error Eerr is presented below: 

Eerr =
CR

R
(3) 

Referring to Tables 2 and 3, it can be estimated that the maximum relative error in the calculated energetic efficiency is 
approximately 3.9 %. 

2.3. Experimental data 

The experimental data collected during the study comprised a comprehensive array of variables, encompassing ambient temper-
ature, solar radiation intensity, and water temperature before and after passing through the solar collector. Meanwhile, the data 
analysis involved the utilization of several equations established by Duffie and Beckman in 2013 [23]. Heat losses from different 
collector surfaces were computed using Equations (4)-(7) 

UL =Ut + Ub + Ue (4)  

Ut =

[
1

hw + hr,c− a
+

1
hp− c + hr,p− c

]− 1

(5)  

Ub =
1

kb
Lb
+ 2

hf

(6)  

Ue =
(UA)edge

Ac
(7) 

The corrugated shape of the solar collector absorber plate plays a significant role in determining the heat transfer from the sun to 
the absorber. The efficiency of the corrugated fin solar collector is enhanced because the reflections from the corrugated plate diffuse 
across other parts of the absorber plate. However, in this scenario, the radiation intensity received by the plate remains constant, 
allowing us to treat the plate as flat with a fin efficiency denoted as F. The calculation of fin efficiency is conducted using equations (8)– 
(11) as outlined by Fan et al. [24]. 

Fig. 2. The water pipe arrangement within the solar collector system.  

Fig. 3. The layout of the collector plate, cover glass, and the placement of the fluid pipe within the solar collector system.  
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F=

tanh
̅̅̅̅
UL
kδ

√ (
w− d

2

)

̅̅̅̅
UL
kδ

√ (
w− d

2

) (8)  

Fʹ=
1/UL

w
[

1
UL [d+(w− d)F] +

1
πdhf

] (9)  

Fʹ́ =
ṁcp

AcULFʹ

[

1 − exp
(

−
AcULFʹ

ṁcp

)]

(10)  

FR = FʹFʹ́ (11) 

The heat removal factor (FR) is a quantity that relates the actual delivered heat to the maximum possible heat. It is equivalent to the 
effectiveness of a conventional heat exchanger. The maximum possible heat gain in a solar collector occurs when the whole absorber is 
at the inlet fluid temperature. F’ represents the fin factor efficiency, which is associated with the dimensions and geometry of the solar 
collector. This efficiency factor is crucial in determining how effectively the fins of the solar collector transfer heat, influenced by their 
size, shape, and arrangement within the collector. The heat dissipation coefficient depends on the area of the collector, the thermal loss 
coefficient, and the collector efficiency factor (F”). The absorbed useful heat, Qᵤ, by the collector plate and the collector efficiency can 
be expressed by equations (12) and (13) [25]. 

Qu =AcFR[S − UL(Tc − Ta)] (12)  

ηc =
Qu

AcI
(13) 

The efficiency of the absorber without a water heater load depends on the temperature absorbed by the absorber which is also 
influenced by the ambient temperature. 

The heat source in the solar collector is solar energy, and its input power received by the collector surface is absorbed and then 
transferred to the working fluid. Fluid efficiency is calculated by dividing the fluid power by the input power from the collector. This 
efficiency is generally considered instantaneous efficiency because it is a function of momentary operating conditions, including local 
climate parameters such as ambient temperature, wind speed, etc [9,17]. The absorbed fluid energy efficiency is calculated using the 
following equation (14). 

ηf =
Qf

Qu
× 100% (14) 

The energy used to heat the fluid is determined by recording the inlet and outlet water temperature data at a specific flow rate and 
subsequently calculated using equation (15) as follows 

Qf = ṁCp(To − Ti) (15) 

The total efficiency is then calculated by multiplying the collector efficiency by the fluid 

ηt = ηc × ηf × 100% (16)  

3. Results and discussion 

The results of solar radiation measurements from 10:30 a.m. to 02:15 p.m. and the calculation of parameters for the corrugated flat 
plate solar collector are presented in Tables 4–7. 

Based on the data extracted from Tables 4–7, the research data was collected between 10:30 a.m. to 2:15 p.m. local time (WIB). 
Specifically, during the rainy season and with the sun’s position at latitudes south of the equator, a noticeable rise in solar radiation 
occurs at higher sun positions, followed by rainfall typically starting in the afternoon. This contrasts with the dry season, characterized 
by a gradual increase in sunlight from early morning until late afternoon. Utilizing data from both seasons, data processing was 
conducted within the timeframe of 10:30 a.m. to 2:15 p.m. to ensure a comprehensive analysis. 

Table 1 
Potential use of solar energy and material prices.  

Solar energy potential Material prices 

Solar radiation 
PLTS 
Solar heater 

4.8 kWh/m2 

0.87 GW (2025) 
– 

Copper 
Aluminum 
Zinc-coated steel 

IDR. 5,429,000 (1 mm × 1m x 1m) 
IDR. 764,000 (per sheet) 
IDR. 54,000 (per sheet) 

PLTS = solar power plant. 
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The tests on solar radiation reveal a slight 5 % difference in average sunlight intensity between the dry season (711 W/m2) and the 
rainy season (675 W/m2). However, this small difference causes significant variations in solar collector efficiency for both absorber 
materials. In the dry season, when sunlight is stronger, materials like aluminum with high thermal conductivity (237 W/m.K) perform 
better. They absorb and transfer heat more efficiently, resulting in higher collector efficiency. In fact, with high thermal conductivity, 
aluminum’s absorbent performance remains better, including during the rainy season. On the other hand, during the rainy season with 
slightly weaker sunlight, materials like zinc-coated steel with lower thermal conductivity (60 W/m.K), chosen for their cost- 
effectiveness and decent performance, still shows good performance. A techno-economic analysis would likely underscore zinc- 

Table 2 
The ranges and accuracy of measurement devices.  

Device Measuring range Accuracy 

Thermometer IR 
Solar power meter 

− 30 to 500 ◦C 
0–4000 W/m2 

±1.5 ◦C 
±3 % 

Anemometer 1− 80 m/s ±2.5 %  

Table 3 
CSC system model description.  

Specification Dimension 

Box Length 
Box Width 
Around the Box 
Square Area 
Top box thickness 
Thick bottom iron box 
Collector thickness 
Frame Width 
Glass Thickness 
Plate-to-Glass Distance 
Insulator thickness 
Glass transmittance 
Plate absorbance thermal conductivity of aluminum 
thermal conductivity of zinc-coated steel 
Thermal conductivity of air 
Styrofoam 
Low water rate 
Thermal Diffusivity of air volumetric coefficient of air expansion 
specific heat of water 
Plate emittance 
Glass emittance 

100 cm 
80 cm 
360 cm 
80 cm2 

3.70 cm 
4.00 cm 
0.10 cm 
3.00 cm 
0.22 cm 
1.63 cm 
0.62 cm 
0.90 
0.76 
237 W/mK 
60 W/mK 
0.0285 W/mK 
0.03 W/mK 
1.61 Lph 
1.9 × 10− 5 m2/s 
3.0 × 10− 3/K 
4200 J/kg K 
0.2 
0.8 

Lph = liter per hour. 

Table 4 
Radiation data and parameters for the ACSC without a water heater load in dry season (May).  

Time I (W/m2) S (W/m2) UL (W/m2K) Tc (oC) Qu(W) ηc (%) 

10:30 716 544 9.3 52 273.51 38.20 
10:45 750 570 9.32 53 293.44 39.12 
11:00 789 600 9.36 53 316.01 40.05 
11:15 785 597 9.4 50 327.71 41.75 
11:30 779 592 9.4 51 316.77 40.66 
11:45 751 571 9.41 50 307.30 40.92 
12:00 762 579 9.44 49 320.81 42.10 
12:15 753 572 9.44 49 315.45 41.89 
12:30 725 551 9.42 49 306.43 42.27 
12:45 721 548 9.41 49 304.18 42.19 
13:00 669 508 9.4 48 273.33 40.86 
13:15 672 511 9.39 48 275.25 40.96 
13:30 662 503 9.38 45 284.14 42.92 
13:45 646 491 9.29 44 275.66 42.67 
14:00 605 460 9.24 42 259.06 42.82 
14:15 586 445 9.09 41 256.52 43.77 
Ave 711 540 9.36 48.31 294.10 41.45 

Average value of FR = 0.98. 
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Table 5 
Radiation data and parameters for the ACSC with a water heater load in dry season (May).  

Time ṁ (Lph) Cp (kJ/kg K) Tout (oC) Tin (oC) Qf (W) ηf (%) ηt (%) 

10:30 1.61 4.2 50 27 155.53 56.86 21.72 
10:45 1.61 4.2 52 27 169.05 57.61 22.54 
11:00 1.61 4.2 54 27 182.57 57.77 23.14 
11:15 1.61 4.2 53 27 175.81 53.65 22.40 
11:30 1.61 4.2 52 27 169.05 53.37 21.70 
11:45 1.61 4.2 50 28 148.76 48.41 19.81 
12:00 1.61 4.2 50 28 148.76 46.37 19.52 
12:15 1.61 4.2 50 28 148.76 47.16 19.76 
12:30 1.61 4.2 48 28 135.24 44.13 18.65 
12:45 1.61 4.2 48 28 135.24 44.46 18.76 
13:00 1.61 4.2 47 28 128.48 47.00 19.20 
13:15 1.61 4.2 47 27 135.24 49.13 20.13 
13:30 1.61 4.2 46 27 128.48 45.22 19.41 
13:45 1.61 4.2 46 27 128.48 46.61 19.89 
14:00 1.61 4.2 45 27 121.72 46.98 20.12 
14:15 1.61 4.2 44 27 114.95 44.81 19.62 
Ave 1.61 4.20 48.88 27.38 145.38 49.35 20.40  

Table 6 
Radiation data and parameters for the ZCSC steel without a water heater load in rainy season (October).  

Time I (W/m2) S (W/m2) UL (W/m2K) Tc (oC) Qu(W) ηc (%) 

10:30 592 458 14.00 40 225.33 38.06 
10:45 629 487 15.58 43 217.77 34.62 
11:00 666 515 15.30 46 213.66 32.08 
11:15 671 519 14.50 48 214.14 31.91 
11:30 687 532 14.20 49 230.74 33.59 
11:45 735 569 14.00 49 249.54 33.95 
12:00 754 584 14.50 49 262.24 34.78 
12:15 765 592 14.40 49 265.74 34.74 
12:30 768 594 14.00 50 273.30 35.59 
12:45 759 587 14.00 55 199.78 26.32 
13:00 723 560 14.50 52 202.27 27.98 
13:15 671 519 14.40 50 180.70 26.93 
13:30 663 513 14.30 46 221.82 33.46 
13:45 599 464 14.00 41 235.28 39.28 
14:00 564 437 14.20 39 222.01 39.36 
14:15 550 426 14.20 38 222.42 40.44 
Ave 675 522 14.38 46.5 227.30 33.94  

Table 7 
Radiation data and parameters for the ZCSC with a water heater load in rainy season (October).  

Time ṁ (Lph) Cp (kJ/kg K) Tout (oC) Tin (oC) Qf (W) ηf (%) ηt (%) 

10:30 1.61 4.2 36 27 60.86 27.29 10.28 
10:45 1.61 4.2 38 28 67.62 32.37 10.75 
11:00 1.61 4.2 43 28 101.43 50.57 15.23 
11:15 1.61 4.2 43 28 101.43 55.26 15.12 
11:30 1.61 4.2 42 28 94.67 48.44 13.78 
11:45 1.61 4.2 40 28 81.14 39.34 11.04 
12:00 1.61 4.2 41 28 87.91 42.66 11.66 
12:15 1.61 4.2 40 28 81.14 38.36 10.61 
12:30 1.61 4.2 39 28 74.38 32.53 9.69 
12:45 1.61 4.2 38 28 67.62 39.96 8.91 
13:00 1.61 4.2 36 28 54.10 30.83 7.48 
13:15 1.61 4.2 36 27 60.86 37.94 9.07 
13:30 1.61 4.2 36 27 60.86 30.90 9.18 
13:45 1.61 4.2 35 27 54.10 24.49 9.03 
14:00 1.61 4.2 34 27 47.33 22.96 8.39 
14:15 1.61 4.2 33 27 40.57 19.86 7.38 
Ave 1.61 4.20 38.47 27.67 73.03 36.93 10.47  
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coated steel as a more economical choice in various applications due to its lower material costs, simpler manufacturing processes, 
comparable or superior durability, and favorable environmental credentials compared to aluminium. 

A comprehensive analysis of the data presented in the tables was performed, and visual representations were created through plots 
for key parameters, as illustrated in Figs. 4–9. 

In Fig. 4, the peak solar radiation of 789 W/m2 was recorded at 11:00 a.m. in May, while at 12:30 p.m. in May, it was 768 W/m2. 
These observations align with the seasonal patterns, with May representing the dry season in Indonesia and October representing the 
rainy season. The higher solar radiation during the dry season is consistent with the expectation of greater sunlight exposure, 
contributing to increased energy absorption by the solar collector. 

In Figs. 5 and 6, the temperature measurements for the aluminum Corrugated Solar Collector (CSC) reveal notable trends. The 
collector temperature, representing the plate’s surface temperature, reaches 53 ◦C, while the outlet temperature of the heated water 
reaches 54 ◦C. The average collector temperature is recorded at 48.31 ◦C, and the average outlet temperature is slightly higher at 
48.88 ◦C. The substantial temperature difference of 21.5 ◦C between the average inlet and outlet temperatures indicates effective heat 
absorption by the collector. The drop efficiency from an average 41.45 % without water heating to 20.40 % with water heating for the 
ACSC (about 50 %). Contrastingly, for the ZCSC, the collector temperature reaches 55 ◦C, and the outlet temperature is slightly lower at 
43 ◦C. The average collector temperature is 46.5 ◦C, and the average outlet temperature is notably lower at 38.47 ◦C. The temperature 
difference between the average inlet and outlet temperatures is 10.8 ◦C. The thermal conductivity of zinc-coated steel is about 60 W/ 
m⋅K. This would also explain the drop of the zinc-coated steel absorber efficiency from an average of 33.94 % without water heating to 
10.47 % with water heating (about 30 %). This suggests that the ACSC exhibits a lower temperature rise compared to the ACSC, 
indicating potential differences in heat absorption and transfer characteristics between the two materials. 

Fig. 7 reveals significant insights into the comparative efficiency performance of the ACSC and ZCSC under no water heater load 
conditions. The data indicates that the ACSC outperforms the ZCSC in terms of both the highest and average efficiencies. Specifically, 
the ACSC achieves the highest efficiency of 43.77 % and an average efficiency of 41.45 %, while the ZCSC lags slightly with the highest 
efficiency of 39.36 % and an average efficiency of 33.94 %. This discrepancy suggests that the aluminum collector exhibits superior 
heat absorption and transfer capabilities, contributing to its overall higher efficiency. Fig. 8, which presents efficiency values under a 
water heater load, the superiority of the ACSC persists. The highest and average efficiencies for the aluminum collector are notably 
higher at 57.77 % and 49.25 %, respectively, compared to the ZCSC, which records a highest efficiency of 55.26 % and an average 
efficiency of 36.25 %. This underscores the advantageous thermal performance of the aluminum collector, particularly in scenarios 
with a water heater load. 

In Fig. 9, the performance of ACSC and ZCSC collectors using their respective linear equations. From equations (12) and (13), the 
analysis reveals that the ACSC exhibits superior efficiency under ideal conditions, as indicated by its higher intercept of 39.279, 
although it experiences higher heat losses with a slope of 0.2551 as the temperature difference increases. In contrast, the ZCSC 
demonstrates lower maximum efficiency with an intercept of 32.825 but boasts better insulation, leading to lower heat losses with a 
less slope of 0.1315. Therefore, while ACSC is more efficient initially, ZCSC proves to be more effective at minimizing heat losses over 
varying temperature differences. Fig. 10 synthesizes the efficiency data, providing a comprehensive view of the average efficiency for 
collectors without heaters, collectors with heaters, and the total efficiency. This holistic analysis aids in understanding the overall 
performance of the solar collectors across different operational conditions, emphasizing the nuanced interplay between material 
composition and heat transfer efficiency. 

Based on Tables 3 and 4, the total heat loss coefficient (UL) serves as a cumulative measure of heat dissipation occurring at the 
upper, side, and lower parts of the solar collector, as depicted by Equations (1)–(4). The largest contribution to heat loss comes from the 
lower part of the collector (Ub), implying that the insulation material is insufficient in effectively retaining heat. The average UL for the 
ACSC and ZCSC is 9.36 W/m2 oC and 14.38 W/m2oC, respectively. The average outlet water temperature for ACSC and ZCSC is 

Fig. 4. Measured solar radiation as a function of time.  
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Fig. 5. Measured temperature as a function of time for aluminum solar collector.  

Fig. 6. Measured temperature as a function of time for zinc-coated steel solar collector.  

Fig. 7. Efficiency as a function of time of ACSC.  
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Fig. 8. Efficiency as a function of time of ZCSC.  

Fig. 9. Performance analysis of ACSC and ZCSC without a water heater load.  

Fig. 10. Average efficiency of ACSC and ZCSC.  
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48.88 ◦C and 38.47 ◦C, respectively. This aligns with the condition that the surface temperature of ACSC is higher than ZCSC. A 
significant difference is observed in the average useful energy (Qw) for ACSC and ZCSC after applying the water heating load, with 
values of 145.38 W and 73.03 W, respectively. The average efficiencies for ACSC and ZCSC are 20.40 % and 10.47 %, respectively. 
These values are consistent with the thermal conductivity of each plate. These results can be compared with findings from other studies 
on CSC made of aluminum. For instance, H. Vettrivel et al. used a single cover solar collector with UL = 5.3 W/m2K, Qw = 240 Watts, 
and an efficiency of 63 % with the highest radiation reaching 946 W/m2 [17]. Additionally, Dedy Ashari et al. reported Qw = 197.68 W 
and an efficiency of 43.9 % with a flow rate of 20 L/h [6], featuring a corrugated type absorber. A. Sakhrieh et al. reported testing 
results for ACSC with an average efficiency of 59.3 % and the highest radiation reaching 1100 W/m2 [9]. As for ZCSC reported ef-
ficiency values against fluid flow rates were 34 %/120 Lph, 40 %/180 Lph, and 50 %/240 Lph, with the highest solar radiation 
reaching nearly 1200 W/m2. Based on Table 1, the utilization of solar energy in Indonesia is primarily focused on solar power plants in 
the form of solar panels (photovoltaic). Meanwhile, there is no valid data on the use of solar energy for water heaters. In economic 
terms, the use of aluminum as a solar collector is much more expensive compared to zinc-coated steel. Research conducted by Pambudi 
et al. suggests that zinc-coated steel holds promise as a highly cost-effective material for solar collectors [7]. 

4. Conclusion 

Corrugated solar collectors made of aluminum and zinc-coated steel have been successfully made for water heaters with the water 
pipe positioned above the absorber. Although not significant, the total heat loss from the solar collector is reduced by positioning the 
water pipe above the absorber. Solar collector testing shows good results for each absorber material in different seasons. Good solar 
collector test results were also obtained from solar collectors with each material for testing without load for water heating and when 
used as a water heater. Based on the efficiency value of each material for each season, aluminum and zinc-coated steel can be rec-
ommended as absorbers. Economically, considering the significant price difference between aluminum and zinc-coated steel, it is 
recommended to use zinc-coated steel as an absorber with certain modifications. 
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Nomenclature 

S Absorbed radiation (W/m2) 
I Solar irradiation (W/m2) 
L Distance between plate and glass (m) 
Le Distance between edge and plate (m) 
Lb insulator thickness (m) 
w Distance between pipes (m) 
d Pipe outer diameter (m) 
dh Inner pipe diameter (m) 
δ Collector plate thickness (m) 
δe Thickness of the side box (m) 
Nu Nusselt number 
NuD Fluid Nusselt number 
Ra Rayleigh number 
Re Reynold number 
Tp Plate temperature (oC) 
Tc Glass temperature (oC) 
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Ts Sky temperature (oC) 
Ta Ambient temperature (oC) 
Tin Inlet fluid temperatur (oC) 
Tout Outlet fluid temperature (oC) 
F Fin efficiency 
F’ Fin efficiency factor 
F″ Collector efficiency factor 
FR Heat removal factor 
UL Total heat loss coefficient (W/m2K) 
Ut Top heat loss (W/m2K) 
Ue Edge heat loss (W/m2K) 
Ub Bottom heat loss (W/m2K) 
ṁ Fluid flow rate (Lph) 
Ac Cross-sectional area of the collector plate (m2) 
V Wind velocity (m/s) 
K Around the collector (m) 
ke Edge conductivity (W/mK) 
kb Insulator thermal conductivity (W/mK) 
hw Wind convection coefficient (W/m2K) 
h Heat transfer coefficient (W/m2K) 
hf Fluid convection coefficient (W/m2K) 
hr,c-a Glass-environment convection reflection coefficient (W/m2K) 
hp-c Glass-plate convection coefficient (W/m2K) 
hr,p-c Glass-plate convection reflection coefficient (W/m2K) 
Qu Useful energy solar collector (W) 
Qf Useful energy of the fluid (W)  

Greek letters 
α Absorptivity of collector, thermal diffusivity 
ε Emissivity 
σ Stefan-Boltzmann constant 
τ Transmissivity of glass 
η Efficiency 
μ Dynamic viscosity of fluids (kg/ms)  

Subscripts 
In Inlet 
Out Outlet 
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