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Abstract: Solar energy is one of the most promising forms of alternative energy because it has no 

adverse effects on the environment and is entirely free. Converting solar energy into thermal energy 

is the most common and straightforward method; the efficiency of solar thermal conversion is ap-

proximately 70 percent. The intermittent nature of solar energy availability affects the performance 

of solar water heaters (SWH), which lowers the usefulness of solar energy in residential and com-

mercial settings, particularly for water heating. Even at low temperatures, the performance of a 

collector can be improved by using low-density polyethylene (LDPE) glazing instead of traditional 

glass because it is less expensive and lighter than glass. Using a comprehensive experimental-sim-

ulative study, the Glass Solar water heater (glass SWH) and the low-density polyethylene solar wa-

ter heater (LDPE SWH) are analyzed, examined, and compared in this work. These solar water 

heaters have galvanized iron (GI) as their absorber material. The SWHs were operated in a closed 

loop at a constant mass flow rate of 0.013 kg/s, and a 4E analysis (which stands for energy, exergy, 

economics, and efficiency recovery ratio) was carried out. This analysis included a look at the dy-

namic time, uncertainty, weight reduction, carbon footprint, and series connection. An LDPE SWH 

has an energy efficiency that is 5.57% and an exergy efficiency that is 3.2% higher than a glass SWH. 

The weight of the LDPE SWH is 32.56% lower than that of the glass SWH. Compared to the price of 

a conventional geyser, installing our SWH results in a cost savings of 40.9%, and monthly energy 

costs are reduced by an average of 25.5%. Compared to October, September has the quickest dy-

namic time to reach the desired temperature, while October has the most significant dynamic time. 

The efficiency recovery ratio (ERR) of a glass SWH is 0.0239% lower than that of an LDPE SWH. 

LDPE SWHs had a carbon credit worth INR 294.44 more than glass SWHs. The findings of these 

tests demonstrate that the LDPE SWH is a practical replacement for traditional means of heating 

water, such as SWHs and geysers. 

Keywords: flat plate solar water heater; transmissivity; low-density polyethylene (LDPE) glazing; 

exergy efficiency; recovery efficiency ratio; dynamic time; carbon footprint 
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1. Introduction 

These days, solar power ranks high on the list of the world’s most important renew-

able energies [1]. India’s strategic positioning between the equator and the tropic of Can-

cer (68°7′ to 97°25′ east longitude and 84° to 37°6′ north latitude) gives a wealth of solar 

resources. Because of this, it is necessary to create tools that make the most of solar power. 

Solar energy can be transformed into thermal energy using a certain kind of heat ex-

changer as a thermal solar collector. Flat plate collectors are the most prevalent of the 

many distinct types of solar collectors invented [2]. The daily availability of solar radiation 

makes flat plate collectors essential home equipment for heating water [3]. A flat plate 

collector comprises three main components: an absorber plate, a transparent cover (glaz-

ing) that lets short wave radiation pass through but blocks it from leaving, and insulation 

that prevents heat from escaping from the collector’s back and sides. Together, the com-

ponents of a flat plate collector perform three functions: they collect solar radiation, con-

vert it to heat energy, and transfer the energy to a working fluid flowing through the col-

lector duct [4]. Flat plate collectors use the “thermosiphon” principle [5]. The thermosi-

phon principle utilizes the motive forces of natural convection and conduction. These 

forces are used to create a cyclic fluid flow from areas of high heat to low heat and back. 

Based on the thermosiphon principle, the collector absorbs solar energy and transfers 

thermal energy from the sun into the working fluid. The warming of the working fluid 

reduces its density, causing it to climb through the system. The cooled substrate falls 

down the opposite side of the loop and into the collector [6]. In 2020, India’s solar thermal 

sector added 10% less capacity due to COVID-19. In 2020, India added about 1.634 million 

m2 of collector area, which is less than in 2019, and this negative trend persists. Therefore, 

it is vital to help the market recover by appealing to local consumers. Our work focuses 

on enhancing the flat plate collector’s affordability and efficiency, which are the primary 

and most important factors for a residential user to consider. 

Balaram Kundu [7] studied how different absorber material profiles affect flat plate 

collector efficiency. The results showed that a rectangular profile (base thickness—0.17633 

m, tip thickness—0.04656 m, and efficiency—61.85%) with a minor thickness variation is 

the best option. The authors investigated heat transfer rate enhancement strategies by us-

ing nanofluids (bare dispersion of Carbon Nano Tubes (CNT) and dispersion with Sodium 

Dodecyl Sulfate (SDS)). CNT/SDS has high thermal efficiency because the concentration 

drops by only 10% compared to bare CNT, which drops by 50% [8]. Investigation of the 

heat transfer rate of a flat plate collector at various Reynolds numbers (Re) by inserting 

twisted tapes (twist pitch to tube diameter: 3–12) was conducted in 2000. Compared to a 

plane SWH, the results show that decreasing the twist-pitch to tube diameter ratio at Re ≈ 

12,000 increases the heat transfer rate by up to 30% and reduces pressure drop [9]. J. El 

Andy et al. [10] studied black-painted solar collectors with electrodeposited bright nickel 

nanoparticles on copper substrates. The collector outperformed conventional collectors 

(overall heat loss of 2.7%; optical gain of only 19.3). Hellstrom et al. [11] say flat plate 

collector optics affect annual performance. After adding Teflon honeycomb and anti-re-

flective cover glass, they tested solar absorption and heat emittance. Emittance dropped 

from 0.10 to 0.05, and absorbance rose from 0.95 to 0.97, boosting the annual performance 

by 6.7%. M. Natarajan et al. [12] measured Vellore’s monthly global radiation using 21 

models in which Veeran and Page models were accurate. Authors have estimated India’s 

monthly solar radiation using the Iranna-Bapat model. Out of 57 locations, the model had 

a statistically significant Root Mean Square Error (RMSE) of less than 10%, making it suit-

able for measuring in many parts of India [13]. Gangane et al. [14] developed a low-cost 

SWH by substituting aluminum for copper at a fabrication cost of INR 11,120 and a max-

imum outlet temperature of about 78˚ C. Can Ertekin et al. [15] studied SWHs in 129 loca-

tions across Turkey by comparing three types of collectors in terms of absorber materials 

(galvanized sheet, copper, and selective absorber, whose cost was 490.89, 615.19 and 

740.49 USD, respectively). With significant performance, the payback period of galva-

nized iron was short. Very few studies have been conducted to predict Vellore’s solar 
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radiation, and galvanized iron (GI) is used only for absorber sheets and tubes in very few 

cases. 

Because the collector’s sides and back are often highly insulated, the transparent 

cover (glazing) accounts for most heat losses in the collector. As a result, the glazing ma-

terial is critical for the flat plate collector’s thermal performance. The most popular glazing 

material, glass, transmits 90% of the incoming short-wave radiation; while transmitting, 

almost none of the long-wave radiation that the absorber plate emits escapes outward. 

The thickness of the glass glazing should be at least 3.3 mm [16]. Only a few researches 

have been published on the effect of glazing material thickness on solar collector perfor-

mance. Flat plate collectors were tested with glass glazing of four different thicknesses (3 

mm, 4 mm, 5 mm, and 6 mm) by Ramadhani Bhakari et al., and they concluded that the 

use of 4 mm glass glazing enhanced the performance by 7.6% [17]. However, utilizing 4 

mm glass glazing during manufacture increases the chance of glass breakage, which adds 

to the expense. Plastic glazing could be used in place of glass glazing. A plastic cover has 

higher short- and long-wave transmittance and, thus, higher performance than a glass 

cover. Plastics’ key advantages are their resistance to breaking, lightweight, and low cost 

[18]. 

Long-term research into using low-density polyethylene (LDPE) as glazing is under-

way. However, research on the solar transmissivity of LDPE and the performance of solar 

water heaters (SWH) with LDPE glazing is lacking. This work is unique in that it replaces 

conventional glass glazing of a solar water heater (SWH) with low-density polyethylene 

(LDPE) glazing, as well as changing the absorber plate and heat transfer tube material 

from copper to galvanized iron (GI) for efficiently and affordably satisfying domestic hot 

water needs. The current study will use testing and simulation to evaluate, analyze, and 

compare the performance of LDPE and glass-glazed SWHs with GI absorbers to that of 

standard electric geysers. To the best of the authors’ knowledge, this is one of the few 

attempts to include a thorough investigation into the reaction of SWHs using LDPE as 

glazing and GI as the absorber. 

2. Experimental Methods 

2.1. Solar Radiation Analysis 

The study workflow is shown in Figure 1. Any solar energy system should start with 

a review of solar radiation statistics [19]. Vellore lacks a weather station that can measure 

long-term sun radiation on the horizontal surface. Estimating solar radiation requires 

models and empirical correlations. The Gopinathan correlation, which was chosen from 

13 solar radiation models and correlations, is more applicable for Vellore [20–22]. Vellore’s 

2018 solar radiation was calculated in MATLAB R2020a using Gopinathan correlation and 

climatic data from Brahmapuram, Vellore, on middays each month (defined by Klien 

[23]). Solar radiation was measured using pyranometers (Make: LPPYRA 02, Logic En-

ergy, New Delhi, India, Accuracy: 1.5%) and pyrheliometers (Make: DR30-D1, Hukseflux 

Thermal Sensors, Haryana, India, Accuracy: 1.2%). Figure 2 shows the solar radiation of 

Vellore in 2018; it compared Vellore’s theoretical and experimental solar radiation in 2018, 

and the values agree. The maximum radiation level was 24,000 KJ/m2 in April, and the 

lowest was 19,000 KJ/m2 in December. Equation (1) [24] provides the Gopinathan correla-

tion. 

�� /�� =  �́ + � ́[�̇/����
̇ ]  (1)

where ��  is the monthly average daily global radiation on the horizontal surface (KJ/m2-

day), �� is the monthly average extraterrestrial radiation, �̇ is the monthly average sun-

shine hours, ����
̇  is the monthly average possible sunshine hours, and �́ and �́  are func-

tions of latitude, elevation, and sunshine hours. 
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Figure 1. Workflow. 

 

Figure 2. Solar radiation of Vellore (2018). 

2.2. Survey 

Surveys provide decision-making information. Getting answers to essential ques-

tions helps identify ways to improve any system. This survey helps design and build an 

SWH by revealing the community’s needs. Figure 3 shows the satellite image of Brahma-

puram, Vellore (12.957831° N, 79.171664° E), chosen as the location for a Google form sur-

vey. Brahmapuram is a village in Vellore’s Katpadi taluk with 8430 people [25]. Seven 

hundred families participated in a Google form survey with ten questions and three to 
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four options each, based on end-user needs. The survey questions were designed to cover 

a wide range of people, where some questions were focused on actual SWH users and 

some on potential new customers. The survey follows Office of Management and Budget 

(OMB) standards and guidelines [26]. The poll showed that the public understands solar 

thermal technologies, and the survey results in Table 1 help design and manufacture 

SWHs. The glass SWH and LDPE SWH were developed using public feedback. 

 

Figure 3. Satellite image of Brahmapuram, Vellore District. 

Table 1. Survey results. 

Sl. No. Survey Questions Survey Results 

1. 
Is there any specific climate requirement for working of solar 

water heater? 

 

2. 
Does the area have hard water (with soap solutions from less 

white foam)? 

 

28.80%

61.60%

9.60%

Survey Results

Winter Summer Rainy

57.70%
42.30%

Survey Results

Yes No
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3. What is the required life of the solar water heating system? 

 

4. What is the temperature of the hot water required? 

 

5. Where do you want it to be installed? 

 

6. 
Do you want it to be common for the whole building or only 

for your family? 

 

30.80%

44.20%

25%

Survey Results

5 Years 10 Years 15 Years

9.60%

82.70%

7.70%

Survey Results

High (untouchable)

Medium (to be mixxed with more amount
of water)

Low (touchable and directly used)

42.30%

34.60%

23.10%

Survey Results

Building terrace Roof tops

Wall mounting

32.70%

67.30%

Survey Results

Only for one family

Common for whole family
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7. What is the type of terrace flooring used? 

 

8. What direction is your residence facing? 

 

9. Which type of water is to be used? 

 

10 How many hours are required to heat the water? 

 

2.3. Experiment 

2.3.1. Thermophysical and Radiometric Characterization 

Glass, LDPE transparent cover, galvanized iron (GI) sheets, GI tubes, hardwood 

sheets, thermocool, glass wool, and necessary fastening supplies for the fabrication of 

19.20%

21.20%59.60%

Survey Results

Ceramic tiles Brick flooring

Concrete flooring

25%

48.10%

13.50%

1.2

Survey Results

North East West South

32.70%

34.60%

32.70%

Survey Results 

Bore well  water

Municipality treated water

Tank water

57.70%
28.80%

13.50%

Survey Results

Less than 6 hours 6 to 7 hours

More than 7 hours
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LDPE and glass SWHs were obtained from Hardware & Mill Stores (HMS) in Vellore, 

India. Thermophysical and radiometric parameters were measured as part of the investi-

gation as they influence heat transport, efficiency, and other aspects. Table 2 shows the 

specifications of the components used in fabrication. To ensure heirlooms, certain quali-

ties were measured. Thermal conductivity (k) of the absorber plate and insulation mate-

rials were determined using the Transient Hot Wire (THW) method with a KD2 pro ther-

mal property analyzer (accuracy: ±5%). The absorber plate’s absorptivity and emissivity 

were measured using a single wave spectrometer (Model: LMSP-V325, Das Instruments 

and Solutions, Chennai, India, Accuracy: ±0.5%). Glass and LDPE refractive indices were 

measured using the V-block method on a KPR300 refractometer (accuracy: ±0.00004%). 

The thickness of the components was measured with a precision meter (Model: 3109-25A, 

Insize, Ahmedabad, India, Accuracy: ±0.1%). 

Table 2. Specifications of the components. 

Component Specifications 

Absorber plate 

Material—Galvanized iron 

Length—1.8 m 

Width—1.2 m 

Thickness—0.0012 m 

Thermal conductivity—68 W/m-K 

Absorptivity—0.92 

Emissivity—0.23 

Space between plate and glazing—0.065 m 

HTF pipe 

Riser pipes: 

Material—Galvanized iron 

Outer diameter—0.01905 m 

Length—1.8 m 

The center-to-center distance of Tubes—1.2 m 

No. of tubes—5 

Header and footer pipes: 

Material—galvanized iron 

Outer diameter—0.03175 m 

Length—1.3 m 

Glazing 

Glass: 

Thickness—0.004 m 

Refractive index—1.52 

Transmissivity—0.81 

LDPE: 

Thickness—0.00018 m 

Refractive index—1.49 

Transmissivity—0.92 

Frame 

Material—wood 

Length—2.2 m 

Width—1.4 m 

Insulation 

Material—Thermocol and Glass wool 

Thickness—0.08 m 

Thermal conductivity—0.04 W/m-K 

2.3.2. Working 

Survey results were used to build two SWHs with glass and LDPE glazing. To com-

pensate for the thermal conductivity difference between GI and copper, the collector was 

built with double the contact area between the riser pipes and the absorber sheet than a 

typical collector. The inlet pipe was attached to the flat plate collector’s side, via which 

gravity-driven water flow occurs. The absorber plate absorbs heat in both the SWHs. The 

glass and LDPE cover is opaque to infrared rays and transparent to solar light in the visible 
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range. As a result, it enables the solar radiation to reach the collector. As a result, it will 

let solar radiation through while blocking the longer wavelength from leaving the collec-

tor. The absorber plate will thus capture the most solar radiation directed at it, and the 

former will transfer it to the working fluid, typically water. Now that the water is heated 

inside the tube, the water’s temperature increases. Because of this, heated water has a 

lower density than cold water. The hot water emerges from the collector’s top due to this 

density disparity. This idea is known as the “thermosyphon” principle. The hot water is 

thus gathered at the collector’s top while the operation continues. 

2.3.3. Experimental Procedure 

Figure 4a shows the schematic of the experimental setup. It is made up of a tank 

(capacity: 100 L, dimensions: 0.925 m height, 0.585 m diameter), a pump (Make: 

HSN/SAC:84137093 Havells, New Delhi, India, Power: 0.5 HP), a flow sensor (Make: 

LZM-15T, Jingyig, Ningbo, China, Accuracy: ±4%), a pyranometer, a DAQ (Make: Agilent 

34970A, Keysight Technologies, Santa Rosa, CA, USA), K-type thermocouples (Accuracy: 

±0.5 °C), SWHs, and PC. The SWHs with glass and LDPE glazing were operated simulta-

neously on 28 March 2018, in Vellore, India, at 5 min intervals. Figure 4b,c depicts the 

glass SWH and LDPE SWH. For testing, the Ministry of New and Renewable Energy’s 

(MNRE) IS 12933 (part-5):2003 standards were used [27]. Before the experiment, the meas-

urement equipment, water level, water flow rate, leakage, sensor function, and glazing 

dust were checked. In both SWHs, a pump circulated heat transfer fluid (water) in a closed 

loop. Throughout the experiment, a flow sensor recorded 0.013 kg/s in both SWHs. The 

highest and lowest ambient temperatures were 42 °C and 23 °C. Attached to a DAQ, the 

thermocouples’ data were averaged every 5 min. 
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Figure 4. (a) Schematic of the experimental setup. (b) Glass SWH; (c) LDPE SWH. 

2.3.4. Energy Efficiency 

The total radiation (��) is calculated using [23] 

�� = �����+ �����+ (��+ ��) ���  (2)

where, �� ,  �� , and ��  are total radiation, beam radiation, and diffuse radiation, respec-

tively. ��� is the tilt factor for beam radiation. ��� is the tilt factor for diffuse radiation and 

���  is the tilt factor for reflected radiation. The total flux absorbed by the absorber 

plate (��) is estimated by [23] 

�� = ����� (τα)b + {����� + (�� + ��) ���}(τα)d (3)

where (τα)b and (τα)d are transmissivity constants of the absorber plate in case of the beam 

and diffuse radiation. The instantaneous efficiency (��) of the collector is calculated using 

�� =
��

����
  (4)

where �� is collector efficiency, �� is useful for heat gain (�� = �̆���Δ�) [23], and �� is the 

collector area. 

2.3.5. Exergy Efficiency 

Exergy is a system’s maximum steady-state work derived from the second law of 

thermodynamics [28]. Entropy measures unpredictability and irrepressibility. As system 

irreversibility increases, so do entropy and exergy. The exergy efficiency is calculated us-

ing the following exergy equations [29,30]. 

ℇ����� − ℇ����� − ℇ�����,�� − ℇ�����,��� = ℇ�����  (5)
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where  ℇ�����  is exergy destruction, ℇ�����  is exergy in heat, ℇ�����  is exergy in work, 

ℇ�����,�� is exergy in the mass inlet, and ℇ�����,��� is exergy in the mass outlet. By substi-

tution and simplification, the exergy destruction equation becomes 

��1 − ��/�������� − [�� (ℎ� − ℎ�) − ��(�� − ��)] = ℇ����� (6)

where �� is the ambient temperature,  ����� is the surface temperature of the sun, �� is the 

available energy from solar radiation, ℎ� and ℎ� are enthalpy out and enthalpy in, and  �� 

and �� are entropy out and entropy in [25]. The entropy generation is expressed by 

�̇��� = ����� �� �� (����/���)  − ���/������ + (��/��)  (7)

where �̇��� is entropy generation, ��� is the specific heat enthalpy of HTF used, ���� and 

���  are the outlet and inlet temperatures, and ��  is the heat loss. The exergy efficiency 

compares the solar water heating system’s actual output to its reversible output given by 

the expression. 

�ℇ = 1 − ���̇���/[1 − ���/��������]  (8)

where �ℇ is exergy efficiency. 

2.3.6. Transmissivity 

Transmissivity refers to the amount of light energy that passes through a transparent 

medium. The transmissivity of glass (thickness: 4 mm) and an LDPE (thickness: 0.18 mm) 

transparent cover with one square foot dimensions were tested experimentally. Both glaz-

ings were upheld on a sunny afternoon (27 March 2018), when the maximum radiation 

was 752 W/m2 and radiation falling on the surface (��) and radiation on the other side (��) 

after passing through glazing were measured using a pyranometer and a DAQ. The trans-

missivity of glass and LDPE is calculated using the formula [23] 

Ť =
��

��
  (9)

By considering reflection-refraction and absorption separately, a collector’s cover 

system transmissivity can be calculated accurately by following equations using 

MATLAB R2020a [23]. 

Ť = ŧ�ŧ�  (10)

where ŧ� is the transmissivity by considering reflection and refraction and ŧ� is the trans-

missivity by considering absorption. 

ŧ� = 1/2 (�ŕ�ř)  (11)

where �ŕ and �ř are two components of polarization. 

ŧ� = ė�ķƍ  (12)

where ķ is the extinction coefficient and ƍ is the thickness of the cover. 

2.3.7. Uncertainty 

Uncertainty analysis, or experimental error evaluation, is crucial for accurate experi-

ment data [31]. The equation gives the uncertainty analysis general equation 

��
� = ∑ ���

��
���   (13)

where �� is the uncertainty of the whole experimentation and ��� is the sum of uncertain-

ties of individual parameters. 

��� = �� × ��
��

�̆
�

�

+ ��
���

��
�

�

+��
��

���
�

�

+��
��

����
�

�

+��
��

��
�

�

  (14)



Energies 2023, 16, 5902 12 of 24 
 

 

where ��  is the uncertainty of the roto meter (acrylic panel water flow meter), whose 

range is 0–400 L/Hr and error value is ±0.5 L/Hr, which measures the mass flow rate of 

HTF. ���
 is the uncertainty of the pyranometer, whose range and error reading is 0–4000 

W/m2 and ±1 W/m2, which measures the total solar radiation available. �� is the uncer-

tainty of K-type thermocouple wire (Ni-Cr type) with a range of 0–200 °C and error read-

ing of ±0.5 °C, which measures the ambient temperature, outlet, and inlet temperatures of 

the HTF. The uncertainty values of individual parameters are shown in Table 3 as uncer-

tainty results. During glass and LDPE transparent cover experiments, the collector’s over-

all uncertainty was 1.52% and 1.12%. Experiments were repeated to compare data varia-

tions with standard simulated values. Measuring accuracy was increased to reduce un-

certainty and obtain the FPSWH’s desired results. 

Table 3. Uncertainty results. 

Parameter 
Uncertainty in Glass 

Cover Experiment 

Uncertainty in the Transparent 

Cover Experiment 

Flow rate 0.2% 0.17% 

Temperature difference 0.59% 0.35% 

2.3.8. Payback Period 

The payback period calculated in economic analysis estimates when an energy in-

vestment will pay off. Table 4 shows capital cost estimation. Comparing the SWH to a 2 

kWh electric geyser yields annual net savings. The SWH’s payback period can be calcu-

lated using [32] 

� = ��/��  (15)

where � is the payback period, �� is capital cost ,and �� is annual net savings. 

Table 4. Capital cost estimation. 

Description Quantity Cost (Rupees) 

G.I Riser pipes 5 nos. 850 

G.I header and footer pipes 2 nos. 350 

G.I absorber sheet 1 no. 1550 

Welding - 600 

Solar Paint 1 no. 500 

Wooden box 1 no. 1250 

Insulation - 600 

Glass Plate 1 1150 

LDPE transparent cover - 500 

Storage tank 1 2000 

Other expenses - 700 

Total - 10,050 

2.3.9. CO2 Emissions 

When using coal as an energy source, the average carbon dioxide (CO2) intensity is 

0.98 kg of CO2 per kWh. The value 0.98 becomes 1.58 if the loss of transportation and 

distribution is 40% and the loss of domestic devices is about 20%. As a result, the typical 

CO2 intensity for fossil fuel power plants is 1.58 kg of CO2 per kWh [33]. 

Annual CO2 emissions (Kg/y) = (��̇  × 1.58)/���   (16)

where ��̇  is the embodied energy and ���  is the lifetime of SWHs (assumed to be 25 years) 

[34]. 
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Lifetime CO2 mitigation = ��̇� × 1.58 × ���   (17)

where ���̇  is the annual energy output in terms of exergy. 

��̇� = Annual average radiation (kWh) × SWH efficiency  (18)

where ��̇� is the thermal energy output. 

��̇� = ��̇� × [1 + (
������

�����
)]  (19)

where � is the SWH’s operating temperature [35]. 

Net CO2 mitigation = 
((��̇� × ��� ) � ��̇ ) × �.��

����
  (20)

Carbon credit earned = Net CO2 mitigation × CO2 cost per ton  (21)

3. Results and Discussion 

3.1. Solar Transmissivity Analysis 

Most polymers today are polyolefins. They are classified into two types, polyethylene 

and polypropylene, based on temperature and chemical resistance, density, flexibility, 

and other factors. Our application is glazing-oriented, so we use polyethylene. Linear low-

density polyethylene (LLDPE), low-density polyethylene (LDPE), medium-density poly-

ethylene (MDPE), and high-density polyethylene (HDPE) all have increasing crystallinity 

as density increases. Specific heat is directly proportional to crystallinity, and conductivity 

is inversely proportional to crystallinity [36]. Specific heat capacity (Cp) is the energy 

needed per unit mass to raise or lower temperatures by 1 °C [37]. Thermal conductivity 

(k) measures heat transfer [38]. Materials with high thermal conductivity are preferred 

when thermal energy must be delivered to an absorber through glazing. Structure deter-

mines the thermal conductivity of a material. In metals, free electrons transport heat. Non-

metallic polymers transport heat via phonons. Density increases polyethylene crystallin-

ity, but crystallinity decreases heat conductivity [39]. Therefore, we use LDPE, which has 

the lowest density and crystallinity. Table 5 shows polyethylene properties. In transmis-

sivity, polyethylene outperforms polyvinyl chloride, polystyrene, and polycarbonate [40]. 

Table 5. Polyethylene properties. 

 LLDPE LDPE MDPE HDPE 

Name 
Linear low-density 

polyethylene 
Low-density polyethylene Medium-density polyethylene High-density polyethylene 

Density 0.922 g/cm3 0.918 g/cm3 0.935 g/cm3 0.954 g/cm3 

Crystallinity 
39.45% 

Semi-crystalline 

38.73% 

Low crystalline and high 

amorphous 

48.36% 

Medium crystalline and  

amorphous 

51.17% 

High crystalline and  

amorphous 

When choosing a collector glazing material, the solar wavelength transmissivity co-

efficient should be considered. ISO 9050:2003 [41] (glasses in buildings) regulates solar 

transmittance as an index of perpendicularly incident solar energy transmitted by trans-

parent materials. The higher the solar transmissivity coefficient, the hotter the air between 

the glazing and the absorber. The glazing is always mostly glass. Glass’s high solar trans-

missivity and low Low Wave Infrared (LWIR) transmissivity make it a popular collector 

glazing. Low LWIR transmissivity reduces collection region radiation transmission. LDPE 

covers are a new glass alternative. LDPE with a solar transmissivity coefficient equal to or 

greater than glass can increase transmitted light, but the literature on LDPE solar trans-

mittance and LDPE glazing in SWHs is scarce. This is due to LDPE’s strong LWIR trans-

missivity coefficient. LDPE was therefore replaced by polyethylene-co-vinyl acetate 

(EVA) and then by ethylene-tetrafluoroethylene copolymer (ETFE) [18]. 
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LDPE is less expensive and requires a lighter, cheaper support structure than glass 

and other plastic fiber glazings. LDPE is resistant to chemicals and microbes and has good 

mechanical and thermo-optical qualities. Solar radiation, high ambient temperature, rela-

tive humidity, wind, and other factors reduce LDPE’s useful life, but thickness and addi-

tives determine its lifespan [18]. When an SWH with a small absorber area is covered with 

LDPE, its strong LWIR transmittance is irrelevant. SWHs with glass and LDPE transpar-

ent cover glazing were tested. The solar transmissivity coefficients of glass and LDPE were 

measured and compared using MATLAB R2022a. Figure 5a,b shows the transmissivity of 

glass and LDPE, respectively. Figure 6 shows the flow chart of the transmissivity analysis 

simulation program. The solar water heater had an inclined surface facing due south, a 

thickness of 4 mm for glass and 0.180 mm for LDPE, and refractive indices of 1.52 and 

1.49, with extinction coefficients of 32 m and 632.8 nm, respectively. LDPE’s solar trans-

missivity coefficient is equal to or better than glass, so it can be used as a glazing material 

in SWHs to save money and weight without sacrificing efficiency. 

  
(a) (b) 

Figure 5. (a) Transmissivity of glass; (b) transmissivity of LDPE. 

 

Figure 6. Flow chart of transmissivity analysis simulation program. 
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3.2. Energy Analysis 

SWHs produce water at desired temperatures. Thus, SWH outlet water temperature 

matters. A resource efficiency study shows how to achieve the desired outlet water tem-

perature [42]. In Figure 7a,b, the output water temperature and efficiency of both SWHs 

(with glass and LDPE glazing) are compared with numerically assessed data. The numer-

ical evaluation of both SWHs is performed with MATLAB R2022a. The following assump-

tions were made for numerical assessments: (1) Absorber plate heat transfer is steady-

state. (2) HTF tube pressure drop is ignored [43]. Figure 8 shows the flow chart of the 

simulation program. Experimental and numerical data are nearly identical. As more ben-

eficial radiation is available, HTF exit temperature may rise. The outlet temperature rises 

directly with radiation as noon approaches. Glass and LDPE SWHs have maximum outlet 

water temperatures of 54.4 °C and 74.6 °C, respectively. The difference between theoreti-

cal and experimental output water temperature is 0.6 °C in a glass-covered SWH and 1.6 

°C in an LDPE-covered SWH. Both SWHs achieve 37.54% and 43.11% experimental effi-

ciency, which matches the theoretical data. Figure 7b shows a gradual decrease in effi-

ciency due to cloudy skies on the experimental day. The transparent cover improved effi-

ciency by 5.57% at midday. 

  
(a) (b) 

Figure 7. (a) Outlet temperature; (b) efficiency. 

 

Figure 8. Flow chart of the simulation program. 
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3.3. Series Connection of Fabricated Solar Water Heaters 

Sequencing SWHs raises outlet fluid temperature more than paralleling them [44]. 

As the constructed SWH lacks a storage tank, an experimental-simulated series analysis 

is performed to obtain the required temperature during inclement weather. Three solar 

water heaters are studied in series (with glass and LDPE glazing). MATLAB R2020a de-

termines the series SWH system and the mount configuration effect on outlet water tem-

perature. It is assumed that SWHs are connected in series one after the other, and simula-

tion is performed for two conditions as follows: (1) Simulation for the second and third 

SWHs alone from 10 a.m. to 12 p.m. The experimental outlet water temperature values 

(measured on 28 March 2018) are fed into the second SWH. (2) A simulation based on 

changing radiation that predicts the ambient water temperature from 6 am to 12 pm and 

assumes that it is the inlet water for the series system. Figure 9 shows the simulative anal-

ysis of glass and LDPE SWHs in series. The investigation found that from 6 to 7:30 a.m., 

less than 200 W of radiation is needed to reach the target temperature. A series of connec-

tions and intense radiation from 10 a.m. to 1 a.m. can achieve desired temperatures. In 

low insolation and bad weather, series collectors cannot be used as a countermeasure. 

Therefore, a morning series connection is not recommended for both built SWHs (with 

glass and LDPE glazing). Future studies will examine using a serpentine flow field pattern 

in an absorber tube during severe weather. 

 

Figure 9. Simulative analysis of solar water heaters in series. 

3.4. Exergy Analysis 

Irreversible thermal losses increase entropy and reduce efficiency [31]. Exergy anal-

ysis includes energy destruction and entropy. Exergy destruction in the SWHs is depicted 

in Figure 10a. Compared to glass, LDPE reduces exergy loss. Figure 10b shows the exergy 

efficiency of the SWHs. Entropy generation equals exergy efficiency because exergy effi-

ciency equals destruction. Because an LDPE SWH generates less entropy than a glass 

SWH, its exergy efficiency is higher. In both cases, as the input-to-output HTF tempera-

ture differential increases, so does exergy efficiency. This shows that when the HTF intake 

and output temperatures differ more, the SWH works efficiently, minimizing exergy 

losses. An LDPE SWH is 3.2% more efficient than glass. 
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(a) (b) 

Figure 10. (a) Exergy destruction; (b) exergy efficiency. 

3.5. Economic Analysis 

3.5.1. Payback Period 

The economic analysis calculated a 7-month-and-24-day payback period. After 7 

months and 24 days, the SWH investment will be fully recovered. The FPSWH will be free 

after the payback period. 

3.5.2. Cost Spent Based on Power Rating 

Both SWHs achieve cost savings in terms of electricity. Our SWHs were cost-effec-

tively compared to a traditional 2 kW electrical geyser [45]. Figure 11a shows the average 

sun radiation of Vellore from 6 to 10 a.m. every month in 2018. Maximum solar radiation 

is measured between 6 and 10 a.m. in March and November. September and October have 

a peak and trough. An overcast sky may cause this difference. Figure 11b shows the cost 

spent by an SWH v/s electrical geyser in rising water temperature up to 50 °C every day 

in 2018. A 2 kW electric geyser costs INR 3/day to run annually. In March, April, and May, 

glass SWHs spent a maximum of INR 2.79 per day and a minimum of INR 2.275. An LDPE 

SHW spends a maximum of INR 4.47 in January, April, May, October, and December and 

a minimum of INR 4.455 in the remaining months. It saves INR 0.725 per day versus an 

electric geyser. The time required to heat water to 50 °C correlates to solar radiation, but 

the cost cannot be based on one parameter because more radiation may result in less op-

erating time and vice versa. The expense incurred by SWHs in each month of 2018 was 

calculated from the cost spent on each day. An LDPE SWH spends INR 138.57 to INR 

124.74 per month. A glass SWH costs INR 86.49 to INR 63.7. 
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(a) (b) 

Figure 11. (a) Average solar radiation of Vellore from 6 a.m. to 10 a.m. every month in 2018. (b) Cost 

spent by an SWH v/s electrical geyser in rising water temp. up to 50 °C every day in 2018. 

3.5.3. Cost-Effectiveness 

A refurbished SWH with glass glazing costs INR 9550, but with an LDPE clear cover, 

it costs INR 8900. Tamil Nadu provides a 40% subsidy [46] for the purchase of SWHs in 

rural areas, reducing investment costs. Compared to a 100 L electric geyser, fabrication 

costs are lower. LDPE and glass SWHs save INR 13,100 and INR 12,450 by replacing an 

electric geyser. By installing revitalized LDPE SWHs in 700 Brahmapuram, Vellore fami-

lies can save INR 9,170,000. 

3.6. Weight Reduction on Proposed Model 

Low-density polyethylene (LDPE) instead of glass reduced the SWH’s weight. The 

SWH weighs 125.81 kg with a 37.5 kg glass cover and 90.58 kg with a 2.24 kg transparent 

cover. By replacing with LDPE, SWH handling and positioning improved by 32.56%. 

3.7. ERR Analysis 

The AHRI efficiency recovery ratio (ERR) is the ratio of available energy to energy 

used [47]. ERR compares energy recovery and efficiency of devices. End-user energy sav-

ings increase with ERR. Figure 12 shows the efficiency recovery ratio of glass SWHs and 

LDPE SWHs, where a linear ERR curve for both SWHs is displayed as an ERR propor-

tional to solar radiation. An SWH with LDPE has a 0.0239% higher efficiency recovery 

ratio than with a glass cover. LDPE glazing has a higher ERR than glass glazing. 
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Figure 12. ERR of glass SWHs and LDPE SWHs. 

3.8. Dynamic Time Analysis 

The dynamic time of a thermal energy recovery system is how long it will take to 

complete the daily load based on monthly global radiation. Daily and monthly dynamic 

time forecasts show when the thermal device should operate. Our SWHs’ dynamic times 

were similar after analysis. The average monthly dynamic time is an SWH’s time to heat 

the water to 50 °C. A poll found that most homes bathe with hot water. Therefore, dy-

namic time was calculated using the average radiation values from 6 to 10 a.m. each 

month. March and December had the most radiation in 2018. Because solar radiation var-

ies by month, season, and time of day, dynamic time correlates to incident radiation. In 

September, dynamic time is the lowest, and in October, it is the highest. September’s fast-

est time was 1:35. Figure 13 shows the dynamic time to raise the water temperature to 50 

°C. 

 

Figure 13. Dynamic time needed to raise the water temperature to 50 °C. 

3.9. CO2 Analysis 

Embodied energy represents the energy needed to create goods, services, or other 

things [48]. Table 6 displays the coefficient of embodied energy for the different materials 

utilized in SWH production. Manufacturing glass and LDPE SWHs required an estimated 

total embodied energy of 1553.4 kWh and 1419.7 kWh, respectively. For glass and LDPE 



Energies 2023, 16, 5902 20 of 24 
 

 

SWHs, the CO2 emission was calculated to be 98.149 kg and 89.744 kg, respectively. Since 

less energy is needed to replace system components with longer lifespans, the CO2 emis-

sion decreases as the SWH’s lifetime increases. Table 7 shows the CO2 analysis results of 

glass and LDPE SWHs’ carbon emission, mitigation, and carbon credits earned. Com-

pared to an LDPE SWH, which is 2.53 tons and 2.2 tons, a glass SWH provides a larger 

CO2 mitigation. As the average solar radiation available in a region increases, so does CO2 

mitigation. Currently, the cost of CO2 mitigation is projected to be around INR 1644.95 

(USD 20 per ton). As a result, the annual carbon credit received by the glass and LDPE 

SWHs is significant at INR 125.02 (USD 1.52) and INR 419.46 (USD 5.1), respectively. 

Table 6. Coefficient of embodied energy [49–52]. 

Material Embodied Energy Coefficient (kWh/kg) 

GI (absorber and pipe) 9.72 

Glass 7.28 

LDPE 2.14 

Paint 27.25 

Fittings 47.99 

Glass wool 2.89 

Table 7. CO2 analysis results. 

CO2 Emission, CO2 Mitigation, Net CO2 Mitigation and Carbon Credit Earned 

Cases 

 CO2 Emission (kg) CO2 Mitigation (ton) Net CO2 Mitigation (ton) Carbon Credit Earned (Rupees) 

Glass SWH 98.149 2.53 0.076 125.02 

LDPE SWH 89.744 2.2 0.225 419.46 

4. Conclusions 

This paper presents the results of an extensive experimental simulation study to de-

termine which glazing material (LDPE or glass) with GI as an absorber is best suited for 

water heating. To reduce errors, the experiment is run in parallel in two SWHs under the 

same outside ambient conditions and with the same measuring instruments. Similarly, 

MATLAB R2020a is used for the simulation, with common assumptions applied to both 

scenarios. A poll conducted in Brahmapuram, Vellore, revealed that people are fully 

aware of modern renewable technology and clearly understand their needs. Two SWHs 

were designed and built using survey data as input. 

1. During the experiment, the uncertainty difference between the SWHs was 0.4%. The 

solar transmissivity study shows that LDPE has a higher transmissivity coefficient 

than glass. The typical experimental and quantitatively calculated solar transmissiv-

ity coefficient values for LDPE and glass were around 0.92 and 0.81, respectively. 

2. The energy and exergy efficiencies of LDPE SWHs were found to be higher than those 

of glass SWHs, which can be explained by the solar transmissivity coefficient of LDPE 

being 12.71% higher than that of glass, which increases the temperature difference 

between the inlet and outlet of the LDPE SWH. 

3. For LDPE SWHs and glass SWHs, the highest average energy efficiency was 43.11% 

and 37.54%, respectively, and the highest average exergy efficiency was 5.1% and 2%. 

4. From 6 to 10 am, the simulation’s highest average outlet temperature was 33 °C for 

LDPE and 31 °C for glass SWHs. In bad weather, series connections are not recom-

mended. 

5. The economic analysis was performed, and the payback period was calculated as 7 

months and 24 days. The most and the least amount spent by LDPE SWHs for energy 

conversion is INR 138.57 and INR 124.74, respectively, while glass SWHs spent INR 

86.49 and INR 63.7. LDPE SWHs cost more, which can be explained by the fact that 
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LDPE has a longer dynamic duration than glass. According to a cost-effectiveness 

study, installing revitalized LDPE SWHs can save INR 9,170,000 in the 700 family 

members that participated in the survey from Brahmapuram, Vellore. 

6. LDPE glazing reduces SWH weight by 32.56%, improving handling and positioning. 

7. LDPE SWHs’ efficiency recovery ratio (ERR) is 0.0239% higher than that of glass 

SWHs. 

8. The dynamic time to raise the water temperature to 50 °C is longer for an LDPE SWH, 

taking up to six hours in October and as little as two hours in September. 

9. The total embodied energy required to create glass and LDPE SWHs was estimated 

to be 1553.4 kWh and 1419.7 kWh, respectively. The CO2 emissions from glass and 

LDPE SWHs were calculated to be 98.149 kg and 89.744 kg, respectively. A glass SWH 

has a bigger CO2 mitigation than an LDPE SWH, which is 2.53 tons and 2.2 tons. Glass 

and LDPE SWHs obtain large annual carbon credits valued at INR 125.02 (USD 1.52) 

and INR419.46 (USD 5.1), respectively. 

Author Contributions: B.D.: data curation, investigation, and writing—original draft; N.M.: con-

ceptualization, methodology, and supervision; S.S.: conceptualization, investigation, methodology, 

formal analysis, writing—original draft, and supervision: writing—review and editing, investiga-

tion, validation, review, and editing; E.C.: conceptualization, investigation, and supervision: writ-

ing—review and editing, and investigation; A.B.O.: methodology, formal analysis, software, visu-

alization roles, writing—original draft, and resources; H.X.L.: investigation, methodology, project 

administration, and resources; and M.K.: investigation, methodology, project administration, and 

resources. All authors have read and agreed to the published version of the manuscript. 

Funding: The work was supported by the Renewable Energy Sources Lab (RES) of the School of 

Mechanical Engineering, Vellore Institute of Technology, Vellore. 

Data Availability Statement: Not applicable. 

Conflicts of Interest:  The authors declare no conflict of interest. 

Abbreviations 

Abbreviation  

EPA Environmental Protection Agency 

FPSWH Flat plate solar water heater 

GI Galvanized iron 

glass SWH glass solar water heater 

HTF Heat transfer fluid 

LDPE Low-density polyethylene 

LDPE SWH Low-density polyethylene solar water heater 

ERR Efficiency Recovery ratio 

SWH Solar water heater 

Nomenclature  

�� Collector area (m2) 

�� Annual net savings 

�� Capital cost 

��� Specific heat enthalpy of the HTF used (J/(Kg °C) 

��̇  Embodied energy 

�̇��� Entropy generation 

��̇� Annual energy output in terms of exergy 

��̇� Thermal energy output 

�� Flux absorbed by absorber plate (W/m2) 

ℎ�, ℎ� Enthalpy out and Enthalpy in 

�� Beam radiation (W/m2) 

�� Diffuse radiation (W/m2) 
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�� Total radiation (W/m2) 

Ķ  Extinction coefficient 

���  Lifetime of SWH 

�̆ Mass flux (kg/s) 

� Payback period 

ƍ Thickness of the cover 

�� Heat loss (W) 

�� Available energy from solar radiation (W) 

�� Useful heat gain (W) 

��, �� Entropy out and Entropy in 

Ť Transmissivity 

�� Ambient temperature (K) 

ŧ� Transmissivity by considering absorption 

ŧ� Transmissivity by considering reflection and refraction 

�ŕ, �ř Two components of polarization 

��� Tilt factor for beam radiation 

��� Tilt factor for diffuse radiation 

�ḡ Average temperature of glazing (K) 

�ṁ Average temperature of metal tube (K) 

����, ��� Outlet and Inlet temperature of HTF used (K) 

�ṕ Average absorber plate temperature (K) 

��� Tilt factor for reflected radiation 

����� Surface temperature of sun 

Ṵṕ Heat loss coefficient of absorber plate 

�� Uncertainty of rotameter 

�� Uncertainty of the whole experimentation 

�� Uncertainty of K-type thermocouple wire 

��� Sum of uncertainties of individual parameters 

���
 Uncertainty of pyranometer 

Greek Letters  

ℇ����� Exergy destruction 

ℇ����� Exergy in available radiation 

ℇ�����,�� Exergy in mass inlet 

ℇ�����,��� Exergy in mass outlet 

�զ�,ḡ�ἀ Convective heat transfer from glazing to environment 

�զ�,ṕ�ḡ Convective heat transfer from absorber plate to glazing 

�զ�,ḡ�ἀ Radiative heat transfer from glazing to environment 

�զ�,ṕ�ḡ Radiative heat transfer from absorber plate to glazing 

�� Collector efficiency 

�ℇ Exergy efficiency 

(τα)b, (τα)d 
Transmissivity constants of absorber plate in case of beam and diffuse 

radiation 
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