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Abstract. One square meter of solar surface produces approximately 63x106 W/m² of 

energy and even with all the natural atmospheric filters, this energy is still very little 

explored, especially in thermal systems. Countries with an abundance of solar 

radiation still do not properly exploit this natural resource and when we look at poorer 

countries, this situation is even more worrying. The use of solar collectors for water 

heating represents significant economic and technological development throughout the 

world. In this work the PVC-B (Polyvinyl Chloride-Blue) lining honeycomb plate was 

converted into a solar collector, and its thermal efficiency was then analyzed. The cold-

water inlet, hot water outlet and ambient temperatures, as well as the water flow and 

direct and reflected solar radiation from the ground are measured and these records 

are used to determine the energy absorbed by the water and incident on the solar 

collector. The average and maximum thermal efficiency of the PVC-B collector was 

38.35% and 68%, respectively, with a maximum temperature of 42.94 °C. The collector 

in this study can be used both as a stand-alone system and as a hybrid system to 

support electric showers. The behavior of the solar collector studied here is analogous 

to a swimming pool collector, but with a cost of 73.18% lower. Even with a not so 

attractive average efficiency (38.35%), the low cost and simple construction make this 

equipment a great attraction for residential installation, as it can be built by the user 
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himself and used to heat water for low-income families, which is a promising result for 

a low-investment equipment, compared to commercial solar collectors (FPC). 

Key words: Solar collector, prototype, PVC-B, honeycomb, thermal efficiency 

NOMENCLATURE 

Symbol Description Unit 

A Front and rear collector area [m²] 

cp Specific heat of water at constant pressure [J/kg.K] 

Gdir Direct solar heat flow [W/m²] 

Grefl Solar reflected heat flow [W/m²] 

m Mass flow [kg/s] 

Th Hot water temperature [°C] 

Tc Cold water temperature [°C] 

T∞ Ambient temperature [°C] 

aQ  Absorbed heat rate by the collector [W] 

iQ  Incident heat rate by the collector [W] 

uQ  Incident heat rate on the upper surface of the collector [W] 

lQ  Incident heat rate on the lower surface of the collector [W] 

FR(τα) Heat removal factor  [dimensionless] 

α Solar collector inclination [°] 

η Thermal efficiency of the solar collector [dimensionless] 

1. INTRODUCTION 

Brazil leads the renewable energy market in Latin America in solar water heating and 

has great potential for growth in this technology due to its simplicity and high economic 

viability. Despite the leadership in the thermal production sector for water heating and the 

abundance of sunlight in Brazil, many families still use electrical equipment to heat water 

for bathing, thus increasing energy consumption, generating an increase in electricity 

bills and drastically overloading the industrial electrical system, especially during peak 

consumption times. When we analyze this scenario for low-income families, the situation 

is even more critical, as they have neither knowledge of alternatives for reducing 

electricity costs nor financial resources to purchase industrialized equipment, since 22.8% 

of the household budget is consumed only with said electricity [2]. Brazilian Law MPV 

1162/2023 deals with the installation of photovoltaic panels, however, the aforementioned 

Law does not cover thermal systems, thus losing the capacity for exploration in the sector and 

reducing the financial situation of the population due to the lack of incentives in thermal 

systems. Among the renewable energy sources used until the end of 2015, investments 

were distributed between 2.3% in nuclear energy and 19.3% in all other renewable energies, 

demonstrating great solar, wind and geothermal energy potential [3]. At the end of 2009, 

thermal energy storage capacity was approximately 600 MW and at the end of 2013 a total of 

3.6 GW [4]. In 2016, production capacity increased to 456 GW, distributed across 652 million 

m² of installed collectors [5]. In the study of [6], the main use of solar energy is restricted 
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to domestic water heating using solar collectors, as it has a low environmental impact and 

a significant reduction in the use of conventional energy sources. Reducing family electricity 

demand leads to social improvement, environmental preservation, the possibility of creating 

jobs and financial savings, in addition to a significant reduction in greenhouse gas emissions. 

A case study revealed that the cost-benefit of using photovoltaic energy technology for 

heating water in a single-family home through a survey of the number of people living in the 

building, as well as the respective per capita water consumption, resulted in the use of this 

type of energy being economically viable, as the results demonstrated a significant reduction 

in the cost of energy consumed in the home [7] The International Conference Rio +20 [8] 

reports on the construction of sustainable cities, including the rational use of energy, with 

effective control by public authorities. The residential sector has an average consumption of 

24% of the total electricity consumed [5]. The use of a hybrid system consisting of solar 

collectors linked to electric showers allows a 10% reduction in electricity costs [9]. General 

Electric published a report stating that the use of renewable energy can quickly change the 

trajectory of climate change. The generation and distribution of renewable energy must 

provide an economically viable, renewable and reliable energy matrix and the most effective 

way is diversification [10]. As Brazil's energy matrix is mostly hydroelectric, the use of solar 

energy for residential water heating corresponds to savings of 70% in electricity consumption 

[11] and the application of new technologies makes it possible to reduce fossil fuels for 

generation and electrical energy distribution [12]. The Flat Plate Collector (FPC) is used in 

moderate heating situations, taking advantage of solar radiation, with little maintenance, 

widely applied in water heating in buildings and various industrial processes. [13] conducted 

tensile testing versus deformation, analyses by infrared spectrometry, and degradation kinetics 

by thermogravimetry on samples taken from the naturally aged plates of a polyvinyl chloride-

based compound used in the absorber plates of low-cost solar collectors after 5 years of use 

and found that they functioned normally, without leaks and heating water up to 50°C. The 

authors [14] studied the effect of thermal conductivity and collector area for PVC-B (PVC-B: 

Polyvinyl Chloride-Blue), PB (PB: Polybutene), PP-R (PP-R: Polypropylene Random 

Copolymer) and PVC-CB: (Polyvinyl Chloride-Carbon Black) and found that the differing 

thermal conductivity materials have indicated that there is no difference of the materials on 

collector thermal efficiency, but only due areas of the panel. 

The goal of this study is to build a PVC-B square honeycomb solar collector and measure 

its thermal efficiency.  

The work describes in section 2 the methods and procedures used in the research, 

including data collection and analysis. Section 3 presents the data obtained in the research, 

accompanied by figures. It interprets the results, relating them to the existing literature and 

highlighting the contributions of the study. Section 4 summarizes the main findings and their 

implications. 

2. METHODOLOGY 

The solar collector studied was built with a PVC-B (Polyvinyl Chloride-Blue) square 

honeycomb plate, whose internal channels provide water circulation, with better heat 

distribution (Fig. 1(a)). PVC-B tubes with slots are fixed to the ends of the linen with 

high-resistance PVC-B glue and epoxy resin, as shown in Fig. 1(b). 
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Fig. 1(a) PVC-B square honeycomb 

 

 

Fig. 2(b) Installation of PVC-B pipes 

with slots at the ends of the plates [11] 

The solar collector was coated with high absorptivity matte black paint, used to 

manufacture commercial solar collectors. The complete assembly is shown in Fig. 3. 

 

Fig. 3 Complete assembly 

The angle α in Fig. 4 is determined according to Technical Standard ABNT-NBR 15569 

[15], [16] and [17] with an inclination of the local latitude of 21°8′16″ south plus 10°. The 

addition of 10° of inclination in the local latitude compensates for the annual translational 

movement of the earth in the transition from winter to summer and vice versa. Water is 

pumped between the PVC-B collector and the reservoir, (Fig. 4), maintaining a constant flow. 
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Fig. 4 Schematic diagram of the test bench 

The electric pump flow adjustment is carried out through the manual valve and 

monitored by the Arduino serial monitor [18]. 

The temperatures of hot water (Th) and cold water (Tc) are measured with DS18B20 

encapsulated sensors [19] and installed in the PVC-B connections at the hot water outlet 

and cold water inlet, respectively. The ambient temperature is measured with the same 

sensor (DS18B20) installed in a tube open at both ends, thermally isolated and with 

forced ventilation. The calibration of these sensors is defined by the suppliers. 

The radiation incident from the sun and reflected from the ground are measured using 

thermal radiometers constructed according to [20], [21], [22], [23] and [24], installed with the 

same inclination as the angle α. Although these radiometers are of simple construction, they 

have excellent agreement with industrialized equipment, a fact proven by publications [20], 

[21], [22], [23] and [24]. The calibration and validation process was also presented by [21] 

pp.19 and are the same as those developed by [20], [21], [22], [23] and [24]. In summary, the 

calibrations of the radiometers were conducted at IPMet [25] in the city of Bauru, where the 

sensor to be calibrated was installed next to the reference sensor. The data collected by the 

sensors were plotted, generating a point cloud in which the "x" axis represents the sensor to be 

calibrated and the "y" axis the reference sensor. Using the point cloud, a trend line was drawn 

that generated a calibration equation. The sensor to be calibrated works by the thermal 

principle that measures the temperature difference over a blackened aluminum disk and the 

ambient temperature. The temperature difference between the blackened disk and the 

ambient temperature is inserted into the calibration equation, thus converting it into solar 

radiation in W/m2. 

To measure the volumetric flow, a YF-S401 sensor [26] was used, calibrated on a test 

bench, and the results were converted into mass flow. This calibration can be seen at PhD 

thesis of author [27]. The circuit flow was set at 0.017 kg/s by the valve in Fig. 4 and 

visualized by the Arduino serial monitor. 
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The electronic circuit diagram developed for this work is shown in Fig. 5. A similar 

assembly was developed by [28]. 

 

Fig. 5 Schematic diagram of the Dataloger/Arduino 

The shield with the Arduino, RTC module, SD module and terminals is shown in Fig. 6. 

  

Fig. 6 Shield with Arduino, RTC module, SD module and terminals 

2.1. Mathematical formulation 

To evaluate the heat flow absorbed by the solar collector, the summarized First Law 

of Thermodynamics was used [15], [29], [30], presented in Equation 1. 

 . .( )a h cQ mcp T T= −  (1) 

The a
Q  in the Equation (1) is the heat flow absorbed by water [W], m  the mass flow 

rate of water [kg/s] using specific mass of water ρ = 1000 kg/m3, cp the specific heat of 
water at constant pressure with a value fixed at 4186 J/kg.K, Th the temperature at the hot 
water outlet [ºC] and Tc the temperature at the cold water inlet [ºC]. Temperatures, as 
well as all other physical properties, are measured through the data acquisition system 
shown in Fig. 5. We consider the variation in the specific heat of water to be negligible, 
since its variation with the largest temperature difference of approximately 7.63 °C at 
14:05 hours, during the test, generated a very small variation in heat capacity in the order 
of 0.024%, equivalent to 1.0 J/Kg.K. 
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The total solar flux incident on the collector iQ  is determined by adding the heat flux 

on the upper surface u dirQ G A=    and the heat flux on the lower surface l reflQ G A=    

presented in Equation 2. 

 
i u lQ Q Q= +  (2) 

where the direct (Gdir) and reflected (Gref) radiation are measured using the radiometer 

developed by [28], where the calibration is presented, and A is the upper and lower area 

(A = 0.7381 m2) of the collector with dimensions 0.613 x 1.204 m. The PVC-B solar 

collector does not have the glass cover and protective box, found in commercial 

collectors, solar intensity is measured both by direct incidence and reflected by the 

ground, that is, the total available heat flux is determined by the already defined Equation 

2. Direct and reflected solar radiation are also measured through the data acquisition 

system shown in Fig. 5. 

To determine the thermal efficiency of the PVC-B collector, Equation 3 is used. 

 100a

i

Q

Q
 =   (3) 

Which η is the thermal efficiency of the collector in percentage. 

The heat removal factor of the solar collector measures the amount of heat removed 

by the collector to the water. The books by Dr. Soteris Kalorigou [15] (pp. 173) and 

Duffie & Beckman [29] (pp. 263) present the equations to determine this factor. This 

equation was also extensively used in the Ph.D. thesis of [27]. 

Equation 4 presents the graphical relationship to determine the heat removal factor of 

the solar collector, with the thermal efficiency (η) being a function of the variation in cold 

and ambient temperatures and the radiation incident on the collector on both the upper 

and lower surfaces, as shown in Equation 4. 

 
( )

c

dir ref

T T
f

G G
 

 −
=  

 + 

 (4) 

The removal factor called FR(τα) is the intersection point of the average line of the 

experimental points with the “y” axis and represents the initial efficiency of the solar 

collector, presented by [15] (pp.223). 

3. RESULTS AND DISCUSSION 

Fig. 7 shows the temperature profiles of cold-water inlet, hot water outlet and ambient 

temperature. The cold, hot and ambient temperatures measured in forced circulation are, 

respectively, the cold-water inlet, lower region of the collector, hot water outlet, upper 

region and ambient temperature. Fig. 7 shows the transient variations of the cold inlet and 

hot outlet temperatures. The ambient temperature influences the collector efficiency, 

since equation 4 presents the efficiency as a function of the variation of the cold water 

and ambient temperatures divided by the incident solar radiation. The oscillations in Fig. 

7 and Fig. 9 refer to the passage of clouds in the experiment region. 
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Fig. 7 Solar collector temperature profiles 

The two radiometers, installed with inclination angle α, shown in Fig. 8 measure 

direct solar radiation and that reflected from the ground, respectively. 

 

 

Fig. 8 Radiometers for incident and reflected radiation 

The incident and reflected transient radiations are shown in Fig. 9, where the oscillations 

indicate clouds. 
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Fig. 9 Solar radiation measured with the two radiometers 

The incident and absorbed energy are shown on Fig. 10. The interesting about this graph is 

the interval between energies, representing the losses in the solar collector, with an average of 

298.33 W, relatively small losses for such a simple and inexpensive system. 

 

Fig. 10 Energy incident and absorbed by the solar collector 

The difference between the incident energy and the absorbed energy represents the 

losses in the collector, which can be better seen on Fig. 11, highlighted in yellow. 
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Fig. 11 Energy losses in the solar collector 

For a solar energy analysis, the sums of accumulated incident and absorbed energy in the 
collector are presented in the graph on Fig. 12, with maximum values of 17.58 MJ and 6.64 
MJ, respectively. The yellow region also represents the energy losses of the solar collector 
studied. 

 

Fig. 12 Accumulated energy incident and absorbed in the solar collector 

The transient efficiency of the solar collector is shown in Fig. 13. The sudden drop at 
15:00 refers to the passage of many clouds over the experiment site, also visualized in the 
radiation graph in Fig. 9. 
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Fig. 13 Transient efficiency of the PVC-B solar collector 

Fig. 13 also shows the average value of 38.35% in PVC-B collector efficiency. 

In this paragraph the authors highlight the influence of clouds on the experiment. 

When clouds pass over the collector, there is a reduction in the temperatures shown on 

Fig. 7, which leads to a variation in the incident and energies absorbed by the collector, 

as shown on Fig. 10. In Fig. 13, a transient variation in the collector efficiency can be 

observed. Fig. 11 shows the incident, absorbed and lost transient energies. Another way 

to analyze this is through Fig. 12, which shows the accumulated, incident, absorbed and 

lost energy in the solar collector studied. 

Fig. 14 presents a comparative graph between the studied collector, where the black 

points represent the experimental points, the red line is the trend line of the said points, 

and the intersection with the vertical axis is the initial efficiency, with an approximate 

value of 0.68, that is, 68%. The green and blue lines represent the pool solar collector and 

the solar collector with glass cover, respectively, according to the data published by 

Kalogirou [15] (pp. 243). A comparative evaluation between the lines shows that the studied 

collector has a behavior analogous to the pool solar collector. The angular coefficient of the 

red medium line is equivalent to the losses of the equipment to the environment, which creates 

a significant slope compared to other types of solar collectors. 

Taking as a reference a loss of -40.19 of the studied PVC-B collector (red line), when 

compared with commercial collector with a glass cover of -8.0822 described by 

Kalogirou [15] (pp. 243, blue line in Fig. 14), it is observed that there is a loss 79.9% 

greater for the studied collector. This indicates that the thermal reservoir and the glass 

cover provide a significant increase not only in efficiency but also in reducing heat losses 

to the environment. Similarly, comparing the losses of 40.19 from the studied collector 

with the losses of -20.581 from the swimming pool collector described by Kalogirou 

(green line in Fig. 14), it can be seen a loss of 48.12% greater than that of the swimming 

pool collector, as the pool collector is made from a material similar to PVC.  

The graph of the studied solar collector, presented in Fig. 14, has a behavior analogous to 

a swimming pool collector, as both types of collectors presented touch the axes of the 

abscissas and ordinates.  
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Fig. 14 Efficiency x  

The absence of these protective features reduces the collector's efficiency, but also 

drastically reduces the equipment's production costs. An installation as a proposal to 

reduce the costs of the studied system for the user can be seen in Fig. 15. 

 

Fig. 15 The installation of solar heating system using a commercial electric shower 

Cold water enters the solar collector through the lower region. The solar collector heats the 

water, generating an upward movement, raising it to the water tank, which functions as a 

thermal storage device. The hot water in the water tank remains in the upper region due to the 

difference in density and is collected in this same region for the electric shower, where the 

temperature of the shower must be regulated by an electric control, as used in commercial 

electric showers. The electric control is activated only on days with lower temperatures for a 

pleasant shower, which only on these days will there be electricity costs. In high summer 

temperatures, the hot water coming from the water tank can generate an uncomfortable 

shower, with excessive temperature, which requires a cold-water system to regulate the water 

temperature for a comfortable shower. 
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4. CONCLUSION 

The build PVC-B solar collector has an average efficiency of 38.35% and initial efficiency 

of 68% with a maximum temperature of 42.94 °C. As the solar collector does not have a glass 

cover or a thermal reservoir, there is a large loss of heat to the environment, which justifies the 

large angular coefficient of -40.19 of the red curve in the graph in Figure 14, that is, there is no 

degradation of the material during the thermal process, but only heat loss to the environment.  

Commercial flat plate solar collector (FPC), which are built with copper or aluminum piping 

with fins for greater absorption of solar heat flow installed in a metal box with a glass cover, 

have an average efficiency of 60% [15] and [31]. The efficiency of the PVC-B collector has 

an interesting result, as it is a cheap project. The application of this solar heater collector 

makes it possible to use it for low-income families and even with a not-so-high efficiency, it 

can be used as a hybrid system, to support electric showers with a dimer to control the electric 

resistance as could be seen in Fig. 15, which could reduce electric power bill. Another 

important factor is that the solar collector is a do-it-if yourself with easy-to-find materials and 

simple assembly, eliminating the use of metal welding. The system proposed for this work 

uses a single water tank, for both hot and cold water, using stratified thermal separation. As a 

result, low-income families will not have to spend with another reservoir for storing hot water. 

The solar collector studied here has a behavior like a swimming pool solar collector. 

Comparing the built area and cost, the commercial collector has an area of 0.66 m2 with a cost 

of US$ 151.52/m2, while the collector studied has an area of 0.7381 m2 with an estimated cost 

of US$ 40.64/m2, i.e. represents 73.18% cheaper when compared to the commercial collector. 

It is important to consider that the collector studied requires maintenance, painting, every 3 

years. Painting is an important factor in the durability of the solar collector studied, since in its 

absence, the PVC-B solar collector is exposed to ultraviolet rays, which would cause its 

degradation. This will generate the need to repaint it periodically. Another attraction for this 

equipment is the average losses of 287.66 W from 7:00 to 17:30. As it is a device without a 

glass cover and without a protective box, it can be considered that these are very small losses.  

The PVC-B solar collector works best in regions close to the equator due to greater solar 

incidence. Even with relatively higher temperatures than in the northern hemisphere, there are 

still low temperatures, such as below the Tropic of Capricorn, however, the solar collector 

studied will function adequately at any latitude. Furthermore, the poorest regions in the world 

are located close to the equator and these devices can reduce electricity bills. A government 

awareness plan for low-income families would be a good global practice to increase the use of 

solar collectors for water heating. 
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