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Abstract

To obtain quality milk, several hygiene measures must be taken during the milking process, especially cleaning
the milking parlor and equipment using hot water. Thus, the objective of this study was to carry out the sizing
and economic feasibility of two solar water-heating systems: flat plate solar collector (FPC) and evacuated tube
solar collector (ETC) to clean milking parlors in the interior of Brazil. The sizing and economic feasibility of
applicability of this study was carried out for a dairy farm located in the city of Anapolis-GO, Brazil. We
calculate the energy produced by the solar collector, the necessary number of collectors, the net present value
(NPV) and the time of return (RT) for all systems. The ETC presented higher energy produced per unit area
(8590 to 12 979 kJ m™ day®) than the FPC (6472 to 8699 kJ m™ day™). Furthermore, it presented a total required
area around 33.5% lower when compared to the FPC. The system that obtained the lowest total cost was the ETC
with approximately US$ 34 441.00. The two systems had positive NPV, and for ETC, this value was 7.2% higher.
The return times for FPC and ETC were 3 years and 2 months and 2 years and 10 months, respectively. Both
systems have proven their economic viability for heating water from milk producing properties, and may be an
option for regions without energy access. In addition, the use of these systems contributes to the reduction of
production costs and environmental impacts.
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1. Introduction

The dairy industry contributes significantly to the Brazilian agribusiness (Canaza-Cayo et al., 2016). Brazil
currently ranks as the sixth largest producer of bovine milk in the world, and in 2016 achieved production under
government inspection of about 32.5 million metric tons (USDA, 2017). Although the country has specialized
producers that invest in technology and obtains quality milk, a great part of the national production comes from
small farmers (Lima et al., 2018). In Brazil, small farmers are generally characterized by low incomes and poor
milk quality.

To obtain quality milk several hygiene measures must be taken during the milking process (Kull et al., 2017).
Among these measures, we highlight the correct and daily cleaning of the milking parlor and milking equipment,
which according to Willers et al. (2014) should be performed using hot water in order to ensure better hygiene.
Due to the large volume of hot water used, this process is very intensive in energy, accounting for much of the
cost of production. For Costa et al. (2018), infrastructure problems such as the lack of electrification and/or the
high cost related to their use constitute the biggest barriers to obtaining quality milk. In Brazil, approximately
234 thousand families do not have access to electricity, many of them located in rural areas (IBGE, 2015), which
exacerbates this situation. In this scenario, the search for alternative energy sources, which can help in solving
these problems, becomes essential.
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Due to its wide availability and enormous generation potential, solar energy can be a viable alternative for
obtaining thermal and electric energy in places that suffer from lack of access to conventional sources of energy
and can contribute to a reduction of energy costs (Caliskan, 2017; Leonzio, 2017; Ossai, 2017). Brazil stands out
as to the potential of solar energy production, as it is an extensive country and has much of its territory located
near the Equator, receiving high solar radiation rates distributed throughout the year (Silva et al., 2016).
Numerous research aimed at the use of solar energy for thermal applications has been carried out over the last
few years (Basso et al., 2010; Siqueira et al., 2011; Lenz et al., 2017; Carli et al., 2018).

One of the main applications of solar energy is its use for heating fluids. Solar collectors are the main
components of a solar heating system. These absorb radiation, convert it to heat and then transfer it to a working
fluid, usually water (Ayompe et al., 2011; Zhou et al., 2017). Flat Plate Collectors (FPC) and Evacuated Tube
Collectors (ETC) are the most widely used collectors for medium scale water heating applications (Shafieian et
al., 2018). FPC are designed and widely used in various applications. Although FPC are durable, cheap and
easily manufactured, they have high thermal loss values. ETC were introduced to address the challenges faced
by the FPC. In this type of collector, the space between the two layers of glass tubes is evacuated and selective
absorbers and transmitters are applied to reduce thermal losses. Although they are more efficient, their high cost
and fragility are disadvantages when compared to the FPC (Rassamakin et al., 2013).

Studies on the sizing of solar water heating systems for milking applications are limited. Thus, the objective of
this study was to carry out the sizing and economic feasibility of two solar water-heating systems: flat plate solar
collector (FPC) and evacuated tube solar collector (ETC) to clean milking parlors in the interior of Brazil.

2. Material and Methods
2.1 Characterization of the Milk Producing Property

The sizing and economic feasibility of applicability of this study was carried out for a dairy farm located in the
city of Anapolis-GO (16°22'37" S and 48°48'08" W), Brazil. The farm currently has 15 lactating Holstein cows,
with an average daily production of 27 liters of milk per animal, totaling 405 liters. The water used for hygiene
of the milking parlor comes from an artesian well. An electric resistance heats this water up to 70 °C. The
temperature of the water used for hygiene is in accordance with the Ministry of Agriculture, Livestock and Food
Supply (MAPA) Regulation n° 51 of August 14, 2002.

2.2 Sizing

According to the Ministry of Agriculture, Livestock and Food Supply (MAPA) Normative n° 51 of August 14,
2002, for the hygiene of milking equipment, 100 liters of water per animal plus 6 liters of water per liter of milk
produced must be used (Brasil, 2002). In this way, the producer has daily demand of 3930 liters of water at 70 °C.
Three options were evaluated for water heating with thermal reservoir: FPC, ETC and electric resistance heating

(ERH). Due to unpredictability of climatic conditions, it was considered that an electrical resistance for 15 h
monthly supplemented solar water heating systems.

The temperature of the supply water from the artesian well is approximately 20 °C. Thus, the energy required for
the heating of water was calculated according to Equation 1.

Qy =myCp (Ty —To) (D
Where, Qy: energy required for heating water, kJ day™; m,: amount of water demanded, kg; Cpy: specific heat of
water, 4.184 kJ kg™ °C™"; Ty: hygiene water temperature °C; T: supply water temperature °C.

The electric energy consumption due to the heating of the water through the electric resistance was calculated
according to Equation 2.

Q
C.= ﬁ"re @)

Where, C.: electric energy consumption, kWh day'l; T.: electrical tariff, US$ kWh™'; 3600: Conversion factor
from kJ to kWh;

The thermal energy produced by each system was calculated according to Equation 3 (Kalogirou, 2014). The
sizing was performed considering the worst situation, that is, the month of the lowest incident solar radiation,
whose daily average is about 17 080 kJ m™.

Qp =ngAl 3)
Where, Qp: energy produced by collector, kJ day™; ng: thermal efficiency of each system; A: thermal absorption
area of each collector, m*; I: daily total solar radiation, kJ m> day'l.
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The average monthly data of solar radiation were obtained from the automatic surface observation
meteorological station of the National Institute of Meteorology (INMET) (16°38°34" S and 49°13°13" W).

The sizing of the number of required collectors (Nc) was performed according to Equation 4.
=N

Ne=13, “4)
The selected absorption areas were 2.00 m* for the FPC and 4.64 m” for the ETC. The average efficiencies of the
systems (collector-thermal reservoir) used in this study were 37.9% and 50.3% for FPC and ETC respectively.
Ayompe et al. (2011) obtained these values experimentally under similar solar conditions. The chosen thermal
reservoir has a volume capacity of 4000 liters, serving the amount demanded daily. In addition, this thermal
reservoir is equipped with electric resistance and adjustable thermostat.

2.3 Economic Feasibility

We analyzed the total cost of all systems, the net present value (NPV) based on the heating performed only by
electrical resistance and the investment return time (RT). In the sizing, it was considered a planning horizon of
15 years for the useful life of the systems, US$ 53.50 per year for the maintenance of these systems (referring to
the cleaning of the components). Besides that, interest rate of 12% per year, cost of electric energy equal to
0.10861337 US$ kW™ h'' (ENEL, 2018), inflation of 4.19% per year and increase in electric energy above
inflation of 1.5% per year. It was also considered that there was no subsidy in the purchase of the components of
the systems (collectors and reservoir). Installation cost, including connections, was adopted, equal to 20% of the
total value of each system (Altoé & Oliveira Filho, 2010).

3. Results and Discussion

The average energy produced per square meter for each of the systems can be seen in Figure 1. As expected, the
average energy per unit area produced by ETC was higher for all months of the year when compared to FPC.
This result evidences the difference between the thermal efficiencies presented by each of the systems.
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Figure 1. Average energy produced per unit area for the flat plate solar collector (FPC) and solar collector
evacuated tube (ETC)

The ETC presented values of average energy produced between 8590 and 12 979 kJ m™ day™, while for FPC
these values varied between 6472 and 8699 kJ m? day™. The values found in this study corroborate those found
by Ayompe et al. (2011), which evaluated the average energy produced for ETC and FPC, found values ranging
from 7560 to 11 520 kJ m™ day™ and 5040 to 8280 kJ m™ day™, respectively. The month of June presented the
lowest average energy produced for the two systems. The winter solstice occurs in the southern hemisphere in
the month of June, making this month the lowest incidence of solar radiation.

The Table 1 shows the total cost and NPV of the analyzed systems, considering a 15-year useful life. It can be
observed that to supply the same daily energy demand, the total area occupied by the FPC was 33.5% higher
than that occupied by the ETC. It should be noted that the total area of the systems was obtained considering the
month of least incident solar radiation, so there will be excess thermal energy produced for the other months of
the year. In this way, surplus energy can be used for other applications in rural property, such as domestic use.
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Table 1. Total cost and net present value (NPV) in the useful life of the analyzed systems

Systems

Parameters

ERH FPC ETC
Number of collectors (N,) - 65 21
Total occupied area (m?) - 130.0 97.4
Unit price (US$) - 264.8 695.4
Thermal reservoir (USS) - 5005.8 5005.8
Installation Cost (US$) - 44432 3921.6
Maintenance (US$) - 802.3 802.3
Cost with electricity (USS$) 151 217.1 10 107.9 10 107.9
Total cost (US$) 151 217.1 37571.2 34441.0
NPV (USS$) - 38039.2 40 785.3

Note. ERH: Electric resistance heater; FPC: Flat plate solar collector; ETC: Evacuated tube solar collector.

The system that presented the lowest total cost in the useful life considered was ETC. The ERH does not present
costs with the purchase of equipment, installation and maintenance, since this system is already installed in the
property. Even so, this system presents the highest total cost over 15 years, in relation to the others, due to the
high cost of electric energy. The use of FPC and ETC would generate savings of approximately 75.2% and
77.2%, respectively, when compared to ERH. These economies are in agreement with those found by Altoé and
Oliveira Filho (2010), evaluating solar heating systems with and without concentrator. The NPV values were
positive for both systems, indicating that the investment would be economically feasible for both systems.
However, the ETC showed a 7.2% higher NPV than the FPC, indicating that this system is more attractive
financially.

The investment return times for the systems were 2 years and 10 months for ETC and 3 years and 2 months for
FPC (Figure 2). After these periods, the cost of electricity to heat the water would be totally converted into profit
for the producer. Najera-Trejo et al. (2016) when evaluating the feasibility of the use of FPC and ETC for
domestic water heating, found return times of 9 and 11 years, respectively. These values are higher than those
found in this study, and are due to the low energy demand considered by the authors. At the end of the systems
useful life, the producer would have a positive cash flow of approximately US$ 113 663.00 for the FPC and
US$ 116 605.00 for the ETC. This demonstrates that the use of solar collectors for water heating for hygiene of
milking parlors is a viable alternative to reduce energy expenditure. In addition, the use of solar energy promotes
a reduction in environmental impacts and may be an affordable option for regions suffering from a lack of access
to electricity.
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Figure 2. Cumulative cash flow for flat plate solar collector (FPC) and evacuated tube solar collector (ETC) over
the lifetime
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4. Conclusions

The ETC presented higher energy produced per unit area (8590 to 12 979 kJ m™ day™) than the FPC (6472 to
8699 kJ m™ day™). Furthermore, it presented a total required area around 33.5% lower when compared to the
FPC. The system that obtained the lowest total cost was the ETC with approximately US$ 34 441.00. The two
systems had positive NPV, and for ETC, this value was 7.2% higher. The return times for FPC and ETC were 3
years and 2 months and 2 years and 10 months, respectively. Both systems have proven their economic viability
for heating water from milk producing properties, and may be an option for regions without energy access. In
addition, the use of these systems contributes to the reduction of production costs and environmental impacts.
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