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HIGHLIGHTS

e Hourly-based energy, environmental, and economic evaluations of HPSWH systems.
e One, two, and four-occupant households in Perth as case studies.

© 36-51% contribution of HPSWH system in supplying required energy in winter.

© 387-1146.8 kg of CO, emissions avoidance by implementing the solar system.

e Most economic feasibility in houses with more occupants and electric backup system.

ARTICLE INFO ABSTRACT
Keywords: This study presents a detailed methodology for evaluating the energy, environmental, and eco-
Heat pipe nomic contributions of heat pipe solar water heating (HPSWH) systems in various households.

Thermal performance
Energy evaluation
Solar water heating

The hot water consumption patterns of Perth residents in Australia in one, two, and four-occupant
houses are extracted in hourly basis throughout a year. The annual performance of the system is
evaluated based on parameters such as saved energy, solar fraction, avoided CO; emission, saved
money, and payback period. Moreover, an experimental rig is designed, manufactured, and
tested. The results show that the contribution of the solar system in meeting the hot water de-
mand is around 99% in summer, while this contribution drops to 36-51% in winter. Almost
387-1146.8 kg of CO, emissions can be avoided annually in Perth if HPSWH systems are inte-
grated with the conventional heating systems. In addition, it is shown that the HPSWH system has
its most economic justification in households with higher number of occupants. Moreover, the
payback period is much lower for houses with conventional electric water heating systems
compared to houses with LPG systems.

1. Introduction

The households are considered as one of the main energy-intensive sectors of the economy in which around 30% of the world final
energy is consumed [1]. Moreover, the consumption growth is predicted to be 1.5-2.1% per year from 2012 to 2040 due to the
population growth and prosperity increase [2]. Among various applications of energy in households, domestic hot water (DHW)
consumes around 25% of the total energy [3]. Various types of energy systems have been proposed to meet the DHW demand. These
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systems are mainly powered by fossil fuels which contribute greatly to the greenhouse gas emission and result in adverse environ-
mental impacts [4].

Integration of solar water heating (SWH) systems with conventional heating systems has great potentials in decreasing fossil fuel
consumption, pollutant production, and greenhouse gas emission [5]. A SWH system can operate for more than 25 years without any
significant maintenance cost which turns it into a feasible investment [6]. Due to the mentioned economic and ecological advantages,
the application of SWH systems has grown rapidly in the last decade [7,8]. The first type of SWH systems, which has been widely used
for its simple structure and cheap price, are flat plate solar water heating (FPSWH) systems. The thermal efficiency of FPSWH systems
is proven to be low, especially in cold seasons, due to its high heat loss and low convective heat transfer coefficient [9]. For instance,
the thermal efficiency of 75% in summer drops to 40% when the FPSWH system is operated in winter. This type of systems are
vulnerable to moisture, show high hydraulic resistances, and require sun trackers for efficiency improvement [10,11]. More infor-
mation regarding the configuration and construction of FPSWH systems can be found in Ref. [10,11].

Balaji et al. [6] investigated the application of heat transfer enhancers in forced circulation FPSWH systems based on exergy,
economic and environmental parameters. Kim et al. [12] studied the economic and environmental impact of a FPSWH system under
the climatic conditions of China. The results indicated that solar fraction improvement of these systems can reduce CO; emission by up
to 61%. By having energy, economic, and environmental points of view, Rosato et al. [13] studied the effects of solar circuit design as
well as solar thermal technology on the efficiency of a solar district heating system.

Kalogirou [18] studied the thermal performance as well as economic and environmental justifications of a thermosiphon FPSWH
system. The results showed that the payback period of the system was 4.5 years when it was operated with electrical backup. In a
similar study, the technical and environmental performance of a FPSWH system was investigated by Koroneos and Nanaki [19].
Around 4280 € can be saved in Greece by implementing the solar system over its lifetime. Similar studies regarding the energy,
economic, and environmental aspects of FPSWH systems can be found in Ref. [18-23].

The potentials of FPSWH systems to be applied in residential sector in Brazil were investigated based on different technical and
economic aspects by Cruz et al. [14]. Initial cost, family size, and cost of energy were introduced as the most important parameters in
technical and economic feasibility of these systems. In a theoretical study, two types of FPSWH systems (i.e. loop thermosiphon and
conventional systems) were compared under climatic conditions of Fuzhou city, China [15]. In addition, the effects of set temperature
on the annual performance were analysed in details. In another comparative study, the performances of FPSWH and conventional
electric water heating systems were investigated for medium-rise residential buildings in urban Mediterranean areas [16].

The second type of SWH systems is called evacuated tube solar water heating (ETSWH) systems. This type of solar systems has
higher thermal efficiency compared to the FPSWH systems even in cold environments with low solar radiation [17]. However, the
possibility of overheating, vacuum loss, material problems [18], high initial costs [19], and fragile structure [18] have remained as
their major drawbacks.

By having a thermo-economic viewpoint, Sokhansefat et al. [20] compared the performance of flat plate and evacuated tube solar
water heaters in cold climatic conditions of Iran. The thermal efficiency and annual useful energy gain of the ETSWH system was
respectively 41% and 30% higher than the FPSWH. Garcia et al. [21] characterized the profitability of ETSDWH systems in meat
industries. The results proved the profitability of the system in Europe where the solar system could provide more than half of the
required energy. Yilmaz [22] developed a novel thermo-economic model to optimise the effectiveness, cost, and ecology of ETSWH
systems in residential sector of Turkey. In a comprehensive review paper, Chopra et al. [23] summarized the global advancements,
financial advantages and disadvantages, and research potentials of ETSWH systems.

Heat pipe solar water heating (HPSWH) systems were proposed to overcome the drawbacks of previous types of SWH systems. The
advantages of HPSWH systems compared to other types include efficient solar energy absorption, low thermal and hydraulic re-
sistances, higher heat transfer capability and lower heat transfer area and weight, efficient transition of absorbed solar energy, lower
possibility of overheating, and higher lifespan [24].

The mentioned unique features and advantages of HPSWH systems, which have been evidenced in many studies [25-27], have
resulted in the significant attention of researchers towards the application and efficiency improvement of these systems in recent years.
Shafieian et al. [28] evaluated the efficiency of HPSWH systems to meet the residential water consumption pattern of Perth residents in
cold seasons. In another experimental study, the implementation of a variable solar working fluid mass flow rates technique was
proposed, tested, and verified for efficiency improvement of HPSWH systems [29].

Du et al. [33] experimentally studied the effect of various operational parameters on pressure drop, outlet temperature, and
thermal efficiency improvement of an HPSWH system. In a theoretical study, different data-based and energy balance-based simu-
lation methods for predicting the performance of HPSWH systems were developed and compared [30]. In another theoretical and
experimental study, the thermal efficiency of an HPSWH system was investigated under climatic conditions of Sanandaj, Iran [31].
Application of HPSWH systems in households with natural gas heating systems in Pakistan was the focal point of a study by Mehmood
et al. [32]. The results showed that using the solar system reduced the fuel consumption by save 23-56%. For further information
regarding the latest studies, developments, and research potentials of HPSWH systems, the readers are referred to three review papers
published by Shafieian et al. [17,33,34].

While the technical aspects of HPSWH systems, such as thermal efficiency, have been studied to a great extent, the annual energy,
environmental, and economic contributions of these systems are completely under-researched. Besides that, the previous studies have
significant deficiencies making them far from real operational conditions: (i) Only the averaged values of climatic conditions have been
considered instead of real ones; (ii) Moreover, these studies have been limited to one or few days for representing the climate con-
ditions of the year; (iii) And most importantly, lack of real hot water consumption patterns or deficient coverage of hourly hot water
demand profiles are evident in these studies.
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This study proposes a detailed methodology to evaluate the hourly energy, environmental, and economic contributions of HPSWH
systems throughout a year in Perth, Australia. However, the proposed methodology is applicable in different countries with different
climatic conditions and water consumption patterns. The hourly hot water consumption patterns of Perth residents in one, two, and
four-occupant houses were extracted for all four seasons of a year. The hourly climatic data of Perth throughout a year was collected
and the annual energy, environmental, and economic contributions of HPSWH systems were evaluated based on parameters such as
saved energy, solar fraction, saved electricity and fuels, avoided CO5 emission, payback period, and internal rate of return.

2. Materials and methods
2.1. Heat pipe solar water heating system

The main components of an HPSWH system include a heat pipe solar collector (HPSC), a water storage tank, a control unit, a pump,
pipes and fittings; and valves (Fig. 1a). A portion of the solar radiation, which passes the evacuated glass, is absorbed and transferred to
the solar working fluid using heat pipes. The pump circulates the solar working fluid in the solar loop and through the copper coil
inside the storage tank. The heated solar working fluid transfers its heat to the water inside the storage tank. In a typical house in
Australia, the water is extracted at the temperature of 313-333 K and replaced with cold tap water. For more information regarding the
working principles of HPSWH systems, the readers are referred to the authors’ previous studies [28,29].

2.2. Residential hot water consumption pattern

Extracting and applying real hot water consumption patterns play an important role in the accurate and effective energy, envi-
ronmental, and economic assessment of an HPSWH system. The hot water consumption pattern depends greatly on the number of
occupants and time of the year. Therefore, the hourly hot water consumption patterns of three typical residential houses, namely
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Fig. 1. Schematic of the HPSWH system.
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House [, I, and III, in four seasons were considered in this study. Houses I, II, and III have respectively one, two, and four occupants,
and their hot water consumption patterns in various seasons were extracted from the Residential End Use Monitoring Program (REMP)
Report presented by the government of Australia in 2012 (Fig. 2) [35].

2.3. Climatic data

The climatic data (i.e. solar radiation and ambient temperature) was continuously recorded in 1-min intervals from the weather
station at Edith Cowan University. The climatic data over a year from the beginning of March 2018 to the end of February 2019 was
collected and used in this study. Based on the geographical conditions of Perth which is located in the southern hemisphere, spring,
summer, autumn, and winter are approximately from September to November, December to February, March to May, and June to

August, respectively.
2.4. Experimental setup and instrumentation

In order to validate the developed theoretical methodology (which will be explained in Section 2.5), an experimental rig was
designed, manufactured, and experimented under different operational and climatic conditions. A pump (Davey Company) was
circulating the solar working fluid and its flow rate was regulated by installing a valve after the pump. The solar working fluid (low-
temperature) entered the HPSC, received the absorbed energy, and left the solar collector at a higher temperature. The solar working
fluid then passed through the copper coil inside the storage tank and transferred its heat to the water inside the tank. The residential
hot water consumption patterns were the basis for hot water extraction from the storage tank. This water was then replaced by tap
water from a valve located at the bottom of the tank which was connected to water network.

The central control unit used in the system consisted of a National Instrument Data Acquisition (NI-DAQ) system, a control unit, and
a computer. Seven Type T- Class1 thermocouples made by TC Ltd. were purchased and installed to measure temperatures at various
locations of the system. These thermocouples were monitored using the NI-DAQ system. The experimental data in this study was
recorded at the intervals of 10 s. This was facilitated using an Application Program Interface (API) whose code was written in the
LabVIEW 2014 software. To avoid making the paper lengthy, the readers are referred to the authors’ previous publications [28,29] for
further information regarding the components, working principles, and control and operational parameters of the system.

2.5. Mathematical modelling

2.5.1. Required energy for water heating
The amount of energy which is required to increase the temperature of water to a specified temperature (Qrq) can be calculated by:
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Fig. 2. Seasonal domestic hot water consumption patterns: (a) Houses I, (b) House II, and (c) House III.
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Qreq =my,;,Cpy (Tw,wr - Tw,nerwurk) (€D)]

where my, , (kg) is the hot water mass based on the consumption pattern and Cp,, (J/kgK) is the specific heat capacity. Ty, yser (K) and T,
nework (K) are respectively the temperature of the hot water and the water temperature of the municipal water network.

2.5.2. Useful absorbed solar energy

The calculation process of useful absorbed solar energy consists of four steps. The first step is determining the solar energy which is
absorbed by the HPSC (Qgp). The second step is determining the thermal energy which is transmitted by the heat pipes (Qpy), while the
third step is regarding the thermal energy exchange inside the manifold section of the HPSC between the heat pipes condensers and the
solar working fluid (Qg,n,). The final step is calculating the amount of thermal energy which is transferred to the water inside the storage
tank (Qsun,w)-

The solar energy absorption and heat loss of the HPSC can be simulated using the thermal energy balance [36]:

Qab = Qen - Qla:s (2)

where Q,p (W) represents the absorbed thermal energy by the HPSC. Qe (W) is the solar energy passing through the evacuated glass,
while Qjoss (W) is energy dissipating back to the surroundings. These thermal energies can be determined by Ref. [37,38]:

Qen = TgorgiacAabthG (3)
Tab - Tmnb
OQloss=—75—— (€))
! Rl,ab

where o, represents the absorptivity of the absorbing surface. tg; in this equation is the transmittance of the inner glass while 7y, stands
for the transmittance of the outer glass. The absorber and the ambient temperatures are shown by Tqp, (K) and Tamp (K), respectively.
The most important parameter in the abovementioned equations is the overall thermal resistance Ry 5, (K/W) of the absorbing section
(which includes the evacuated glass and the absorbing surface). This parameter comprises the absorber-inner glass natural convection
and radiation resistances, the inner glass conduction resistance, the inner-outer glasses radiation resistance, the outer glass conduction
resistance, and the outer glass-ambient forced convection and radiation resistances. More information about these resistances and
equations to calculate them can be found in details in authors’ previous work [28].
The thermal energy which is transmitted by the heat pipes (Qpp) can be calculated by Ref. [39]:

Ta - Tcou
Qpp == 6]

Ry
The total thermal resistance of a heat pipe (Ry,np) comprises the evaporator wall conduction and phase change resistances, the wick
conduction resistance, heat pipe internal resistance, the condenser conduction and phase change resistances. More information about
these resistances and equations to calculate them can be found in details in authors’ previous work [28].
The effectiveness-NTU (i.e. Number of Transfer Units) technique [40] was implemented in this study to determine the HPSC outlet
temperature:

Ton=Tin+&:(Tcn—Tin) (6)

where T, , (K) represents the temperature of the solar working fluid after it passes through the condenser section of each heat pipe. T;
(K) is the inlet temperature while T, , (K) stands for the condenser temperature. ¢, in this equation represents the heat pipes effec-
tiveness in the manifold section. Then, the amount of thermal energy which is exchanged in the manifold section between the heat pipe
condensers and the solar working fluid (Qgun) can be calculated by:

qun = m:w;[C:w[ (Tsnf.u—va[.[) (7)
The amount of transferred energy to the water inside the storage tank (Qsn,,,) is obtained from:
qun.u = qungHE (8)

where ey in this equation represents the effectiveness of the copper coil in contact with the water inside the storage tank.

A higher amount of useful absorbed solar energy (Qsun,u) compared to the required energy (Qr,) means that the solar system is
capable of meeting all the energy demand. In this case, the energy provided by other sources or the conventional water heating systems
(i.e. electricity or LPG), which act as the backup for the solar system, equals to zero (Q¢ = 0) and saved energy (Qsaved) can be obtained
from:

Qsaved = Qreq (9)

The extra energy is absorbed by the water inside the storage tank resulting in its temperature increase. The extra energy and
temperature of water inside the tank (T}) can be calculated as follows:

Qexira = Qsunu — Oreq 10)
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Qextra (1 1 )

Tankiv1 = Tianki +
mlankcpw

where Tiank,i (K) and Trank (K), and meni (kg) are the former and new temperatures and mass of the water inside the storage tank,
respectively.
However, if Qg y is less than Qyq, required backup energy (Qp and saved energy (Qsaved) can be calculated by:

Qf = Qra]— qumu (1 2)
Qsaved = qun,u (1 3)

In this case, there is no extra energy and the water temperature inside the storage tank equals the temperature of the water network
(Tw,network ) .

Qe,xtm =0 (14)
Tturwk,i+l = Ly network (15)

2.5.3. Saved electricity
The following equations are applied to determine the amount of saved fuel (kg) and electricity (kWh) using the HPSWH system:

Osaved

Saved fuel =
rlbo[lerPCf

16)

Saved electricity = _ Qoer a7

Npoiter CFetectricity
where PGy (MJ/kg) is the caloric power of LPG and CFeiectriciey represents the energy-electricity conversion factor.

2.5.4. Environmental analysis
The environmental analysis mainly consists of studying the amount of CO5 emission avoided by implementing the HPSWH system:

Avoided CO, = Save‘l_fuel/elntri.city F fuel/electricity (18)
where Fiyel electricity Fepresents the amount of emitted CO- to the environment per each unit use of LPG or electrical energy.

2.5.5. Economic analysis
The amount of money saved by applying the HPSWH system can be determined by:

Saved money = SaVedmei/ezu»n-iL»iry $ﬁ«el/e/eflrifity 19

where $fyel/electricity represents the cost of fuel or electricity used in the conventional boiler.
The net present value (NPV) is defined as the investment worth in today’s money and can be calculated by:
x A ]
NPV — —Cyp 4 annualx (20)
’ ; (1 + Ibm)A
where Cris the initial cost of the system, x represents the lifespan of the system, Agpnuar x is the annual saved money, and I, represents
the annual inflation rate.

The internal rate of return (IRR) is considered as an effective factor to evaluate the economic justification of the HPSWH system.
The following equation should be solved to calculate the IRR:

X

Al x
=y Dy 21
Cr Z (1 + IRR)X ( )

x=1

The payback period (PP) of the HPSWH system can be determined by:

A
PP=N+ [1 +E} (22)

where N is the number of years after which the last negative cumulative cash flow is observed. A and B in this equation represent the
cumulative cash flow value at which the last negative and positive cumulative cash flow is observed, respectively.

2.5.6. Computational process
The computational process starts with reading the annual climatic data and seasonal hot water consumption patterns. Then, the
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computer program considers the first hour of the first day and performs the calculations for the first day. The results of the compu-
tational process of each hour are stored, and some outlet parameters such as tank temperature are considered as inputs for the
computational process of the next hour. The mentioned process is iterated and the results are analysed for the whole year. In addition,
Table 1 provides information regarding the input parameters as well as their values.

According to the standards and guidelines, the characteristics of the solar system should be designed based on the number of
occupants and their consumption requirements. By following the guidelines provided by manufacturers and the data presented in
standard handbooks, three types of hot water system, as presented in Table 2, were considered in this study.

3. Results and discussions
3.1. Energy analysis

3.1.1. Solar fraction

The solar fraction is widely used to evaluate the contribution of the solar system in meeting the hot water demand of a household. It
is defined as the ratio of the energy provided by the HPSWH system by the total required energy. Fig. 3 shows the distribution of the
seasonal and annual solar fractions of the HPSWH system in Houses I, II, and IIL.

The contribution of the HPSWH system is very significant in summer when the system reached the solar fractions of 0.98, 0.99, and
0.98 in Houses I, II, and III, respectively. Although the absorbed solar energy in this season is higher than the required energy, the
peaks in hot water demand and available solar energy do not match. The former occurs in the early morning and late afternoon while
the latter occurs around noon. In fact, the highest requirement for hot water in all Houses occurs when the least solar energy is
available. Due to this fact, a part of the required energy should be provided by the backup system even in summer.

Besides having shorter days in winter, the solar radiation is much lower in this season compared to summer. On the other hand, the
hot water demand in this season is relatively high compared to other seasons. This results in a lower contribution of the HPSWH system
in hot water supply in this season. The solar fractions in winter are 0.41, 0.51, and 0.36 for Houses I, II, and III, respectively. The solar
fractions of the HPSWH system in Houses I, II, and III are respectively 0.93, 0.95, and 0.91 in spring and 0.6, 0.58, and 0.57 in autumn.
Overall, the average annual solar fraction of the HPSWH system is in the range of 0.71-0.76 depending on the operational and climatic
conditions.

3.1.2. Required, absorbed, and backup energy

Fig. 4 shows the seasonal and annual energy which is required to meet the hot water demand (Qreq) in Houses I, II, and III. This
figure also includes the amount of the absorbed solar energy as well as the amount of the energy provided by the backup system. The
required energy to meet the hot water demand depends greatly on the number of occupants and their consumption patterns. That is
why the required energy varies from 3.6 GJ in House I to 4.49 GJ in House II, and 7.06 GJ in House III.

The amounts of annual absorbed solar energy are 2.84, 4.23, and 5.61 GJ for Houses I, II, and III, respectively. These values depend
significantly on weather data and characteristics of the solar system. Around 1.04 GJ of the annual energy in House I should be
supplied by external fuel sources while these values are 1.21 and 2.4 GJ in Houses II and III, respectively.

The highest hot water energy demand occurs in winter followed by autumn, while the lowest available solar energy occurs in these
seasons resulting in higher usage of backup systems. The hot water energy demand is comparatively lower in summer and spring when
the availability of solar energy is rather high. For instance, the hot water energy demand of House III in winter is two times more than
that in summer (i.e. 2.19 GJ in winter and 1.06 GJ in summer), while, the absorbed solar energy is less than half (i.e. 0.78 GJ in winter
and 2 GJ in summer). As a result, the Houses are highly dependent on backup heating systems in cold seasons.

3.2. Environmental analysis

3.2.1. Saved electricity

The distribution of seasonal and annual saved electricity by applying the HPSWH system along with the consumed electricity by the
backup system are shown in Fig. 5. The implementation of the HPSWH system results in electricity consumption reduction of 774, 980,
and 1435 kWh in Houses I, II, and III, respectively. This reduces the hot water electricity consumption in Houses I, II, and III by 70%,
72%, and 66%, respectively. Taking the overall energy consumption into account, around 69% of the electricity consumption for water
heating can be eliminated by applying the HPSWH system.

The consumed electricity in spring and summer in all Houses are comparatively insignificant compared to the saved electricity. In

Table 1

Input parameters of the computational process.
Parameter Value Parameter Value
Needed hot water temperature (K) 333 Storage tank volume (L) 110-220
LPG boiler efficiency (%) 87 Electrical boiler efficiency (%) 90
LPG caloric power (MJ/kg) 46.16 Electricity conversion factor (MJ/kWh) 3.6
CO;, emission avoided (LPG) (kg CO,/kg) 3 CO,, emission avoided (electricity) (kg CO/kWh) 38.1
LPG cost (AUD/kg) 1 Electricity cost (AUD/kWh) 0.35
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Table 2
Characteristics of the HPSWH system.
House Type Number of heat pipes (pipe) Absorber area (m?) Volume of hot water storage tank (L)
I 12 0.96 110
I 18 1.44 150
111 25 1.92 220
1.0 =
0.8 -
S 06 - =
k3]
©
-
e
A
] 0.4 - ]
[
0.2 -
0.0 N e b D e o
Spring Summer Autumn Winter
OHouse | 0.93 0.98 0.60 0.41
B House Il 0.95 0.99 0.58 0.51
HHouse Il 0.91 0.98 0.57 0.36

Fig. 3. Distribution of seasonal and annual solar fraction of the HPSWH system.

autumn, the consumed electricity gets closer to the saved one and it becomes almost equal to or passes the saved electricity in winter.
The highest dependency on the backup heating system occurs in winter for Houses I and II, and in autumn for House II

3.2.2. Avoided CO5 emission

The distribution of the seasonal and annual CO2 emissions which can be avoided by applying the HPSWH system is shown in Fig. 6.
The annual avoided CO; emissions, when the conventional heating system is operated by LPG, are 209, 264.8, and 387 kg for Houses I,
11, and III, respectively. These parameters are respectively 619.3, 784.7, and 1146.8 kg for Houses I, II, and III if the conventional
heating system is operated by electricity. The main reason for this difference is that LPG is a much cleaner fuel compared to electricity.
LPG is a low carbon fuel which emits virtually no black carbon and results in less environmental impacts compared to the process of
electricity generation and consumption.

The seasonal CO5 emissions which can be avoided by applying the HPSWH system are higher in hot seasons compared to cold ones.
For instance, the CO, emissions avoided in House III in spring are 143 and 425 kg in LPG and electricity modes, respectively. These
values drop to respectively 65.4 and 193.7 kg in House III in winter. This is because the contribution of the HPSWH system in supplying
the energy for hot water demand is more significant in spring and summer compared to cold seasons, resulting in higher amounts of
saved energy and less fuel consumption.

3.3. Economic analysis

The economic analysis is performed by having the results of the annual saved energy using the HPSWH system, the initial cost of the
system, the cost of fuel, and inflation rate. Fig. 7 shows the distribution of the payback period in different Houses having LPG and
electricity conventional heating systems. The initial investment on an HPSWH system is covered over a period of 22-27 months if the
conventional heating system in the house is electrical. In case the conventional hating system relies on LPG, this period is in the range
of 57-74 months. As a result, the HPSWH system has more economic justification in places with electrical heating systems.

In addition, the payback period in House III is lower than the other two Houses. For instance, the payback periods of an HPSWH
system, if the conventional heating system is electrical, are 27, 24, and 22 for Houses I, II, and III, respectively. These values are 74, 63,
and 57 months for Houses I, II, and III, respectively. Overall, the HPSWH system has its most economic justification in House III, where
the number of occupants is higher, followed by House II and I.
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Fig. 4. Seasonal and annual energy required, supplied by the sun, and backup energy to meet the hot water demand of (a) House I, (b) House II, and
(c) House III.

3.4. Validation

The most important parameter in analysing the annual performance of an HPSWH system is the amount of absorbed solar energy
and all other parameters are calculated based on this parameter. Hence, the amount of the absorbed energy was chosen for the purpose
of model validation. One day in each season was chosen and the experimental and theoretical data were compared in these days, as
specified in Table 3. It is worth noting that as the experimental rig was manufactured to meet the hot water requirements of House III
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Fig. 7. The payback period of the HPSWH system in different Houses.

Table 3
Theoretical and experimental absorbed energy in different seasons for House III.
Day Season Theoretical absorbed energy (MJ) Experimental absorbed energy (MJ) Difference (%)
May 21, 2018 Autumn 11.9 11.5 3.8
July 10, 2018 Winter 8.5 7.9 7.1
October 17, 2018 Spring 18.9 18 4.7
January 15, 2019 Summer 22.3 20.9 5.9

(specified in Table 2), the theoretical and experimental data in Table 3 are for this type of household.

The comparison of the results shows that the maximum difference between the theoretical and experimental data, which is 7.1%,
occurs in winter. This is followed respectively by summer, spring, and autumn. Overall, the model can be considered as relatively
accurate in predicting the performance of HPSWH systems.

4. Conclusions

The energy, environmental, and economic contributions of heat pipe solar water heating systems in one, two, and four-occupant
houses (i.e. House I, II, and III, respectively) in Perth, Australia are investigated. The results show that the system reaches the solar
fractions of 0.98, 0.99, and 0.98 in summer in Houses I, II, and III, respectively. In winter, these values are respectively 0.41, 0.51, and
0.36 in Houses I, I1, and IIl showing the greater contribution of the HPSWH system in meeting the hot water demand in hot seasons. The
annual avoided CO; emissions when the conventional heating system is operated by LPG are 209, 264.8, and 387 kg for Houses I, II,
and III, respectively. These parameters are respectively 619.3, 784.7, and 1146.8 kg in Houses I, II, and III, if the conventional heating
system is operated by electricity. In addition, the payback period is 22-27 months in houses with electrical heating system and 57-74
months when LPG systems are used. Moreover, the solar system shows its most economic justification in houses with higher number of
occupants as well as in houses with electrical water heating systems.

Declaration of competing interest
There is no Declaration of Interest for this manuscript.
CRediT authorship contribution statement

Abdellah Shafieian: Investigation, Methodology, Formal analysis, Visualization, Writing - original draft. Mehdi Khiadani:

11



A. Shafieian and M. Khiadani Case Studies in Thermal Engineering 21 (2020) 100662
Supervision, Conceptualization, Writing - review & editing.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.csite.2020.100662.

References

[1] D. Urge-Vorsatz, L.F. Cabeza, S. Serrano, C. Barreneche, K. Petrichenko, Heating and cooling energy trends and drivers in buildings, Renew. Sustain. Energy Rev.
41 (2015) 85-98.
[2] J. Conti, P. Holtberg, J. Diefenderfer, A. LaRose, J.T. Turnure, L. Westfall, International energy outlook 2016 with projections to 2040, in: USDOE Energy
Information Administration (EIA), United States, Washington, DC, 2016.
[3] A.N. Binks, S.J. Kenway, P.A. Lant, B.W. Head, Understanding Australian household water-related energy use and identifying physical and human
characteristics of major end uses, J. Clean. Prod. 135 (2016) 892-906.
[4] B.E.D. Book, Energy Efficiency and Renewable Energy, US department of energy, 2011.
[5] R. Daghigh, A. Shafieian, Energy and exergy evaluation of an integrated solar heat pipe wall system for space heating, Sadhana 41 (2016) 877-886.
[6] K. Balaji, S. Iniyan, M.V. Swami, Exergy, economic and environmental analysis of forced circulation flat plate solar collector using heat transfer enhancer in riser
tube, J. Clean. Prod. 171 (2018) 1118-1127.
[7] J. Bracamonte, J. Parada, J. Dimas, M. Baritto, Effect of the collector tilt angle on thermal efficiency and stratification of passive water in glass evacuated tube
solar water heater, Appl. Energy 155 (2015) 648-659.
[8] W. Lin, K.-C. Chang, K.-M. Chung, Payback period for residential solar water heaters in Taiwan, Renew. Sustain. Energy Rev. 41 (2015) 901-906.
[9] S. Jaisankar, T. Radhakrishnan, K. Sheeba, Experimental studies on heat transfer and friction factor characteristics of thermosyphon solar water heater system
fitted with spacer at the trailing edge of twisted tapes, Appl. Therm. Eng. 29 (2009) 1224-1231.
[10] S.A. Kalogirou, Flat-plate collector construction and system configuration to optimize the thermosiphonic effect, Renew. Energy 67 (2014) 202-206.
[11] S.A. Kalogirou, Solar thermal collectors and applications, Prog. Energy Combust. Sci. 30 (2004) 231-295.
[12] M.-H. Kim, D. Kim, J. Heo, D.-W. Lee, Techno-economic analysis of hybrid renewable energy system with solar district heating for net zero energy community,
Energy (2019), 115916.
[13] A. Rosato, A. Ciervo, G. Ciampi, S. Sibilio, Effects of solar field design on the energy, environmental and economic performance of a solar district heating
network serving Italian residential and school buildings, Renew. Energy 143 (2019) 596-610.
[14] T. Cruz, R. Schaeffer, A.F. Lucena, S. Melo, R. Dutra, Solar water heating technical-economic potential in the household sector in Brazil, Renew. Energy 146
(2020) 1618-1639.
[15] T. Zhang, Z. Yan, L. Wang, W. Zheng, Y. Su, Comparative study on the annual performance between loop thermosyphon solar water heating system and
conventional solar water heating system, Sol. Energy 197 (2020) 433-442.
[16] M. Panagiotidou, L. Aye, B. Rismanchi, Solar driven water heating systems for medium-rise residential buildings in urban mediterranean areas, Renew. Energy
147 (2020) 556-569.
[17]1 A. Shafieian, M. Khiadani, A. Nosrati, A review of latest developments, progress, and applications of heat pipe solar collectors, Renew. Sustain. Energy Rev. 95
(2018) 273-304.
[18] B. Rassamakin, S. Khairnasov, V. Zaripov, A. Rassamakin, O. Alforova, Aluminum heat pipes applied in solar collectors, Sol. Energy 94 (2013) 145-154.
[19] X.-F. Yang, Z.-H. Liu, Application of functionalized nanofluid in thermosyphon, Nanoscale research letters 6 (2011) 494.
[20] T. Sokhansefat, A. Kasaeian, K. Rahmani, A.H. Heidari, F. Aghakhani, O. Mahian, Thermoeconomic and environmental analysis of solar flat plate and evacuated
tube collectors in cold climatic conditions, Renew. Energy 115 (2018) 501-508.
[21] J.L. Garcia, C.J. Porras-Prieto, R.M. Benavente, M.T. Gémez-Villarino, F.R. Mazarrdn, Profitability of a solar water heating system with evacuated tube collector
in the meat industry, Renew. Energy 131 (2019) 966-976.
[22] 1.H.Yilmaz, Residential use of solar water heating in Turkey: a novel thermo-economic optimization for energy savings, cost benefit and ecology, J. Clean. Prod.
204 (2018) 511-524.
[23] K. Chopra, V. Tyagi, A. Pandey, A. Sari, Global advancement on experimental and thermal analysis of evacuated tube collector with and without heat pipe
systems and possible applications, Appl. Energy 228 (2018) 351-389.
[24] A. Shafieian, M. Khiadani, A novel solar-driven direct contact membrane-based water desalination system, Energy Convers. Manag. 199 (2019), 112055.
[25] M. Hayek, J. Assaf, W. Lteif, Experimental investigation of the performance of evacuated-tube solar collectors under eastern mediterranean climatic conditions,
Energy Procedia 6 (2011) 618-626.
[26] T.-T. Chow, Y. Bai, Z. Dong, K.-F. Fong, Selection between single-phase and two-phase evacuated-tube solar water heaters in different climate zones of China,
Sol. Energy 98 (2013) 265-274.
[27] E. Azad, Experimental analysis of thermal performance of solar collectors with different numbers of heat pipes versus a flow-through solar collector, Renew.
Sustain. Energy Rev. 82 (2018) 4320-4325.
[28] A. Shafieian, M. Khiadani, A. Nosrati, Thermal performance of an evacuated tube heat pipe solar water heating system in cold season, Appl. Therm. Eng. 149
(2019) 644-657.
[29] A. Shafieian, J.J. Osman, M. Khiadani, A. Nosrati, Enhancing heat pipe solar water heating systems performance using a novel variable mass flow rate technique
and different solar working fluids, Sol. Energy 186 (2019) 191-203.
[30] A. Shafieian, H. Parastvand, M. Khiadani, Comparative and performative investigation of various data-based and conventional theoretical methods for
modelling heat pipe solar collectors, Sol. Energy 198 (2020) 212-223.
[31]1 R. Daghigh, A. Shafieian, Theoretical and experimental analysis of thermal performance of a solar water heating system with evacuated tube heat pipe collector,
Appl. Therm. Eng. 103 (2016) 1219-1227.
[32] A.Mehmood, A. Waqas, Z. Said, S.M.A. Rahman, M. Akram, Performance evaluation of solar water heating system with heat pipe evacuated tubes provided with
natural gas backup, Energy Rep. 5 (2019) 1432-1444.
[33] A. Shafieian, M. Khiadani, A. Nosrati, Strategies to improve the thermal performance of heat pipe solar collectors in solar systems: a review, Energy Convers.
Manag. 183 (2019) 307-331.
[34] A. Shafieian, M. Khiadani, A. Nosrati, Theoretical modelling approaches of heat pipe solar collectors in solar systems: a comprehensive review, Sol. Energy 193
(2019) 227-243.
[35] Residential End Use Monitoring Program (REMP) Report, Government of Australia, 2012.
[36] Z. Wang, Z. Duan, X. Zhao, M. Chen, Dynamic performance of a facade-based solar loop heat pipe water heating system, Sol. Energy 86 (2012) 1632-1647.
[371 S. Riffat, X. Zhao, P. Doherrty, Developing of a theoretical model to investigate thermal performance ofa thin membrane heat pipe solar collector, Appl. Therm.
Eng. 25 (2005) 899-915.

12


https://doi.org/10.1016/j.csite.2020.100662
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref1
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref1
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref2
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref2
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref3
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref3
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref4
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref5
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref6
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref6
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref7
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref7
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref8
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref9
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref9
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref10
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref11
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref12
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref12
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref13
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref13
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref14
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref14
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref15
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref15
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref16
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref16
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref17
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref17
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref18
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref19
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref20
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref20
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref21
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref21
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref22
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref22
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref23
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref23
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref24
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref25
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref25
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref26
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref26
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref27
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref27
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref28
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref28
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref29
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref29
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref30
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref30
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref31
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref31
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref32
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref32
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref33
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref33
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref34
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref34
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref35
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref36
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref37
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref37

A. Shafieian and M. Khiadani Case Studies in Thermal Engineering 21 (2020) 100662

[38] J.H.I. Lienhard, J.H.V. Lienhard, DOE Fundamentals Handbook: Thermodynamics, Heat Transfer, and Fluid Flow, US Department of Energy, Washington DC,
2008.

[39] E. Azad, Theoretical and experimental investigation of heat pipe solar collector, Exp. Therm. Fluid Sci. 32 (2008) 1666-1672.
[40] T.L. Bergman, A.S. Lavine, F.P. Incropera, D.P. DeWitt, Introduction to Heat Transfer, seventh ed., John Wiley and Sons, New York, 2012.

13


http://refhub.elsevier.com/S2214-157X(20)30278-1/sref38
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref38
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref39
http://refhub.elsevier.com/S2214-157X(20)30278-1/sref40

	Integration of heat pipe solar water heating systems with different residential households: An energy, environmental, and economic evaluation
	Integration of heat pipe solar water heating systems with different residential households: An energy, environmental, and e ...
	1 Introduction
	2 Materials and methods
	2.1 Heat pipe solar water heating system
	2.2 Residential hot water consumption pattern
	2.3 Climatic data
	2.4 Experimental setup and instrumentation
	2.5 Mathematical modelling
	2.5.1 Required energy for water heating
	2.5.2 Useful absorbed solar energy
	2.5.3 Saved electricity
	2.5.4 Environmental analysis
	2.5.5 Economic analysis
	2.5.6 Computational process


	3 Results and discussions
	3.1 Energy analysis
	3.1.1 Solar fraction
	3.1.2 Required, absorbed, and backup energy

	3.2 Environmental analysis
	3.2.1 Saved electricity
	3.2.2 Avoided CO2 emission

	3.3 Economic analysis
	3.4 Validation

	4 Conclusions
	Declaration of competing interest
	CRediT authorship contribution statement
	Appendix A Supplementary data
	References


