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Abstract: The use of solar water heaters (SWH) in both residential and commercial facilities is one of
the possible ways to reduce electricity bills and the release of greenhouse gases (GHG). This study
assessed the technical, economic, and environmental performance of a SWH system at six different
locations in China (i.e., Lhasa, Lauchang, Wuhan, Kashi, Yumen, and Harbin). A comparison between
two different working fluids (i.e., water and glycol) were modeled in the System Advisor Model in
all six cities. A sensitivity analysis was conducted on some key technical and economic parameters to
assess the impact of such parameters on the performance of SWH systems in the country. According
to the results, Lhasa recorded the highest capacity factor of 11% and 10.70% using water and glycol as
the working fluid, respectively. Lhasa was identified as the best location among the studied locations
due to its high solar irradiation. The optimization study indicates that the optimum azimuth for
China is 190◦. It was also found that a 25% reduction in the outlet set temperature of the water can
reduce the capacity factor from 11% to about 9.2%. Using the SWH as simulated in this study can
reduce carbon dioxide emissions from 1252.87–2014.85 kg per year to 138.20–330.23 kg per year; the
extent of reduction depends on the location of the SWHS, and the solar energy available at the area.
Net electricity bill savings of $156–296 could be obtained if SWH systems were installed and used at
the studied locations.

Keywords: solar water heaters; techno-economics; sensitivity analysis; greenhouse gas emissions;
heat exchanger

1. Introduction

Countries have been decarbonizing their energy sector in recent years to mitigate
climate change through renewable energies, to achieve a sustainable supply of energy.
Renewable energies such as solar and wind can be used for the production of clean energy
for electricity and heating applications [1,2]. They are projected to be energy sources
that will play a major impact in the world’s quest to decarbonize the so-called hard-to-
abate areas, where the extension of electricity is difficult [3–6]. A recent report by the
Intergovernmental Panel on Climate Change (IPCC) indicates that if the world does not
intensify its efforts in decarbonizing the various sectors, there will be serious changes in
the world’s climate that will lead to catastrophic consequences for both humans and the
environment [7].

Heating applications alone make up over half of the world’s final energy consumption.
Fossil fuels currently provide about three-quarters of the world’s total energy use for
heating, i.e., 129 exajoules. Solar thermal systems in Europe are estimated to have the
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potential to meet about 50% of their entire heating demand by 2030, taking into account
reductions in demand through energy conservation measures. This means that there is a
great potential to meet the requirements of thermal load through the use of solar thermal
technologies. The solar water heating system (SWHS) has been found to be the most
environmentally and economically friendly technology in that regard; this is due to the free
nature of their source of energy [8,9].

Commercial and residential buildings are responsible for 45.3% and 54.7% of the
building sector’s total energy consumption, respectively. However, renewable energy (RE)
provides just about 9% of the building sector’s energy, whiles fossil fuels provide the rest.
Water and space heating constitute the highest consumption of energy in the building
sector [10,11]. The SWHS can be employed in water preheating before the water enters a
conventional water heating system, which can lead to a significant reduction in the use of
fossil fuels and its concomitant emissions that lead to pollution of the environment. The
SWHS classically offers a significant percentage of the energy demand, and an auxiliary
backup system is normally needed to meet the total demand for energy. There are two
major SWH types: these are the Evacuated Tube Collector Solar Water Heaters and the
Flat-Plate Collector Solar Water Heaters [12–14].

Several studies have, thus, assessed the potential of implementing SWHS at both the
residential and industrial levels. A study by [15] assessed the technical and environmental
performance of an evacuated and a flat-plate SWHS in 45 different locations in Turkey.
They employed the TSOL and GAMS software to simulate and rank the outcome of their
study, respectively. The obtained results from their study indicate that the evacuated tube
SWHS was superior in terms of performance compared to that of the flat-plate SWHS
for all the study areas. The flat-plate SWHS technology produced a total of 133 MW of
heat, which translated into some 68.4 tons of avoided emissions, whilst that of the vacuum
tube SWHS generated a total of 229 MW of heat leading to 93.4 tons of avoided emissions.
Benli [16] assessed the potential of using SWHS in Turkey at six different locations. Two
types of SWH collectors were evaluated and the study identified that the galvanized sheet
absorber has a higher viability. The study further observed that the SWHs could suffer
from a lack of purchasing power in northern and eastern Turkey and could also be affected
by weather conditions. In another study by Fayaz et al. [17], the authors employed the
F-chart approach to estimate the thermal and economic performance of an evacuated tube
SWHS. According to their results, a life cycle savings of 5200 RM was recorded due to the
use of the SWH system.

Furthermore, Raza et al. [18] evaluated the viability of an SWHS in seven cities in
India. They assessed the equity payback, solar fraction, tilted and horizontal angles and
the greenhouse gas emission reductions of the system. The payback for the system ranged
5–15 years depending on the location. Muthuraman et al. [19] modified the geometry
of the flow tube of the solar water collector to a spiral and curved shape to improve
the performance of the system. They assessed the impact of mass flow rate on the flow
pipes in relation to the temperature of its surface for the different configurations of the
tubes. The results according to their study indicated that the straight tube produced a
maximum efficiency of 58%, whilst that of the spiral and curved tubes recorded 69% and
62%, respectively. A study by [20] analyzed the viability of an evacuated tube SWHS for a
meat factory. The outcome of the study revealed that the SWHS could be profitable in a
number of European countries. It disclosed that the price of energy in each country and the
nature of the energy supply industry in the various countries significantly impact the size
of the solar installations. A profit of EUR 1.1 per EUR 1 invested can be obtained from an
industry with an energy demand of about 85,000 kWh/year if the investment is made in
areas with high solar irradiation, with a 9-year payback period. Similarly, [10] evaluated
the potential of SWHS for the state of Michigan; the System Advisor Model (SAM) software
package was used for the analysis for 26 different locations within the study area. The
outcome of their study suggests that the SWHS would be suitable for normal household
water use, with an 8-year payback period depending on the weather situation at the location.
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Yilmaz [21] also employed the SAM model to assess the viability of an SWHS in Turkey.
The study assessed the optimal orientation using the yearly meteorological data. The hot
water consumption on a daily basis was calculated. The reduction in the initial cost of the
system as well as the period for payback was found to be 7.5% and 1.5 years, respectively.

Finally, Khedher et al. [22] experimentally assessed the performance of a flat-plate
solar collector (FPSC) system under the climatic conditions of the Hail city in Saudia Arabia.
The authors assessed the efficiency curves of the FPSC system for different flow rates. The
outcome of their study suggests that the thermal efficiency of the SWH system is highly
affected by the flow rate. The highest collector efficiency occurred under a flow rate of
2.5 L/min, which was found to be the optimum flow rate. The study of [23] experimentally
assessed a modified V-corrugated zinc SWH collector integrated with an insulator, i.e.,
aluminum foil and a plywood at the rear side. The outcome of their study indicated that the
flow rate of 240 Lph recorded the maximum energy efficiency of 50%. Odoi-Yorke et al. [24]
analyzed the technical and economic viability of SWH systems for hotels in Ghana using
the RETScreen software. Solar fractions of 61.2% and 78.5% were recorded for Kumasi and
Wa, respectively. Positive net present values were observed at all studied locations. Ibrahim
et al. [25] used the T∗SOL modeling software to evaluate the feasibility of installing SWH
systems in hotels in Egypt. The results suggest that the installation of SWH systems in
the study area could save close to 6720 kg of CO2 yearly, which translates into some USD
6120 savings. In another study by [26], the authors employed the RETScreen software to
evaluate the technical, environmental, and economic performance of a residential SWH
system in India. It was found that the implementation of the SWH system in the study areas
could save 739 tCO2 of GHG emissions. A mean simple payback period of 7–10 years was
obtained depending on the area of study. In another study by [27], the authors employed
the T∗SOL software to evaluate the technical and economic performance of the flat-plate
and evacuated tube SWH systems in Gilgit-Baltistan (GB) of Pakistan. The outcome of
their study found the evacuated tube to be the best technology for the studied locations.
The evacuated tube collector recorded an energy efficiency of 40%, solar fraction of 75%,
payback period of 6.6 years, and avoided CO2 emissions of 676 kg at Gilgit. However, in
Skardu, the same technology recorded an efficiency of 36%, a solar fraction of 84%, payback
period of 4.6 years, and 756 kg of avoided CO2 emissions. Gilani et al. [28] analyzed the
techno-economic performance of a compound parabolic collector (CPC) in SWH systems in
the northern hemisphere. The CPC system proved to be more efficient than the FPSC in
the consumption of auxiliary power. In Shambat at Sudan, the rate of the annual auxiliary
heating reduced by a maximum of 27%, whilst the lowest of 5% occurred in Chongqing in
China. The study of [29] assessed the solar water heating potential for a 100-bed hospital
facility in the Palestinian Territories. The FPSC and the evacuated tube collector systems
were considered in their analysis. A solar fraction of 51.4% and payback period of 5.52 years
were recorded by the FPSC system. The evacuated tube collector, however, recorded a solar
fraction of 57.9% and a simple payback period of 5.2 years. The evacuated tube collector
system was, therefore, recommended for the study area.

China, according to research, is the number one investor in RE globally, including
solar energy. The country is vital in the transitioning to low-carbon energy: it is the world’s
highest energy user and also the highest total emitter of CO2 [30]. China’s CO2 emissions
and energy usage has over the past three decades increased rapidly due to its economic
development. China’s per capita emissions for carbon dioxide keep increasing as compared
to countries in the European Union [30,31], and this is projected to remain same for at least
the next 10–20 years [30]. Despite China’s huge investment in the solar energy industry, the
contribution of solar thermal energy for space heating has been very little, even though
the country shares about 75.8% of the entire world’s solar-collector installation [32]. China
currently is confronted with the task of reducing its greenhouse gas (GHG) emissions
caused by coal burning for heating purposes. Coal consumption for space heating in the
China is estimated to be around 400 million tons of standard coal equivalent annually, of
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which bulk coal constituted approximately 200 million tons of standard coal equivalent,
comprising coal for low-efficiency small boilers [33].

It is, therefore, important to employ sustainable and clean energy to replace bulk coal
for heating purposes in the country to help reduce the emissions of GHG in the country.
Solar thermal energy has a huge potential for the sector and could play a major role in
that regard. Several countries have adopted protection policies for cooling and heating:
such policies are focused on small solar systems such as the SWHS for commercial and
residential facilities. According to [15], close to 47 countries globally have developed some
form of goals in relation to renewable cooling and heating development, and at least about
21 nations had some form of mandatory regulations in that regard.

A scan through the literature indicates that there is no comprehensive study that has
assessed the technical, economic, and environmental performance of SWHS in China, and
there is no study that identifies optimum parameters for the installation of such systems in
the country. This study is the first of its kind in the country and is intended to provide the
needed information for individuals and other stakeholders in their decision-making process
towards investment in the sector. This study is also the first to compare the technical and
economic performance of two different working fluids (i.e., water and glycol) under six
different weather conditions in a single country. The selection of glycol for comparison
purposes is due to its antifreeze properties; this means areas with very low temperatures
could use it instead of water.

The remaining aspect of the paper is presented as follows: the materials and methods
adopted for the modeling are presented in Section 2, and the findings are presented and
discussed in Section 3. The final section, i.e., Section 4, presents the conclusions and policy
implications for the development of the sector.

2. Materials and Methods

This study employed the SAM model version 2022.11.21 as the RE tool for modeling
and analyzing the technical and economic performance of the SWHS. The SAM is developed
by the National Renewable Energy Laboratory (NREL) and is used to model several forms
of renewable energy systems, such as the solar PV system, geothermal power systems, wind
power plants, biomass power plants, wave energy systems, and concentrated solar power
plants, etc. SAM is basically designed for the prediction of the performance of renewable
energy systems; as such, it helps to accelerate decision making in the industry. The software
employs hour-by-hour estimations for its modeling. Studies such as [34–39] used the
SAM model to study various energy systems in different countries. The SWHS in SAM is
designed to assess both flat-plate collector and evacuated collector solar systems [10].

2.1. The Weather Characteristics of the Study Area

The weather data used for the study were obtained from the European Commission
photovoltaic geographical information system (PVGIS). The study was conducted at 6 dif-
ferent locations in China; these locations were strategically selected across the country with
different weather characteristics. It covers East, West, North, South, and Central China
locations. The specific weather characteristics for each of the locations are presented in
Table 1. The average hourly irradiance-beam for the 6 locations is shown in Figure 1.

Table 1. Weather data for the various locations.

Location Latitude
(Degrees)

Longitude
(Degrees)

Global Horizontal
(kWh/m2/day)

Average
Temperature (◦C)

Average Wind
Speed (m/s)

Lhasa 30.15 91.39 5.01 −1.30 1.10
Nauchang 28.69 115.85 3.67 18.70 2.70

Wuhan 30.59 114.30 3.70 17.80 2.70
Kashi 39.38 75.75 4.75 12.80 2.10

Yumen 40.24 97.43 4.83 10.00 3.70
Harbin 45.79 126.53 4.00 5.10 3.20
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Figure 1. Hourly solar irradiance-beam (annual average) for the studied locations.

2.2. Modeling of SWHS in the SAM Model

A closed-loop flat-plate collector was modeled in this study; this model moves the solar
energy from the working fluid to the water in an outside heat exchanger. This approach is
mostly appropriate and employed in areas where freezing temperatures are experienced,
since the working fluid of the collector can be another liquid other than water. Normally,
the water coming from the solar tank is mostly used for the preheating of water in the
auxiliary water tank, which decreases the quantity of heat required to deliver the water the
set point needed by the user [40]. The energy savings of the control volume were calculated
with the SAM model using the first law of thermodynamics Equation (1). The mathematical
relations presented in this section were obtained from [21,40,41] unless otherwise cited
differently.

dEcv

dt
=

.
Qcv +

.
mdraw(hmains − hWST) (1)

where the control volume is denoted by cv, the rate of heat transfer is represented with Q,
the rate of energy change is also represented by dE/dt, and

.
mdraw(hmains − hWST) denotes

the net rate of transfer of energy by mass which enters the water storage tank (WST) at the
mains temperature, Tmains, which exits the WST at the mean tank temperature.

The control volume’s energy is equivalent to the water’s internal energy, which can be
calculated using Equation (2).

Ecv = ρVWSTcpTWST (2)

where the water density is represented by ρ, the specific heat of the water is represented by
cp, and the volume of the WST is denoted by VWST .

In the course of the solar collection, it is assumed that the WST is uniform; Equation (1)
is, therefore, reduced to Equation (3).

dTWST
dt

=

.
Quse f ul −

.
Qloss +

.
mdrawCp(TWST − Tmains)

ρVWSTCp
(3)
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In this case, the heat lost to the ambient temperature Ta from the WST is denoted by
.

Qloss and the useful heat gain which is transmitted to the fluid in the collector is represented
by

.
Quse f ul

.
Quse f ul = FR Ac[ITKτα(τα)n − UL(Tin − Ta)] (4)

.
Qloss = UWST AWST(TWST − Ta) (5)

The area of the collector is represented by Ac, the heat removal factor for the collector
is represented by FR, the incidence angle modifier is represented by Kτα, the incidence
radiation on the surface of the tilted collector is denoted by IT , UL denotes the overall
heat-loss coefficient for the collector, and the transmittance–absorbance product at normal
incidence is represented by (τα)n. The inlet temperature of the collector is represented by
Tin, the WST surface area is denoted by AWST , and the heat-loss coefficient is represented
by UWST .

The Perez method can be used to predict the incidence radiation on the tilted surface
in Equation (4) as indicated in the book of [42], and this is the method that was used in
this study. The IAM, which is the incidence angle modifier, is expressed mathematically as
Equation (6).

Kτα =
(τα)

(τα)n
= 1 + b0

(
1

cosθ
− 1
)

(6)

The angle of incidence is represented by θ, and the IAM coefficient is denoted by b0.
Modifiers at angles ≤ 70◦ can be calculated using Equation (6).

The SWH system, as modeled in the SAM, was as presented in Figure 2a; the exact
equation solved was based on whether there was the collection of useful solar energy or
not. Figure 2b shows a diagram indicating when there was energy collection. The tank was
assumed to be stratified into a cold and a hot node when there was no collection of useful
solar energy, as illustrated in Figure 2c. Under the stratification conditions, the cold and
hot water volumes will vary since the user will be drawing water for use. The volume of
the cold water increases continuously whilst that of the hot water reduces till the collection
of solar energy commences again. The following differential equations (i.e., Equations (7)
and (8)) were, therefore, derived for the hot and cold node temperatures, respectively.

dThot
dt

=
−

.
Qloss,hot

ρVhotCp
(7)

dTcold
dt

=

.
Qgain,cold +

.
mdrawCp(Tmains − Tcold)

ρVcoldCp
(8)

The main parameter for energy savings maximization is the solar fraction. It is the
ratio of the quantity of solar energy collected by the water storage tank to the quantity
required to supply the delivery temperature with auxiliary heater, and it is mathematically
expressed in Equation (9):

f =

.
Qsaved
.

Qneeded

=

.
mdrawCp(Tset − Tmains)−

.
mdrawCp(Tset − Tdelivered)

.
mdrawCp(Tset − Tmains)

(9)

where the delivery temperature provided by the water storage tank at the interested hour
is denoted by Tdelivered, and the mean value of the delivery set temperature for household
use is denoted by Tset.
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collection of energy; and (c) stratified tank [40].

The capacity factor (CF) for the SWHS can be estimated using Equation (10). The
power (kW) that is produced by the system was defined in this case as the power saved by
the system for each time step, and it is mathematically presented in Equation (11) [40].

CF =
net annual energy (

kWh
yr

)
/

system capacity (kW) ×8760(
h
yr

) (10)

where the net annual energy represents the annual total energy generated, the system
capacity denotes the nameplate capacity of the modeled system, and the number of hours
in one year is denoted by 8760.

Gen = Qaux only − Qaux − Ppump (11)

Gen was assumed to be greater than the load for every time step, however, since the SWH
system cannot export power; the SAM takes Gen = load. The required electric power that
the auxiliary heater will need to increase the water temperature from the solar storage tank
to the set temperature is denoted by Qaux (W) and it can be estimated using Equation (12).
The Ppump is the power of the pump.
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Qaux =
.

mdrawCp(Tset − Tdeliv) (12)

where Tdeliv denotes the temperature of the water delivered from the solar tank. Since the
heat from the sun is added to the water, Tdeliv > Tmains, then the power needed to bring
the water to the desired or set temperature will be lower than the one needed to attain the
needed set temperature in the absence of the SWH system. The electric power Qaux,only (W)
required to heat the water in the absence of the SWH system can be calculated using the
mathematical relation presented in Equation (13) [40].

Qaux,only =
.

mdrawCp(Tset − Tmains) (13)

The annual power saved through the use of the SWH system can be evaluated using
Equations (14)–(16).

Ppump = Pumppump rated power/Pumpe f f iciency (14)

For every time step

Psaved = Pwithout solar − Pwith solar − Ppump (15)

If Psaved > Pload,
Psaved = Pload

Annualpower saved = Sum(Psaved) (16)

2.3. System Used for the Assessment of the Glazed Flat-Plate SWH

The performance of the SWHS was conducted at 6 locations in China. The alternate-
energy technology AE-56 glazed flat-plate collector module was used for the analysis. It has
a serial number of 2002001G with an area of 5.18 m2. In this study, two different working
fluids (i.e., glycol and water) were modeled to evaluate their technical and economic
performances under the Chinese weather conditions. A tilt angle was selected based on
the latitude of each study area. Data from the manufacturer state that the collector has
an FR(τα) of 0.691 and FRUL of 3.4 W/m2·◦C. China’s residential average daily hot-water
consumption is estimated to be about 163.270 kg/day [43], the value which was used in
the modeling. The rated system size used for the analysis was 3.051 kW. The rest of the
technical parameters employed for the modeling are provided in Table 2.

Table 2. Technical parameters used for the modeling.

Parameter Value Ref.

Solar tank and heat exchanger
Solar tank volume (m3) 0.3 [40]
Outlet set temperature (◦C) 55 SAM
Mechanical room temperature (◦C) 20 SAM
Solar tank maximum water temperature (◦C) 99 [10]

Piping and pump
Pipe diameter (m) 0.019 SAM
Pipe insulation conductivity (W/m·◦C) 0.03 SAM
Pipe insulation thickness (m) 0.006 SAM
Total piping length (m) 10 [10,21]
Pump power (W) 45 [10]
Pump efficiency (%) 85 [10,40]
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2.4. Financial Parameters for the Modeling

The nominal and real levelized cost of energy (LCOE) are estimated by the model. The
inflation-adjusted value is the real (constant) LCOE, whereas the current dollar value is the
nominal LCOE. The type of analysis being conducted determines the choice of LCOE that
will be used. The use of the real LCOE may be right for analyses that are in the long term;
this takes into consideration the several years of inflation over the lifetime of the project.
However, in the case of the nominal (current) dollar, it may be suitable for analysis that
cover the short term [44,45]. The cost of energy was expressed mathematically, as presented
in Equation (17):

LCOE =
C0 + ∑N

n=1
Cn

(1+d)n

∑N
n=1

En
(1+q)n

(17)

where the annual costs in a year n are denoted by Cn, the amount of the initial investment
is represented by C0, and the produced energy by the system in year n is represented by
En. Similarly, the nominal discount and the real discount rates are represented by d and q,
respectively, and N denote the analysis period in years.

The net present value (NPV) indicates how feasible a project will be economically; this
includes both the cost and revenue (or savings for commercial and residential projects).
Normally, a project is assumed to be viable economically when the NPV obtained is positive,
and non-viable if the obtained NPV is negative. It is mathematically expressed as presented
in Equation (18):

NPV =
N

∑
n=0

C
(1 + D)n (18)

The study also assessed the payback period (PBP) for the two working fluids in the
study areas. This is defined as the time (years) needed for the cash flow to equal the net
capital cost in year zero. The mathematical relation for the payback period is shown in
Equation (19):

Payback period =
T1 − 1 +

∣∣∣∑T1−1
i=1 (CI − CO)i

∣∣∣
(CI − CO)Ti

(19)

where the cash inflow is represented by CI, the cash outflow is denoted by CO, and Ti is
the project year i where i = T0 + 1 . . . T.

The average inflation rate in China is around 0.7% [46], with a sales tax rate of
13% [47]. China’s average household electricity price is also estimated to be around
0.081 USD/kWh [48]. An annual maintenance cost of 1% [10] was used in the financial
analysis. The analysis period for the study was 25 years, with a 5% of the installed cost as
the net salvage value. The cost of the collectors were taken to be $300 per meter squared [10].
A loan interest rate of 3.65% [49], the current rate in China, was used for the analysis.

3. Results and Discussion

The modeling outcome is presented in this section. It covers the technical, economic,
and environmental aspects of the findings and a sensitivity analysis of some technical and
economic parameters used.

3.1. Technical Performance of the SWHS

The technical performances of the SWHS at the six different locations across China
are presented in Table 3. It is clear from the results that the level of performance from the
various systems is affected by the solar irradiation at the various locations. Lhasa recorded
the highest CF of 11% using water as the working fluid, and 10.70% using glycol as the
working fluid. Nauchang had the least CF due to the poor weather conditions that exist
at that location; it also recorded the least solar fraction. Having the least solar fraction
means that much more energy is needed from the back-up system to meet the hot-water
demand of the household at that location. Therefore, Nauchang had the least energy saved
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per year both for the glycol and water systems. The reverse occurred at Lhasa, where the
highest energy saved was expected to occur per year, i.e., about 2928 kWh of energy was
expected to be saved per year at Lhasa using water as the working fluid. In the case of
behind-the-meter projects, the annual AC energy (see Figure 3) forms the entire net energy
that is sent to the load. It is this energy that is utilized to lower the annual electricity bill of
the owner of the project. The highest energy sent to the load occurred between the period
of 07:00–10:00; this is the period with the highest hot-water draws. The lack of solar energy
during the night led to an increase in cold water, reducing the energy sent to the load.
This, however, reversed in the morning when the collection of useful solar energy begins.
The winter period in China begins between the period of November and March, and as
indicated in Figure 3, the highest energy sent to the load occurred within that period, as
more hot water was required during that period. The summer period had the least energy
sent to the load.

Table 3. Technical performance of the SWHS at the various locations.

Metric Water as Working Fluid Glycol as Working Fluid

Lhasa Nauchang Wuhan Kashi Yumen Harbin Lhasa Nauchang Wuhan Kashi Yumen Harbin

Annual AC energy
saved (year 1), kWh 2928 1528 1652 2313 2445 2469 2839 1527 1651 2311 2444 2468

Solar fraction
(year 1) 0.80 0.67 0.70 0.86 0.85 0.77 0.85 0.67 0.70 0.86 0.85 0.77

Aux with solar
(year 1), kWh 601.2 635.9 575.4 251.6 302.4 624.5 347.7 636.6 576.1 252.6 303.4 625.1

Aux without solar
(year 1), kWh 3668.1 2280.9 2346.9 2692.9 2881.0 3225.1 3339.3 2280.9 2346.9 2692.9 2881.0 3225.1

CF, (year 1), % 11 5.70 6.20 8.70 9.20 9.20 10.70 5.70 6.20 8.60 9.10 9.20

It was observed that the effect of the two different working fluids on the performance
of the SWHS was insignificant, as there was very little change in terms of the output
performance of the system. This means that any of them can be used by an individual
depending on the availability of the working fluid; water, however, was slightly on the
higher side in terms of performance. It is, therefore, safe to recommend water as the
optimal working fluid for SWHS at the various locations in China, especially at locations
that have temperatures above the freezing point of water. Areas with temperatures below
the freezing point can use glycol as a working fluid.

Since it has been established through this study that the impact of the working fluid
(i.e., water and glycol) on the technical and economic performance of the SWHS at the
various locations did not vary much, only that of using water as the working fluid was
mostly used for further analysis going forward in this study. The volume of hot and cold
water for the various locations over the day per annum is presented in Figure 4. The results
of the study showed a similar trend at all locations, except that there were differences in the
volumes of the hot and cold water throughout the period. The hours between 07:00 and
10:00 experienced a sharp decline in hot water and a rise in cold water due to hot-water
draw within that period, as shown in Figure 5. An increase in the hot water started after
15:00 until it reached a peak around 16:00 and started to decline again due to the lack of
solar energy and increase in hot-water draw during that period, leading to an increase in
the volume of the cold water.
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Figure 4. Hourly volume of cold and hot water using water as working fluid: (a) Lhasa, (b) Nauchang,
(c) Wuhan, (d) Kashi, (e) Yumen, and (f) Harbin.

3.2. Economic Performance of the SWHS

The economic performances of SWHS modeled at the six locations are presented in
Table 4. For the purposes of economic comparison in this study, the real LCOE was used,
since this study is over the long term, i.e., 25-year period. The obtained real LCOE at
the various locations suggests that the residential SWHS at Lhasa would be cheaper and
more cost-effective compared to all the other locations. This confirms the earlier results
presented under the technical performance section. The cost of energy at Nauchang would
be almost twice the cost of energy at Lhasa; this is due to the poor weather conditions
at Nauchang. The weather conditions at the other locations also had an effect on their
economic outlooks. The next cost-effective location was Harbin, which recorded a real
LCOE of 0.1273 USD/kWh. The net savings on electricity annually were projected to
be between 11.4 and 21.7%, using the financial parameters as it currently prevails in the
country and the various weather conditions. The highest net savings on electricity were
expected to happen in Lhasa due to reasons ascribed earlier. The results also show that the
only viable project would be one located in Lhasa with water as the working fluid. It is
the only project that recorded a positive NPV of USD 52, with a simple payback period
of 15.8 years. All the other projects at the various locations would record a negative NPV
either with a longer simple payback period within the 25-year period, or without a simple
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payback period at all. It is important to note that even the project with glycol as its working
fluid in Lhasa recorded a negative NPV. Those projects with no simple payback period
suggest that such projects would require more time beyond the 25-year analysis period to
probably break even. This makes such a project non-viable, since most such plants have a
lifetime of 25 years.
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Table 4. Economic performance of the SWHS.

Metric Water as Working Fluid Glycol as Working Fluid

Lhasa Nauchang Wuhan Kashi Yumen Harbin Lhasa Nauchang Wuhan Kashi Yumen Harbin

LCOE nominal,
cent/kWh 10.73 20.56 19.01 13.59 12.85 12.73 11.07 20.57 19.02 13.60 12.86 12.73

LCOE real,
cent/kWh 9.94 19.04 17.61 12.59 11.90 11.79 10.25 19.05 17.62 12.59 11.91 11.79

Electricity bill
without system
(year 1), USD

1366 1366 1366 1366 1366 1366 1366 1366 1366 1366 1366 1366

Electricity bill with
system (year 1), USD 1069 1210 1197 1137 1120 1113 1078 1210 1197 1137 1120 1113

Net savings with
system (year 1), USD 296 156 169 229 246 253 288 156 168 229 246 253

NPV, USD 52 −2207 −2006 −1034 −761 −650 −83 −2210 −2008 −1037 −764 −653

Simple PBP, years 15.8 - - - 21.8 20.8 16.5 - - - 21.9 20.8
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3.3. Sensitivity Analysis of Key Performance Indicators

The effect of some key parameters on the performance of the SWHS at the various
locations were assessed in this section.

3.3.1. Sensitivity Analysis of the Tilt Angle and the Effect of the Cost of the Collector on the
Economics of the SWHS

In this study, the latitudes for the various locations were used as the tilt angles during
the initial analysis, as presented above. The optimum tilt angle is crucial for the performance
of the SWHS, especially for flat-plate collectors as modeled in this study. An assessment of
the impact of the tilt angle on the solar fraction of the SWHS is presented in Figure 6 for
the various locations. It was observed that the solar fraction increased consistently until
it reached the individual optimum tilt angle at the various locations, where the highest
solar fraction at each site was obtained. The solar fraction started to reduce consistently
after the optimum tilt angle. The results indicate that the optimum tilt angle that should be
used at the various locations are the individual latitudes at the various locations; these are
the angles that maximize the annual energy delivery of the SWH system. The differences
between glycol and water were insignificant.
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Figure 6. Impact of tilt angle on solar fraction: (a) water; (b) glycol.

Since the cost of a collector may vary from one jurisdiction to another, and could also
reduce with time, the impact of the cost of the collector on the economics of the SWHS,
using water as the working fluid, is presented in Figure 7. The results indicate that the
cost of the collector has a significant impact on the viability of the SWHS under Chinese
weather conditions. A collector cost beyond 500 USD/m2 would render such a project
economically ineffective. The PBP time can be reduced to as low as 15 years if the cost of
the collector is reduced to USD 100 per meter squared, with an NPV of about USD 1000 per



Sustainability 2023, 15, 14555 15 of 24

meter squared. This result is an indication that the Chinese government will have to put in
the right financial support in the sector to provide incentives, or reduce the tax components
in the cost build-up, in order to reduce the cost of collectors in the country and to make
such investments by individuals profitable. This can help the government achieve its target
of reducing its GHG emissions through the use of renewable energy technologies.
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Figure 7. Effect of the cost of collector per meter squared on the economic performance (a) real LCOE
(b) NPV of the SWHS at Lhasa, using water as the working fluid.

3.3.2. Effect of Pump Power on the Capacity Factor, LCOE and PBP

A pump with power of 45 W was used in the modeling; however, it was found that the
power of the pump had a relatively slight effect on the economic performance of the SWHS
at the various locations (see Figure 8). It had an increasing effect on the cost of energy and
the PBP for some locations. For instance, 10 W of pump power could increase the LCOE
(real) by about 1.18%. Similarly, an increase in 10 W of pump power could decrease the
capacity factor of the system by 1.17%. Reducing the pump power could positively impact
the PBP in some areas which did not have PBP, as shown in the earlier analysis presented
in Table 3. Kashi, for instance, would have a PBP if the pump power were between 10 and
40 W; anything above 40 W would result in a PBP which could not be obtained within the
25-year period of the plant life as modeled in this work.
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Figure 8. Effect of pump power on the CF, LCOE (real), and PEP: (a) Lhasa, (b) Nauchang, (c) Wuhan,
(d) Kashi, (e) Yumen, and (f) Harbin.

The impact of the azimuth on the technical and economic performance of the SWHS
is presented in Figure 9. In the earlier analysis in this study, an azimuth of 180◦ was used
at all six locations. However, the sensitivity analysis indicated that the optimum azimuth
for China is 190◦, although its impact on the SWHS is minimal relative to that of the 180◦.
The type of azimuth chosen for such a project would significantly impact the technical,
economic, and environmental performance. Using an azimuth of 190◦ in Lhasa, for instance,
would reduce the LCOE (real) to 0.0988 USD/kWh; with an annual energy of 2945.73 kWh,
the NPV increased to USD 62.12 compared to the earlier USD 52 for an azimuth of 180◦, and
the PBP reduced to 15.71 years. Similarly, the LCOE (real) for Nauchang reduced slightly to
0.01899 USD/kWh using an azimuth of 190◦, but its NPV remained below the zero mark,
indicating non-viability of the project in terms of economics. Wuhan and Kashi also reacted
similarly to Nauchang, with a slight reduction in the LCOE and a slight increase in the
annual energy production of the system using an azimuth of 190◦. However, Yumen and
Harbin reacted differently in relation to their PBPs: an azimuth between 150◦ and 230◦
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could provide a payback period within the project’s lifetime of 25 years, and the smallest
PBP occurred at 190◦.
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Figure 9. Effect of the azimuth on the performance of the SWHS: (a) Lhasa, (b) Nauchang, (c) Wuhan,
(d) Kashi, (e) Yumen, and (f) Harbin.

It is important to note that the positive or negative behavior of each parameter, i.e.,
the LCOE, NPV, and PBP, will depend on the energy yield at a specific location. Hence,
in order to maximize the heat gain of the SWH system annually, it will be important to
position the SWH system at the right azimuth as identified in this study to increase the
annual solar-radiation collection. This will lead to a reduction in the LCOE and the PBP,
whilst the NPV will increase.

3.3.3. Parametric Study on the SWHS

Several factors affect the performance of an SWHS: the delivered solar energy to the
working fluid, for instance, is dependent on factors such as the pump efficiency, outlet
temperature, heat-exchange effectiveness, flow rate of the working fluid, thermal loss of
the system FRUL, the overall solar heat gain FR (τα), etc. For this section, a parametric
study was conducted on the SWHS at Lhasa, using water as the working fluid, to analyze
their effect on the solar fraction, payback period, thermal power Q delivered, and capacity
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factor. This study was conducted in the Lhasa location alone, since there was very little
difference among the results of the other communities. The results for the parametric
study, considering an increase or decrease of 25% of the factors stated earlier in this section,
are presented in Figures 10–13. The results indicate that a 25% increase or decrease in
the heat-exchanger effectiveness would have the greatest impact on the thermal power Q
delivered by the SWHS at the outlet of the solar storage tank: reducing it by 25% could
reduce it from 3250 kWh to 3190 kWh, whereas an increase by 25% could increase it to about
3274 kWh. The total system flow rate had the second highest impact on the Q delivered;
the other parameters had a slight impact.
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The impact of the heat-exchanger effectiveness, total system flow rate, pump efficiency,
outlet set temperature, overall solar heat gain, and thermal loss of the system on the PBP is
felt a lot in the changes in the outlet set temperature. The PBP can increase from 15.8 years
to over 22 years with a 25% change in the outlet set temperature, which is quiet significant.
The pump efficiency and heat-exchanger effectiveness followed, in that order, in terms of
impact. The other factors had an insignificant impact on the PBP of the SWHS. Similarly, in
the case of the solar fraction, the effect of the outlet set temperature was found to be very
significant compared to the other parameters. Increasing the outlet set temperature by 25%
can increase the solar fraction by some 11%, whilst a reduction can also lead to a decrease
of about 16%, as shown in Figure 12.
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The impact of changing the heat-exchanger effectiveness, total system flow rate, pump
efficiency, outlet set temperature, overall solar heat gain, and thermal loss of the system
on the capacity factor, as presented in Figure 13, reveals that a change in the outlet set
temperature would cause the most significant change in the capacity factor of the SWHS.
A 25% reduction in the outlet set temperature of the water can lead to a reduction in the
capacity factor from 11% to about 9.2%. The pump efficiency, heat-exchanger effectiveness,
and the total system flow rate followed, in that order, in terms of their impacts on the
capacity factor. The rest of the parameters studied had an insignificant impact on the
capacity factor.
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3.4. Environmental Impact Assessment

The impact of using the SWHS on the environment is assessed in this section. The carbon
intensity of generating electricity in China was estimated to be around 549.29 gCO2/kWh in
2021 [50]. Using this figure and the figures obtained from the modeling, it was estimated that
using energy solely from the auxiliary system to meet the water heating requirements would
lead to an annual CO2 emission of between 1252.87 and 2014.85 kg per year depending on the
location of the SWHS. It can, however, be reduced to 138.20–330.23 kg per year, depending on
the location of the SWHS, using a combination of the auxiliary system and the solar system.
This is a significant reduction in CO2 emissions, which could contribute to the country’s GHG
reduction targets.

4. Conclusions and Policy Implications

This study assessed the performance of a SWHS in China by comparing two different
working fluids (i.e., water and glycol) in six locations nationwide. There has been, cur-
rently, no such study conducted in this manner, i.e., (on the identification of the optimum
parameters for a SWHS) in China, and this study aimed to fill that research gap. The study
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estimated the technical, economic, and environmental performances of the SWHSs at all
locations. This is intended to help to promote the use of the SWHS to assist in achieving
the country’s GHG emissions targets. According to the results, Lhasa recorded the highest
CF of 11% using water as the working fluid, and 10.70% using glycol as the working fluid,
and was identified as the best location among the studied locations due to its high solar ir-
radiation. The difference between the two working fluids (i.e., glycol and water) was found
to be insignificant. Water was, however, found to be better in terms of performance. The
cheapest LCOE and shortest PBP were found in Lhasa. The optimization results indicated
that the optimum tilt angles that should be used at the various locations are the individual
latitudes at the various locations. Furthermore, 10 W of pump power could increase the
LCOE (real) by about 1.18%. The sensitivity analysis indicated that the optimum azimuth
for China is 190◦. The parametric results also indicate that a 25% increase or decrease in
the heat-exchanger effectiveness will have the greatest impact on the thermal power Q
delivered by the SWHS at the outlet of the solar storage tank; reducing it by 25% can reduce
the thermal power from 3250 kWh to 3190 kWh, whereas an increase of 25% can increase it
to about 3274 kWh. A 25% reduction in the outlet set temperature of the water can reduce
the capacity factor from 11% to about 9.2%.

In terms of policy, it is clear from the results that both monetary and non-monetary
measures have to be put in place by the Chinese government to make such investments
by individuals viable. The government could provide financial incentives to individuals
and companies that have an interest in incorporating them in their buildings. This could
be in the form of subsidies to the cost of the collectors. The government could also direct
funds into research and development that seeks to enhance the efficiency of the system to
enhance its performance, even under low solar radiation. Individuals who use SWHS in
their homes could also benefit from tax reductions or exemptions; this would motivate more
people to use a SWHS in their homes. The government may also consider an introduction
of mandatory installation policies across the country, especially in areas with high solar
renewable energy resources.

The method employed in this study was only applied in China, but could also be used
in any country to assess and compare the performances of a SWHS in terms of its technical,
economic, and environmental performance. The findings presented in this work are key to
the forward development of SWHS under Chinese weather conditions, as individuals and
investors can rely on it for investment decisions.

Future research could also look at the impact of other working fluids on the perfor-
mance of SWH systems in China. This could be a combination of various working fluids or
a mixture of working fluids with nanoparticles.
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Abbreviations and Nomenclature

CF Capacity Factor (%)
G Global incident solar radiation in W/m2

GHG Greenhouse Gases
IPCC Intergovernmental Panel on Climate Change
LCOE Levelized cost of energy (USD/kWh)
PVGIS Photovoltaic Geographical Information System
NPV Net Present Value (USD)
NREL National Renewable Energy Laboratory
RE Renewable Energy
SAM System Advisor Model
SWHS Solar Water Heating System
WST Water Storage Tank
CI Cash inflow (USD)
AWST Surface area of WST, (m2)
Ac Collector area (m2)
Ta Ambient temperature (◦C)
Tin Inlet temperature (◦C)
Kτα Incidence angle modifier
Tdelivered Delivered temperature (◦C)
UWST Heat-loss coefficient of WST (W/m2·◦C)
TWST Mean tank temperature, (◦C)
d Nominal discount (%)
C0 Initial investment (USD)
CO Cash outflow (USD)
Cn Annual costs (USD)
cv Control volume (m3)
cp Specific heat capacity of the working fluid (J/kg.◦C)
En Produced energy
VWST Volume of WST
q Real discount
.

m Flow Rate (kg/s)
N Period of analysis (years)
h Enthalpy (J)
FRUL Thermal losses of solar collector in ((W/m2)/◦C)
FR (τα) Conversion factor
Qaux Auxiliary electrical power, W
.

Quse f ul Useful heat gain delivered, W
.

Qloss Heat loss from the WST, W
Subscripts
cold Cold node
draw User draw
useful Adjusted for loss
hot Hot node
mains From supply water
ρ Density
i Project year
α Short-wave absorptivity of the collector
τ Transmittance of cover
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