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Homes in rural China often have access to water wells for domestic and agricultural use. Given the significant
difference in height between the well water and the roof of the house, such an arrangement could be used as a
solar-powered pumped-hydro energy generation system. These systems could both limit increases in carbon
emissions from coal-powered electricity while alleviating energy insecurity, while providing significant savings
to households. The potential for these systems in rural regions across Shaanxi province is investigated by
assessing eight key environmental and socioeconomic indicators. The find is that positive impacts across almost
all indicators with generally rapid investment payback periods of 6.4-8.1 years, annual net income increases of

314.2 CNY —541.6 CNY per year per household. This research laid a theoretical foundation for the promotion of
PV-PH system in Shaanxi Province.

Introduction

While non-fossil energy in China has grown rapidly in recent years,
accounting for 25% of primary energy consumption with an installed
capacity of 1200 GW [1], China has announced targets to reduce carbon
dioxide emissions per unit of GDP to below 65% by 2030 (on a 2005
baseline). At the same time, there are many challenges in providing low-
carbon energy to rural regions of China as they continue to increase their
consumption. Balancing emission reductions and costs while improving
the security of energy supply will be a key issue for rural policy makers.
The National Bureau of Rural Development implemented a policy for
encouraging solar photovoltaic (PV) electricity generation along with
incentives for improved lighting in 2016. However, rural communities
still struggle to provide reliable electricity, and storage technologies are
needed to ensure reliability and security of supply [2].

There are a number of potential energy storage devices that could be
used for providing reliable electricity, including: compressed air [3,4],
pumped-hydro, batteries [5,6], flywheels [7,8], and phase change ma-
terials [9-11]. However, many of these technologies cannot be used in
rural regions, either because they are too expensive or can only be
implemented on large, interconnected transmission grids. A tech-
noeconomic analysis is presented for the innovative use of existing water
infrastructure in rural regions to meet this electricity storage need. This
may lower costs while meeting energy generation and storage re-
quirements. As a more rural province with energy access issues, we
investigate regions across Shaanxi, a province with an average annual
solar insolation of 1505 kWh/m?/year. Most rural households in
Shaanxi Province have wells and many have solar PV already Fig. 1
installed (an example arrangement is shown in Fig. 3). The natural
height of the well water and the height of the house provide a height
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Fig. 1. The location of Shaanxi Province and the elevation across the region.
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Fig. 2. (a) Solar power generation system and wells on a rural household in Shaanxi Province. (b) A solar power generation system on the roof above the well shown
in the red rectangle in the photo. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

difference (termed ‘head’ in hydropower installations) that can be used
to both generate energy from falling water but also allow the pumping of
water using solar PV when excess power is available. We term the
arrangement here Photovoltaic-powered Pumped-Hydro generator sys-
tems (PV-PHs) (see Fig 2).

Flexibility and techno-economic analyses have been conducted for
large-scale grid-connected, off-grid, and irrigation-based PV-PH sys-
tems. Grid-connected systems have been shown to improve energy se-
curity across many studies in both high- and low-income settings
[12-14]. Yan et al. [15] found that the levelized cost of energy (L¢cg) of a
PV-PH system in China was much lower than local desulfurized coal
electricity. In off-grid settings PV-PH systems have been found to be
cheaper than alternatives, for instance Ma et al. [16] found that an off-
gird PV-PH system on a remote island off Hong Kong provided reliable,
cheap power. There have been several studies investigating energy-the
use of PV-PH for irrigation. For example, Yu et al. [17] investigated

the feasibility of irrigating cassava using PV-PH in Guangxi while
providing power to the community. Campana et al. [ 18] also studied the
potential ability of PV-PH for grassland irrigation in Qinghai Province.
The results show that the food irrigated with photovoltaic water
pumping technology is already competitive with imported food. In sum,
PV-PH systems have been shown to provide affordable electricity and
irrigation services.

Previous work has focused largely on large-scale PV-PH systems.
However, smaller systems are more attractive in rural regions due to
lower construction costs and small sizes. Some researchers have inves-
tigated the potential for micro-PV-PH systems, for example as applied to
high-rise residential buildings [19]. Several studies have investigated
the potential for micro-PV-PH systems in Africa and India [20-23].
However, few studies evaluate the economic and technical feasibility of
a PV-PH installation in rural areas by households and none have
analyzed the potential for PV-PH systems using wells. To fill this gap,
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Fig. 3. (a) a PV-pump used in agricultural irrigation. [18] (b) A rendering of a household PV-PH system.
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Fig. 4. The operating principles of the photovoltaic-pumped hydropower generating system.
eight techno-economic indicators are investigated for PV-PH systems Method
integrated with family wells and buildings. The analysis is conducted
across Shaanxi province, a key area of policy interest for ensuring reli-
able, affordable energy in rural China.

Five sub-system elements of the PV-PH storage and generator system

System layout
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Table 1

The basic parameters of the pump.
Characteristics Value Unit
Power 950 w
Suction Head Lift 9 m
Maximum Flow Rate 4.2 m®/h
Top Lift Head 42 m
Size Of Inlet And Outlet 32 mm

Table 3

Basic parameters of hydro generator.
Characteristics Value Unit
Power 3000 w
Water flow rate 0.03 m/s
Revolutions Per Minute 1500 r/min
Height Of Water Head 10-25 m
Efficiency 75 %

are modeled by MATLAB: PV modules, DC-DC converter, centrifugal
pump, hydropower generator and an upper water tank acting as the
energy storage (see Fig. 3 for an example layout (not for hydropower)).
The upper water tank releases water when the PV array cannot meet
residential demand. Given roof structures, in rural regions, the
maximum load of water pressure is 1.5 m [24]. For a conservative es-
timate to avoid structural loading, a closed, airtight, upper water tank
with a height of one meter is assumed in this study. The PV modules are
installed on the water tank’s upper surface to take full advantage of the
roof area. The penstock is arranged perpendicularly to the residential
house wall and the inverter is integrated into the PV array. The house-
hold buys electricity from the power grid when the system output cannot
meet load demand and sells electricity to the power grid when there is a
surplus.

The PV-PH system using four operating modes are modeled by
MATLAB: pumping water, draining water, selling electricity to the
power grid, and buying electricity from the grid. The switching of these
modes depends on the output power of the PV array, the power of the
generator, the water content of the water tank, and local electricity
demand. The key to identifying the different system operation principles
is to compare the value between PV outputs and the load demand of the
family (see the schematic in Fig. 4).

An optimally-tilted fixed PV array consisting of Jinkosolar Ltd is
assumed in this study. Panels with a rated power of 455 W and efficiency
20.89% (model: JKM455M-72HLM-BD, see key parameters in Table 1).
The capital cost of the PV array is assumed to be 1.6 CNY/W [25]. The
calculation of the electrical output of the PV array follows standard
modeling (for full details see the SI). The pump water storage system is
composed of pumps, generators, upper water tanks, lower water tanks,
and penstock. [19] The pump and generator are considered as one
module. The height of the water pumped up in one hour in the upper
water tank (in m) is given by:.

Poump % 3.6 x 10°

hp =
i X gxh xS

(€Y

Pwater

where, Ppynp is the output power of the pump; pyater is the water density;
g is acceleration under gravity; h; is the height between the upper water
tank and lower water tank and S is the area of the roof water tank. Some
pump parameters are assumed in this study, including the pump has a
power of 950 W, suction head lift of 9 m, maximum flow rate of 4.2 m3/
h, lift head of 42 m and size of inlet/outlet of 32 mm. If the PV array
cannot meet household electricity demand, and if there is water in the
upper water tank, then the generator will produce electricity to meet
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demand. The output of the generator is determined by the rated output
power of the generator and the energy conversion efficiency of the
generator. A generator efficiency of 0.75 with a rated output of 3000 W
is assumed in this study (the specific model is JET-G17-37 made by KL
Ltd).

Generator power is given by:

0'75h2pwarergh 1S

Pgenemmr = w (2)
or
Pgenem/ur = Pmle—ou/pm 3

When the water in the upper water tank cannot generate enough
electricity to meet the household load demand in an hour Eq. (5) will be
used where h is the water height of the upper water tank and other
parameters indicate the same as in Eq. (4). Eq. (6) is used when the water
in the upper water tank generates enough electricity to meet household
load demand in an hour. In Eq. (6), the Prate-output is the rated output of
the generator of 3000 W. Hydro generator specific parameters as shown
in Table 3.

The state of charge for the water tank is reflected by the water level
of the upper water tank. If the electricity generated by the solar PV
exceeds load demand, the water level in the water tank rises. In the
reverse situation, the water in the upper water tank is used to generate
electricity and the water level drop if the solar PV does not meet the
household load. If the output of the PV array exceeds the load demand of
households, then:

Ppv — Pioad)
hy = 3.6 x 10207~ Prosa) 4
2O g @
Otherwise:
(Pioaa — Ppv)

hy = hhef()m —3.6 x 10° 5)

0750 081 S

where the hpefore is the previous hour’s water level, and the initial water
level is set to zero. Pjoaq is the hour household electricity consumption,
which is obtained by the dataset of household electricity profile.

Simulation data

Shaanxi is located in central China and consists of ten prefecture-
level regions (see SI for full details). Shaanxi experiences a subtropical
monsoon climate in the south and a temperate monsoon climate in the
north, with sufficient solar radiation and abundant precipitation. In the
rural areas of Shaanxi, most households are detached with two or three
floors and a yard. Solar radiation data are obtained from SolarGIS. Long
term yearly average of direct normal irradiation in Shaanxi Province is
shown in Fig. 6 SI 1.2. Load profiles are obtained from public data [26]
recording the electricity consumption data of a family in the past year at
a minute resolution (which is aggregated to the hourly timestep used
here) (see figures in Fig. 5(a) SI 1.2 and Fig. 5(b) SI 1.2 for more details).

Optimization algorithm

The size of the system must be optimized for households. Different
optimization methods, such as intuitive [27,28], analytical iterative
[29], and Numerical [30-32], artificial intelligence based [16,23,33,34]
methods have been used to size different energy systems. Among arti-
ficial intelligence method, GA [16,34] and PSO [23,33] algorithms are
the most widely used. Compared with the GA algorithm, the PSO algo-
rithm has a faster convergence speed, but the PSO algorithm is easier to
fall into a local optimal solution than the GA, and the algorithm is also
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Fig. 7. Flowchart of the system-sizing optimization.

unstable. Therefore, Genetic Algorithm (GA) is used to solve this multi-
objective optimization problem. The optimal size of the PV-PH system is
transformed into a multi-objective optimization problem based on two
objective functions: the Payback Period (PBP) and Hours Sold to the Grid
(HSG). A smaller indicator of PBP means a quicker break-even period on
the investment for the family and a higher Hgg results in greater income
due to more hours of generation sold to the grid. Increasing the value of
Hgg generally requires more solar photovoltaic panels. However, using
solar panels with higher conversion efficiency or installing more solar
panels leads to increased costs and further increases the payback period
Pgp so the two objective functions are inversely related. The relationship
between the two is optimized using a genetic algorithm, as shown in
Fig. 7. GA include three basic genetic operators: selection, crossover and
mutation.

Selection

The process of selecting superior individuals from the group and
weeding out inferior individuals is called selection. Roulette wheel se-
lection is the simplest and most used selection method. In this method,
the selection probability of each individual is proportional to its fitness.
Suppose the population size is n, and the fitness of individual i is f;. The
probability of i being selected is:

pi=fil>_f ©)
J=1
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Obviously, the probability reflects the proportion of the fitness of i in
the total fitness of the entire group. The greater the fitness of an indi-
vidual, the higher the probability of being selected, and vice versa.

Crossover

Crossover is to select two individuals from the population to cross
over to obtain a new individual with a certain probability. Real number
coding is used in the article, so the real number crossover method is used
for crossover. The crossover operation method of the mth chromosome
am and the nth chromosome an at the i-th position is as follows, where b
is a random number between [0,1]

Qi = Api(1 — D) + anib
{ a, = a,,,»((l — b))+ alb ao
Mutations

Mutation is the process of randomly selecting an individual from the
population to mutate with a certain probability to obtain a new indi-
vidual. For example, to mutate the nth gene of the mth individual, the
method is as follows

a — { A+ (amn - amux) Xf(g)7
i A+ (am[n - amn) Xf(g)‘

r>0.5

r<0.5 an
where the upper bound of the gene a;y is amax, f(8) =121 — 8/Gmax), gis
the current iteration number, G4 is the maximum evolution number, r
is a random number between [0,1], 7 is a random number.

Termination condition

When the fitness of the optimal individual reaches a given threshold,
or the fitness of the optimal individual and the group fitness no longer
rise, or the number of iterations reaches the preset number of genera-
tions, the algorithm terminates.

In this research, three key parameters are selected as decision vari-
ables: the number of PV arrays, the size of the water tank, the height of
the head. According to our previous assumption that the height of the
water tank is 1 m, the size of the water tank is transformed into the area
of the water tank. Optimize these three decision variables to find the
optimal size of the PV-PHS system. The search area of the decision
variables is [0,30] for both numbers of PV array and the height of the
head and [80,120] for the area of the water tank. Meanwhile, after
making multiple attempts to optimization the program, the number of
generations is set to 50 to ensure the stability of the solution. The rec-
ommended values of the mutation factor and crossover rate are 0.8 and
0.2, respectively.

Here, three key parameters are selected as decision variables (upon
which crossover and mutation can happen): the number of PV arrays,
the size of the water tank, the height of the head. According to our
previous assumption that the height of the water tank is 1 m, the size of
the water tank is transformed into the area of the water tank. Optimizing
these three decision variables results in the optimal size of the overall
PV-PH system. The search area of the decision variables is between 0 and
30 PV panels. Between 80 m and 120 m for the head height (height
between well water and roof) and X to Y for the area of the water tank.
The algorithm is run for 50 generations. The recommended values of the
mutation factor and crossover rate are 0.8 and 0.2, respectively. The
calculated result using genetic algorithm is composed of many optimal
solutions for different roof sizes and well depths. The set of these optimal
solutions is the Pareto front [35]. From a practical engineering point of
view, the Pareto front has many solutions (there are 100 initial pop-
ulations in simulations, and 35 sets of optimal solutions). However, it is
necessary to select the most suitable model parameters to promote the
PV-PH system. Here one solution is selected by MCDM method to
evaluate the system cost, emission and energy security impacts.
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Table 5

The initial cost of the PV-PH system in 2021.
Physical meaning Cost Unit
PV array 1.6 W/CNY

728 array/CNY

Pump machine 418 CNY
Penstock [37] 150 CNY
Control center [38] 1258 CNY
Digging a well [39] 120 m/CNY
Reservoir [19] 110 m®/CNY

Economic and technical evaluation indicators

Eight indicators are used to evaluate PV-PH systems including 4
economic indicators and 4 technical indicators. The 4 economic in-
dicators include: Pgp, non-discounted payback period, Igrg, internal rate
of return, Log, levelized cost of energy, and Nj; Net margin. The payback
period in capital budgeting refers to the time required to recoup the
funds expended in an investment or to reach break-even. A shorter
payback is better for the investor. this is computed as a combination of

Energy Conversion and Management: X 11 (2021) 100108

where Cpy is the cost of PV panels; Cpymp is the cost of pump; Ceenerator iS
the cost of generator; Cpenstock is the cost of penstock; Cyaer-tank is the cost
of water-tank; Ccontrol-centre 1S the cost of control center. Cpgintenance-cost iS
the cost of maintenance. Cgg is the government subsidies, which is
1CNY/W in Shaanxi province [36]; Cag is the Annual revenue (see
Table 5).

The internal rate of return discounts the costs in the payback time by
inflation and is computed for when:

0 =

t:

Ty © o

T C,
=1
where, the period t is set to 25 years, the usual guarantee length of PV-
PH systems. C; is the net cash inflow during the period t. Cy is the initial
investment cost. The L¢g gives the average net present cost of electricity
generation for a generating plant over its lifetime. It is calculated as the
ratio between all the discounted costs over the lifetime of an electricity
generating plant divided by a discounted sum of the actual energy
amounts delivered [2]:

Cini — Coup + Z::z g Cai

capital costs: Lcp = g (14
1=1 Ef
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Table 6
Scenario definition of the PV-PH system. Sy, Hry, and Pyy refers to the size of
the water tank, the height of the head, and PV Number.

City Scenario 1 Scenario 2 Scenario 3
Swr Hru Pyn Swr Hry Pyn Swr Hiy Pyy
XA 120 30 20 120 30 28 120 30 15
YL 120 30 20 120 30 28 120 30 15
WN 120 30 21 120 30 28 120 30 30
YA 120 30 19 120 30 27 120 30 25
XY 120 30 21 120 30 30 120 30 28
SL 119 30 21 120 30 30 119 29 18
AK 120 30 20 120 30 28 120 30 15
HZ 120 30 20 120 30 15 119 30 20
BJ 119 30 19 120 30 25 116 29 15
TC 118 30 20 120 30 30 116 30 16
[ Parameter setting }
I
v
Initialize Initialize population }
v
For each individual vector of
S, compute HSG,PBP
Normalization of HSG PBP]
Compute aggregatlon
function
Migration
v Migration Fraction:O.Z

Cro%s

Calculate fitness function
Crossover Fractlon 0.8

Selection }

Gen<Gen
Max(50)?

Best individual

Fig. 9. Energy flow of the PV-PH system within a year in three typical sce-
narios. (a) Scenario 1: Energy flow of the load consumption (b) Scenario 1:
Energy flow of the PV system (c) Scenario 2: Energy flow of the load con-
sumption (d) Scenario 2: Energy flow of the PV system (e) Scenario 3: Energy
flow of the load consumption (f) Scenario 3: Energy flow of the PV system.
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where E, is the electrical energy produced in the year, assumed to be the
same value in every year. Cpyg; is the cost of maintenance for the PV
system, set to 0.025 CNY/W/Year [40]. Ny refers to the annual net
margin. This indicator can intuitively reflect the situation in which rural
residents can benefit from the PV-PH system. The more profits are made,
the stronger the residents’ willingness to invest. Ny the calculation
formula is as follows:

Ny = AFG - PEG (15)

where AFG is the Annual profit from selling to the grid, PEG is the price
of buying electricity from the grid each year. The remaining 4 technical
indicators include the amount of time electricity is sold to the grid Hgg
(in hours), PV output Pyp (in Wh), the number of hours when electricity
is purchased from the grid Bpg (in hours), and the volume of pumped
water through a year Pygwy (in m3).

Results

Section “Optimization results and energy flow analysis” is about the
results of the system optimization and then analyses the load and gen-
eration dynamics of the system. Section “Eight indicator map visuali-
zation” provide the results of the 8 indicators and finally, Section
“Sensitivity analysis” is about a sensitivity analysis to explore the in-
fluence of system variables on the economic performance of the PV-PS
system.

Optimization results and energy flow analysis

The optimal solution for the system arrangement is shown in Fig. 8,
balancing the payback period and hours of exported solar to the grid.
The payback period is between 6 and 9 years across province regions.
The payback period across all regions is much lower than estimates for
India using PV-PH at 15 years [23]. The distribution of Hgg is very broad,
from 500 to 1200 h. When Hgg is above 1000 h, electricity is sold to the
power grid for profit about one-fifth of the year.Fig. 10.

The energy flows for each prefecture are given in Table 6. The spe-
cific results of the energy flow of the PV-PH system within a year are
shown in Figs. 9 and 10. Specific size parameters are shown in Table 6.
We choose the selected point as Scenario 1, the upper right in Pareto
curve as Scenario 2 and the bottom left point as Scenario 3.

As shown in Fig. 9(a), 42%-45% of electricity is directly from the
solar photovoltaic panel, 16%-23% is purchased from the power, and
34%-38% is from the water tank. The PV-PH system meets approxi-
mately 80% of the household’s load. For the PV output, about 14%-15%
of electricity generated by photovoltaic panels is lost. This is due to the
friction loss between mechanical devices in the process of pumping
water and discharging water. About 33%-36% of electricity is directly
supplied to the family load. 27%-30% of electricity is discharged to the
pumped storage of the water tank, and about 19%—26% of electricity is
sold to the power grid. So this part of the energy flowing into the PV-PH
system has a greater loss, and the proportion of this part of energy is

—o—WN YA

XY TC
——HZ —e—SL
—— XA —e—BJ
—o—AK ——YL

® Compared Point

PBP(year)

Fig. 10. Energy flow of the photovoltaic-pumped hydropower generating system in different cities.



Z. Yang et al. Energy Conversion and Management: X 11 (2021) 100108
Percentage_PV Percentage_grid Percentage_tank Pv to loss ?v to load dlrectls‘/ Pvto Ioag indirectly ) Pv to grid
HZ  4205% ‘ ‘ 23.69% ‘ ‘ 3426% | HZ 1521% | 36.56% | 29.79% [ 1845%
TC  4448% ‘ | 1867% ‘ 36.85% | TC 1482% | 3536% | 29.29% | 2053%
WN 4524% : 16.65% | 38.11% | WN  14.30% | 3B81% 28.48% | BA%
BJ 4266% | 2.8% | 34.52% Bl  14.97% | 3590% | 29.53% | 1961%
SL 45.18% : 16.84% : 37.98% SL 14.29% | BI% 2843% | BAT%
AK  4278% | | 22.49% | 3473% | AK  1516% : 36.73% | | 29.82% [ 1829%
YA 4637% | 15.46% | 38.17% | YA 1443% | 3482% 28.66% | 2209%
YL 4728% : 13.35% | 39.37% YL 13.71% | 3286% 27.36% | 26.08%
XY | 4524% | : 16.12% | 38.64% | XY 1436% | 334T% 2859% | 2358%
XA 43.56% ‘ 2054% ‘ 3591% | XA 1491% ‘ 3571% | 29.44% | 1994%
(a) (b)
Percentage_PV Percentage_grid Percentage_tank Pv to loss Pv to load directly Pv to load indirectly Pv to grid
HZ 38.88% 33.97% 27.15% HZ = 1657% 45.07% 31.47% 6.89%
TC 47.60% 9.42% 42.98% TC 11.03% 2522% 22.78% 4097%
WN 47.42% 10.02% 42.57% WN  11.56% 26.58% 23.86% 38.00%
BJ 44.83% 16.22% 38.94% Bl  1330% 31.07% 26.98% 28.66%
SL 47.81% 9.18% 43.00% SL 10.88% 25.05% 22.53% 41.54%
AK 4547% 14.93% 39.60% AK | 1230% 28.92% 25.19% 33.59%
YA 44.80% 21.09% 34.11% YA 15.65% 39.95% 30.42% 13.98%
YL 46.45% 16.38% 37.17% YL | 14.59% 35.87% 28.70% 20.84%
XY 47.81% 8.75% 43.44% XY 10.83% 24.76% 22.50% 4191%
XA 46.10% 13.09% 40.81% XA 12.00% 28.00% 24.79% 3522%
(© (d)
Percentage_PV Percentage_grid Percentage_tank Pv to loss Pv to load directly Pv to load indirectly Pv to grid
HZ 42.05% 23.76% 34.20% HZ | 15.15% 35.56% 29.73% 18.56%
TCc 42.19% 2629% 31.51% TC | 1628% 41.92% 31.31% 10.48%
WN 47.85% 8.91% 43.24% WN 10.90% 25.04% 22.62% 41.44%
B 40.10% 31.73% 2817% B) | 1637% 44.46% 31.23% 7.94%
SL 43.71% 21.77% 34.52% SL | 15.42% 38.17% 30.14% 1627%
AK 39.64% 32.92% 2743% AK | 1659% 45.39% 31.41% 6.62%
YA 48.33% 8.93% 42.74% YA 1191% 27.58% 24.39% 36.12%
YL 44.71% 22.07% 3321% YL | 1590% 4143% 30.77% 11.90%
XY 47.39% 9.75% 42.85% XY | 11.46% 26.30% 23.78% 38.46%
XA 40.51% 30.62% 28.88% XA | 1659% 44.28% 31.57% 7.56%

(e)

()

Fig. 11. Techno-economic Evaluation of a PV-PH System. (a) The payback period (Pgp) (b) The internal rate of return (Izg) (c) The Levelized cost of Energy (Lcg) (d)
The net margin (Nj,) (e) The hours sold to grid (Hsg) (f) The PV output (Pyo) (g) The hours buy from to the grid (Brs) (h) The PHS pump water (Pysw).
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Fig. 12. The relationship between the eight indicators for ten prefecture-level cities in Shaanxi of China. (a) Technical Indicators, including the hour sold to the grid
(Hsg), Indicator of PV output (Pyo), Indicator of Buy from the grid (Brg), Indicator of Pumped capacity (Pysw) (b) Economic Indicators, including the internal rate of
return (Irg), the levelized cost of energy (Lcg), the payback period (Pgp), and Indicator of Net Margin (Nyp).



Z. Yang et al.

Energy Conversion and Management: X 11 (2021) 100108

Ny

@

Fig. 13. Correlation analysis of four evaluation indexes.

—0— Hgg —® Pysw —© Bpg © Pyo

TC 1 SL

YL

~o Ipgg —® Leg o Pgpp —— Ny

YL

(a)

(b)

Fig. 14. Sensitivity analysis of the PV output, power load, water height, and electricity price on indicators of the hour sold to the grid (Hsg), the payback period

(Pgp), the internal rate of return (Irg), and the levelized cost of energy (Lcg).

reduced as much as possible for households. For scenarios 2 and scenario
3, the energy flow of the PV-PH system changes greatly. For example, in
scenario 2, 33.97% of the load demand of HZ is met by the power grid,
while only 8.75% of the load demand of XY is met by the power grid. The
same trend is also shown in the energy flow chart of photovoltaic. For
example, in scenario 2, only 6.89% of the electricity generated by
photovoltaic is sold to the grid at HZ, while the proportion is as high as
41.54% in SL. This reflects that the different size of the PV-PH system
has a very significant impact on the energy flow and load demand of the
family.

Eight indicator map visualization

There are some economic and technical indicators to reflect the
economic and technical feasibility of the system. Lin S. et al. [19] use
economic and technical three indicator (self-consumption rate (SCR),
self-sufficiency rate (SSR), PBP) to evaluation model. However, this does
not fully reflect the economic and technical nature of the system. For
example, it is difficult to reflect the relationship between the investment
income of the system and the local inflation rate, and it is also difficult to
reflect whether the local area can vigorously promote the PV-PH system
to replace the local thermal power station. Therefore, more indicators
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Fig. 15. Sensitivity Analysis of Electric Habits about four indicators.

Table 2

The basic parameters of the PV module (Type: JKM455M-72HLM-

BD).
Characteristics Value
Open circuit voltage (Vo) 49.76 V
Optimum operating voltage (Vmp) 4159V
Short circuit current (Isc) 11.63 A
Optimum operating current (Ipp) 10.94 A
Maximum power at STC(Pyax) 455 W

Table 4

The geographical location of 10 prefecture-level cities in Shaanxi Province.
City Latitude Longitude Altitude
XY 34.11 107.38 390
SL 33.88 109.96 700
AK 32.7 109.02 280
BJ 33.35 106.18 590
YA 36.59 109.49 970
YL 38.8 109.77 1150
HZ 32.08 105.30 510
WN 34.13 108.5 380
XA 33.42 107.4 420
TC 35.34 109.29 680

are try to used to evaluate the economic and technical feasibility of the
system. In this subsection, eight indicators, including four economic
indicators: the payback period (Pgp), the internal rate of return (Irgr), and
the levelized cost of energy (Lcg), Net Margin (Ny), and four technical
indicators: the hour sold to the grid (Hsg), PV output (Pyp), Buy from the
grid (Bpg), the pumped water (Pysy) are used to evaluate the techno-
economic performance of the PV-PH in Shaanxi Province. The ob-
tained results are shown in Fig. 11.

As shown in Fig. 11, the payback period in Shaanxi is among 6-9
years and this PBP within the acceptable range. The lowest is 14.5% in
HZ and the highest is 18.85% in YL. This is far higher than the China’s
average inflation rate (2%-3%) as well as far higher than Bank of
China’s interest rate (4%-5%), which indicates that this investment is
worthwhile. The distribution range of L¢g in Shaanxi Province is 0.23
kWh/CNY to 0.29 kWh/CNY, which is lower than the power price of
desulfurized coal (0.3545 kWh/CNY) in Shaanxi Province. The Ny is
between 300 and 500 yuan, which is a considerable income for a family
in Shaanxi. These four economic indicators show that the PV-PHS sys-
tem in Shaanxi Province has good economic effects and is suitable for
promotion in Shaanxi Province. The lowest Hgg is 547.09 h in HZ and
the highest is 1077.42 h in YL, which means almost one-ninth of a year is
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to supply power to the power grid in YL. The lowest Pyq is 4176.50 kWh,
and the average daily power generation exceeds 10 kWh, which means
that the daily power generated by photovoltaic panels exceeds the
average daily power consumption of the family. The highest Brg is 1690
h in HZ and the lowest is 953 h in YL. The lower Brg means the PV-PH
system the higher the technical feasibility. The highest PHSW is 28253
m® in YL and the lowest is 23195 m® in HZ. The more water is pumped,
the more energy loss in the system. Four technical indicators show that
this PV-PHS system has good technical potential in Shaanxi, and the
system is operating in good condition.

To obtain the relationship between the eight indicators, Fig. 13 is
plotted to obtain the situation of the eight indicators in the ten typical
regions of Shaanxi Province.

From Fig. 12 (a), the indicator Hgg varies in different regions. The
cities of WN and YA have up to 100%, which are the two regions with the
highest hours’ number of annual electricity sales in all regions. The Pysw
of XY and SL have higher values and little difference, indicating that
these two regions have the most water pumped by pumped energy
storage devices each year, and pumped energy storage devices also
generate more electricity than other regions at night. The Pyp of
different regions are also different, which is directly related to the cli-
matic conditions of regions. Among them, YL has the most photovoltaic
power generation in all regions, followed by XY, SL and YA, but the
photovoltaic power generations in AK, HZ and BJ are very low. Because
the photovoltaic power generations in these cities are not high, resident
households need to buy more electricity from the power grid in order to
meet electricity consumption of families, so the indicator BFG in AK, HZ,
and BJ is very high. In addition, the photovoltaic power generation is
first supplied to pumping water storage devices for pumping water,
leading to the indicators Pyp and Pyswy have a positive connection.
Hence, it is seen that the regions with high Pyo and Pygw or low Pyg and
Pysw, which is in line with the expected work effect of this PV-PH
system.

From Fig. 12(b), it is seen that there is a big gap between the four
indicators in different regions. Among them, YL has the highest value of
Irr among the ten cities, indicating that the application of the PV-PH
system in this city has the best ability to resist economic risks. At the
same time, the indicator PBP has the lowest value among these cities,
and Ny has the highest value, indicating that the YL's PV-PH system has
the shortest payback period and the highest net income to local resi-
dents. L¢g represents the cost of electricity per kilowatt-hour of the PV-
PH system under the constraints of various external conditions such as
light resource conditions and electricity price policies. YL also has the
lowest value among these cities, so it is considered that the application
of PV-PH system in YL area has very good economic advantages. The
four indicators of XY and TC are quite satisfactory, but the performance
of XY is better than that of TC. The values of indicators Ny; and Izg are
higher than that of TC, and L¢g and Pgp are both lower than TC. The
indicators Ny, Lcg and Ppp for SL are very similar to XY, but its Igg is
much lower than that of XY. This indicates that the PV-PH system in SL is
far less able to resist economic risks than XY.

The correlation matrix of the four indicators is investigated to reveal
their relationship, as shown in Fig. 13.

From Fig. 13, the indicators of Pygy and Bpg show a strong negative
correlation, and Pyp and N); show a strong positive correlation. Igg and
Ppgp are completely negatively correlated. Bgg is positive correlation with
Ppp and strongly negative correlation with Py and Nys. Ny show positive
correlation with Pgp.

Sensitivity analysis

The usage habit of a household’s electricity is different, so a house-
hold’s electricity consumption is probably not 10 kWh/day. Rural areas
in some parts of Shaanxi Province in China may not suitable for such
high-water heads, or the electricity price in Shaanxi Province may in-
crease or decrease during the life cycle of the PV-PH system. Or would it
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Fig. 5. Family load characteristics of the load profile.

0%
0 -50%
Change Range(percentage)

(a)

Hours

0 -50%
Change Range(percentage)

(©

Hours

20%
£ 18%

16%

0%
0 -50%
Change Range(percentage)

(®)

Hours

0%

0 -50%
Change Range(percentage)

@)

Hours

Fig. 6. Annual average solar irradiation and temperature of Shaanxi Province in China.

11



Z. Yang et al.

be better to wait a few years for solar photovoltaic panels to become
more efficient and then promote this system? If so, how much revenue is
added? Is it worth discarding these benefits and promoting the system
right now? In this subsection, the sensitivity analysis is introduced to
answer these questions. In this study, the sensitivity analysis of some
core variables is analyzed. The selected core variables include the PV
output, power load, water height, and electricity price. The output of the
sensitivity results is selected as Hsg, Irr, Ppp, Lce. The sensitivity analysis
results are shown in Fig. 14.

For the variable of power load, as shown in Fig. 14(a), it has a great
impact on the indicators of Hgg, Iggr and Pgp expect Lcg. As shown in
Fig. 14(b), it is worth noting that the increase of household power
consumption cannot lead to a large increase of Pgp. While the household
power consumption is reduced, it can significantly shorten Pgp to about
five years, which is really an investment with a short payback time.
Nevertheless, these two indicators still show good levels. As shown in
Fig. 14(c), the sensitivity of the power load also shows a similar trend for
Igg. If the user’s home power consumption increases, the Igg cannot
significantly reduce (about 15%); but if the user’s home power con-
sumption is reduced, it significantly increases the Iggr (about 25%).
Fortunately, Irg always far exceeds the bank’s interest rate. It is meaning
that this is a very worthwhile investment. As shown in Fig. 14(d), the
increase of power load significantly reduces the value of Hgg, but the
number of hours sold to the grid each year probably be more than 500 h.

For the output power of the PV-PH system, it has a significant impact
on the indicators of Hgg, Irg and Ppp and L¢g. Specifically, when the PV
output changes from —50%to +50% of PV’s rated power, the four in-
dicators are more than three times as large as before. Therefore, if the
household economy is poor, the return of investment could be better if
the efficiency of the photovoltaic power generation increases after a few
years.

For the water height of the surge tank, as shown in Fig. 14(a), it
shows a small impact on L¢g. With the increase of head height, the in-
dicator L¢g shows a very limited changes varying from 0.24 to 0.27. Hgg
decreases with the increase of head height, and the range of variation is
large, from 1100 to 680, as shown in Fig. 14(d). Pgp decreases as the
height of the water head increases, and the minimum value reaches
about five years, while Irg increases as the height of the water head
increase, up to 22%, as shown in Fig. 14(c) and (d) respectively.

Based on the above sensitivity analysis, the economic indicators of
the PV-PH system are still within a reasonable and acceptable range
even if the household power load changes. Therefore, the PV-PH system
is suitable for popularization in Shaanxi Province. In its life cycle, the
rise of electricity price helps to significantly improve the economic
benefits for the household. The height of the water head has an impact
on the economic indicators of the PV-PH system. Just like the change of
electricity load, the change of economic indicators is still within a
reasonable range under the boundary conditions in Shaanxi Province. In
addition, the solar energy is quite sensitive to the changes of the four
indicators. Therefore, consider the solar energy situation in this area
should be considered and evaluated if the household are spreading it in
other parts of China.

In addition, the habit of electricity consumption is different for
households. Hence, the sensitivity performance of household electricity
consumption is investigated, and the obtained results are shown in
Fig. 15.

As shown in Fig. 15(a), increasing power consumption at night and
noon is the fastest way to decrease Hgg. In the process of changing from
—50% to +50%, Hgg dropped from 900 h to 800 h. But in the afternoon,
increasing power consumption around 30’clock and after 100’clock has
little effect on the changes in Hgg. As shown in Fig. 15(b), the increase of
electricity consumption at night leads to a quickly drop of indicator Igg,
but the increase in electricity consumption during the day, especially
around 9 am and 3 pm, cannot reduce the Igg much. As shown in Fig. 15
(c), the change in power consumption has no effect on Log. As shown in
Fig. 15(d), the less power consumption, the shorter Pgp value. Increasing
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power consumption at night significantly increases the value of Pgp. But
even if it increases by 50%, Ppp increases by about 1 year, and Pgp is still
within the acceptable range.

Discussion and conclusion

In this study, the feasibility of a photovoltaic-pumped hydropower
generating system is proved to be used in rural residential households
with wells. The studied system in this research is focused to apply to
Shaanxi Province in China. The genetic algorithm is used to optimize the
number of photovoltaic arrays, the size of the water tank, and the height
of the water head to find the suitable techno-economic performance of
this system in different prefecture-level cities of Shaanxi Province. To
achieve this goal, eight techno-economic indicators, including the hour
sold to the grid (Hsg), the PV output (Pyp), the hours bought from the
power grid (Bgg), the pumped capacity (Pysw) (b) the internal rate of
return (Igg), the levelized cost of energy (L¢g), the payback period (Pgp),
and the net margin (Npy). Four main conclusions are concluded. First, the
range of Ppp in ten prefecture-level cities changes from 6.41 years to
8.14 years, and the range of Ny is from 314.2 CNY to 541.61 CNY. The
range of Hgg is from 547.09 kWh to 1077.42 kWh, and the range of B is
from 953.00 kWh to 1690.00 kWh. Among the ten cities, the system in
Yulin, Yanan, Xianyang and Shangluo have the best comprehensive per-
formance from the eight major indicators. The system in Weinan,
Tongchuang, and Baoji shows a better performance, while the system in
Ankang and Hanzhou has the worst performance. Second, from the en-
ergy flow analysis, the system meets about 4/5 of the household’s
electric load, and the variables of the system have a significant impact on
the household energy flow and load demand. Specifically,

(1) The change of household’s load demand has no effect on L¢g, but
it has a great impact on Igg, Ppp and Hgg.
(2) When the power output of the photovoltaic panel changes from
—50% to +50%, the four evaluation indicators (Hsg, Pgp, Irg and
L¢g) change more than three times. Therefore, this system is more
suitable for promotion in places with more sufficient sunlight.
The height of the water head has little impact on Hgg. It has a
greater impact on the three indicators of Pgp, Irg and L¢g, but this
impact changes in an acceptable range in tech-economic perfor-
mance. Therefore, this system still brings good economic benefits
to the family even in some one-story rural families.
The electricity price shows a low sensitive to indicators of L¢g and
Hgg. However, the increase of electricity price rapidly shortens
Pgp and increases Igg. Therefore, the increased electric price
brings a better economic benefit to households during the life
cycle of the system.
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In summary, the photovoltaic-pumped hydropower generating sys-
tem is suitable used in rural residential buildings with wells, and it is
suitable for promotion in rural areas of Shaanxi Province.
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Appendix
SI 1 supplementary methods

The nomenclature used in the methods below are listed in Table 1.

Nomenclature

PV-PH The Photovoltaic-Pumped Hydropower Generating System

PWSS The Pump Water Storage System

MCDM The Multi-criteria Decision-Making method

XA XiAn AK AnKang
YL YuLin HZ HanZhong
WN WeiNan BJ BaoJi
YA YanAn TC TongChuang
XY XianYang XA Xi’An
SL ShangLuo YL YuLin
ho The current height of the water tank m

hy The water pump increases the height of the water in the water tank every time the water is pumped m

hy The maximum amount of water that the pump can pump in one hour m

hy Water tank height m

Wo Electric energy required for pumping h1-hO kWh

hg Eg corresponds to the height of falling water hs m

E; Electricity generated by the generator per hour kWh
Ez The electric energy that water at hy height can generate kWh
Spp Solar photovoltaic panel p-u.

Ga Genetic Algorithm p.u

Pgp The payback period pu

Irr The internal rate of return p-u

Lce The Levelized Cost of Energy p.u

Ny The net margin pu
Hsg The hours sold to grid p-u
Pyo The PV output p.u
Brg The hours buy from to the grid pu
Pusw The PHS pump water p.u.

SI 1.1 modelling of solar array

The parameters of the PV array are listed in Table 1. The power output of a PV power generation unit depends on the solar irradiance, ambient
temperature, and the PV panel characteristics. The I-V and P-V curve be plotted using the single-diode model of the solar cell. The relationship
between I and V be expressed as follow:

VIR V + IR
1 = I, —I v =1 —— 6
i 0<€ ) Rl (6)

where Iis the output current(A); I, is the photocurrent or short circuit(A); Iy is diode reverse saturation currents(A) of the panel; Rs and Ry, is the series
resistance(Q2) and shunt/parallel resistances, respectively; V; = nKT/q is the thermal voltage(V); n is known as diode ideality factor; T is the cell
temperature(K); K is Boltzmann'’s constant (1.381 x 10723 J/K); q is the electron charge (1.602 x 107° ©) (see Table 2).

According to the module’s specification, the five key parameters Iy, Io, Vi, Rs, and R;, are calculated under standard test conditions (STC). Then, the
parameters under general operating conditions simply are attained by considering the influences of solar radiation and PV cell temperature. Therefore,
the power output of a PV model be expressed as:

¥ (fv'f‘l%&) Noo (Vi 1
PpV:IAVA :NplphVA—NplovA € s - 1 —lVA i+iR5 (7)
Re “\Ns ' N»

where Ng refers to the quantity of PV modules in series for the studied array and Np refers to the number of PV cells in parallel.
This formula is applied to any number of solar cells in series (Ns), and hence it is not limited to one cell. Namely, if here exist Ny cells linked in
series, and there exist N¢ solar cells in series in each module, then

Ns = Ny X N¢ (€)]
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curve and the maximum power value are obtained in this study.
SI 1.2 supplementary Shaanxi data
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