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Abstract: In the context of global warming and energy shortage, this paper discusses the
techno-economic feasibility of a residential household based on 100% renewable energy in China. The
energy storage life, equipment’s residual value, system shortage capacity and atmospheric pollution
emissions were considered comprehensively. A life cycle evaluation model based on the net present
value (NPV) was built. Taking a real household as an example, the levelised cost of energy (LCOE) is
0.146 $/kW and the unmet load is only 0.86%, which has a big economic advantage when compared
with diesel generators. If grid-connected, the system can bring $8079 in 25 years when the LCOE
is —0.062 $/kW. The effects of the allowed shortage capacity, renewable energy resources, battery
price and the allowed depth of discharge on the economy and energy structure were examined. For
example, due to the features of the residential load, the influence of wind resource richness is more
obvious than the irradiance. The maximum depth of discharge has less impact on the economy.
This paper verifies the techno-economic rationality and feasibility of 100% renewable energy for
a household.

Keywords: residential household; renewable energy; techno-economic feasibility; net present value
(NPV); sensitivity analysis

1. Introduction

With the consumption of a large amount of fossil fuel, various environmental problems have
become increasingly severe [1,2]. Many countries, like China, need to increase their share of renewable
energy in total electricity generation and optimize the existing energy structure [3,4]. Moreover,
there is still 22.5% of the rural population without access to electricity in 2016 globally [5]. Since the
wind/solar/battery hybrid power system (WSB-HPS) can make the most use of renewable energy [6,7]
and the market price of small-capacity renewable power generation equipment has dropped significantly,
it is highly possible to establish a 100% renewable energy system for residential households [8]. So, it
is worth to study the techno-economic feasibility for this system.

From the aspect of system optimization, electricity economic benefit, power supply reliability,
and environmental benefit are usually considered. Petrillo et al. [9] proposed a model to minimize the
cost of the system throughout the whole lifetime, taking into account purchase costs, installation costs,
and equipment replacement and maintenance costs. Rodolfo et al. [10] additionally considered the
capital recovery factor and used the total cost and electrical power to calculate the unit cost of energy.
Li Chong et al. [11] adopted the total net present value and the levelised cost of energy to analyze the
techno-economic feasibility.

The reliability of the system power supply is mainly calculated based on the amount of load
exceeding the amount of power supply or its ratio of total power consumption [12-14]. In terms
of the environmental benefit, many studies have focused on reducing greenhouse gases such as
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carbon dioxide emitted from diesel generators in hybrid power generation systems [14-17]. There are
mainly two kinds of methods to calculate capacity configuration. Mathematical programming is more
suitable for single-objective optimization problems [18-20]. The heuristic algorithms, such as particle
swarm algorithm and genetic algorithm, are ideal for solving nonlinear problems and multi-objective
optimization [21-24]. Besides, some researchers use mixed integer linear programming to analyze [25].

In terms of system structure and economic analysis, Li Chong et al. [11] performed research on
the off-grid hybrid power system in Urumgqi, China. Based on HOMER software, the effects of ambient
temperature, resident load, and the tilt angles of the photovoltaic (PV) component are considered.
Based on a remote village in India, Sen et al. [26] used four kinds of renewable energy sources for a
hybrid power system. According to different load types such as residential, agricultural, commercial,
and industrial, the optimal off-grid capacity configuration is derived. Celik et al. [27] performed
a new techno-economic analysis for small autonomous hybrid power system under optimization
purposes. Tao et al. [28] presented a detailed feasibility study and economic analysis of a hybrid
solar-wind-battery power system for an island.

To improve energy efficiency, some researchers designed a combined cooling, heating, and power
(CCHP) system [23,29] or a combined heating and power (CHP) system [30,31]. However, for many
households, as in China, the mainly thermal equipment, such as a water heater, is usually powered by
solar thermal radiation or electricity. Moreover, the use of gas turbine will cause CO, emission and
impose high costs of operation and maintenance [32].

Most of the research focuses on a single aspect, such as optimization target design and algorithm
optimization, and lacks comprehensive study on the whole system. For example, when the system is
under continuous cloudy or no wind weather conditions, the insignificance of the battery capacity
will seriously affect the power supply reliability. Also, the different types of equipment need to be
selected according to the load and renewable source. Different from analyzing traditional large capacity
microgrid, the capacity of equipment required by a household is usually fixed and discrete. In the
actual application process, some uncertainties on the energy structure need further sensitivity analysis.

To solve the above problems, this paper uses actual annual weather data to fully consider the
impact of dynamics and random weather on the energy structure. The total net present value (NPV)
model of the system is established by taking into account all factors as much as possible. Taking a certain
region in Hangzhou, China as an example, the best 100% renewable energy structure for the household
is obtained by comparing the NPV and the levelised cost of energy (LCOE). Sensitivity analysis of
the NPV was carried out, and the changes of renewable energy structure under different renewable
resource richness are studied, which provides a reference for the actual planning and operation.

2. Renewable Hybrid Power System

2.1. Wind Power

The wind power capture equation of the wind turbine is expressed as [33]:

an5wt3Cp
Ping = Y (1)

_ @R
A= v

where p is the air density (kg/m?), w; is impeller angular velocity (rad/s), R is impeller radius (m), v is
wind speed (m/s), A is blade top speed ratio, C, is wind energy utilization factor. The wind power
curve describes the actual output power, which is generally provided by the manufacturer under the
rated condition.

Prying = f(V) ()

To ensure the safety of the wind turbines, set the cut-out wind speed v;,4x. The lowest wind speed that
can generate electricity is the cut-in wind speed vy,
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2.2. PV Power

The temperature of the photovoltaic panel is calculated by various factors [34]:

-y &)

T. = Tu"'GT(uL poe

where 7 is the solar transmittance of the cover over the PV panel (%), a is the solar absorption efficiency

(%), Gr is the solar radiation striking the PV panel (kW/m?), 1. is the electrical conversion efficiency (%),

U, is the coefficient of heat transfer to the surroundings (kW/m? °C), T, is the ambient temperature (°C).
The output of the PV panel is calculate as:

G
Ppy = vafpv(—TJ[l +ay(Te = Tosrc) | @)
Gr,stc

where Ypy is the rated capacity of PV panel (kW), fpy is the derating factor (%) which is usually set
to 90% [35], Gt, GT,sTc are the solar radiation on the PV panel at present and on the standard test
condition, respectively (kW/m?), @y is the temperature coefficient (7%/°C), T, stc is the temperature
under the standard test condition (25 °C).

2.3. Energy Storage Battery

The energy storage battery is an essential part of the renewable distributed generation system.
When the battery is charged, the state of charge of the battery is expressed as:

Py At
Sp(t) = Syt =1)(1=0) + Nl —5— ®)
When the battery is discharged, the state of charge of the battery is expressed as:
Pyjs 1At
Sp(t) =Sp(t-1)(1-0) = —— 6
o(H) = Sp(t=1)(1=0) =5 — ©6)

where 1,4, N4is are the charge and discharge efficiency of the energy storage battery, respectively, o is
the self-discharge effect of battery, P, ; and Py;s ; are battery charge and discharge power, respectively,
Q is nominal battery capacity (Ah).

The number of times that the battery is charged and discharged, the depth of discharge and the
output power of the battery can affect the life of the battery. In this paper, the cumulative damage
model is used to characterize the life of the battery. That is the total releasable power during the battery
lifetime [36,37]. av

nom
1000W /kW ) @)
where Qi is the battery life capacity (kWh), f is the number of failure cycles, DOD is the deep of
discharge (%), Vyuom is the battery rated voltage (V). Each discharge action can be converted into a

Qiife = f‘DOD(

discharge amount at a standard discharge depth. When the total accumulated discharge amount
reaches the battery life capacity, it is considered to be replaced.

2.4. Others

To enhance the randomness and authenticity of the data, the volatility « is set according to the
load conditions of working days and weekends in different months of the year. The hourly load data
can be multiplied by a.

a=1+064+06 (8)
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where 0, is the daily disturbance coefficient, 6y is the hourly disturbance coefficient. These coefficients
are extracted from a normal distribution respectively, of which the mean and standard deviation
are zero.

3. System Economic Model

3.1. System Net Present Value and Levelised Cost of Energy

The net present value (NPV) of the system is to convert all income and expenses incurred during
the life of the project to the present value according to the actual interest rate [25], which can be

written as:
Cﬂnn,tot

CRE (i, Ryr) ©)

Cnpy =
where Cuuntor is the system annual total cost ($/year), i is the real interest rate, Ryroj 1s the system
working years. For the convenience of calculation, CRF (i, R) is defined as the ratio parameter to
calculate the present value of an annuity. The calculation formula is as follows:

i(1+0)R
CRF(i,R) = % (10)
(140" -1
The annual average total cost Cppp ot is calculated as:
P
Cann,tot = Z(Cacap,i + Carep,i + CaO&M,i) + Cother (11)
i=1

where Cp,i is the annual purchase cost of device i ($/year), Cyrep,i is the annual replacement cost of
device i ($/year), C,oem,i is the annual operation and maintenance cost of device i ($/year), Coser is
other annual cost. The calculation formula for each part is as follows:

Cacap = Ceap X CRF(i, Ryyoj) (12)

where Cggp is the initial purchase cost of the equipment.

CRE(i, Rpyoj) . .
Carep = cwr,msm(z, Reomp) = S - SFF(i, Ryroj) (13)
Rrem
S = Cpop 1 14
P Reomp (14)
SFF(i,R) = ———— (15)
(1+49)" -1

where Reomp is the service life of the equipment, Ry is the total usage time of equipment that has been
replaced when the project expires. SFF is the sinking fund factor, which is a ratio used to calculate the
future value of a series of equal annual cash flows. S indicates the residual value of the equipment at
the end of the project lifetime, which is related to the remaining service life of the equipment R.;; and

the replacement cost Cyep.
k

Cother = Ces * Ecs + Z ciM; (16)
i

where ¢ is the penalty factor for system capacity shortage ($/kWh), Es is the annual capacity shortage
value (kWh), ; is the financial penalty for pollutant emissions ($/kg), M; is the annual emission of one
particular pollutant (kg/year).
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During the lifetime of the system, the levelised cost of each 1 kWh of electrical energy generated
is given by [6]:

Cann,tot
Eac + Epc + Esae
where E4¢ is the AC load of the system, Epc is the DC load of the system, Eg, is the amount of
electricity that the system sells to the grid.

LCOE =

(17)

3.2. System Operation Constraint

3.2.1. Shortage Capacity Fraction Constraint

For an off-grid system, the annual shortage of electricity L;,s; needs to be less than or equal to the
maximum capacity shortage that residents can accept. The constraint is given below:

f18760 (Pload,t - Ptot,t)dt

8760
ﬁ P load,tdt

Lipss = %X 100% < Lmax (18)

where Py, is the load power at time ¢, Py + is the system output power at time t.

3.2.2. Power Balance Constraint

For a grid-connected system, the amount of power generated needs to meet the load demand at
whole times to ensure the reliability of the user’s electricity.

Pyt + Progat = Pot + Puinat + Ppvi + Paisy (19)

where P, s, Pgjs ¢ are the battery charge and discharge power, respectively, Pyiudt, Ppy;, Pgt are the
wind turbine power, the PV power and the power purchased from the grid, respectively.

3.2.3. Contact Line Power Constraint

For a grid-connected system, there are upper and lower limits on the transmission power between
the grid side and the system. The charging and discharging power of the battery is limited by the
device itself.

p g/min <P gt <P g/max (20)

3.2.4. Energy Storage Battery Constraint

The charging and discharging power of the battery is limited.
0< Pch,t < Pch,max (21)

0< Pdis,t < Pdis,max (22)

where P, max and Pygjs max are the physical bounds of the charge/discharge power.
To prevent irreversible damage caused by overcharge/undercharge, the Sy(t) is restricted by:

Sb,min < Sb,t < Sb,max (23)

where Sy, min and Sp max are the lower and upper bounds of the state of battery, respectively.
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4. Input Data Analysis

4.1. Renewable Resources

This paper takes a general household (120.1° E, 30.3° N) in Zhejiang Province as the research case.
The renewable resource data obtained through the Meteorological Data Centre of China Meteorological
Administration is shown in Figure 1. The local surface roughness is 0.1 m and the elevation is
97 m. When the actual data wind speed is not fine enough, the Weibull k-value, the autocorrelation
factor [38,39] should be considered to describe the wind speed further. According to statistics, the
cumulative time of wind speed over 3 m/s in this area is about 5500 h, and the annual average daily
radiation intensity is 4.07 kWh/m?.
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Figure 1. Year-round weather data of a certain area in Hangzhou.

4.2. Pollution and Punishment Standards

The WSB-HPS is different from traditional thermal power generation and has an apparent
environmental benefit. Therefore, a quantitative analysis of its environmental value is required. For the
grid-connected system, the electricity purchased from the grid is usually from thermal power generation.
The emission coefficient (conventional subcritical coal-fired power plant) and environmental value in
China are shown in Table 1 [40].

Table 1. Thermal power plant pollutant emission coefficient and environmental value standard.

Emissions CO, CcO SO, N TSP
Emission coefficient (g/kWh) 822 0.12 8.55 3.80 0.19
Environmental value ($/kg) 0.0043 0.181 1.087 1.45 0.399
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4.3. Selection of System Equipment

4.3.1. Photovoltaic Equipment

According to the design specifications of PV power station [23], under the off-grid situation, the
inclination angle needs to ensure that the photovoltaic panel receives the largest amount of irradiation
at the lowest irradiance month, which is selected as 53.5°. Under the grid-connected operation, the
inclination angle needs to ensure that the photovoltaic panel receives the largest amount of annual
radiation, which is selected as 26.2°.

4.3.2. Wind Turbine Equipment

The output power curves of different types of wind turbines are different. The complementary
combination can improve the utilization efficiency of wind energy resources and maximize the benefits
of residential residents. According to the actual wind resource condition, three types of wind turbines
were selected as research objects. The output power curves of the wind turbines are shown in Figure 2.

Output power/kW
b

Wind speed/(m/s)

Figure 2. The output power curve of three kinds of wind turbines.
4.3.3. Energy Storage Equipment

The choice of battery capacity is related to the actual load demand and the number of autonomous
days. If the energy storage capacity is insufficient, it will affect the reliability of power supply and
bring adverse effects on battery life. If the energy storage capacity is excessive, the system economy
will be reduced, and additional self-discharge loss will be incurred. Therefore, the average load of
the maximum load month is generally selected as the measurement standard, and the number of
autonomous days is set to two days. The main parameters of the equipment are shown in Table 2.

Table 2. The main parameters of the WSB-HPS equipment.

Parameter Data Parameter Data
1.Battery S-480 2.PV CN-300
Nominal capacity 480 Ah Nominal power 280~305 W
Nominal voltage 6V Standard efficiency 18.6%
Round trip efficiency 85% Temperature coefficient —-0.39%/°C
Max. discharge depth 70% Ground reflectance 20%
Max. charge current 18 A Nominal operating temp. 44 °C (x2°C)
Max. charging rate 1 A/Ah Short-circuit current 972 A
Lifetime capacity 1463 kWh
3.Wind Turbine XG-1 XG-2 XG-3
Nominal power 1000 W 2000 W 3000 W
Rotor diameter 2.8m 3.8m 45m
Hub height 10m 10m 10m
Rated wind speed 8 m/s 8 m/s 9m/s
Cut-in wind speed 2m/s 2m/s 2m/s

Cut-out wind speed 20 m/s 20 m/s 20 m/s
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4.3.4. Others

The annual interest rate of each equipment is set to 4%, the system can allow the shortage capacity
ratio to be Lj,ss = 1%, and the system shortage capacity penalty is 0.2 $/kWh. According to the peak
residential load described below, an inverter (GW6000) with a nominal power of 6.2 kW is selected. The
maximum operating efficiency of the inverter is 98%, and the equipment capacity is selected according
to the load. The economical parameters of each device in the system are shown in Table 3 [41-43].
According to the above analysis, the battery ends up due to the expiration of the service lifetime or due
to the exhaustion of the life capacity.

Table 3. Economic cost and life of each equipment.

Equipment Initial Replacement Operation & Maintenance Lifetime
CN-300 $145 $102 $1.45 20 years
XG1 $421 $361 $3 25 years
XG2 $780 $668 $5.5 25 years
XG3 $1220 $1045 $8.5 25 years
GWe6000 $526 $526 0 20 years
S-480 $250 $225 0 8 years

5. Case Study

Based on the real monitoring data, the load curve of a household is shown in Figure 3. The total
annual electricity consumption of the household is 5935 kWh. There are three peak load times in one
day, which are located at 7 am, 12 noon and 8 pm. At other times, the load is used for the indoor
lighting and the standby state of electrical appliances such as refrigerators and televisions. Since
there is no heating pipe in the area, it is dependent on the air conditioner for heating in winter. The
simulation time is set to 1 h, and the whole lifetime of the system is set to 25 years.

» 5
=
ER
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=
g1
[
0 ' . ‘
0 6 12 18 24
Time/Hour
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- 3
2 4
=
g3
g2
=
@1
~ 0
5 6 7 8 9 10 11 12
Time/Month
(b)

Figure 3. Load curve for a household: (a) the typical daily load curve of the household, (b) the annual
load curve of the household.

The system optimal search space is set, as shown in Table 4. The capacity of PVs is from 0 to
20 kW, and the number of wind turbines is from 0 to 10. In total, there are 640,000 combinations for
the household.
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Table 4. Simulation system search space.

PV/KkW XG-1/No. XG-2/No. XG-3/No. Battery/No.
0 0 0 0 0
1 1 1 1 4
2 2 2 2 8
20 10 10 10 32

NOTE There are a total of 640,000 (20 x 10° x 32) combinations.

5.1. Techno-Economic Feasibility Analysis

This paper adopts the DC bus structure. The DC bus voltage is 300 V, and the AC bus voltage is
220 V. The results of different structures in the lifetime of the system are obtained with the help of the
simulation software HOMER. Furthermore, the techno-economic feasibility is analyzed in depth.

As shown in Figure 4 and Table 5, the optimal structure W-P-B (1) is obtained by comparing the
system NPV and LCOE. The PV capacity is 5 kW, the wind turbine capacity is 7 kW, and the energy
storage battery capacity is 34.56 kWh. According to wind speed, different types of wind turbines can be
used to improve the utilization of wind. The LCOE is calculated to be $0.146 based on the total power
generation, less than two times the current price of electricity in the rural area of Zhejiang Province
($0.08). Compared with the P-B system and the W-B system, the cost of the W-P-B (1) is reduced by
44.2% and 18.8%, respectively.

Wind Turbine
AC/DC
PV DC/AC
MPPT
Controller
DC \ AC
Energy Storage Bus  pesident |BUS
Battery Load

Figure 4. Composition chart of WSB-HPS, where the wind turbine, PV and the energy storage battery
connected to the DC bus through respective power conversion device.

Table 5. Optimal renewable energy structure schemes.

Structure PV/KkW XG1/No. XG2/No. XG3/No. Battery/No. LCOE/$ NPV/$
W-P-B (1) 5 4 0 1 12 0.146 13,548
W-P-B (2) 3 4 3 0 12 0.148 13,732
W-P-B (3) 4 0 0 3 12 0.149 13,854
W-B 0 3 0 4 16 0.180 16,689
P-B 19 0 0 0 24 0.261 24,264

NOTE W represents the wind turbine. P represents the PV. B represents the battery.

Moreover, the electricity price of diesel generators is usually between $0.29~$0.44, approximately
two or three times of the WSB-HPS. As a result, the WSB-HPS has shown significant economic
advantages in areas with abundant renewable resources and proven the feasibility of 100% renewable
energy supply for residential households. Besides, it is necessary to calculate the power generation of
each piece of equipment in order to ensure that the regular load demand is met. Based on this, the
corresponding analysis suggestions are given.

5.1.1. System Power Generation Analysis

As shown in Table 6, the hybrid power system will waste a lot of excess electricity power (174%
in this paper). If the household replaces traditional fossil energy-consuming equipment with the
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electrical equipment, such as electric vehicle and electric heating system, the economic benefit can be
significantly improved. Figure 5 presents the output power of PV is even lower in summer than in
winter, although the irradiance in summer is higher than in winter. Because the efficiency of PV is
sensitive to temperature, and in summer, the internal temperature of PV can reach more than 50 °C.

Table 6. Electrical consumption and production of the system.

Each Part of the System Electricity/kWh Fraction
Wind power 10,647 179%
PV power 6160 104%
Total electricity consumption 5935 100%
Excess electricity 10,306 174%
Capacity shortage 61.0 1.0%
Unmet load 51.1 0.86%
25 -
PV mmmWind
E 20
2 s
(=]
=
5 10
&
S 05
0.0

1 2 3 4 5 6 7 8 9 10 11 12
Time/Month

Figure 5. Daily average power in different months.

As shown in Figure 6, the inconsistency between the peak load and the peak of renewable energy
leads to the charge and discharge behavior of the energy storage battery. During the daytime, solar
energy is concentrated and abundant, which increases the SOC of the energy storage battery. The
distribution of wind energy is more dispersed and concentrates in the morning and evening. By
making full use of the coordination effect of the energy storage battery, the reliability of the resident
electricity is guaranteed.

4 100
@
z 3 5
e 2
=~)
. 3
(1
X
June 18

Time/Day

Figure 6. Power curve of WSB-HPS from June 18 to 21.

According to the statistics of Figure 7, the frequency that the state of charge (SOC) is above 60% is
94.5%. The frequency that the SOC is above 80% is 83.5%. In February and August, due to the heavy
load and the maximum discharge depth of battery, there was a shortage of capacity. The maximum
power shortage was 3.5 kW, and the total unmet load was 51.1 kWh, accounting for 0.86% of the
total electricity consumption. Therefore, the system can use standby energy storage equipment in
February and August temporarily, which will reduce battery life loss and improve power supply
reliability significantly.
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System shortage

Figure 7. SOC of the battery and the system shortage power through a year.

5.1.2. Sensitivity Analysis

State of Charge/%
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Sensitivity analysis is used to verify whether the best result has robustness under the allowable
fluctuation range of external factors, and provide a reference for practical projects in different renewable

sources. The sensitivity analysis was carried out in five aspects, which is shown in Figure 8.
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Figure 8. The sensitivity analysis of the NPV and LCOE to the allowed shortage capacity, average wind
speed, average irradiance, battery price and maximum allowable depth of discharge, respectively. The
changes in LOCE and NPV are basically the same.
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Figure 8a shows that the NPV decreases exponentially with the increase of the allowable shortage
capacity. When L,y increases from 0% to 1%, the NPV decreases by 15.6%. Figure 8b,c show that
the NPV decreases linearly with the increase of renewable resources richness, and the effect of wind
speed is more significant than that of irradiance. Figure 8d shows that the energy storage batteries still
account for a higher proportion of the total cost, compared with other equipment. The NPV of the
system increases linearly with the increase in the price of the energy storage battery. Figure 8e shows
that the changes of NPV and LCOE are not apparent when the maximum allowable discharge depth is
set to a different value. Since the capacity shortage occurs only in a few days throughout the year, the
effect of the higher discharge depth on the battery life is not obvious.

Figures 9 and 10 analyze the impact of the richness of renewable resources on the optimal energy
structure. The overall trend shows that the capacity of each part of the system decreases with the
increase of renewable resource richness. However, as can be seen in conjunction with Figure 6, the PV
output power is mainly concentrated around noon, which can basically meet the load peak demand at
noon. However, if the SOC of the battery is very high at this time, the excess solar energy will not be
stored in time. This will cause much waste. The distribution of the output power of the wind turbine
is more dispersed within one day, which is more similar to the residential load curve. It is beneficial to
replenish the energy of the energy storage battery in time when the load is low. Therefore, the effective
utilization rate of wind energy resources will be significantly larger than that of irradiance resources.
Compared with the annual average irradiance, with the increase of the average annual wind speed,
the capacity of each piece of power generation equipment is significantly reduced. When the average
wind speed reaches 6 m/s, wind power completely replaces PV power.

14 T t i i '
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12 5 e R WindAw [
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Figure 9. Relationship between optimal system configuration and wind speed.
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5.2. Grid-connected System Analysis

According to the analysis of the above system, much electric power is wasted. If the WSB-HPS is
connected to the grid in some conditions, the difference of the techno-economic feasibility between the
systems needs to be analyzed. The grid-connected system structure is shown in Figure 11.

Wind Turbine Power Grid

AC/DC (O

PV DC/AC
MPPT
Controller

o . |nc AC
| | Energy Storage : Bus  pesident [BUS
! Battery | Load

Figure 11. Diagram of grid-connected WSB-HPS. Usually the energy storage battery can be removed
under the situation of gird-connected.

According to Table 7, the W-P system is still the best of different configurations for grid-connected.
Compared with the 100% renewable energy system, residents can achieve $8079 during the whole
lifetime of the system. The price of the energy storage system is still higher than that of the power grid
as a backup power source. As the penetration rate of renewable energy increases, the system economic
benefits have increased significantly. As shown in Table 8, the emissions of atmospheric pollutants and
corresponding fines are also reduced.

Table 7. Optimal structure schemes of grid-connected system.

Structure PV/kW XG1/no. XG3/No. Inverter/kW Battery/No. Permeability/% LCOE/$ NPV/$

W-P 5 4 1 8 0 90% -0.062 —-8079
W-P-B 5 4 1 8 4 90% -0.053 —5885
w 0 4 1 7 0 81% -0.022 —2064
W-B 0 4 1 7 4 81% 0.001 130
p 5 0 0 7 0 60% 0.04 3703
P-B 5 0 0 6 4 60% 0.062 5790

NOTE W represents the wind turbine. P represents the PV. B represents the battery. A negative value indicates that
the resident receives the corresponding income.

Table 8. Annual average savings of atmospheric pollutants.

Pollution Emissions
CO, —8532.7 (kg/year)
CO —1.25 (kg/year)
SO, -1.83 (kg/year)
NOx —655.3 (kg/year)
TSP -5.91 (kg/year)

If the grid has requirements for the volatility of purchasing power, it is necessary to consider the
economic benefit of energy storage. By increasing the purchase price beyond the fluctuation range
as a constraint, the simulation results are shown in Figure 12. When the energy storage capacity is
insufficient, the higher electricity price will increase the system NPV. When the energy storage capacity
is excessive, the higher energy storage cost will increase the system NPV.
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Figure 12. Relationship between energy storage capacity and system economics.

As shown in Figure 13, when the hybrid power system produces more electricity than the load
consumption, the excess electricity will be sold to the grid. When renewable resources are insufficient,
the power grid acts as a backup power source to sell electricity to the household. According to Table 9,
only about 10% of electricity needs to be purchased from the grid.

: CpTa— 0.10
{[—=— Load Electricity price .
e L 009 &
~ 1 XG-1 (::.
5 3 {—&— XG-3  o0s =
% ) —><—Purch‘alse g
2 24 electricity o0 8
£ Sale g
electricity =
' - - 006 =
| === E

’ ) 0.05

0 7 24

Time/Hour

Figure 13. System power curve on July 24th. The electricity price is high from 8:00 to 22:00. At other
times, the price is relatively low.

Table 9. The proportion of power generation in each part of the system.

Grid-Connected System Electricity/kWh Fraction
PV 6160 33%
Wind Turbine 10,647 57%
Purchase 1810 10%
Total 18,616 100%

6. Conclusions

Based on the lifecycle of the system, the techno-economic feasibility of 100% renewable energy
for residential households is analyzed. For the windy areas in China, the renewable hybrid power
system has a significant economic advantage compared to a diesel generator. Based on the case in
this paper, the optimal energy structure contains 5 kW PV, 7 kW wind turbine, 5760 Ah battery, and a
6.2 kW convert. The levelised cost of energy of the renewable energy system is around 0.146 $/kW. The
unmet load is only 0.86% of the load consumption, which is concentrated in February and August, and
the excess electricity is 174%. For the grid-connected situation, the renewable energy system can bring
$8079 in 25 years with the LCOE is —0.062 $/kW.

The analysis results have some reference value for the actual operation planning: (1) NPV
decreases exponentially with the increase of allowable shortage capacity of the system; (2) Due to the
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feature of residential load, the effect of wind resource richness on the economy and capacity of the
system is more significant than that of irradiance resource richness; (3) The high internal temperature
of PV makes the conversion rate less than ideal in summer; (4) Changing the energy storage allowable
depth of discharge within a specific range has little effect on the economy for residential household;
5) The temporary backup energy storage in high-load months can significantly improve the reliability
and economy of the system.

This paper only calculates and analyses the load of a general residential household. The simulation
analysis is not carried out for the case with special load requirements, such as electric vehicles. In
further research, a large number of residential loads will be collected for the cluster analysis. The
impact of different residential load types on the techno-economic feasibility of 100% renewable energy
power system can be studied.
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Nomenclature

Abbreviations

NPV net present value

LCOE levelised cost of energy

WSB-HPS wind/solar/battery-hybrid power system
SOC state of charge

DOD depth of discharge

PV photovoltaic

Mathematical symbols

v wind speed (m/s)

Ping output power of wind turbine (kW)

T, temperature of photovoltaic panel (°C)
Gr solar radiation striking on PV panel (KW/m?2)
Ppy output power photovoltaic (kW)

ap temperature coefficient of PV (%/°C)

o the self-discharge effect of battery

Nehar Ndis charge and discharge efficiency

P, Piis charge power and discharge power (kW)
Q, Qiife nominal and life capacity of battery (Ah)
Sp(t) the state of charge of battery (%)

f number of failure cycles of battery

a disturbance coefficient of load

Cnpv the net present value of the system ($)
Cann, tot annual total cost of the system ()

Cacap annual purchase cost ($)

Carep annual replacement cost ($)

CoosM annual operation & maintenance cost ($)
Cother system’s other annual cost ($)

i real interest rate (%)

S residual value of the equipment ($)

SFF sinking fund factor

Ces capacity shortage penalty factor ($/kWh)
Ecs annual total capacity shortage value (kWh)
ci penalty for pollutant emissions ($/kg)

M; annual emissions of the pollutants (kg/year)
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CRF ratio parameter of the present value
Lioss shortage capacity fraction (%)

Py power of the grid (kW)

Piona residential load power (kW)
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