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Solar energy is used in buildings worldwide. However, because the efficiency of
photovoltaic power generation varies with environmental fluctuations, it is difficult to
control. Therefore, electricity generation from photovoltaics is often poorly matched to
the electricity load of the house. The use of storage batteries and photovoltaic panels can
effectively improve the stability of the energy supply; however, it also introduces the
problem of higher initial costs. Generally, a larger photovoltaic area and battery capacity
can lead to higher costs and more renewable energy; therefore, to determine a suitable
size of photovoltaic and storage battery for a house, the energy demand of the house must
also be considered. The traditional method for sizing photovoltaics and storage batteries
mainly considers the daily average electricity demand and the useful area for installing
photovoltaics. To size the photovoltaic in a more precise manner, we propose a
mathematical model (nonlinear programming) for selecting a relatively optimal solution
for the photovoltaic area, battery capacity, and photovoltaic installation angle by
considering the hourly and annual demands for electricity from the grid. To validate
this mathematical method, a detached house in Zhouzhi county, Shaanxi province, China,
was selected to size the devices by the proposed method. Results show that the device
sizes determined using the proposed mathematical model are significantly smaller than
those determined using the traditional method, without suffering a significant increase in
the demand for electricity from the grid. According to our economic analysis, although the
proposed method for sizing devices reduces the device cost payback period by half
compared to that of the traditional method, the payback period for the devices sized using
the proposed method is still 10.6 years. The extremely low electricity price in China may
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contribute to the extended payback period and thus discourage residents from installing
renewable energy devices.

Keywords: PV, storage battery, sizing method, mathematical model, energy demand

1 INTRODUCTION

Traditional energy resources, such as fossil fuels, are
indispensable for human survival and development. The total
life-cycle carbon emissions of buildings in China amounted to
4.93 billion t CO2 in 2018, which accounted for 51.2% of the total
national energy carbon emissions (China Building Energy
Consumption Annual Report 2020, 2021). The energy used in
buildings is mainly derived from fossil fuels, which are non-
renewable resources that cause high CO2 emissions. Recently,
renewable and clean energy sources have attracted increasing
attention. With the continuous reduction in the price of
photovoltaic (PV) power generation equipment, solar energy is
being widely used in buildings globally (Bilgili et al., 2015).

In practical applications, solar energy is accompanied by
uncontrollable problems, and the efficiency of PV power
generation varies with environmental fluctuations. The use of
batteries in conjunction with PV panels can effectively improve
the stability of the energy utilization of a PV power system
(Argyrou et al., 2021a; Argyrou et al., 2021b); however, this
leads to a further increase in the initial investment. The
required PV area for energy consumption is different for
different buildings, and the corresponding battery capacities also
vary. However, the traditional method for sizing the PV and
storage battery for residential houses mainly considers the daily
average electricity load of the house. Consequently, a more precise
configuration of the appropriate PV and battery size can save
device materials and improve overall economic performance.

Many studies have been conducted on the optimization of the
sizing of hybrid renewable energy systems. Most studies have
focused on the economic and the environmental factors affecting
the installation of renewable energy. Singh et al. (2017). developed
a hybrid energy system comprising photovoltaic panels, a wind
turbine, and a power storage device based on the net present value
cost to obtain the best solution. Ekren and Ekren, 2008. obtained
the optimal PV area, rotor swept area of a wind turbine, and
battery capacity based on the hourly operating cost. Maleki and
Askarzadeh (Maleki and Askarzadeh, 2014) optimized the size of
a hybrid wind, diesel, and battery energy system in terms of the
total present cost and environmental air pollutant emissions and
compared it with that of a separate diesel generation system to
obtain the optimal size of the hybrid system. Ashok, 2007.
identified the optimal mix of renewable energy sources for
rural communities based on life-cycle cost minimization.
Akram et al. (2018). balanced the stability and cost control of
hybrid energy systems and proposed an iterative search algorithm
to derive the optimal sizes of PV, wind, and battery materials. Lin
Xu et al. (2013). derived the optimal sizes of PV, wind, and
batteries based on the power supply stability, cost minimization,
and full utilization of renewable energy sources. Ahmadi and
Abdi, 2016 sized an energy system based on the total present

value cost of optimization. Ogunjuyigbe et al. (2016). sized PV,
wind, diesel, and battery systems based on the life-cycle cost, CO2

emissions, and amount of wasted energy. Yang and Nehorai,
2014. optimized renewable energy capacity with battery storage
based on the initial investment and operation and maintenance
costs. Atia and Yamada, 2016. sized PV, wind, and battery energy
systems to meet changes in demand and obtain the best economic
efficiency. Some researchers have investigated renewable energy
device sizing methods by considering the daily house load.
Borowy and Salameh, 1994. calculated the optimal size of a
PV array in a hybrid wind and PV system based on the best
match with a given load. Lai and McCulloch, 2017 optimized PV,
battery, and biopower systems to balance power generation and
demand and reduce energy consumption. Kaldellis et al., 2010
optimized the size of an autonomous power generation system
combining PV and battery systems based on the maximum
available solar potential exploitation and the lowest investment
in power generation systems. Most of the studies concentrated on
the economic and environmental effects and the analyses in these
studies applied only the typical daily load of a house. However,
the daily loads, particularly the heating and cooling loads,
fluctuate in different environments, such as the ambient
temperature and relative humidity in different seasons.
Therefore, considering the energy demand in real-time within
a year is very crucial to determine the specifications of the devices
including the capacity of storage battery and PV angle. With
modern hardware and programming language, designing a
practical tool to size the PV and storage battery by
considering the hourly energy demand pattern within a year
can help the engineers to precisely size the devices.

In this study, an enumeration calculation procedure
(nonlinear programming) is designed based on the hourly
energy demand of a specific house for 1 year to obtain
relatively optimized PV and battery sizes and the optimal
angle of PV panels for each size combination of devices.
Simultaneously, PV, battery, and local grid electricity prices
are evaluated to compare the payback periods for devices sized
using the traditional and proposed methods. A detached house in
Zhouzhi county, China, was used as a case study to validate this
approach. There are three contributions of this study. Firstly, a
practical tool was created to size the PV and storage battery for
the detached house. Secondly, the size of PV and storage battery
can be narrowed down to a more suitable range without
sacrificing much increase of the electricity usage from grid by
using this tool. Lastly, the calculation time is acceptable when the
program is run on a device with normal specifications.

Following the introduction, Section 2 illustrated the materials
and methods in this study and Section 3 presented the processes
of building the mathematical method. The results were analyzed
in Section 4. Section 5 discussed the results and Section 6
concluded the findings of this research.
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2 MATERIALS AND METHODS

2.1 Materials
In this study, the DesignBuilder was used for the energy demand
prediction. DesignBuilder is a calibrated commercial software
based on EnergyPlus, which is a calculation engine mainly for the
analysis of heating, cooling, lighting, equipment, and other energy
demands in buildings. The DesignBuilder user interface is shown
in Figure 1.

The mathematical model proposed in this study was
developed using the Python programming language, and the
PyCharm Community Version was used to compile the
program. Figure 2 shows the user interface of the PyCharm
compiler. Figure 2 also shows the user interface of the nonlinear
program created in this study, where the user inputs the size range
of the PV and storage battery and the installation angle. The input
file, including the hourly ambient temperature, solar radiation,
and annual hourly energy demand from the house, is required.
When calculation is completed, the elapsed time is displayed.

2.2 Methods
Initially, a detached house in Zhouzhi county, Xi’an, China, was
selected and modelled based on historical documents and several
field surveys, which was used as an example to verify the

mathematical model created in this study. Second, to size the
PV and storage battery using the proposed algorithm, the hourly
energy demand in the house during a year should be predicted.
After predicting the hourly energy demand of the house, the size
of the PV and storage battery was determined using the
traditional and proposed mathematical methods.

Energy performance and economic analyses were conducted
for devices that were sized using the traditional and proposed
sizing methods. Eventually, the improvement effect of the
proposed method was analyzed and concluded.

3 DEVELOPMENT OF THE HOUSE MODEL
AND THE PARAMETRIC METHOD

3.1Model Formation of the Detached House
As the detached house usually located in the suburban or rural
area, this study chose a typical detached house in Zhouzhi county
in China to validate the mathematical model proposed in this
research. Through three field surveys including the
measurements and interviewing the local workman of the
detached house (Li, 2014), a typical detached house in
Zhouzhi county was modeled using DesignBuilder, as shown
in Figure 3. This detached house has two floors; the first floor is

FIGURE 1 | User interface of DesignBuilder.
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mainly used for living; even the upper floor also has three
bedrooms, the usage of the upper floor is very low because the
youth in the family usually went for work in the city and just
stayed in the house in the big holidays. Therefore, the energy
demand of the first floor was considered as main energy object in
this study. To predict the hourly energy demand of the house
(first floor) during 1 year, the construction materials and their
thermal coefficients (listed in Table 1) were extracted from the
thermal design code for civil buildings in China and input into the

model (Ministry of construction of People’s Republic of China,
2016). The model was built using DesignBuilder according to the
specific characteristics of the materials. Table 2 shows the
construction-specific characteristics of the detached house in
Zhouzhi. The ventilation rate of the house was referred from
the Chinese Indoor Air Quality standard (General
Administration of Quality Supervision et al., 2002). The
infiltration rate was obtained from (Chen, 2014) and the
average measured data was presented in this reference. The

FIGURE 2 | User interface of the program and the complier.

FIGURE 3 | Model of the detached house: (A) 3-D model; (B) plan of first floor; (C) plan of second floor.
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specific weather data inputted into the model were extracted from
the ASHRAE code (Ashrae, 2010). With these parameters set in
the model, the annual hourly energy demand of the detached
house was predicted.

As the prediction results of the annual energy demand from
the first floor of the house, the heating energy demand is
8,534 kWh; the cooling energy demand is 438 kWh; the
lighting energy demand is 1,052 kWh; the hot water energy
demand is 1,402 kWh and the energy demand of the
equipment is 2,008 kWh. It can be confirmed that the heating
energy demand of the detached house is significant owing to the
extreme cold weather in winter in the northwest region of China.
However, the house’s cooling energy demand in the summer is
relatively low because of the relatively cool summer weather in the
northwest region of China. The energy demands from other
aspects were calculated mainly based on the occupant density
of the house, as shown in Table 2.

3.2 Mathematical models of the PV and
storage battery.
To conduct this analysis, a mathematical model of the PV system
must be developed. In this study, the calculation program for the
PV system was modelled based on a previous study by Yoza et al.
(2014). Table 3 shows the device specifications of the PV system.
The real time electricity production from the PV system can be
calculated using Eq. 1, as follows:

P � EffconNNumpvStoIsk(1 − 0.005(T − 25)) (1)
where Effcon represents the PV panel electricity conversion
efficiency, Numpv is amount of PV panels, Sto represents a
single PV panel area, Isk represents the direct solar radiation
on the inclined PV panel, and T is the outdoor temperature.
According to the traditional method to decide the installation
angle of the PV panel, the installation angle can be determined
simply by checking the recommended value from the reference,
which was 26° for the research area (China energy storage, 2022).
Furthermore, the direct solar radiation on the inclined PV panel
can be determined through the method created from Erbs (Erbs
et al., 1982).

Among the different types of storage batteries available in the
market, lead-acid batteries were chosen for this research because
of their relatively high energy performance and low price. The
specific characteristics of the battery selected for this study are
organized in Table 4 (Chen et al., 2006).

TABLE 1 | Materials and their thermal coefficients of the detached house.

Part
of the structure

Construction material Thickness
of the material(mm)

Thermal
transmittance (W/m2_K)

External wall Mixed sand mortar cement 15.00 62.00
Red brick 240.00 3.38
Mixed sand mortar cement 15.00 62.00

House floor Mixed sand mortar cement 20.00 46.50
Steel reinforced concrete 120.00 14.50
Putty 5.00 152.00

Ground floor Facing brick 10.00 240.00
Concrete 60.00 25.17
Orthod 150.00 5.40
Rammed earth 300.00 2.40

House roof Grey tile 20.00 37.00
Cob 30.00 19.33
Wooden panel 15.00 17.00

TABLE 2 | Specifications of the detached house construction.

Parameter Specifications

Area 120.5 m2

Floors 2.00
House structure Brick-concrete mixed
Ceiling height 3.5 m
House orientation North to south
Thermal coefficient of the window 5.7 W/m2_K
Thermal coefficient of the door 4.3 W/m2_K
Window-to-wall ratio 0.2
Ventilation rate of the house 1 AC/h
Infiltration rate of the house 0.55 AC/h
Lighting density 4.1 W/m2

Occupancy density 0.02 person/m2

Equipment density 13.3 W/m2

Specifications of the cooling Electricity [COP = 3.9 (Air-conditioner)]
Specifications of the heating City gas (Boiler, energy efficiency = 0.89)
Set point temperature for Summer 26°C
Set point temperature for Winter 18°C

TABLE 3 | PV specifications.

Coefficients Value

Area of the single PV panel 1.3 m2

Maximum power of the device 160 W/m2

Electricity conversion efficiency 14.4%
Solar radiation Refer from ASHRAE (W)
Outdoor temperature Refer from ASHRAE (°C)
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3.3 Calculation of the Program
According to the calculation flowchart of the program shown in
Figure 4, appropriate initial size ranges for the PV, storage battery,
and PV installation angle were determined based on the traditional
method for sizing devices. By inputting the hourly energy demand
from the house, the ambient temperature, solar radiation, initial PV
size range, storage battery, PV installation angle, calculation interval
to the program, and annual, monthly, and hourly calculation results,
each device size combination can be obtained. The optimal
installation angle of the PV was determined in the angle range
for each device size combination based on theminimumdemand for
electricity from the grid. In summary, this nonlinear program
analyses the energy performance of the device size, case by case,
from the input size range. When all calculations have been
performed, all results are saved in the data output file.

In this study, the traditional method was used to determine the
initial size range of the PV and storage battery. The effective area
available at the house for PV installation was considered to
determine the maximum size of the PV. Therefore, the initial
maximum size of the PV system was determined as the total area
of the south roof of the house. Generally, the traditional method
for determining the size of the storage battery is multiplying by 3
and dividing the depth of charge by the average daily load of the
house as Equation (Bilgili et al., 2015), because of the fluctuating
cooling electricity demand of the house in summer.

Cbt � 3DLoadave

Depbt
(2)

Cbt is the capacity of the storage battery determined by the
traditional method; 3D_Loadave is the average daily load of the
detached house andDepbt is the discharge depth of the storage battery.

Therefore, the initial maximum size of the PV was determined
to be 62 m2, and the initial maximum size of the storage battery
was determined to be 56 kWh. Based on the initial sizes of the
devices, the initial size range of the PV was selected as 30%
(19 m2) to 100% (62 m2) of the area of the south roof.
Considering the calculation time, the initial size range of the
storage battery was determined to be 28 to 56 kWh. According to
the recommended PV installation angle for large cities in China,
which is 26° (China energy storage, 2022), the range for the PV
installation angle was selected as 10–60°. The optimal installation
angle was calculated by determining the minimum electricity
demand from the grid, as follows:

El min � argmin(Elgrid(AG)), AG ∈ (10°, 60°) (3)

where AG is the range of the initial PV installation angle, Elmin is
the minimum electricity demand from the grid under the specific
PV installation angle and Elgrid is the electricity demand from
the grid.

4 RESULTS

Themain sizingmethod for renewable devices comprises creating
a nonlinear program to analyze the energy performance of the
devices on a case-by-case basis using the size range. First, the
traditional method was applied to determine the initial size of the
PV and storage battery. Then, reasonable size ranges for the PV
and storage battery were determined for initial calculations. Based
on the calculation results from the first round, the size range of
the PV and storage battery could be narrowed for the second
round of calculation. This procedure continues until the user
finds the appropriate size of the PV and storage battery for the
house. In terms of the recommended installation angle for the
representative big cities in China, the range of the PV installation
angle is set as 10–60° in the program. As mentioned in Section 2,
the hourly electricity demand for the detached house in Zhouzhi
county, Xi’an, China, is also inputted into the program. To
compare the traditional and proposed methods, the device size
was determined through the traditional method and the proposed
method, and the hourly and monthly results were obtained based
on the energy performance of the devices. Initially, the energy
performance of the devices sized though the traditional method
was analyzed according to the simulation results, and the hourly
results on a representative date in summer are shown in Figure 5.
Figure 5A presents the hourly electricity demand, hourly
electricity generation from PV and hourly electricity usage
from PV and battery; Figure 5B presents the amount of the
electricity in the battery. According to this figure, it can be
confirmed that the electricity demand for the residential house
is mainly in the morning and evening, because residents are
typically at work in the daytime. However, PV mainly generates
electricity in the daytime, especially at noon, when solar radiation
is strongest. Therefore, the storage battery can save the electricity
generated from the PV at noon and provide electricity in the
morning and evening.

Figure 6 shows the monthly simulation results. From the
monthly data, it can be confirmed that the devices can fulfil
almost all electricity demand of the house, except for that in
December, January, and February. The electricity usage from the
storage battery is, on average, 2.7 times more than that from the
PV, which means that the storage battery plays a crucial role in
this renewable energy system. Furthermore, the electricity
generated by the renewable energy system at its current size
exceeds the energy demand of the house. Therefore, the size of the
devices can be reduced, and by setting an appropriate range for
the devices, more suitable size can be selected by running the
program several times.

As mentioned in Section 3.2, the initial size range of the
devices was determined as follows. The area range of the PV is
19–62 m2, capacity range of the storage battery is 28–56 kWh,
and installation angle range is 10–60°. The calculation results

TABLE 4 | Specifications of the storage battery.

Specification Value

Discharge depth 75%
Capacity of the battery 54 kWh
Electricity charge capacity 6 kW
Electricity output capacity 6 kW
Electricity output loss rate 10%
Electricity charge loss rate 10%
Electricity time loss rate 5%month
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based on the initial program inputs are shown in Figures 7, 8.
Figure 7A shows the demand for electricity from the grid in each
case; the data indicate that this demand decreases by only a small

amount (0.9–3.6 kWh annually) when the capacity of the storage
battery is increased in 1 kWh increments from 28 to 56 kWh,
which means that the capacity of the storage battery is large

FIGURE 4 | Calculation flowchart of the nonlinear program.
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enough for the house in each case. In contrast, the demand for
electricity from the grid significantly decreased (50–97 kWh
annually) when the PV area was enlarged in 1 m2 increments
from 19 to 45 m2. When the PV area was enlarged from 46 to
62 m2, the decrease in the electricity demand was relatively small
(13–50 kWh annually). The annual data on energy waste, energy
usage from the PV, and energy usage from the storage battery

based on the initial program run are shown inFigure 7B–D,
respectively; the pattern of the data in these three figures
corresponds to the pattern of data shown in Figure 7A.
Increasing the capacity of the storage battery does not have a
significant impact on the usage of electricity from the PV or the
storage battery or on energy waste. The effects of increasing the
electricity usage from the PV and storage battery and decreasing

FIGURE 5 | Hourly simulation results on 6th August using the traditional method of sizing devices (with 62 m2 area, 26°PV installation angle, and 56 kWh energy of
the storage battery): (A) electricity demand, generation, and usage; (B) electricity in battery.

FIGURE 6 |Monthly simulation results using the traditional method of sizing devices (with 62 m2 area, 26° PV installation angle, and 56 kWh energy of the storage
battery).
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the energy waste are relatively significant when the PV area is
enlarged from 45 to 62 m2 in 1 m2 increments; under the area
range from 19 to 45 m2, the effect is relatively low when the area

of the PV is enlarged by 1 m2. The calculated results of the first
run can be used to determine the size range of the devices in the
second run.

FIGURE 7 | Annual simulation results of the first run: (A) electricity demand from the grid; (B) waste of the renewable energy; (C) electricity usage from the PV; (D)
electricity usage from storage battery.
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Based on the calculated results, the size range of the devices
in the second run of the program was determined. Because the
demand for electricity from the grid only slightly decreased

when the size of the storage battery was enlarged in the first
run, the size range of the storage battery in the second run was
determined to be 2–35 kWh. However, because the demand for

FIGURE 7 | Continued.
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electricity from the grid significantly decreased when the size
of the PV increased from 45 m2, this demand only slightly
decreased when the size of the PV was enlarged in the range
below 45 m2. Therefore, the size range of the PV was
determined to be 45–55 m2 in the second program run. The

range of the installation angle was determined to be 10–60°,
same to that of the first run.

The calculation results of the second run are shown in Figure 8.
Figure 8A shows the demand for electricity from the grid for each
case, which demonstrates that this demand decreased by a

FIGURE 8 | Annual simulation results of the second run: (A) electricity demand from the grid; (B) waste of the renewable energy; (C) electricity usage from the PV;
(D) electricity usage from storage battery.
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relatively small amount (2–52 kWh annually) when the PV area
was enlarged by 1 m2, which means that the size of the PV is
sufficiently large for the house. In contrast, the demand for

electricity from the grid significantly decreased (70–329 kWh
annually) when the storage battery capacity was increased in
1 kWh increments from 2 to 11 kWh; however, the decrease

FIGURE 8 | Continued.

Frontiers in Energy Research | www.frontiersin.org July 2022 | Volume 10 | Article 94518012

Chang et al. Mathematical Model to Size Renewable Energy

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


was small (2.7–31 kWh) when the capacity of the storage battery
was increased in 1 kWh increments from 13 to 35 kWh. The
energy waste, energy usage from the PV, and storage battery in
the second run are shown in Figure 8B–D, respectively; the data
shown in these three figures corresponds with the data shown in
Figure 8A. Enlarging the PV area in the second run does not
significantly increase the electricity usage from the PV and storage
battery or decrease the electricity waste. The impact is relatively
significant when the capacity of the storage battery increases by
1 kWh from 2 to 11 kWh, and the impact is relatively low when the
capacity of the storage battery is above 13 kWh. Based on this
analysis, the final sizes of the PV and storage battery were
determined to be 45m2 and 12 kWh, respectively. The answer
is not unique, and users can choose the size of the devices based on
their energy analysis results, financial situation, and so on.

The mathematical model in this study calculates the optimal PV
installation angle for each device size combination. For instance, a PV
with an area of 45m2 and a 12 kWh storage battery were selected as
the suitable options in this study, and the optimal installation angle of
the PV with the selected device sizes was 46°. If the resident chooses
another device size combination, the optimal installation angle can
also be obtained from the calculation results. Figure 9 shows the
optimal installation angle for each case in the second run.

5 DISCUSSIONS

In this section, the traditional and proposed methods for sizing
devices are compared. First, the energy performance at the
calculated optimal (46°) and recommended PV installation

angles (26°) was compared using the traditional device
sizing method (62 m2 PV and a 56 kWh storage battery). The
annual demand for electricity from the grid of the device with
the optimal installation angle was 230 kWh, and that for the
recommended installation angle was 270 kWh. Therefore,
the energy demand from the grid was relatively reduced with

FIGURE 9 | Optimal PV installation angle for each case in the second run.

FIGURE 10 | Energy demand from the grid under eachmethod for sizing
the device.
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the optimal installation angle. Second, the energy performance
of the devices sized using the traditional and proposed methods
was compared, as shown in Figure 10. The device sizes for each
sizing method are listed in Table 5. Results show that the devices
sized using the traditional sizing method can reduce the
grid electricity demand from 4,900 to 270 kWh, and those
sized using the proposed method can reduce the grid
electricity demand from 4,900 to 955 kWh. The devices under
each method significantly reduce the electricity demand from
the grid. However, the annual electricity demand from the grid
is only reduced by 2–32 kWh when the PV area is increased
in 1 m2 increment or the capacity of the storage battery is
increased in 1 kWh increments, beginning from a 45 m2 PV
area or 12 kWh storage battery capacity. Therefore, the device
sizes can be significantly reduced without creating a large
increase in the energy demand from the grid. Hence, using
the nonlinear program developed in this study, more suitable
device size and the optimal PV installation angle can be
determined.

The economic analysis of the proposed method was conducted
using the unit prices of the PV, storage battery, and electricity
from the grid. In China, the market unit price of a PV is 2.1 Yuan/
W (DongTong, 2021010), unit price of a lead-acid storage battery
is 600 Yuan/kWh (Zhang et al., 2021), and price of grid electricity
is 0.5 Yuan/kWh (State Grid, 2021). If the traditional method is
utilized to size renewable energy devices, the PV and storage
battery can fulfil 4,930 kWh/year of electricity demand from the
grid, which also means it can save 2054 Yuan/year. The total price
of the PV and storage battery is 54432 Yuan, and the payback
period is 22.6 years. Following the same calculation method, the
price of the solar device is 22320 Yuan and the payback period is
10.8 years according to the proposed method of sizing the device.
Therefore, although the electricity demand from the grid with
devices sized using the proposed methodmildly increased relative
to the demand with devices sized using the traditional method,
the price of the renewable device decreased from 54432 to 22320
Yuan, and the payback period decreased from 22.6 to 10.8 years.
Therefore, the proposed method significantly optimizes the size
of the PV and storage battery.

According to the economic analysis above, even when using
the proposed method to size the device, the payback period is
10.6 years, which is still long. One of the reasons is that even
China has made a big progressive on economic condition within
recent 30 years, the gap between rich and poor is clearly existing,
which makes the extremely low price of grid electricity in China
(0.5 Yuan/kWh (0.08 dollar/kWh). Therefore, from a policy
perspective, the low price of grid electricity could be one
reason that might discourage the installation of renewable
energy devices in Chinese homes.

6 CONCLUSION

The traditional method of sizing the PV and storage battery for a
house is to approximately estimate the size based on the average
daily energy demand and the usable area at the house for
installing the PV. In this study, an enumeration algorithm
(nonlinear program) was designed to more precisely size
renewable energy devices according to the hourly energy
demand of the house. A detached house in Zhouzhi county,
Xi’an, China, was selected to test the proposed mathematical
model. To obtain the appropriate device size, the program was
run twice according to different size range of the devices in this
study. The specific conclusions are summarized below.

1) The first run of the program required 2 h and 13 min, and the
second run used 56 min on an Intel i7-8 CPU. Therefore, the
appropriate size of the PV and storage battery can be
determined within a reasonable timeframe.

2) The mathematical model calculates each case from a large PV
installation angle range, and this program can determine the
optimal PV installation angle based on the predicted hourly
energy demand of the house. According to the case in this
research, the installation angle of the PV was changed from 26
to 46°, which can annually save 40 kWh of electricity from
the grid.

3) In the case selected for this study (a detached house in
Zhouzhi county, Xi’an, China), the device sized using the
traditional method can reduce the grid electricity demand
from 4,900 to 270 kWh. However, the grid electricity demand
can be reduced from 4,900 to 950 kWh with the device sized
using the proposed method. Although the demand for
electricity from the grid is relatively higher with the device
sized using the proposed method versus the traditional
method, the proposed sizing method is still optimal due to
two reasons. First, enlarging the PV area from 45 m2 or the
storage battery capacity from 12 kWh does not significantly
increase the electricity usage from the PV and storage battery,
decrease the electricity usage from grid or the electricity waste.
Second, the price of the device was reduced from 54432 to
22320 Yuan, and the payback period decreased from 20.6 to
10.8 years through the proposed method. In summary, the
proposed method can provide valuable instructions for sizing
the PV and storage battery for houses.

4 Although the payback period was significantly reduced using
the proposed method to size the device, the payback period
was still 10.6 years. One reason could be the low grid
electricity price (0.5 Yuan/kWh), which could also
discourage residents in China from installing renewable
energy devices in their houses.

TABLE 5 | Device size under the two different sizing methods.

Case Size of PV (m2) Size of the
storage battery (kWh)

Initial size of the device (traditional method) 62 56
Proposed size of the device (proposed method) 45 12
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The limit calculation interval is 1 in the current program
and it can only use for the system size selection for a single
house. The calculation will be larger if the calculation interval
is more precise or using the program to plan the renewable
energy for several houses in a block. Thus, this could be an NP-
Hard problem if the calculation becomes much larger.
Therefore, the optimization algorithms or machine learning
methods will be applied to solve the NP-Hard problem in the
future.
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