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Abstract: The characteristics of solar and wind energy determine that the optimization of a standalone
hybrid wind turbine (WT)/photovoltaic panel (PV) system depends on the natural resources of the
installation location. In order to ensure system reliability and improve the resource utilization,
a method for determining the installed capacity ratio of a hybrid renewable energy system is required.
This study proposes a calculation method to optimize the installed capacity ratio, considering the
system reliability to meet the needs of the hybrid system to adapt to different natural resources. In this
paper, a standalone hybrid WT/PV system to provide electricity for rural areas is designed. Taking the
power supply guarantee rate and electricity supply continuity as indicators, the system is simulated
by using the Transient System Simulator solver. The results show that the recommended installed
capacity ratio of the WT and PV is 5:1 when the total solar irradiation is less than 5040 MJ/(m2·a)
and the annual average wind velocity is in the range of 3.0~3.5 m/s. When the annual average wind
velocity is in the range of 2.0~3.0 m/s, the PV plays an increasingly significant role in the hybrid
system and exceeds the WT if the total solar irradiation is greater than 6300 MJ/(m2·a). However, if
the total solar irradiation and the annual average wind velocity are less than 5040 MJ/(m2·a) and
2.0 m/s, respectively, it is not recommended to use the standalone hybrid system because it cannot
meet the power demand. These conclusions provide guidance for the distribution strategies of the
standalone hybrid WT/PV system within different natural resources.

Keywords: hybrid system; distribution strategy; installed capacity ratio; solar and wind resources

1. Introduction

Renewable resources have attracted more and more attention due to the continuous
energy demand and the impact of fossil fuels on the environment. Among all the renewable
technologies, the photovoltaic panel (PV) and wind turbine (WT) are the most profitable
ones [1]. However, the common disadvantage of wind and solar energy is their inter-
mittency [2]. Both solar and wind resources are susceptible to weather fluctuations [3].
PV power generation in summer is usually higher than that in winter, while WT power
generation increases during the winter seasons [4]. Therefore, taking advantage of the com-
plementarity of these two resources and combining them properly to form a hybrid system
can partially overcome the unpredictability [5]. In addition, because of a more stable over-
all annual power production, the hybrid system is extremely attractive [6], especially for
remote areas [7]. Nevertheless, in the hybrid system, the power generation will inevitably
fluctuate due to the oscillations of solar radiation and wind velocity. Hence, suitable
battery banks are needed to mitigate the fluctuation of PV and WT power generation [8].
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Li et al. carried out three standalone renewable energy systems for a household in Urumqi.
The results showed that the hybrid WT/PV/battery power system is more suitable than the
PV/battery and WT/battery power systems [9]. To calculate the optimum configuration of
a hybrid WT/PV system, Yang et al. recommended an optimal design model employing
battery banks [10,11]. The optimization variables of the model included the number and
slope angle of the PV, the number and installation height of the WT, and the battery capacity.
Ekren et al. optimized the hybrid WT/PV power system by a response surface methodology
with the PV area, the swept area of the WT rotor, and the battery capacity as optimization
variables [12]. Dihrab et al. simulated a hybrid system for grid-connected applications in
three cities in Iraq using the MATLAB solver. The results showed that it is possible for Iraq
to use solar and wind energy to generate power for some villages in the desert or rural
areas [13]. Shivam et al. conducted the multiobjective optimization of solar wind hybrid
systems at four different locations in southern Taiwan [14]. The simulation results showed
that the photovoltaic modules were economical choices for the grid-connected mode, while
the solar–wind hybrid systems were more environmentally friendly.

At present, there are many software tools that can be used for the design, analysis, and
optimization of a hybrid renewable energy system, such as the Hybrid Optimization Model
for Electric Renewables (HOMER), RETSCREEN, Transient System Simulator (TRNSYS),
and so on. Al-Karaghouliand and Kazmerski proposed a photovoltaic solar system to
power a health clinic in southern Iraq and estimated the system size and its life-cycle cost
by HOMER [15]. A prefeasibility study of using hybrid energy systems with hydrogen
as an energy carrier for applications was discussed by Khan and Iqbal [16]. Through
the analysis and comparison using HOMER, it was found that the wind–diesel battery
hybrid system had excellent potential. Zandi et al. conducted the economic analysis and
the environmental impact of the photovoltaic system utilization in a residential sector
using RETSCREEN [17]. The techno-economic and environmental sustainability of a grid-
connected solar photovoltaic system was validated by Owolabi et al. [18]. According to
the calculation results of RETSCREEN, the site selection of the solar photovoltaic project
was recommended. Bakic et al. analyzed a hybrid WT/PV power system of Belgrade
using the dynamical simulation method based on TRNSYS [19]. They predicted that the
hybrid system could meet the annual electricity consumption by increasing the battery for
energy storage. Panayiotou et al. analyzed the applications of a standalone PV system and
standalone hybrid WT/PV system in two different locations by TRNSYS. They pointed
out that the type of system directly depended on the climatic characteristics of the specific
location [20]. Zappa and Broek found that the optimum capacity mix was 74% WT and
26% PV for the hybrid power system in Europe, which could satisfy 82% of the annual
electricity demand [21], while the optimal distribution strategy was 5 WTs and 165 PVs for
the hybrid power system in Korea, namely 10% WT and 90% PV, which supplied power
to a wastewater treatment plant [22]. However, HOMER does not consider the battery
bank depth of discharge, a key factor affecting the life and size of the battery bank, in
hybrid system optimization. Moreover, RETSCREEN does not take into account the effect
of temperature for PV performance analysis [23]. The main feature of TRNSYS is that
it can flexibly modify the model, control strategy, and system configuration [24]. In a
comprehensive consideration, TRNSYS is a good choice for analyzing and optimizing the
performance of hybrid systems.

There are two reasons for the different optimal configuration of the hybrid system:
one is the difference of the solar and wind resources, and the other is the difference of the
load. Therefore, for the hybrid WT/PV system, the biggest challenge is not the variability
or intermittency of solar and wind resources, but how to combine the load and these
resources to formulate an optimal distribution strategy, and then develop a suitable system
design solution. In this way, the solar and wind resources can be fully utilized, and the
power availability and system efficiency can be improved. However, most of the existing
studies focus on the optimization of the hybrid WT/PV system in a certain region but lack
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the classification discussion and system optimization design based on different solar and
wind resources.

In the past decade, China’s consumption of renewable energy has been increasing, and
renewable energy has replaced nonrenewable energy more and more [25]. China has set
ambitious targets to control carbon emissions by 2030 or earlier and intends to increase the
use ratio of low-carbon energy to 20% [26]. This will lead to more renewable energy being
incorporated into the Chinese power system, especially wind and solar energy. According
to the latest China 2050 High Renewable Energy Penetration Scenario and Roadmap Study
from the Energy Research Institute National Development and Reform Commission of
China, the installed capacities of WTs and PVs will reach 64% of Chinese total power
generation by 2050 [27]. However, there are still some problems in China’s renewable
energy development. Particularly, the distributions of solar and wind resources are uneven.
This will lead to regional heterogeneity of renewable energy utilization. Many studies have
conducted initial assessments of solar and wind resources within China as a necessary
precursor to their utilization [28–32].

In this paper, a standalone hybrid WT/PV system is designed for rural electricity
consumption as the load, and the optimal distribution strategies suitable for different
regions are proposed by taking the different solar and wind resources in 26 regions of
China. It is hoped that the research results of this paper could provide systematic design
ideas and distribution strategies for areas with similar natural resources.

2. Theory and Methodology
2.1. System Description

In this study, the software used for the modeling and simulation is TRNSYS. The
standalone hybrid WT/PV system is established as shown in Figure 1.

Figure 1. Model of standalone hybrid WT/PV system by TRNSYS.

The main components used in the model of the standalone hybrid WT/PV system are:

(1) PV module. TRNSYS Type 94 models the electrical performance of a photovoltaic
array. In this type, the current–voltage characteristics of a single module are predicted
by an empirical equivalent circuit model.

(2) Wind turbine. TRNSYS Type 90 models a wind turbine. It makes use of some readily
available manufacturer data as well as analytical solutions. In this type, the energy
extracted by a wind turbine results from the change in momentum of the air moving
through the rotor.

(3) Storage battery. TRNSYS Type 47 operates in conjunction with solar cell array and
power conditioning components. In this type, the battery state of charge varies over
time and can be obtained given the rate of charge or discharge.
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(4) Regulator and inverter. TRNSYS Type 48 models both the regulator and inverter. In
this type, the regulator distributes the power from the PV and WT to and from the
battery, and the inverter converts the DC power to AC and sends it to the load.

The mathematical descriptions of above types are shown in Section 2.2. The strength
of the current source by the PV module and the power produced by the wind turbine are
simulated based on the manufacturer data, empirical formulas, and the natural resources.

2.2. System Components
2.2.1. PV Module

To simulate the PV module, the “five-parameter” equivalent circuit model included
in Type 94 is used. The five parameters included in the model are: (1) IL,ref , module
photocurrent at reference condition; (2) IO,ref , diode reverse saturation current at reference
condition; (3) γ, empirical PV curve-fitting parameter; (4) Rs, module series resistance;
(5) Rsh, module shunt resistance.

The current–voltage equation for the equivalent circuit is [33]:

I = IL − Io

{
exp

[
q

γkTc
(V + IRs)

]
− 1
}
− V + IRs

Rsh
(1)

where IL is the module photocurrent, IO is diode reverse saturation current, q is electron
charge constant, k is Boltzmann constant, and Tc is module temperature.

The negative reciprocal of the short-circuit IV slope closely approximates the
shunt resistance:

Rsh ≈ −1
(dI/dV)V=0

. (2)

Equation (2) reduces the number of unknown quantities to four. Rearranging Equation (1)
at open-circuit, short-circuit, and maximum power conditions yields, IL,ref, IO,ref, γ, which
can be written as the following expressions:

IL,re f = ISC,re f

(
1 +

Rs

Rsh

)
(3)

Io,re f =
IL,re f − VOC,re f /Rsh

exp
(

q
γkTc,re f

VOC,re f

) (4)

γ =
q
(

Vmp,re f − VOC,re f + Imp,re f Rs

)
kTc,re f ln

(
IL,re f −Imp,re f −

Vmp,re f +Imp,re f Rs
Rsh

ISC,re f VOC,re f /Rsh

) (5)

where ISC,ref is the short-circuit current at reference condition, VOC,ref is the open-circuit
voltage at reference condition, Tc,ref is module temperature at reference condition, Vmp,ref is
the voltage at maximum power point along IV curve with reference condition, and Imp,ref is
current at maximum power point along IV curve with reference condition.

For the sake of finding the correct values for Rs and γ, an iterative search routine is
used by matching the analytical value for the temperature coefficient of the open-circuit
voltage. The last equation is derived from the analytical derivative of voltage to temperature
under the reference open-circuit condition.

∂VOC
∂Tc

= µVoc =
µIsc − Io,re f

(
3 + qε

AkT
)

exp
(

q
kλTc,re f

)
/Tc

q
kλTc,re f

Io,re f exp
(

q
kλTc,re f

VOC,re f

)
+ 1

Rsh

(6)

where µVoc is the temperature coefficient of open-circuit voltage, µIsc is the temperature
coefficient of short-circuit current, ε is semiconductor bandgap, and A is the ratio of γ to
individual cells number in the module.
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To compute the module temperature at each timestep, the temperature data from
standard nominal operating cell temperature (NOCT) measurements are used. The module
loss coefficient is determined by the NOCT data.

τα

UL
=

Tc,NOCT − Ta,NOCT

GT,NOCT
(7)

where τα is module transmittance–absorptance product, UL is module loss coefficient,
Tc,NOCT is module temperature at NOCT conditions, Ta,NOCT is ambient temperature at
NOCT conditions, and GT,NOCT is incident radiation at NOCT conditions.

The module temperature at any timestep can be written as follows, assuming that
the ratio of the module transmittance–absorptance product to the module loss coefficient
is constant:

Tc = Ta +
1 − ηc

τα
GTτα

UL

(8)

where ηc is the conversion efficiency of the module, which varies with ambient conditions.
YL-280-30b is selected in this study, and the technical data is shown in Table 1. The PV

modules are placed horizontally towards the south.

Table 1. Technical data of PV module.

Parameters Value

Module short-circuit current at reference condition 9.61 A
Module open-circuit voltage at reference condition 38.90 V

Reference temperature 298.00 K
Reference insolation 1000.00 W·m−2

Module voltage at max. power point and reference condition 31.10 V
Module current at max. power point and reference condition 9.01 A

Temperature coefficient of Isc at reference condition 0.04%/K
Temperature coefficient of Voc at reference condition −0.31%/K

Number of cells wired in series 60
Module temperature at NOCT 319.00 K
Ambient temperature at NOCT 293.00 K

Insolation at NOCT 800.00 W·m−2

Module area 1.46 m2

Module transmittance–absorptance product 0.95
Semiconductor bandgap 1.12

2.2.2. Wind Turbine

To simulate the wind turbine, some readily available manufacturer data, as well as
analytical solutions included in Type 90, are used. The impact of the air density and hub
height is considered in turbine power output. Wind turbines transform the kinetic energy
of moving air into useful work. The power output of a wind turbine can be written as:

PWT = 0.5CpρAWTU3 (9)

Cp = 4a(1 − a)2 (10)

where Cp is the power coefficient as a function of the axial induction factor a, ρ is the air
density, AWT is area of the rotor, and U is wind velocity in the free stream.

The mass flow rate of air is a function of its density. Introducing the ideal gas law
mboxemphp = ρRT, the pressure difference from one altitude to another can be written as:∫ 2

1

dp
p

= ln
p2

p1
= − g

R

∫ 2

1

dz
T

. (11)

For elevations where wind energy applications apply, temperature decreases linearly
with altitude [34]:

T(z) ≈ To − Bz (12)
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where B = 6.5 K/km of altitude.
Then an expression for pressure decrease with altitude can be obtained taking into

account the temperature lapse rate:

p2 = p1

(
1 − Bz

To

) g
RB

(13)

where T = 288 K.
The modeling of wind velocity per change in height above the ground is based on the

boundary layer theory of atmosphere [35]:

U1

U2
=

(
z1

z2

)α

(14)

where α determines the rate of wind velocity increase as a function of height. Under ideal
boundary layer conditions, the value of α is taken to be 1/7.

Three kinds of wind turbines are selected to adapt to different distribution strategies
of the hybrid system. The technical data of them are shown in Table 2. The power output
curves from the manufacturer are used, as shown in Figure 2. These data are gleaned from
Guangzhou Infinite Wind Power Generator Manufacture Co., Ltd.

Table 2. Technical data * of wind turbines.

Type Parameters Value

MAX-1600W

Rated power 1.60 kW
Cut-in wind speed 2.50 m·s−1

Rated wind speed 12.00 m·s−1

Diameter of blade 2.20 m
Hub height 8.00 m

MAX-800W

Rated power 0.80 kW
Cut-in wind speed 2.00 m·s−1

Rated wind speed 12.00 m·s−1

Diameter of blade 1.80 m
Hub height 8.00 m

MINI-400W

Rated power 0.40 kW
Cut-in wind speed 2.00 m·s−1

Rated wind speed 12.00 m·s−1

Diameter of blade 1.16 m
Hub height 8.00 m

* Data Sources: [36].

Figure 2. Power output curves of wind turbines.
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2.2.3. Storage Battery

Currently, lithium-ion and lead–acid are the commonly used batteries in stationary
applications [37]. Among them, lead–acid battery is a popular choice for storing uninter-
ruptible power supply due to its low cost, reliability, and efficiency [38]. The university of
Navarra had built a microgrid platform that used a lead–acid battery pack consisting of
120 FIAMM SMG300 cells in series as its storage component [39]. A stand-alone hybrid
power generation for a remote community in Bangladesh was studied by Das et al. [40].
Due to the participation of lead–acid batteries, the system could satisfy the energy demand
of a primary load of 248 kWh/day and a peak load of 44.41 kW. Therefore, this paper
chooses the lead–acid battery as the power storage component of the system. To simulate
the lead–acid storage battery, the Hyman model which is more realistic at very low currents
included in Type 47 is used.

On discharge, the formula is:

V = Voc − Vzp − gd H + Irqd

(
1 +

md H
Qd/Qm − H

)
. (15)

On charge, it is:

V = Voc − Vzp − gcH + Irqc

(
1 +

mcH
Qc/Qm − H

)
(16)

where
H = 1 − FSOC = 1 − Q

Qm
(17)

Voc is the open circuit voltage at full charge, Vzp is an additional voltage term in
Hyman model, gc and gd are small-valued coefficients of H in voltage–current state, FSOC
is the fractional state of the charge, Q is the state of the charge, Qm is rated capacity of the
cell, rqc and rqd are internal resistances, mc and md are cell-type parameters which determine
the shapes of the I-V-Q characteristics, and Qc and Qd are capacity parameters on the charge
and discharge.

To prolong the battery life, the battery should not be charged to too high a voltage or
discharged to too low a voltage. The cutoff voltage on charge (Vc) and discharge (Vd) will
be used in the regulator and inverter module so that the voltage charging and discharging
can be initiated so to ensure not to exceed Vc or to drop below Vd.

Sail-GFM-200 is selected as the storage battery and the technical data are shown in
Table 3.

Table 3. Technical data of storage battery.

Parameters Value

Cell energy capacity 200.00 Ah
Charging efficiency 0.90

Max. current per cell charging 37.70 A
Max. current per cell discharging −37.70 A

Rated voltage 2.00 V
Max. charge voltage per cell 2.35 V

Calculate discharge cutoff voltage 1.60 A

Taking into account the complementarity of solar and wind energy in terms of time,
the number of self-contained days for the battery is selected as one day in the system design.
Then, the total energy capacity of the battery is:

Bc =
N0QL

ηD
(18)

where N0 is the number of self-contained days, QL is the daily average of annual electricity
consumption, η is the inverter efficiency, and D is the maximum discharge depth.
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The number of batteries in series:

Ns =
V
V0

(19)

where V is the input voltage of the inverter and V0 is the rated voltage of the battery.
The number of batteries in parallel:

Np =
Bc

AcV
(20)

where Ac is the energy capacity of a single battery.

2.2.4. Regulator and Inverter

The battery’s voltage level and charge/discharge rate as well as its state of charge
will be monitored using Type 48. The charge to discharge limit on the fractional state of
charge (FB) is an important parameter in the regulator and inverter. If FSOC < FB and the
battery has been charging, then the battery must be on the “total charge” state. On the
“total charge,” the first priority is given to recharging the battery rather than sending the
output to the load until FSOC > FB. The technical data of the regulator and inverter are
shown in Table 4.

Table 4. Technical data of regulator and inverter.

Parameters Value

Regulator efficiency 0.90
Inverter efficiency, DC to AC 0.90
Inverter efficiency, AC to DC 0.90

High limit on FSOC 1.00
Low limit on FSOC 0.00

Charge to discharge limit on FSOC 0.30
Input voltage of inverter 24.00 V

Power output limit 1.00 kW

2.3. Load Characteristics

To determine the load profile over a specific period of time, Type 14 h is used. TRNSYS
Type 14 h provides a time-dependent forcing function model in transient simulation.
The pattern of the forcing function is established by a set of discrete data points indicating
its values at various times through one cycle. The hourly electricity consumption of rural
residences in China is used as the load data in this study [41], as shown in Figure 3.
The referenced hourly electricity consumption is the statistical value of 30 rural residences’
test results, which reflects the characteristics of rural residential electricity consumption
in different months in China. The annual electricity consumption is divided into three
stages, namely the transition stage, the heating stage, and the air conditioning stage. May,
June, September, and October are the transition stage. January, February, March, April,
November, and December are the heating stage. July and August are the air conditioning
stage. It can be seen from the figure that the hourly electricity consumption of rural
residences presents the characteristics of three waves, and the occurrence time of the wave
in the morning has variation at different stages which is in line with the reality of life. It
needs to be explained here that China’s rural energy consumption structure is developing
towards a clean type, but the heating mode in winter is mainly coal burning [42]. Therefore,
the electricity consumption of heating in winter is not considered in this paper.



Energies 2022, 15, 5307 9 of 21

Figure 3. Electricity consumption: (a) Daily data of transition season; (b) Daily data of heating season;
(c) Daily data of air conditioning season; (d) Monthly data.
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2.4. Meteorological Data

For the sake of optimizing the distribution strategy of the hybrid system in different
solar and wind resources, 26 regions of China are taken as samples, as shown in Figure 4.

Figure 4. Geographic position of 26 regions in China.

According to the classification of solar energy resources (SER) in China [32], there
are four categories based on the total solar irradiation: (I) greater than 6660 MJ/(m2·a);
(II) 6300~6660 MJ/(m2·a); (III) 5040~6300 MJ/(m2·a); (IV) less than 5040 MJ/(m2·a). Ac-
cording to the classification of wind energy resources in China [31], there are six categories.
However, the areas with the best and worst wind energy are small in China, so the wind
energy resources (WER) in this study are classified into four categories based on the annual
average wind velocity: (I) 3.0~3.5 m/s; (II) 2.5~3.0 m/s; (III) 2.0~2.5 m/s; (IV) less than
2.0 m/s.

The geographic conditions and natural resources classification of 26 regions in China
are shown in Table 5. Hourly meteorological data are extracted from the TRNSYS database
for a complete year.

Table 5. Geographic conditions and natural resources classification of 26 regions in China.

No. Name Geographic Position Elevation SER WER

1 Kashi 37.83◦ N, 76.65◦ E 1289.0 II III
2 Shache 38.42◦ N, 77.24◦ E 1231.0 II IV
3 Andir 37.07◦ N, 82.68◦ E 1261.0 I IV
4 Kaba-He 48.39◦ N, 86.34◦ E 1627.0 I I
5 Tikanlik 39.02◦ N, 88.17◦ E 889.0 II III
6 Lhasa 29.68◦ N, 91.02◦ E 3658.0 I III
7 Dunhuang 40.14◦ N, 94.66◦ E 1139.0 II II
8 Golmud 36.42◦ N, 94.90◦ E 2808.0 I II
9 Jiuquan 39.44◦ N, 98.31◦ E 1480.0 II II

10 Dali 25.60◦ N, 100.23◦ E 1990.5 III III
11 Kunming 25.05◦ N, 102.72◦ E 1891.4 III IV
12 Lanzhou 36.07◦ N, 103.82◦ E 1525.0 III I
13 Chengdu 30.67◦ N, 104.07◦ E 505.9 IV IV
14 Yinchuan 38.47◦ N, 106.28◦ E 1111.5 II I
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Table 5. Cont.

No. Name Geographic Position Elevation SER WER

15 Xian 34.27◦ N, 108.93◦ E 396.9 III III
16 Guilin 25.27◦ N, 110.30◦ E 150.0 IV III
17 Haikou 20.03◦ N, 110.32◦ E 14.1 III II
18 Guangzhou 23.13◦ N, 113.27◦ E 6.6 III II
19 Ganzhou 25.83◦ N, 114.93◦ E 109.0 IV IV
20 Beijing 39.90◦ N, 116.40◦ E 31.2 IV II
21 Hailar 49.22◦ N, 119.77◦ E 617.0 II I
22 Shanghai 31.23◦ N, 121.47◦ E 4.5 IV I
23 Shenyang 41.80◦ N, 123.43◦ E 41.6 III I
24 Qiqihar 47.35◦ N, 123.95◦ E 149.0 III II
25 Siping 43.10◦ N, 124.22◦ E 164.2 IV I
26 Yanji 42.93◦ N, 129.52◦ E 176.8 III III

2.5. Distribution Strategy

Based on the electricity consumption in rural areas, the average generating capacity of
the hybrid system is 3.12 kWh/day. Taking this value as the benchmark, the distribution
strategies of total power with the different installed capacity ratios of the PV and WT are
shown in Table 6.

Table 6. Distribution strategies of total power with the different installed capacity ratios of WT
and PV.

Installed Capacity Ratio of WT and PV 5:1 3:1 2:1 1:1 1:2 1:3 1:5

Number of PV modules in series 1 1 1 1 1 1 1
Number of PV modules in parallel 2 3 4 6 8 9 10

Number of wind turbines—1.60 kW 1 1 1 1 0 0 0
Number of wind turbines—0.80 kW 1 1 0 0 1 1 0
Number of wind turbines—0.40 kW 1 0 1 0 1 0 2

Because the voltage at reference condition with a maximum power point of the PV
module is 31.10 V and the input voltage of inverter is 24.00 V, the number of PV modules
in the series is one. The number of PV modules in parallel can be calculated by:

NPV−p =
PPV

NPV−sPe
(21)

where PPV is the generating capacity of the PV modules, NPV−s is the number of PV
modules in series, and Pe is the maximum power at the reference condition.

2.6. Procedure of Methodology

The procedure of the methodology of this study is shown in Figure 5. Based on TRN-
SYS, through three types of input data, the power supply guarantee rate and electricity
supply continuity under different distribution strategies are obtained. Then, the recom-
mended installed capacity ratio of the region is proposed after comparing the results. After
that, the distribution strategies suitable for different natural resources are summarized by
the simulation of different regions.
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Figure 5. Flowchart for the methodology of this study.

3. Results and Discussion
3.1. Model Verification

To verify the modules utilized by TRNSYS in this paper, the meteorological data and
the sizes of the PV and WT in the literature are used [13]. The solar irradiation and wind
velocity distributions during the year are shown in Figure 6a according to the literature.
The comparisons of the power output between the literature data and the simulated data
of TRNSYS are shown in Figure 6b. The specifications of the PV module and the WT are
shown in Table 7. It can be seen that the power output of the simulation results during the
year are in good agreement with the literature data. The maximum relative error is only
7.15%, which verifies the model reliability of the PV module and the WT in TRNSYS.

Figure 6. Model verification: (a) meteorological data; (b) result comparison.
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Table 7. Specifications of PV module and WT in model verification.

Type Specification Value

PV module

Module open-circuit voltage at reference condition 21.70 V
Module short-circuit current at reference condition 5.34 A

Module voltage at max. power point and reference condition 17.40 V
Module current at max. power point and reference condition 5.02 A

Module area 0.66 m2

Temperature coefficient of Isc at reference condition 0.002 A·K−1

Temperature coefficient of Voc at reference condition −0.082 V·K−1

Module temperature at NOCT 320.00 K

WT
Rated power 10.00 kW

Rated wind speed 13.00 m·s−1

Diameter of blade 7.00 m

3.2. Case Analysis

In this section, two representative regions are selected to analyze the influence of the
different distribution strategies on the hybrid system.

3.2.1. Case One
Wind and Solar Resources

Kaba-He is chosen for its abundance of solar and wind energy. Its wind and solar
resources are both in the range of the first category. The daily radiation and wind velocity
data of different months in a year are shown in Figure 7. As can be seen from the figure, solar
energy and wind energy complement each other in a day. Solar radiation is intermittent,
and its value is zero at night. However, although there is no fixed trend in wind velocity
over the course of the day, the wind velocity is generally higher at night. The monthly
average radiation and wind velocity data of Kaba-He are shown in Figure 8. It can be
seen that solar energy and wind energy also complement each other over the months.
The average solar radiation increases first and then decreases with the increase of month,
whereas the trend of average wind velocity is opposite to that of average radiation.

Figure 7. Daily radiation and wind velocity of different months in Kaba-He: (a) 5/15/25 January and
5/15/25 April; (b) 5/15/25 July and 5/15/25 October.
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Figure 8. Monthly average radiation and wind velocity in Kaba-He.

Hourly Characteristics in Typical Days

When the installed capacity ratio of the WT and PV is 5:1, the hourly characteristics
for two typical days (15 January and 15 July) are shown in Figure 9. Combined with the
radiation and wind velocity data on January 15 (Figure 7), it can be seen that the power
output of the WT and PV are consistent with the changes of the wind velocity and radiation.
On 15 January 15, the maximum wind velocity is 8.10 m·s−1 at 23:00, and the WT output is
2188.01 W at the same time. The maximum radiation is 795.60 kJ·h−1·m−2 at 14:00, and
the PV output is 99.94 W at the same time. As shown in Figure 9b, the battery is in a state
of neither charging nor discharging for two periods (9:00~11:00 and 17:00~24:00). This
is because the FSOC value of the battery is greater than the upper limit of 1.00 during
those periods, while the WT and PV output can meet the load consumption and there is
excess power. The excess power will be dumped by the system, as shown in Figure 9a. On
15 July, the wind resource is poor, and the WT output is very little as the wind velocity is
not up to the cut-in wind velocity. The load electricity consumption mainly comes from the
battery and PV output. As shown in Figure 9d, before 11:00, the battery is in the discharge
state, and the FSOC goes down from 0.97 to 0.95; between 12:00 and 16:00, the battery is
in the charge state, and the FSOC goes up from 0.95 to 0.96; after 17:00, the battery is in
the discharge state. It can be seen from Figure 9c that from 8:00 to 22:00, the PV output is
greater than zero, while the PV output could only not meet the load electricity consumption
from 12:00 to 16:00, and there is a surplus which will be stored in the battery.

Figure 9. Cont.
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Figure 9. Hourly characteristics when the installed capacity ratio of WT and PV is 5:1 in Kaba-He:
(a,b) for 15 January; (c,d) for 15 July.

Effect of Different Distribution Strategies

To compare the influence of different distribution strategies on the hybrid system,
the power supply guarantee rate is used as an evaluation index. The power supply
guarantee rate with the different installed capacity ratios of the WT and PV are shown in
Figure 10. The power supply guarantee rate does not reach 100% because the battery is
in a state of no power at first. The WT and PV output obtained in the early stage need to
be charged to the battery until the FSOC reaches the threshold (0.30). The hourly FSOC of
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the first ten days and the start time of the electricity supply continuity with the different
installed capacity ratios of the WT and PV are shown in Figure 11. As shown in Figure 10,
the power supply guarantee rate varies little when the installed capacity ratios of the
WT and PV are 5:1~1:1. When the ratio is less than 1:1, the power supply guarantee rate
decreases obviously. This is because when the ratio is from 5:1 to 1:1, it takes around
5 days for the FSOC to become greater than 0.30. In addition, the system can guarantee the
continuity of the electricity supply when the FSOC is greater than 0.30. However, when
the ratio is less than 1:1, as an example of 1:2, although the FSOC reaches 0.30 at 136 h,
it fluctuates between 0.28 and 0.31 until 191 h, so the start time of the electricity supply
continuity is 191 h. Therefore, according to the wind and solar resources of Kaba-He, the
recommended installed capacity ratios of the WT and PV for the hybrid system is from 5:1
to 1:1.

Figure 10. Power supply guarantee rate with different installed capacity ratios of WT and PV
in Kaba-He.

Figure 11. Hourly characteristics of the hybrid system in Kaba-He: (a) FSOC of the first ten days;
(b) the start time of electricity supply continuity with different installed capacity ratios of WT and PV.
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3.2.2. Case Two

Andir is chosen because it is rich in solar energy but short on wind energy. Its solar
energy resource is in the range of the first category, whereas the wind energy resource is
in the range of the fourth category. The monthly average radiation and wind velocity in
Andir are shown in Figure 12. It can be seen that the maximum average wind velocity is
1.82 m·s−1 in March and the minimum average wind velocity is 0.90 m·s−1 in December.

Figure 12. Monthly average radiation and wind velocity in Andir.

The power supply guarantee rate with the different installed capacity ratios of the WT
and PV in Andir are shown in Figure 13. The hourly FSOC of the first twenty days and the
start time of the electricity supply continuity are shown in Figure 14. As shown in Figure 13,
the power supply guarantee rate rises significantly when the installed capacity ratio of the
WT and PV is from 5:1 to 1:1. When the ratio is less than 1:1, the power supply guarantee
rate increases slowly. This is because when the ratio is greater than 1:1, as an example of
2:1, although the FSOC reaches 0.30 at 184 h, it fluctuates between 0.28 and 0.31 until 469 h,
so the start time of electricity supply continuity is 469 h. However, when the ratio is less
than 1:1, as an example of 1:5, it takes 86 h for the FSOC to become greater than 0.30, and
the system can guarantee the continuity of the electricity supply after that time. Therefore,
according to the wind and solar energy resources of Andir, the recommended installed
capacity ratio of the WT and PV of the hybrid system is 1:5.

Figure 13. Power supply guarantee rate with different installed capacity ratios of WT and PV in Andir.
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Figure 14. Hourly characteristics of the hybrid system in Andir: (a) FSOC of the first twenty days;
(b) the start time of electricity supply continuity with different installed capacity ratios of WT and PV.

3.3. Summary

Taking the power supply guarantee rate and the electricity supply continuity as
indicators, the standalone hybrid WT/PV system with different solar and wind resources
in 26 regions of China are simulated. The recommended installed capacity ratios of the WT
and PV are shown in Table 8. It can be seen that the recommended installed capacity ratio
of the WT and PV is 5:1 when the total solar irradiation is less than 5040 MJ/(m2·a) and the
annual average wind velocity is in the range of 3.0~3.5 m/s. In addition, when the WER is
still in this range, the scope of the recommended installed capacity ratio of the WT and PV
increases with the increase of the SER. This is because when the WER is in the range of the
first category, the WT dominates in the hybrid system. With the improvement of the SER,
the PV plays an increasingly apparent role but does not exceed the WT. However, when
the WER is in the range of the second and third categories, the PV plays an increasingly
significant role in the hybrid system and exceeds the WT if the total solar irradiation is
greater than 6300 MJ/(m2·a). When the WER is scarce, the PV dominates in the hybrid
system. It is worth noting that when there are several options for the installed capacity ratio
of the WT and PV, the capacity with less PV should be selected because the reduction of the
PV capacity could reduce the total capital cost [8,20]. In particular, the standalone hybrid
WT/PV system is not recommended if the total solar irradiation is less than 5040 MJ/(m2·a)
and the annual average wind velocity is less than 2.0 m/s. Taking Chengdu as an example,
although the power supply guarantee rate reaches its maximum 95.99% when the installed
capacity ratios of the WT and the PV is 1:5, the continuity of the electricity supply cannot
be guaranteed under any ratio.
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Table 8. Recommended installed capacity ratios of WT and PV for the hybrid system with different
solar and wind energy resources.

SER
WER

IV
<5040 MJ/(m2·a)

III
5040~6300 MJ/(m2·a)

II
6300~6660 MJ/(m2·a)

I
>6660 MJ/(m2·a)

I
3.0~3.5 m/s 5:1 5:1/3:1 5:1/3:1/2:1 5:1/3:1/2:1/1:1

II
2.5~3.0 m/s 3:1/2:1 1:1 1:1/1:2 1:2

III
2.0~2.5 m/s 3:1/2:1 1:1 1:2 1:3

IV
<2.0 m/s 1:2/1:3 1:3 1:5

4. Conclusions

In this paper, a standalone hybrid WT/PV system is designed for the purpose of
providing electricity in rural areas. The system is simulated by the TRNSYS solver, and the
input parameters are the meteorological data of the selected locations and the specifications
of the WT and PV. The installed capacity ratio of the PV and WT is taken as the index of
the distribution strategy to optimize the hybrid system. To obtain the optimal distribution
strategies suitable for different natural resources, 26 regions of China are taken as samples.
Several references for the optimal distribution strategies of the standalone hybrid WT/PV
system within different natural resources are as follows:

(1) When the annual average wind velocity is in the range of 3.0~3.5 m/s, the recom-
mended installed capacity ratios of the WT and PV are 5:1 for when the total solar
irradiation is less than 5040 MJ/(m2·a), 5:1~3:1 for when the total solar irradiation is
in the range of 5040~6300 MJ/(m2·a), 5:1~2:1 for when the total solar irradiation is in
the range of 6300~6660 MJ/(m2·a), and 5:1~1:1 for when the total solar irradiation is
greater than 6300 MJ/(m2·a).

(2) When the annual average wind velocity is in the range of 2.5~3.0 m/s, the recom-
mended installed capacity ratios of the WT and PV are 3:1~2:1 for when the total solar
irradiation is less than 5040 MJ/(m2·a), 1:1 for when the total solar irradiation is in
the range of 5040~6300 MJ/(m2·a), 1:1~1:2 for when the total solar irradiation is in the
range of 6300~6660 MJ/(m2·a), and 1:2 for when the total solar irradiation is greater
than 6300 MJ/(m2·a).

(3) When the annual average wind velocity is in the range of 2.0~2.5 m/s, the recom-
mended installed capacity ratios of the WT and PV are 3:1~2:1 for when the total solar
irradiation is less than 5040 MJ/(m2·a), 1:1 for when the total solar irradiation is in the
range of 5040~6300 MJ/(m2·a), 1:2 for when the total solar irradiation is in the range
of 6300~6660 MJ/(m2·a), and 1:3 for when the total solar irradiation is greater than
6300 MJ/(m2·a).

(4) When the annual average wind velocity is less than 2.0 m/s, the recommended in-
stalled capacity ratios of the WT and PV are 1:2~1:3 for when the total solar irradiation
is in the range of 5040~6300 MJ/(m2·a), 1:3 for when the total solar irradiation is in the
range of 6300~6660 MJ/(m2·a), and 1:5 for when the total solar irradiation is greater
than 6300 MJ/(m2·a).

(5) If the total solar irradiation is less than 5040 MJ/(m2·a) and the annual average wind
velocity is less than 2.0 m/s, it is not recommended to use the standalone hybrid
system because it cannot meet the power demand.
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WT Wind turbine
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TRNSYS Transient system simulator
DC Direct current
AC Alternating current
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FSOC Fractional state of charge
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