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A B S T R A C T   

China has set ambitious goals to cap its carbon emissions and increase low-carbon energy sources to 20% by 2030 
or earlier. However, wind and solar energy production can be highly variable: the stability of single wind/solar 
and hybrid wind-solar energy and the effects of wind/solar ratio and spatial aggregation on energy stability 
remain largely unknown in China, especially at the grid cell scale. To address these issues, we analyzed the newly 
2007–2014 hourly wind and solar data, which have higher resolution and quality than those used in previous 
research. The stability of single wind/solar energy production clearly increased as the wind/solar energy ca-
pacity factor increased, and there were significant functional relationships between single wind/solar energy 
stability and the wind/solar energy capacity factor. Highly stable wind energy was concentrated in eastern Inner 
Mongolia, northeastern China, and northern China while highly stable solar energy was concentrated in the 
Tibetan Plateau, Inner Mongolia, and northwestern China. Different wind/solar ratios affected the stability of 
hybrid wind-solar energy through a unimodal relationship, allowing us to produce a map of optimal wind/solar 
ratios throughout China in order to minimize the variability of hybrid wind-solar energy production. At the 
optimal wind/solar ratio, the most stable hybrid wind-solar energy was concentrated in eastern Inner Mongolia, 
northeastern China, and northern China. The variability of single and hybrid wind/solar energy decreased as the 
aggregated area size increased, especially for wind-dominated energy systems. These results have important 
practical applications: (a) using the optimal wind/solar ratio to install simple hybrid wind-solar energy systems 
locally; (b) prioritizing the deployment of large-scale wind farms or centralized solar photovoltaic stations in 
regions with high hybrid energy stability; and (c) strongly promoting regional cooperation, such as breaking 
inter-provincial power grid barriers, to reduce the variability of hybrid wind-solar energy production and thus 
operational costs.   
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1. Introduction 

The decarbonization of electrical power is a key requirement for 
reducing carbon dioxide emissions, mitigating climate change, and 
achieving sustainable developments [1,2]. Although China is the 
world’s largest greenhouse gas emitter and energy consumer, at the 
2015 United Nations Climate Change Conference it pledged to cap its 
carbon emissions and increase low-carbon energy to 20% of its total 

primary energy mix by 2030 or earlier [1,3]. This means that more 
renewable energy resources will be integrated into Chinese power sys-
tems, especially wind and solar. According to a report from the Energy 
Research Institute National Development and Reform Commission of 
China, ~2.4 billion kW of wind power and 2.7 billion kW of solar power 
are projected to be installed by 2050 with a total annual output of 9.66 
trillion kWh, accounting for 64% of China’s total power generation [4]. 
Wind and solar will, therefore, become the main sources of green 

Nomenclature 

CMA China Meteorological Administration 
CAS Chinese Academy of Sciences 
NCC National Climate Center 
CF The capacity factor 
CFwind The capacity Factor of wind 
CFsolar The Capacity Factor of soalr 
ANN Artificial Neural Network 
MODIS Moderate Resolution Imaging Spectroradiometer 
MTSAT Multifunctional Transport Satellite 
GLASS Global Land Surface Satellite 
ISCCP-FD International Satellite Cloud Climatology Project F-Series 

of Products 
Ppv The actual solar photovoltaic power output 
PPV;STC The rated power of the PV array under standard test 

conditions 
ηPV;STC The efficiency of the PV array under standard test 

conditions 
μ The temperature coefficient of the output power 
STC The standard test conditions 

Ta The ambient temperature 
TSTC The standard test conditions temperature 
ν The wind speed 
NOCT The nominal operating cell temperature 
APV The PV array areas (m2) related to the PV array power peak 
Gg;t The global solar radiation on the titled surface 
RSTC The solar light intensity under standard test conditions 
K The ratio of the optimal slope total irradiance to the global 

horizontal irradiance 
α The system efficiency coefficient 
CV The coefficient of variation 
Instabenergy The instability of an energy system 
Instabwind The single wind energy system instability 
Instabsolar The single solar energy system instability 
uE The average energy generated in a year 
T The total number of hours in a year 
i The time step 
Ei The energy generated at time i 
m The weights of the wind CF 
n The weights of the solar CF  

Table 1 
Overview of datasets used in previous main wind/solar energy and hybrid wind-solar synergy assessments in China.   

Reference Study area Study 
period 

Data sources Spatial 
resolution 

Time 
resolution 

Wind speed 
height 

Validation 
against wind 
masts 

Validation 
against 
radiation 
station 

Wind energy 
assessments 

[7] China 2001–2010 200 sites from 3TIER (htt 
ps://www.3tier.com/) 

Site scale Hourly 100 m 
(onshore) 

No – 

[8] China 1979–2015 MEERA (https://gmao.gsfc 
.nasa.gov 
/reanalysis/) 

~56 � 61 km Hourly 80 m 
(onshore), 
120 m 
(offshore) 

No – 

[5] China 1998–2017 MEERA-2 (https://gmao. 
gsfc.nasa.gov 
/reanalysis/) 

~56 � 57 km Hourly 50 m 
(onshore) 

No – 

[9] China 2006–2015 2430 meteorological sites 
from CMA (http://data. 
cma.cn/) 

Site scale 6-hourly 10 m 
(onshore) 

– – 

This 
study 

China 2007–2014 CMA WRF simulation 15 � 15 km Hourly 100 m 
(onshore) 

Yes – 

Solar energy 
assessments 

[10] China 2001–2010 200 sites from 3TIER Site scale Hourly – – Yes 
[6] China 1970–2000 WorldClim (https://www. 

worldclim.org/) 
1 � 1 km Monthly – – Yes 

This 
study 

China 2007–2014 CAS Satellite-based model 5 � 5 km Hourly – – Yes 

Wind-Solar 
synergy 
assessments 

[26] China 2009–2010 22 meteorological sites Site scale Hourly 10 m No Yes 
[24] China 1971–2003 289 meteorological sites 

from Standard 
Meteorological Database 
for Buildings 

Site scale Daily 10 m No Yes 

[25] Shandong 
Province 

2006–2015 MEERA ~56 � 61 km Hourly 50 m No No 

This 
study 

China 2007–2014 CMA WRF simulation 
(wind); CAS Satellite- 
based model (Solar) 

15 � 15 km 
(wind); 5 � 5 
km(solar) 

Hourly 100 m Yes Yes 

Note: ‘-’ indicates data not provided or not relevant. 
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electricity in China. 
Many studies have conducted initial assessments of wind and solar 

resources within China as a necessary precursor to utilization [5,6]. 
Wind energy assessments primarily use reanalysis data sets (such as 
MERRA-2 and ERA-Interim) and meteorological station observations [7, 
8]. However, wind speeds from reanalysis data sets are not usually 
validated against wind mast data, while meteorological stations only 
measure the near-surface wind speed (at 10 m altitude), which needs to 
be adjusted to the wind turbine hub height (typically 70–100 m), 
creating large uncertainties [9]. Solar energy assessments typically rely 
on solar radiation observations from meteorological stations [6,10], but 
less than 100 radiation stations are operational in China, too few to 
accurately represent regional solar characteristics. Interpolating this 
limited network over China as a whole inevitably introduces large un-
certainties. Recently, however, high-quality wind profile data from the 
China Meteorological Administration (CMA) and solar radiation data 
developed by the Chinese Academy of Sciences (CAS) have become 
available, allowing more precise assessments of potential wind and solar 
energy resources (See Table 1 for a detailed review on the wind/solar 
datasets mainly used in previous studies). 

Power systems require a stable and continuous electricity supply, but 
wind and solar energy are inherently intermittent and unstable [11,12]. 
Potential mismatches between renewable energy supplies and load de-
mands create clear challenges for integrating these resources into 
existing power grids. China’s curtailment rate for wind and solar power 
generation has averaged over about 10% during the past decade, far 
higher than the 1–4% average curtailment rate in the United States and 
Europe. For example, from 2010 to 2016, 150.4 million MWh of 
renewable electricity generation were abandoned in China, a total en-
ergy loss equivalent to 48 million t of coal consumption or 134 million t 
of CO2 emissions, representing ~1.5% of China’s total emissions in 2016 
[13]. In addition, such curtailments increase the Levelized cost of 
electricity, power system operation costs, and congestion management 
costs, while reducing the incomes of wind and solar farms [12,14]. 

Fortunately, a growing body of research has indicated that solar and 
wind are temporally complementary to some degree and together can 
increase the stability of a hybrid wind-solar energy system relative to 
either alone [15,16]. For instance, implementing integrated wind and 
solar power decreased the variability of power production in Ontario, 
Canada [17]; similar analyses have been conducted in Poland [18], West 
Africa [19], Iberian Peninsula [20], Britain [21], Australia [22], and the 
US [23]. Hence, energy systems that are highly dependent on wind and 
solar resources should assess the stability of hybrid wind-solar energy 
before deploying energy infrastructure. 

Recent studies have begun to assess the potential for stable hybrid 
wind-solar energy systems in China [24,25]. For example, Liu et al. [26] 
found that combining wind and solar powers with a certain area can 
decrease zero-power hours in several Chinese provinces using data from 
22 meteorological sites. Xu et al. [24] found that wind and solar are 
strongly complementary in North and Northwest China, using 289 
meteorological sites. Zhang et al. [25] found that optimal use of wind 
and solar together can smooth aggregated power and decrease the 
power variability in Shandong Province based on MERRA reanalysis 
data. In addition, aggregating larger areas of wind farms and photo-
voltaic power stations can effectively reduce the variability of energy 
production [23,27]. For instance, in England [28], Denmark [29], 
Europe [30], the US [31], and Canada [32], the variability of hourly 
wind power decreases exponentially as the aggregated areas grow. A 
similar pattern has been documented for solar in the US [33] and Japan 
[34]. 

However, similar studies in China have suffered from certain limi-
tations in that they: (1) have not assessed the variability of single wind/ 
solar and hybrid wind-solar energy throughout China at the grid cell 
scale (the area of one grid cell is 15 � 15 km2); (2) have not considered 
the wind/solar ratio’s effect on hybrid wind-solar energy stability; and 
(3) have not investigated the effects of spatial aggregation on hybrid 

wind-solar energy stability. To address these shortcomings, in this study, 
we used the new high-quality wind and solar energy data from the CMA 
and CAS to determine:  

(1) the stability of single wind/solar energy in China at the grid cell 
scale;  

(2) the influence of the wind/solar ratio on the stability of hybrid 
wind-solar energy in China and the optimal ratio for stability;  

(3) the influence of spatial aggregation on the stability of single 
wind/solar and hybrid wind-solar energy in China and the effect 
of the wind/solar ratio on this dynamic. 

2. Data and methods 

2.1. Wind energy assessment 

Wind profile data were obtained from the CMA’s National Climate 
Center (NCC), which assimilated data from Fengyun meteorological 
satellites, ~2400 ground stations, and 169 sounding stations before 
using a mesoscale numerical simulation model (the Weather Research 
and Forecasting Model) to produce hourly wind speed, wind direction, 
air density, and other variables from 1995 to 2016 [35]. These data have 
a horizontal resolution of 15 � 15 km. The wind profile altitude ranges 
from 10 to 200 m with 10 m vertical resolution. Independent validation 
against data from 400 wind masts at 70–120 m height built by CMA 
showed that these data have higher accuracy and quality than the 
commonly used MERRA-2 and ERA5 global reanalysis data in China 
[35]. 

We based this study on four mainstream onshore wind turbine types 
(GW131–2.2, GW121–2.0, GW140–3.4, and GW109–2.5; Goldwind, 
China) with 100 m hub heights (Table 2). These were chosen with 
reference to regional differences in multi-year average wind speed based 
on recommendations from the manufacturer, which accounted for 
31.7% of China’s wind energy market in 2018 [36]. The spatial distri-
bution of suitable onshore wind turbine types is shown in Fig. 1a. The 
theoretical wind power was calculated using hourly wind speed, air 
density, and specific wind turbine power curves (Fig. 1b). The actual 
wind power equals the theoretical wind power multiplied by a system 
efficiency coefficient, which usually ranges between 20 and 30% [37]; 
we used the average value (25%). 

The capacity factor (CF), which refers to the ratio of actual electricity 
generation over a year to the maximum possible electricity generation 
over that year was calculated as: 

CF¼
Annual  power  generation  ðMWhÞ

Installed  capacity  ðMWÞ �  Hours  in  a  year  ðhÞ
(1)  

2.2. Solar energy assessment 

The CAS satellite-based surface solar radiation data have 5 � 5 km 
spatial resolution and hourly temporal resolution from 2007 to 2014. 
This data set was produced using an artificial neural network(ANN)- 
based algorithm built by combining Moderate Resolution Imaging 
Spectroradiometer (MODIS) cloud products and Multifunctional Trans-
port Satellite (MTSAT) data to estimate cloud parameters (cloud mask, 
effective particle radius, and liquid/ice water path) from MTSAT im-
agery [38]. The estimated cloud parameters and other information (such 

Table 2 
Turbine parameters and wind speed ranges.  

Average wind speed range 
(m/s) 

Turbine type Capacity 
(MW) 

Rotor diameter 
(m) 

4.5–6.5 GW131–2.2 2.2 131 
6.5–7.5 GW121–2.0 2.0 121 
7.5–8.5 GW140–3.4 3.4 140 
>8.5 GW109–2.5 2.5 109  
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as aerosols, ozone, and precipitable water) were entered into a param-
eterization model to calculate horizontal solar radiation. By indepen-
dent validation against both experimental data and operational station 
data in China, the accuracy and quality of these data were determined to 
be comparable to or higher than two commonly used solar radiation 
products (GLASS and ISCCP-FD) with coarser spatial resolution [38]. 
The solar energy data were then bilinearly gridded to match the spatial 
resolution of the wind energy data. 

The actual solar photovoltaic power output was calculated using an 
open-source package, OptiCE [39,40], which was widely used in PV 
simulation [41,42]. The 3-hourly ambient temperature data was 
retrieved from ERA-interim reanalysis [43] and interpolated to an 
hourly scale. The hourly wind speed was obtained from CMA’s National 
Climate Center. The hourly simulation of the PV system is calculated as 
follows:  

where Ppv is the actual solar photovoltaic power output (W); PPV;STCis the 
rated power of the PV array under standard test conditions; ηPV;STCis the 
efficiency of the PV array under standard test conditions (STC); μ is the 
temperature coefficient of the output power(%/�C); Tais the ambient 
temperature (�C); TSTCis the standard test conditions temperature (25 
�C);ν is the wind speed (m/s); NOCT is the nominal operating cell 
temperature (45 �C); APV is the PV array areas (m2) related to the PV 
array power peak; Gg;t is the global solar radiation on the titled surface 
(W/m2); RSTC is the solar light intensity under the standard test condi-
tions, and its value is 1000W/m2; K is the ratio of the optimal slope total 
irradiance to the global horizontal irradiance. In this study, the optimal 
slope total irradiance at 2461 ground stations in China was calculated 
using the Klein-Hay model [44,45], and the K at the 2461 ground sta-
tions were spatially interpolated to get each value at each grid cell. α is 
the system efficiency coefficient, and its value is 0.8 [46]. Similar to the 
wind CF, the solar CF was then calculated as the ratio of actual solar PV 
electricity generation to solar PV potential electricity generation. 

In summary, regarding the wind and solar data, there are 41137 
spatial grid cells in China, and the data sets contain 78840 hourly time 
steps. 

2.3. Hybrid wind-solar stability 

2.3.1. Wind/solar install ratio 
Instabenergy is a standardized measure of the dispersion of energy 

production across time that can be used to compare instability in 
different locations and different energy systems. A lower Instabenergy 
indicates that energy production is more stable and smoother over time. 
Following a previous study [19], we used the coefficient of variation 
(CV) to assess the instability of an energy system (Instabenergy): 

Instabenergy¼
1
uE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
T

XT

i¼1
ðEi � uEÞ

2

v
u
u
t (3)  

where uE is the average energy generated in a year, T is the total number 
of hours in a year, i is the time step, and Ei is the energy generated at time 

i. In general, there are different combinations of wind-solar install ratio 
(m:n) such that a specific ratio can produce the lowest hybrid instability 
(Instabhybrid). The optimal hybrid wind-solar energy with highest sta-
bility can thus be determined by boundary constraints: 

Min
�
Instabhybrid

�
such that

�
Instabhybrid ¼ CVðm� CFwind þ n� CFsolarÞ

m > 0; n > 0
(4) 

To better illustrate this method, considering a single grid cell (21.9 
�N, 107.8 �E) as an example. To simplify the calculation, we assume a 
wind/solar install ratio of m : 1, which produces a relationship between 
Instabhybrid and wind/solar ratio in the form of a unimodal curve 
(Fig. 2). A wind/solar install ratio of 1.3:1 can thus result in the highest 
stability of hybrid wind-solar energy, i.e., the lowest Instabhybrid. 

2.3.2. Spatial aggregation 
To assess the effect of spatial aggregation on the stability of hybrid 

wind/solar energy production, we applied a moving window strategy to 
ensure that the Instabenergy at different spatial scales could be compared. 
For instance, in a 3 � 3 grid cell window (Fig. 3), the Instabhybrid is 
calculated as: 

Fig. 1. (a) Spatial distribution of suitable onshore wind turbine types based on multi-year averaged wind speed. (b) Example generating power curves of four onshore 
wind turbines with a standard air density of 1.225 kg/m3. 

Ppv¼PPV;STC

�

1þ
μ

ŋPV;STC
ðTa � TSTCÞþ

μ
ŋPV;STC

9:5
5:7þ 3:8ν

ðNOCT � 20Þ
800

ð1 � ŋPV;STCÞ�Gg;t

�
Gg;t

RSTC
�APV �K � α (2)   
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Instabhybrid ¼CV

 
XN�N

i¼1
mCFwind;i þ

XN�N

i¼1
nCFsolar;i

!

(5)  

where i represents the grid cell in a given grid cell window (N �N) and m 
and n are the weights of the wind and solar CF. The central point of the 
grid cell window moves to the adjacent grid cell and the computations 
are repeated. We used grid cell windows of 1 � 1, 3 � 3, 9 � 9, 25 � 25, 
and 51 � 51. The area of one grid cell (i.e., 1 � 1) is 15 � 15 km2. 

3. Results 

3.1. Wind and solar CF in China 

High CFwind was mainly distributed in Inner Mongolia, northeastern 
China, and northern China (Fig. 4). Compared with values determined at 
80 m with a consistent turbine type in previous studies [7,8], those at 
100 m were much higher, especially in northeastern and northern China. 
CFsolar was lower than CFwind on average, consistent with previous 
studies [7,10]. High values were concentrated in western China, 
particularly in the Tibetan Plateau, while low values were concentrated 
in the Sichuan Basin due to frequent cloudy weather conditions. 

3.2. Instability of single wind and solar energy 

Instabwind showed large spatial heterogeneity, with an averaged 
value of 0.92 nationally (Fig. 5a); high values were concentrated in the 
Xinjiang and Sichuan Basins, where CFwind was low, while low values 
were mostly distributed in eastern Inner Mongolia and northeastern 
China, where CFwind was high. There was a clear negative and non-linear 
relationship (Y ¼ 2.12 e� 5.68X þ 0.48, R2 ¼ 0.91) between Instabwind and 
CFwind (Fig. 5c); the former decreased dramatically when the latter was 
<0.2 and decreased slowly when the latter was >0.2. 

The spatial heterogeneity of Instabsolar was lower than Instabwind, but 
its values were much higher across most regions, averaging 1.44 
(Fig. 5b). High values were concentrated in the Sichuan Basin, while low 
values were concentrated in the Tibet Plateau. There was a negative 
linear relationship between Instabsolar and CFsolar (Y ¼ � 1.9X þ 1.76, R2 

¼ 0.79) (Fig. 5d); in general, a 0.1 increase in the latter would produce a 
decrease of 1.9 in the former. 

Fig. 2. Example of the relationship between hybrid wind-solar energy insta-
bility and the wind/solar install ratio. Red circle indicates the location of 
highest hybrid energy stability with an optimal wind/solar install ratio of 1.3:1. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 3. Conceptual schematic of energy stability calculations in a 3 � 3 grid cell window. Red point C represents the central point of the 3 � 3 grid cell window; blue 
rectangle represents the 8 adjacent grid cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.3. Effect of wind/solar install ratio on hybrid energy system stability 

For hybrid wind/solar energy, Instabhybrid varied widely across 
different wind/solar install ratios (Fig. 6). Wind/solar install ratios of 
1:0.5 and 1:1.5 induced the lowest Instabhybrid (averaged national values 
of 0.73 and 0.76, respectively) while a ratio of 1:3 induced the largest 
Instabhybrid (averaged national value of 0.91). 

By computing the functional relationship between Instabhybrid and 
wind/solar install ratio per grid cell, we derived the lowest Instabhybrid 
and corresponding optimal install ratio (Fig. 7a,b). Compared with 
Instabwind and Instabsolar alone (Fig. 5a and b) or hybrid wind/solar 
energy with a fixed ratio (Fig. 6), Instabhybrid was much lower, with an 
averaged national value of 0.70 (Fig. 7a and b). This suggests that 

integrating wind and solar with an optimal ratio can strongly decrease 
the instability of single and hybrid wind/solar energy production. The 
lowest Instabhybrid values for the optimal ratio were concentrated in high 
CFwind regions, and the largest Instabhybrid values for the optimal ratio 
were mostly distributed in low CFwind regions. We identified a strong 
negative relationship between Instabhybrid and CFwind (Y ¼
1.08e� 3.11Xþ0.26, R2 ¼ 0.88, Fig. 7c), but the relationship between 
Instabhybrid and CFsolar was less well-defined (Fig. 7d). 

Overall, the optimal wind/solar install ratio mostly ranged from 
0.4:1 to 1.4:1. Thus, a high and low wind/solar ratio would increase the 
Instabhybrid in China. This is in line with the high Instabhybrid with wind/ 
solar ratio of 1:0.1 and 1: 3 (Fig. 6a and d). The lowest ratios were 
concentrated in Inner Mongolia, northeastern China, and the Tibet 

Fig. 4. Spatial distribution of averaged wind CF at 100 m altitude and solar CF in China from 2007 to 2014.  

Fig. 5. Spatial distribution of averaged (a) single wind energy system instability (Instabwind) and (b) single solar energy system instability (Instabsolar) in China 
during 2007–2014. Relationship between (c) Instabwind and CFwind and (d) Instabsolar and CFsolar in China during 2007–2014. 
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Plateau. The optimal install ratio did not seem to be correlated with 
CFwind and CFsolar (Fig. 7e and f). 

3.4. Effect of spatial aggregation on energy system stability 

Instabwind, Instabsolar, and Instabhybrid decreased in most areas, as the 
window size increased (Fig. 8). At 51�51, the spatial heterogeneity of 
the instability for all energy types became very low; Instabwind and 
Instabhybrid at wind/solar ratio of 1:1 decreased in most areas to ~0.5 
and Instabsolar to ~1.3. For single wind or solar energy, an increase in 
sliding window size from 1�1 to 51�51 reduced Instabwind by 45.7% 
but reduced Instabsolar by only 7.5% (Fig. 9). For hybrid energy, the 
increase in window size had a larger effect on Instabhybrid with higher 
wind/solar ratio. For instance, Instabhybrird values at wind/solar ratios of 
1:0.1 and 1: 3 were closer at 1�1, but when this increased to 51 � 51, 
Instabhybird at a wind/solar ratio of 1:0.1 decreased by 46.2% while 
Instabhybrid at a wind/solar ratio of 1:3 decreased by 13.6%. This sug-
gests that larger spatial scales decrease wind/solar energy instability 
effectively, especially for wind-dominated hybrid wind-solar energy. 

However, the effects of spatial aggregation on reducing energy 
instability are not linear. Increasing the window size from 1 � 1 to 9 � 9 
(an increase of 1800 km2) reduces Instabwind from 0.91 to 0.73, while 
increasing the window size from 25 � 25 to 51 � 51 (an increase of 4.5 
�105 km2) only reduces Instabwind from 0.62 to 0.5. In addition, the low 
differences in instability across multiple years indicated that the effects 
of spatial aggregation on energy system instability are robust with re-
gard to the interannual variability of wind and solar energy. 

4. Discussion and practical implications 

This study assessed single wind/solar and hybrid wind-solar energy 
stability in China and the effects of the wind/solar ratio and spatial 
aggregation on energy stability. Compared with previous research, this 
study offers a more comprehensive and detailed assessment of these 
factors based on the new high-quality renewable energy data sets 

developed by the CMA and CAS. For example, previous analyses of wind- 
solar complementarity in China were mostly performed on the provin-
cial or site scale [25,26], while no other studies have examined the 
wind-solar hybrid energy system stability at the grid cell scale 
throughout the country. 

For single wind energy, the variability of wind energy decreases 
exponentially with CFwind, while the variability of solar energy de-
creases linearly with CFsolar. This suggests that regions with rich wind 
resources (such as eastern Inner Mongolia, northeastern China, and 
northern China) and regions with rich solar resources (such as the Ti-
betan Plateau, Inner Mongolia, and northwestern China) have lower 
variability and are highly suitable for the development of large wind and 
solar installations. In addition, the variability of solar power is much 
higher that of wind power across most of China due to the diurnal cycle 
of solar radiation. Moreover, the significant functional relationships 
between CF and wind/solar instability mean that the instability of wind/ 
solar energy can be estimated by using the wind/solar CF and our 
derived functions for a given location in China. 

Unlike many previous studies of wind/solar synergy in China based 
on fixed wind/solar ratios [5,24], this study also explored the effects of 
varying wind/solar ratios on energy system stability. The optimal ratio 
turns out to be highly dependent on location, and an optimal wind/solar 
ratio can greatly improve the stability of hybrid wind-solar energy in 
China. The determination of an optimal wind/solar ratio is important for 
practical applications because this can minimize the variability of en-
ergy production and thus lower external system costs such as energy 
storage and grid integration. 

At the optimal wind/solar ratio, the lowest instability for hybrid 
wind-solar energy is predominantly concentrated in eastern Inner 
Mongolia, northeastern China, and northern China, where wind re-
sources are also abundant. Since the Chinese energy sector has planned 
several integrated multi-energy demonstration projects [46], we pro-
pose that large-scale wind-solar integration projects should be priori-
tized in these regions. A reasonable wind/solar install ratio for these 
projects could highly reduce the variability of power production and 

Fig. 6. Spatial distribution of averaged Instabhybrid with wind/solar install ratios of (a) 1:0.1, (b) 1:0.5, (c) 1:1.5, and (d) 1:3 in China during 2007–2014.  
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thus improve the overall efficiency of renewable energy use, especially 
for industrial parks, public facilities, and business districts. 

The fact that the variability of single wind/solar and hybrid energy 
systems decreases as the aggregated area increases, especially for wind- 
dominated energy systems, provides a solution for the problematic level 
of wind/solar curtailments in China that caused > $1.2 billion in op-
portunity costs from 2000 to 2016. In China, grid operating areas are 
generally set at the provincial scale where the variability of wind and 
solar resources is much higher relative to larger scales. Thus, excess 
electricity is likely to be generated during off-peak hours, resulting in 
curtailments of renewable energy [47]. However, at a larger scale, 
renewable energy variability is likely to be much lower, reducing the 
potential mismatch between demand and supply. Emphasizing regional 
cooperation, such as removing inter-provincial barriers, could improve 
grid operators’ access to capacity reserve and demand, thus improving 
the system’s ability to absorb wind/solar volatility and reducing oper-
ational costs [48]. Thus, the high-voltage transmission is a useful 

approach to aggregate these renewable energy, and the economic costs 
need to be further investigated. For solar-dominated systems, the effect 
of increased areas on reducing stability is much weaker, also in agree-
ment with previous studies [23,27]. Thus, energy storage, demand 
management, and flexible generation could also be effective at reducing 
the variability of solar power production [23,27]. 

In this study, we focused on the two predominant renewable energy 
types (wind and solar) but did not consider others such as hydropower, 
bioenergy, natural gas, or energy storage. Future studies should explore 
other possible combinations of energy sources or energy storage to 
further improve the utilization of renewable energy and energy system 
stability [49,50]. In addition, with the rapid ongoing development of 
wind and solar energy technology, more abundant wind resources at 
higher altitudes can be gradually utilized, while dual-axis solar tracking 
systems and increases in solar cell efficiency can improve solar power 
generation [51]. These technical advancements could influence hybrid 
wind-solar system stability to an unknown degree, so future assessments 

Fig, 7. Spatial distribution of (a) Instabhybrid for the optimal wind/solar ratio and (b) the optimal wind/solar ratio. Relationship between Instabhybrid and (c) CFwind 
and (d) CFsolar. Relationship between optimal install ratio and (e) Instabsolar and (f) CFsolar in China from 2007 to 2014. 
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of wind/solar energy stability should be sure to consider current tech-
nological developments. It is also important to explore the potential to 
apply our methods and findings to similar challenges in other countries. 

5. Conclusions 

We used the high-quality hourly wind and solar radiation data 
recently released by China’s CMA and CAS to assess the single wind/ 
solar and hybrid wind-solar energy stability and effects of the wind/ 
solar ratio and spatial aggregation on energy stability at the grid cell 
scale in China from 2007 to 2014. 

The stability of single wind/solar energy production increased as the 
wind/solar energy capacity factor increased. Highly stable wind energy 
was predominantly concentrated in eastern Inner Mongolia, north-
eastern China, and northern China, while highly stable solar energy was 
mostly concentrated in the Tibetan Plateau, Inner Mongolia, and 

northwestern China. Furthermore, the significant functional relation-
ships between wind/solar energy instability and wind/solar energy ca-
pacity can help approximate the instability of wind energy using the 
wind/solar CF and our derived functions at a given location in China 
(Instabwind ¼  2:96  e� 8:27CFwindþ 0:7and Instabsolar ¼ � 2.54 CFsolar þ

1.92). 
For hybrid wind-solar energy, the choice of wind/solar install ratio 

can have large impacts on energy stability. Our map of optimal wind/ 
solar install ratios provides a resource for minimizing the variability of 
hybrid wind-solar energy production and can guide the installation of 
simple hybrid wind-solar energy systems locally without the need for 
other energy sources. 

Highly stable hybrid wind-solar energy was concentrated in eastern 
Inner Mongolia, northeastern China, and northern China, so these areas 
should be prioritized during Chinese government planning for the 
deployment of large-scale wind/solar farms. In addition, the variability 
of single wind/solar system and hybrid wind-solar energy decreased as 
the aggregated area increased, especially for wind-dominated hybrid 
wind-solar energy. This strongly suggests that promoting regional 
cooperation, such as breaking inter-provincial power grid barriers, can 
reduce the variability of wind-solar energy production, improve the 
system’s ability to absorb wind/solar volatility, and reduce operational 
costs. 
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