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SUMMARY: This paper reports the optimal ratio of electricity generation from solar photovoltaic and wind power 
corresponding to electricity demand in Japan. The monthly electricity demand in 1999-2012 and the electricity 
generation of Extended AMEDAS weather data are used in order to minimize the mismatching of demand-supply 
equations. The results of correlation analysis show the optimal ratio of solar/wind is between 64/36 to 49/51. 
However the results depend on the differences of electricity demands in summer and winter. 
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INTRODUCTION 
 
The domestic renewable energy sources have a 

great attention from the view point of safety, security, 
energy independence and no carbon emission. The 
electricity generations by solar and wind power are 
intermittent and fluctuating because of weather 
conditions.  
    It is necessary to analyze the demand-supply to 
decrease mismatching caused by solar and wind 
power when they are dominated. We simulated 
renewable electricity generations by hourly weather 
data and analyzed the demand-supply mismatching 
during 1999-2012 to find the optimal mix ratio of solar 
and wind power.  

WEATHER DATA 
 

In order to calculate solar and wind power, we 
used the annual weather data of Extended AMEDAS 
for 2000, which has the hourly data of solar radiation 
and wind speed at 842 sites nationwide of Japan. [1]  
 

ELECTRICITY DEMAND 
 
The electricity demand of ten electricity 

companies is shown in Fig.1.[2] There is much 
decline in 2009 because of economic recession, and 
there were declines in 2011 and 2012 because of 
Fukushima Daiichi Nuclear power accident caused 
by earthquake of Magnitude 9 in East Japan in March 
11, 2011. 
 

 
Fig.1 Electricity demand in 1999-2012 (TWh) 

 
There are electricity grids among nine electricity 

supply companies, but the electricity grid of Okinawa 
area, the most southern area, is remote and not 

connected with the grid to other power companies, so 
we do not treat the electricity supply of Okinawa area 
in this study. The mutual connection grid lines among 
the nine power grids are not so large. We treated the 
nine areas as an integrated single grid in this study 
ignoring the present capacity of mutual grid.  
 

SOLAR POWER 
 

The hourly electricity generation from solar panel 
is calculated using horizontal solar radiation data at 
842 sites in Japan. The calculation method is to split 
horizontal radiation into direct beam and scattered 
irradiance and to combine the both solar lights on the 
panel oriented at south with tilt angle. The optimum 
tilt angle is set at “latitude -5” degree at each 
construction site as is known experimentally. The 
inverter of 94% efficiency is included with partial load 
factor curve.  
 

WIND POWER 
 

Unit of 2MW wind machine with three blades and 
horizontal axis is used to calculate the wind power in 
respective sites. The blades start to rotate at cut-in 
wind speed 3m/s, and stop at cut-out wind speed 
25m/s. The conversion efficiency is assumed 40%. 
The diameter of rotor is 80m and hub height is 56m. 
Wind speed of meteorological data is extended by 
power factor law to calculate the wind speed at hub 
height.  We excluded the wind power sites having 
capacity factor less than 18%, and finally 99 sites are 
selected for wind sites among 842 data sites.  

 
SCALE OF SOLAR AND WIND 

 
At first the hourly generation amount by single 

unit of 100kW solar system and 2MW wind machine 
for respective site are calculated.  

The necessary unit numbers of solar 100kW are 
calculated as proportional to annual electricity 
demand of respective regions. The allocations of  
2MW wind machines for each region are assumed 
based on the wind energy potential study.[3] These 
unit numbers of solar and wind machines are 
multiplied with hourly generation to calculate 
electricity supply throughout a year. The site 
selection of wind power resulted in the average 
capacity factor 27%. The average capacity factor of 
solar power is approximately 12%. [4][5] 
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Fig.2 Monthly solar and wind (GWh) 
 
Monthly solar and wind generations with annual 
solar/wind ratio=2 throughout year are shown in Fig2. 
Solar and wind are mutually complementary. Wind is 
low in summer and high in winter, but solar is 
reverse. 

 

 
Fig.3 Hourly solar and wind(GWh)  
 

Fig. 3 shows hourly generations with annual 
solar/wind ratio=2 throughout year. Hourly wind is flat 
for 24 hours and hourly solar has bell shape pattern 
for daytime.  

MISMATCHING EQUATION 
 

There are studies on the fully renewable supply 
by combination of solar and wind power using data of 
electricity load and weather in Europe. [6], [7] They 
showed the statistical analysis that the optimal mix of 
solar and wind can be found by using monthly data. 
We also tried similar study using Japanese data.[8]  
They defined D(t), the mismatch equation of load and 
supply as follows, 
 
D(t)= a*S(t)/[S]+b*W(t)/[W]+–L(t)/[L]        (1) 
 

Where W(t) and S(t) present total generations of 
wind and solar for month t.  [W] and [S] are monthly 
average generations of wind and solar during certain 
periods. L(t) is electricity load for month t.  

The coefficients a=[S]/[L], b=[W]/[L] show the 
fraction of respective power supply divided by 
average load [L]. The coefficients have relation 
a+b=1.   
 

CRRELATION ANALYSIS of HOURLY 
GENERATION 

 
We tried to analyze relationship between the 

renewable electricity and the demand by correlation 

analysis. When ‘b’ is excluded with equation b=1–a 
and the variables are expressed in normalized form, 
substituting S(t)/[S] with S(t), W(t)/[W] with W(t) and 
L(t)/[L] with L(t), the equation (1) can be written as,  
 
L(t)–W(t)=a*(S(t)–W(t))–D(t)         (2) 
 

Figure 4 shows normalized monthly electricity load, 
solar and wind power for 1999-2012.  
 

 
Fig.4 Normalized monthly solar, wind and electricity 
load for 1999-2012. Wind and solar are shown in bold 
lines. 
 

Table 1 shows S(t), W(t) and the energy demand 
L(t) in 1999-2006. Table 2 shows that for 2007-2012. 
Average shows for 1999-2012. 
 

 
Fig.5 Correlation diagram of S(t)-W(t) and L(t)-W(t).  
 

In the equation (2), we expect to find ‘a’ to 
minimize the mismatch D(t).  So we tried the 
correlation analysis of L(t)-W(t) and S(t)-W(t). The 
relationship between the variables for average case 
is, 
 
L(t)–W(t)=0.588*(S(t)–W(t))         (3) 
 

This result shows that the optimal mix to minimize 
mismatch is at a=0.588, Fig.5 shows the scattering 
diagram of L(t)-W(t) and S(t)-W(t) for 12 months for 
average load data in 1999-2012 with the regression 
line of equation (3). 

The correlation line L(t)-W(t)=0.588*(S(t)-W(t)) 
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shows the least square regression. The line shows  
a=0.5876 which means almost 60% solar share is the 
optimal mix. 

The solar ratio ‘a’ for respective year is 
calculated by correlation analysis of equation (3) 
during 1999 -2012. They are shown in Table 1 and 2. 
The estimates of solar ratio ‘a’ are shown in the 
bottom lines of the tables. 
 
Table 1  Monthly L(t)-W(t) in1999-2006 

 
 
Table 2 Monthly S(t)-W(t) and L(t)-W(t) in 2007-2012  

 
(The average is during 1999-2012) 
 

Table 2 includes S(t)-W(t) and the average of 
L(t)-W(t). The results show that the change of solar 
ratios depends on the differences of summer and 
winter electricity demand. As the electricity demand 
in winter is getting larger as seen in the latest years, 
the ratio of wind power becomes larger. 
 

The changes of solar share are shown in Fig.6. It 
shows that the solar ratio decreased in 2011 and 
2012. It is because of the decline of electricity 
demand in summer and increase in winter. 
 

 
Fig.6 Solar ratio ‘a’ during 1999-2012 and average 
 

The average of solar ratio ‘a’ is 0.588 during 
1999 and 2012. But it is 0.647 in 2004 and 0.492 in 
2012.  

The differences are caused by the relative 
increase of electricity demand in winter and the 
decrease in summer. If the electricity demand of 
winter is large, then the ratio of wind power becomes 

large correspondingly. 
 

 
Fig.7 Share of electricity demand in summer and 
winter 
 

Fig.7 shows the electricity demand share in 
summer (June, July and August) and winter 
(December, January and February). They are 
basically around 0.25 for 3 months in 12 months a 
year. The average is nearly 0.255 in Fig.7. 

 
The long term trend is the decrease of summer 

demand and increase of winter demand as shown in 
Fig.7. The electricity demand in summer has 
decreased mainly by the efficiency improvement of 
coolers and the winter demand increased by 
introductions of heat pump for room heating during 
1999 and 2007 as a long term trend. The decrease of 
electricity demand in summer after 2011 is affected 
mainly by people’s behaviors of energy saving 
because of supply constraints publicly announced. 
The analysis showed that the solar ratio is sensitive 
to seasonal electricity demand pattern. 
 

CONCLUSION 
 

Using electricity demand and weather data at 842 
sites in Japan, we tried dynamic simulation of annual 
electricity supply from solar and wind power to find 
the optimal mix ratio of solar and wind powers. The 
results of correlation analysis show optimal mix of 
solar/wind to minimize mismatch of demand and 
supply is between 64/36 to 49/51. The analysis 
showed the solar/wind ratio depends on the 
electricity demand in summer and winter  
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