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ABSTRACT 
 

As a countermeasure to reduce CO2 emission and secure energy supply, 
usage of renewable energy sources such as wind and solar energy is 
supported by government bodies around the world. Although renewable 
energy contributes to CO2 reduction and energy security, there are concerns 
about the potential negative impacts on power system operation because 
existing electric power system are not ready for a significant deployment of 
renewable energy sources, particularly wind and photovoltaic power 
generation, the outputs of which  vary with weather conditions. In this paper, 
the author summarizes the current status and projection of wind and 
photovoltaic power generation in Europe, U.S. and Japan. Possible impacts of 
a large-scale penetration of these intermittent energy sources on power 
system operation are also addressed. 
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I .  Introduction  
 
The demand for electricity tends to increase every year in proportion to economic and social 
development and lifestyle. Since 1990, world electricity consumption grew by an average of 
1.9% per year and reached 17110 billion kWh in 2007. The U.S. Energy Information 
Administration (EIA) has estimated that world electricity consumption will increase and is 
likely to double by 2030 [1]. On the other hand, there is currently worldwide concern in 
environmental issues such as global warming. As a principal cause of global warming, CO2 
emission is a major problem in the electric power industry. 
 
To reduce CO2 emission and secure a sustainable energy supply,  the usage of renewable 
energy resources (RES), such as wind and solar energy has been supported by government 
bodies around the world. For example, Japan and many states in U.S. apply Renewable 
Portfolio Standard (RPS) that obliges electricity retailers to use a certain amount of electricity 
from RES, according to the amount of retailing electricity. Germany and several European 
countries employ Feed-in-Tariff (FIT) scheme, which guarantees grid access and pay a fixed 
price for electricity generated from RES for a certain period of time.f 
 
As shown in Figure 1, the world’s total installed capacity of wind power generation reached 
120 GW at the end of 2008, with annual growth rate of 22%. Three regions, Europe, North 
America and Asia, are driving global wind development. In Europe, wind is the fastest 
growing power technology and plays an important role in the European energy mix. In North 
America, the massive growth in the U.S. wind market increased the country’s total installed 
capacity to 25 GW, passing Germany to become the number one market in wind power as 
shown in Figure 2. The growth in Asian market has been driven by China, which has doubled 
its installed capacity annually in the recent years. According to the Global Wind Energy 
Council (GWEC), global wind generating capacity could reach 332 GW by 2013 [2]. 
 
On the other hand, the world’s total installed capacity of photovoltaic (PV) power generation 
is approximately 15 GW at the end of 2008 as shown in Figure 3. Europe contributes more 
than 65% of the global market. According to European Photovoltaic Industry Association 
(EPIA), the global PV industry is expected to grow at an average annual growth rate of 20% 
to 30% and reach 22 GW by 2013 [3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2           
Installed Capacity   
of Wind Power 
Generation in 
Selected Countries 
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Although RES contributes to CO2 reduction and energy security, there are concerns about 
the potential negative impacts on power system operation because the existing electric 
power systems are not ready for a significant deployment of RES, particularly intermittent 
energy sources such as wind and solar energy. For example, it has been pointed out that the 
current Japanese power system might accept the interconnection of up to 5 GW and 10 GW 
of wind and PV power generation, respectively. Higher penetration requires a major 
renovation of power system infrastructure and method  of operation [4]. 
 
This paper summarizes the current status and projection of wind and PV power generation in 
the world’s leading countries in renewable energy production. The possible impacts of large 
penetration of wind and PV power generation on power system operation are also 
addressed. 
 

Il.  Status of Renewable Energy in EU 
 

2.1 Policy Background 
  

 2.1.1  European Union 
  

Energy supply system in Europe is dominating by imported fossil fuels. To make 
energy supply more secure, the European Commission (EU) reduces the dependence 
on imported energy through reducing demand, diversifying the energy mix with usage 
of renewable energy, and diversifying sources and supply routes of imported energy. 

 
The European Union (EU) began to set targets for renewable energies in 1997 in its 
White Paper on RES. An overall target of doubling the contribution from renewable 
energy in the final EU energy consumption from 6% to 12% by 2010 was set. Based on 
the RES White Paper, legislative frameworks have been put in place at EU level to 
ensure that overall targets will be achieved in the electricity and biofuel sectors. 
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In the electricity sector, the EU placed its first legislative measure, a directive on 
the promotion  of electricity from RES (Directive 2001/77/EC), to fulfill the 
targets. The directive defines national indicative targets for each Member State, 
encourages the use of support schemes, elimination of the administrative 
barriers and system integration. National indicative targets were set with the aim 
to raise the share of renewable electricity from 14% in 1997 to 22% in 2010 
(revised to 21% after the number of Member States increased) [5]. 

 
In a longer term, the EU set a new target in 2008, aiming to increase the share of 
renewable energy in total energy consumption to 20% by 2020. Each Member 
State is given a national target based on their existing renewable generation, 
GDP and a flat-rate increase for all. In terms of electricity consumption, it is 
estimated that at least 34% of total electricity generation will come from RES by 
2020 [6]. 

 

  2.1.2  Germany 
 

The first main financial promotion and stimulation instrument for RES on the 
national level is Electricity Feed-in Law (StrEG) which was introduced in 1991. It 
requires transmission system operators (TSO) to accept electricity from RES into 
the grid and pay a feed-in price based on electricity retail price. In order to avoid 
an unfair burden cost on each TSO (there are 4 regional TSOs in Germany), a 
regional 5% cap was applied. Nevertheless, wind power generation systems 
installed under the StrEG are concentrated in Northern Germany, leading the grid 
operators in the North to complain about the higher prices for electricity. 

 
The Renewable Energy Act (EEG) replaced the StrEG in 2000. Under the EEG, 
feed-in prices are set at a specific rate and fixed for 20 years. Furthermore, the 
regional caps were eliminated and the total amount of reimbursements is 
distributed evenly among all TSOs and their electricity consumers. The EEG was 
reviewed in 2002 and amended in August 2004. The amended Act includes a 
detailed target for renewable energy to comprise at least 12.5% of electricity 
production by 2010 and at least 20% by 2020. Under the new law, the feed-in 
prices are reviewed every two years, considering technological and economic 
developments. The prices are also subject to an annual decrease depending on 
technology.  

  
In 2009, Germany launched a revised Renewable Energy Act aiming to increase 
the share of RES in electricity supply to at least 30% by the year 2020 [7]. In the 
revised Act, adjustable degression rates of feed–in prices are applied to control 
the amount of new installation. For example, if the annual installation of PV 
exceeds 1700 MW in 2010, the degression rate for 2011 will increase by 1% [8]. 

 

2.1.3  Spain 

 
In 1997, Spain launched the Electric Power Act 54/1997 to set basic regulation to 
promote usage of renewable energies and co-generation (Special Regime). 
Based on Electric Power Act 54/1997, the “Renewable Energy Promotion Plan” 
was established, aiming to increase share of renewable energy in total energy 
demand to 12% by 2010. 

 
In 1998, Royal Decree 2818/1998 (RD 2818/1998) was launched and obligated 
the electricity distributor to accept the electricity from RES into the grid and pay a 
price which is derived from a fixed premium and spot price. However, due to the 
uncertainty of spot price, renewable energy growth was limited. 

 
In 2004, Spain raised the renewable energy target to 20 GW by 2010 and 
launched Royal Decree 436/2004 (RD 436/2004) aiming to fulfill this target. 
Under RD 436/2004, alternative methodologies for selling power under the 
Special Regime were established. The owner of renewable generator can 
choose to sell their power under the following options: 
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(1) Sell to the electricity distributor at the fixed price 
 
(2) Sell to the market through the bidding system. The price is set by the  
     market or negotiated by the parties in the case of bilateral contract, plus   
     a premium. 
 

The introduction of the market option within RD 436/2004 resulted in a strong increase 
of the electricity from RES, particularly wind power generation, as a consequence of 
rising electricity prices. As a result, cap and floor prices have been introduced under 
the Royal Decree 661/2007 (RD 661/2007). On the other hand, the incentives for PV 
and solar thermal power generation have been raised to accelerate usage of solar 
energy [9] [10].  

 
However, due to high incentive level under RD 661/2007, the annual installation of 
large scale PV grew unexpectedly more than 2.4 GW in 2008. As a result, Spanish 
government later launched Royal Decree 1578/2008 (RD 1578/2008) to set an annual 
installation cap [8]. 

 

2.2  Current Status and Projection 
 

Europe continues to be one of the strongest regions for new development in wind 
power generation, with over 8.4 GW of new installed capacity in 2008. For the PV 
power generation, Europe is leading the global market for PV applications since taking 
over the number one position from Japan in 2004. Among EU members, Germany has 
been leading the way for renewable energies for several years while Spain has been 
following closely. Germany and Spain are expected to remain the leading markets in 
Europe, but other countries such as Italy and France are growing strongly. Renewable 
energy is expected to provide about 35% of the EU’s electricity by 2020. Wind energy 
is set to contribute more than a third of all the power coming from RES [6]. 

 
Electricity generation by fuel in Germany is shown in Figure 5. About 68.2% of 
electricity in Germany is generated from coal and nuclear energy. Renewable energy 
represented about 11.6% in 2006. However, because Germany will phase out nuclear 
power plants, renewable energy is expected to play an important role in reducing CO2. 
According to German Wind Energy Association (BWE), the overall German onshore 
capacity could be 45 GW, with an additional 10 GW offshore by 2020 [2]. On the other 
hand, EPIA estimates that PV market in German could grow 4 GW annually by 2013 if 
the current financial support scheme is maintained [3]. For the longer term, according 
to system adequacy forecast (SAF) by European Network of Transmission System 
Operators for Electricity (ENTSO-E), the total installed capacity of wind and PV power 
generation could reach 53 GW and 17 GW in 2020 as shown in Figure 7 [11]. 

 
Most of the electricity in Spain is generated from natural gas, coal and nuclear energy 
as shown in Figure 6. Renewable energy, mainly from hydro and wind power, 
represented about 17.1% in 2006. Wind power generation is expected to continue its 
steady growth. The Spanish Wind Energy Association (AEE) estimates that 40 GW of 
onshore and 5 GW of offshore wind capacity could be operating by 2020 [2]. On the 
other hand, PV market in Spain is expected to slow down due to the government’s 500 
MW annual installation gap (RD 1578/2008) from 2009 to 2011. EPIA estimates that 
the total installed capacity of PV in Spain could reach between 6 and 7 GW in 2013 [3]. 
For the longer term, total installed capacity of wind and PV power generation could rise 
to 14 GW and 45 GW by 2020 as shown in Figure 8 [11]. 

 
It should be noted that increasing the share of intermittent energy sources and 
decreasing the share of thermal power plants could result in difficulty of power 
balancing in both countries.  
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Figure 5 
Electricity Generation 
by Fuel in Germany 
(2006) 
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Figure 6 
Electricity Generation 
by Fuel in Spain (2006) 
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Figure 8 
Projection of 
Generation Mix in 
Spain 
 
 

10 10 10 10 10

45 58 60
59

55

15

25 27
27

26

20 12 0412

2
2

22

3

28

37 38
45

536

11
12 15 17

8

8
9 8 8

8078767676

0

20

40

60

80

100

120

140

160

180

2010 2015 2016 2020 2025

G
e

n
e

ra
ti

o
n

 C
a

p
a

c
it

y
（

G
W
） Others

PV

Wind

Oil

Natural Gas

Coal

Nuclear

Hydro

Demand

 
 Source: European Network of Transmission System Operators for Electricity 

 

 

 

 

 

G
e
n
e
ra

ti
o

n
 C

a
p
a
c
it
y
 (

G
W

) 

 
 
 
Figure 7 
Projection of 
Generation Mix in 
Germany 



doi:10.4186/ej.2010.14.3.57 

www.ej.eng.chula.ac.th              ENGINEERING JOURNAL : VOLUME 14 ISSUE 3 ISSN 0125-8281 : ACCEPTANCE DATE, JUL. 2010      63 

III.  Status of Renewable Energy in U.S. 
 
This section provides details for typesetting your manuscript according to the formatting 
guidelines set for ENGINEERING JOURNAL. Please use a 10 points Arial Regular for the 
typesetting of your whole document. 
 
Note that, in ALL Sections or Subsection, there will be no indentation in every paragraph. 
Each paragraph should be with 10 points of white space both before and below the end of it. 
 

3.1 Policy Background 
 

In response to the oil crises, U.S. government passed the Public Utility Regulatory 
Policy Act (PURPA) in 1978 to reduce dependence on foreign oil and promote 
alternative energy sources and energy efficiency. PURPA required utilities to buy 
power from independent companies that could produce power for less than what it 
would have cost for the utility to generate the power, called the “avoided cost”. Due to 
high price of oil, PURPA was the effective measure in promoting renewable energy 
during that period. However, after the price of oil declined, PURPA was eventually no 
longer useful tool to promote usage of renewable energies. 

 
To overcome the drawback of PURPA and promote usage of renewable energy, 
Renewable Portfolio Standards (RPS), also known as a Renewable Electricity 
Standard (RES), have been introduced at the state level in the late 1990s. RPS 
requires electricity retailers to provide a minimum specified share of their total 
electricity sales from qualifying renewable power generation. Because of retailer is free 
to choose type of renewable energy, RPS benefits only the least-cost renewable 
energy technologies. As a result, an increasing number of states have begun to set 
their RPS policies to provide differential support to promising but currently higher-cost 
renewable technologies such as solar energy. Typically, this support has been 
provided either through credit multipliers, in which favored renewable technologies are 
given more credit towards meeting RPS requirements than other technologies, or 
through specific target, in which some fraction of the RPS must be met with favored 
technologies. Currently, RPS exists in 29 U.S. states and District of Columbia, but not 
at the national level [12]. One of the most aggressive state RPS requirements in the 
country is that of California, which requires that 33% of its electricity come from 
renewable energy by 2020. 

 
In the national level, Production Tax Credit (PTC) is the primary incentive for 
renewable energy. PTC is a per-kilowatt-hour tax credit for electricity generated by 
qualified energy resources and sold by the taxpayer. Since its establishment in 1992, 
the PTC has been renewed and expanded several times, most recently in 2009 which 
will be valid until the end of 2012. Another incentive at the federal level is the 
Investment Tax Credit (ITC). It went into effect in 2006, and has been periodically 
extended and amended. Current ITC, which is valid until the end of 2016, is a 30% tax 
credit for purchase and installation of residential and commercial renewable grid-
connected systems. 

 
The combination of federal tax incentives and state RPS requirements are the most 
important drivers of renewable generation installation in U.S. 
 

3.2 Current Status and Projection 
 
In the U.S., wind power generation is the fastest growing renewable electricity 
technology. Installed capacity increased almost 10 times between 2000 and 2008. In 
2008, U.S. surpassed Germany as the world leader in wind power generation with the 
total installed capacity of 25 GW.  

 
On the other hand, PV market increased 338 MW in 2008. Of this market, 87% (293 
MW) were grid-connected systems and 13% (45 MW) were off-grid installations. Total 
installed capacity reached 1.2 GW by the end of 2008 [13]. It should be noted that off-
grid installations in U.S. is high compared with other countries as shown in Table 1. 
This is because of PV is an economical option for resident in the remote area and 
applications such as telecommunication and pump, particularly less than 10 kW 
system. It costs about 20,000 to 80,000 dollar to extend a 1-mile long distribution line 
in the U.S. 
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Electricity generation by fuel in U.S. is shown in Figure 10. Electricity in U.S. is 
dominated by coal (49%), natural gas (20%) and nuclear (19%). Renewable energy 
represents only 8.5% of electricity in 2006. Among, the renewable energy, hydro has a 
highest share of 7%. 

 
Figure 11 shows projection through 2035. It is based on results from the Energy 
Information Administration’s National Energy Modeling System, assuming that 
electricity consumption increases at an average annual rate of 1.0% [14]. It is 
forecasted that coal will remain the dominant energy source for electricity generation 
because of continued reliance on existing coal-fired plants. Natural gas will play a 
larger role because it is more attractive than coal in term of environmental impact, and 
because it is cheaper compared with renewable energy. Wind and PV power 
generation development in U.S. will see a small drop in the next few years as a result 
of economic meltdown. Nevertheless, it is expected that it will recover quickly in 
response to the extension of tax credits and other financial support programs. As for 
the wind power generation, it is pointed in the report from Department of Energy (DOE) 
that wind power has potential to provide 20% of U.S. electricity by 2030 [15]. 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 10 
Electricity Generation 
by Fuel in U.S. (2006) 
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Figure 11 
Projection of 
Generation Mix in 
U.S. 
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Country 

Off-grid Grid-connected 
Total Capacity 

（MW） Domestic 

（MW） 

Non-domestic 

（MW） 

Distributed 

（MW） 

Centralized 

（MW） 

Japan 2 89 2044 9 2144 

Germany 40 5300 5340 

Spain 31 3323 3354 

U.S. 154 216 735 65 1169 

Source: Trends in Photovoltaic Applications （IEA-PVPS T1-17:2008）、Large-Scale Photovoltaic Power Plants 

Annual Report 2007and National Survey Report of PV Power Application in UK 

 
 
 
 
 
 
 

Table 1 
PV Power Generation 
classified by 
application 
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IV.  Status of Renewable Energy in Japan 
  

4.1 Policy Background 
 

Japan is dependent on imports for 96% of its primary energy supply. Following the two 
oil crises in the 1970s, Japan has diversified its energy sources through increased use 
of alternative energy such as nuclear, natural gas, coal and renewable energy, as well 
as promotion of energy efficiency and conservation. As a result, share of oil among the 
primary energy supply has been significantly lowered to the current level, 
approximately 50% [16]. 

 
In 1997, Law Concerning Special Measures to Promote the Use of New Energy (New 
energy is defined as oil-alternative energy that is not sufficiently used for economical 
reasons) was enacted to declare the basic policies on new energy and accelerate the 
introduction of new energy through financial aids. Subsidies and tax incentives have 
been implemented by the Minister of Economy, Trade and Industry (METI). It should 
be noted that Japan is the first country to introduce subsides for the implementation of 
residential PV systems. As a result, Japan emerged as world leader in PV installation 
and production for over years, before replaced by Germany in 2005. 

 
To ensure the stability and suitability of energy supply, the Special Measures Law 
Concerning the Use of New Energy by Electric Utilities (RPS Law) was launched in 
2003 to further usage of new energy by annually imposing an obligation on electricity 
retailers to use a certain amount of electricity from new energy according to the 
amount of their retailing electricity. 

 
In 2006, the METI drafted the New National Energy Strategy in response to concerns 
on energy security caused by rapid growth of energy demand in Asia, particularly in 
China and India. It presents long-term energy strategy focusing on the reinforcement of 
energy security and stipulates numerical targets. The important goal is to have the 
share of nuclear energy at the level at least 30% - 40% by 2030 and thereafter. 
Regarding to new energy, the goal is to reduce to cost of new energy to the level of 
conventional thermal power plant by 2030 [17]. 

 
In 2008, the METI announced the Long-term Energy Supply and Demand Outlook and 
set numerical target for each technology. Based on this outlook, the former Prime 
Minister Yasuo Fukuda announced plan (called Fukuda Vision) to boost Japanese 
solar panel market by set a target to increase PV capacity to 14 GW and 53 GW by 
2020 and 2030, respectively [18]. Hereafter, in 2009, the former Prime Minister Taro 
Aso increased 2020’s PV installation target to 28 GW in his “Future Development 
Strategy”, aiming to be the number one solar power nation in the world again [19]. 

 
Place Tables/Figures/Images in text as close to the reference as possible. (see figure 
1). The table, figure or image has to put in the area which is width 14.5 cm., filled with 
70% black color. You should leave 2 mm. from margin. In a side box (width 3.8 cm., 
filled with 15% Black), a short caption could be in the bottom.  
 

4.2 Current Status and Projection 
 
Since laws and financial support programs from government were enacted, wind and 
PV power generation have been largely installed as shown in Figures 12 and 13. As of 
December 2008, the total installed capacity of wind and PV power generation reached 
1.9 GW and 2.1 GW respectively. Compared with EU and U.S., the installed capacity 
of PV is higher than wind power generation because of the following reasons. 
 

 The weather condition in Japan is not appropriate for wind power generation. 
One-third of the wind turbines have experienced malfunctions or failures due 
to natural phenomena such as typhoons and lightning. 

 In consideration of the limited land space, rooftop PV system has higher 
potential for growth than wind and other renewable technologies. 

 Japan has a lot of PV manufacturers. Enlarging PV market will boost 
Japanese economic. 
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On the long term, it is estimated that electricity demand will slow over the coming 30 
years, due to declining population. It is forecasted that electricity demand will increase 
annually by 0.8% on average up to 2015. Nuclear generation is the key base-load 
power source and will continue to play an important role in contributing to stable supply 
and deal with global environmental issues. High thermal efficiency Coal-fired and 
Liquefied natural gas (LNG) fired power generation are also expected to expand due to 
their economic performances. 

 
Projections of (installed capacity and generated electricity) until 2030 are shown in 
Figures 14 and 15. The projections were determined considering 3 cases as follows: 
Case 1: Reference: Assuming that present technologies (2005) are applied without 
using new technologies 
Case 2: Continuation Effort: Assuming that technology (equipment efficiency) is 
extended based on the current development speed. 
Case 3: Maximum Introduction: Assume that financial support from government as well 
as advance technologies, including technology for energy conservation, are applied. 

 
It is expected that share of renewable energy in the primary energy will increase to 
11.1% by 2030, in the maximum introduction case. The installed capacity of wind and 
PV power generation would be 6 GW and 53 GW, respectively. 

 
However, it is pointed that the current Japanese power system might accept the 
interconnection of up to 5 GW and 10 GW of wind and PV power generations, 
respectively. Higher penetration of requires a major renovation of power system 
infrastructure and way of operation [4]. 
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Figure 13 
Cumulative Installed 
Capacity of 
Photovoltaic Power 
Generation in Japan 
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V. Impact of Large Penetration of Wind and PV  
      Power Generation on Power System Operation 
 
Although, wind and PV power generation contribute to CO2 reduction and energy security, 
their possible negative impacts on power system operation are widely concerned.  
Integration of large amount of wind and PV power generation into the electric power system 
presents challenges to power system planners and operators. 
 
In this section, the possible impacts on power system, particularly from balancing, stability 
and reliability viewpoints are addressed 
 

5.1 Balancing 
 
Because wind and PV power generation outputs vary with location and weather, there 
is no guarantee that they will provide electricity when it is needed. As a result, an 
additional power reserve from other dispatchable generation sources is required to 
cover its sudden reduction.  

 
In contrast, during the off-peak time, wind and PV power generation may generate 
electricity more than expected amount. Usage of pumped storage or battery is needed 
to absorb the extra generation. It becomes more difficult for a country like Japan, 
where the output of base-load power generation such as nuclear power plant is not 
changed in the normal operation. 

 
When wind and PV power generation have reached significant penetration levels, 
capacity of backup generation or storage system might be insufficient or unable to 
compensate fluctuation on time. High accuracy forecasting tool and probabilistic based 
unit commitment/economic dispatch will play an important role. Moreover, limitation of 
output from wind and PV power generation might be needed. 

 

 
 
 
 
 
 
 
Figure 15 
Projection of 
Generation Mix 
(GWh) in Japan. 
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Figure 14 
Projection of 
Generation Mix (GW) 
in Japan. 
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5.2 Stability 
 

There are some types of wind and PV power generation which instantly disconnect 
when a voltage drop occurs. When wind and PV power generation have reached 
significant penetration levels, simultaneous disconnection could result in power system 
instability. 

 
To overcome this problem, several countries have set grid code requiring wind power 
generation to keep online for a certain period of time in event of sudden voltage drop 
occurs due to disturbance in the network. This requirement is called Fault Ride 
Through (FRT) or Low Voltage Ride Through (LVRT). List and more detail of grid code 
can be found in [20] – [24]. 

 
In addition to FRT requirement, in Spain, Control Centre of Renewable Energies 
(CECRE) was established in 2006 to supervise and control of the renewable energy 
generators, mainly wind power generation, of over 10 MW. Though, real-time security 
assessment, a maximum power limit that each wind farm is permitted to produce is 
computed [25]. 
 

5.3   Reliability 
 

In order to keep power system reliable, it must be ensured that more generation 
capacity is available than is necessary to serve electricity demand. Because wind and 
PV power generation outputs are uncertain, an additional power reserve from other 
dispatchable generation sources is required to cover a variation. However, it is cost-
ineffective to backup every MW from wind and PV power generation. 

 
Although wind and PV power generation cannot be considered like other conventional 
power plants, where full capacity can be used in reliability evaluation, it is clear that 
their outputs are not simultaneously zero when a large amount of them are penetrated. 
Wind and PV power generation have some statistical capacity value (kW value) which 
can be relied on. Quantification of capacity value of wind and PV power generation is 
needed in the daily/weekly power plant schedule as well as long-term generation 
expansion planning. 

 
The capacity value of wind and PV power generation depends on the weather 
condition and their correlations with the load. Generally, methodology to determined 
capacity value can be classified as follows: 

 
 Effective load carrying capability (ELCC): The capacity value is determined 

based on power system reliability evaluation. Capacity value is the amount of 
load that can be increased after wind and PV power generation penetration, 
without losing reliability level (same Load of Load Probability or Load of Load 
Expectation). 

 Peak Cut Contribution: The capacity value is determined from how much 
wind and PV power generation contribute to peak cut. For example, the 
average value of PV power generation during peak intervals. 

 Capacity factor: The capacity value is simply determined from capacity factor 
of wind and PV power generation. 

 
Detail of some methods to determine capacity value of wind and PV power generation 
can be found in [26] - [29]. 

 

5.4 Other Issues 
 

In addition to balancing, stability and reliability, large penetration of wind and PV power 
generation could cause other problems. For example, wind and PV power generation 
fluctuation can lead to unpredictable variation of voltage and power flow. For wind and 
PV power generation that connected to distribution system, the voltage in distribution 
system sometimes becomes higher than the maximum nominal voltage because too 
much power injection from those generations. 

 
Another issue is that most of RES, particularly wind power generation, is far away from 
load center. New transmission line is needed to transport electricity generated from 
those RES to the load center. For example, currently, 9 European countries (Belgium, 
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Denmark, France, Germany, Ireland, Luxembourg, the Netherlands, Norway and the 
United Kingdom) are planning to build a power grid of high-voltage cables under the 
North Sea, which will transport energy generated by a mix of wind, solar, and tidal 
power to better balance supply and demand in Europe [30]. 

 
Some studies on integration of large penetration of wind power generation into power 
system can be found in [31], [32]. 

 

VI. Conclusions 
 
In this paper, current status and projection of renewable energy, particularly wind and PV 
power generation, in Europe, U.S. and Japan are summarized. As a countermeasure to 
reduce CO2 and secure energy, it is clear that the usage of renewable energy will increase 
drawing a concern on the possible impacts of wind and PV power generation to power 
system operation when its installed capacity reaches significant levels. 
 
United State and several countries in Europe apply grid code to wind power generation in 
order to keep power system stable. In Spain, wind power generations are controlled online 
based on real time security assessment. On the other hand, from the reliability viewpoint, 
there are attempts to evaluate the capacity value of wind and PV power generation based on 
the locational weather condition and their correlations with the peak load.  
 
To integrate large penetration of wind and PV power generation into electric power system, it 
is expected that technologies such as wind and PV power generation forecast and 
estimation will play an important role in the future. 
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