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ABSTRACT
China has been moving towards increasing its utilization of renewable
energy resources to contend with climate change and rising domestic energy
demand. Developing wind power generation is one of its primary focuses. This
thesis examines the potential of wind energy in China with optimal placements
of wind farms in China. Historical wind speeds are used to evaluate the wind
power generation potential at different locations in China, and optimal
allocations of wind farms found using mathematical modeling. Both a
Markowitz model and Stochastic Gradient Algorithm are used to solve for
optimal wind farm allocations under a variety of scenarios. Taking limitations in
grid connectivity and seasonal patterns into consideration, this thesis explores
the potential of an optimized wind farm portfolio in providing reliable power
supply for a sustainable future.
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CHAPTER ONE
INTRODUCTION TO WIND POWER IN CHINA
With 20% of the world’s population and double-digit annual growth in
energy consumption in the past decade, China’s energy policies are creating
indelible impacts on the global energy sector. According to data from the
International Energy Agency, China has surpassed the U.S. as the world’s largest
energy consumer in late 2010 and is poised to continue both its rapid economic
growth, and the accompanying escalating energy consumption (IEA, 2010). The
consequences of China’s rapidly increasing energy demand could be dire,
however, if China’s reliance on fossil fuels remains uncurbed.
China relies predominantly on coal for its energy supply, especially power
generation, with 80% of power stations based on coal (Ni, 2009). Apart from the
60% of primary energy demand met by coal, oil consumption in China has also
been on the rise, claiming almost 20% of total energy demand in 2009 (IEA, 2007).
This reliance on fossil fuels and non-renewable sources of energy paints a
gloomy picture for both China and the world energy sector, exacerbating
concerns about climate change and energy security. In order to curb
environmental impacts and reduce its reliance on energy imports, China needs to

CHAPTER 1: INTRODUCTION TO WIND POWER IN CHINA!
!
!
transition towards to a lower-carbon energy system, increasing its use of
renewable energy resources and enhancing energy-efficiency.

Fig 1.1 - Total primary energy demand in China, 2005 (IEA, 2007)

Amongst

renewable

energy

sources,

wind

power

has

garnered

considerable interest from both the Chinese administration and investors in the
past decade. In fact, wind power capacity has doubled annually for the past five
years, and is expected to continue expanding greatly in the coming decades
(CWPC, 2010). As wind turbine technology becomes increasingly sophisticated,
allowing power production in the GW range, wind power holds more promise
than ever. This chapter provides an introduction to wind power in China, tracing
the development of wind power in China since the 1980s, detailing wind power
policies and capacity. The potential of wind power for future development is
then explored, followed by an assessment of the advantages and disadvantages
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of utilizing wind in power generation. An overview of this thesis is presented at
the end of the chapter, with a brief discussion of the mathematical models
employed.

1.1 Wind Power in China

Wind power connected to the electric grid first developed in China in the
1980s, and has been growing rapidly ever since, from a total installed capacity of
4 MW in 1990 to 5.9 GW in 2007, an annual growth rate of 53% (Ni, 2009). In
recent years especially, annual growth in newly installed wind capacity has been
exceeding 100% (CWPC, 2010). The total capacity in 2009 is estimated to be 25
GW, far exceeding the 5 GW target set under the Renewable Energy Law,
making China the second largest wind energy provider worldwide behind the
U.S (GWEC, 2010).
There have been three main stages in the development of wind energy in
China. In the initial period from the 1980s to the early 1990s, there was little
government support for wind power, and only small wind farms were built in
China with foreign grants and aids (Lew, 2000). From the early 1990s to early
2000s, the Chinese government became more involved in wind power
development and a national wind power industrialization program was
introduced to facilitate the connections of wind farms to electric grids (Xia &
Song, 2009). Price incentives were made available to attract investments in wind
farms, and it was mandated that utility companies purchase all energy produced
from wind farms (Xia & Song, 2009). However, the electricity supply system was

!
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transitioning into a competitive market system during the same period, and
interest in the wind power industry remained low due to the high cost of
construction (Xia & Song, 2009).
In the final period up to the present, the wind industry has grown much
more rapidly as the National Development and Reform Commission (NDRC)
introduced a wind power concession program in 2003 to commercialize the wind
industry (Xia & Song, 2011). Under this scheme, wind power projects are chosen
through a bidding system, both to encourage domestic manufacturing of wind
turbines, and to reduce power generation costs. The Renewable Energy Law that
took effect in 2006 further defined governmental support for wind power
development by introducing a clear price policy, increased obligation of power
companies to purchase renewable electricity, and enhanced cost distribution
(NDRC, 2011). In addition, the Clean Development Mechanism (CDM) under the
Kyoto Protocol, a flexibility mechanism that allows countries to meet their
emission reduction commitments through buying credits on the CDM market,
has also spurred wind power development in China (Ni, 2009). 60 wind power
generation projects in China have been registered with the CDM Executive
Board, making up 45% of the world’s total CDM wind power generation projects
(Ni, 2009).

!
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Fig 1.2 – Growth of wind power capacity in China (CWPC, 2010)

The present wind power capacity in China is estimated to be 25.5 GW
(CWPC, 2010). At the end of 2008, the total wind power capacity in China was
12.2 GW, with over 150 wind farms in 21 provinces (CWPC, 2010). Most of the
wind farms are located in Northern China, making up almost 70% of installed
wind power, and development along the Eastern coast has also been increasing.
25% of the total capacity is concentrated in the province of Inner Mongolia, and a
large proportion in the Northern provinces of Jilin, Liaoning, Hebei and
Heilongjiang (Ni, 2009).
Offshore development in China is still in its nascent phase, as
technological difficulties of building, operating and maintaining offshore wind
farms lead to much higher construction costs, reducing investment interest.
China’s first offshore wind farm off the coast of the East China Sea, with a 102
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MW capacity, has just been completed in 2010 and would serve as a model for
future offshore wind farm development (Li, Shi & Gao, 2010).

Fig 1.3 – Capacity of installed wind turbines in China (CWPC, 2010)

Increasingly, wind turbines with high capacities are being installed in
China, with the share of wind turbines with a capacity of >1.5 MW doubling
from 9% in 2006 to 18% in 2007 (CWPC, 2010). The average turbine capacity is
now over 900 kW, and the trend is even more evident looking at new
installations in 2007, of which more than half have a capacity exceeding 1 MW
(CWPC, 2010).
Domestic manufacturing of wind turbines has also been growing rapidly
in China. There are now more than 15 Chinese companies producing wind
turbines, making up at least 50% of the market (Li, Shi & Gao, 2010). To
encourage growth of its domestic wind industry, the Chinese government has
introduced preferential policies for domestically manufactured wind power
equipments. Chinese wind power developers can borrow up to 80% of the
project cost while foreign investors can only borrow up to 66% (Liao, et al, 2010).
!
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Projects are also required to be at least 51% Chinese-owned to qualify for CDM
credits (Liao, et al, 2010). The preferential policies have boosted the Chinese wind
equipment industry, and are likely to continue promoting growth, given the
attractive rates of returns for wind power projects.

1.2 Potential of Wind in China

China has abundant wind resources with its large land mass and long
coastlines. According to the National Meteorological Bureau in China, the
theoretical capacity of onshore wind power resources in China at an altitude of
10 meters is about 4350 GW (CMA, 2010). About 300 GW of wind is available for
utilization at this altitude. At an altitude of 50 meters, the potential exploitable
wind power resource increases to more than 1400 GW, and offshore wind power
resource in coastal waters amounts to about 750 GW (CMA, 2010). Aside from
the China Meteorological Administration, other studies from the National
Climate Center has pegged technically exploitable wind energy resource in
China at around 2500 GW, a much larger figure than previous estimates (NCC,
2010). Regardless of the precise number, it can be concluded that China possesses
generous wind resources that could play a significant role in its future energy
supply. Researchers from Harvard and Tsinghua University have even put forth
that wind power could meet all electricity demand in China in 2030 (McElroy, et
al, 2009).

!
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Fig 1.4 – Wind resource map of China (Ni, 2009)

As seen in Fig 1.4, the wind resources in China are mainly distributed in
the Northern provinces and the Southeastern coastal areas. Stretching from east
to west, the northern provinces of Heilongjiang, Liaoning, Jilin, Hebei, Inner
Mongolia, Gansu and Xinjiang span an area 200 km wide. The wind power
density in these provinces ranges from 200 W/m2 up to 300 W/m2, even
exceeding 500 W/m2 in the higher altitudes. The areas in the vicinity of the coast,
in provinces such as Shandong, Zhejiang, Jiangsu, Fujian, Guangdong and
Guangxi, have an annual wind power density above 200 W/m2. The most
abundant wind resources offshore are found in the waters along the eastern coast
with a depth of 5 to 20 meters, though technical difficulties are limiting the
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exploitable wind energy in these areas. It should be noted that offshore wind
energy in China possesses great potential – the offshore resources are in close
proximity to centers of high power demand since many heavily populated cities
are located along the southeastern coast. As offshore wind technology becomes
more viable, these resources are likely to play a greater role in meeting power
demand.

1.3 Advantages and Disadvantages of Wind

In determining the attractiveness of expanding wind power generation,
both the advantages and disadvantages of using wind energy must be assessed.
The main benefits of wind include its environmental-friendliness, cost-free fuel,
and the relative versatility of wind turbines in terms of size and capacity. On the
other hand, wind also has its drawbacks, the most salient being its volatility.
Other disadvantages include difficulties in grid integration, undesirable
appearance and noise pollution, and various environmental impacts.

1.3.1 Advantages of Wind

The main strength of wind energy for power generation is its status as a
clean, renewable energy source. Emission of greenhouse gases during
combustion of fossil fuel has led to dire environmental consequences such as
global warming. Increased reliance on clean energy will be necessary to sustain
the growing demand for energy worldwide while reducing environmental
!

)!

CHAPTER 1: INTRODUCTION TO WIND POWER IN CHINA!
!
!
impacts. Since wind power generation does not produce carbon dioxide,
expanding wind power capacities will assist in decreasing the levels of emissions
greatly. It would also help reduce chemical and water pollution from the use of
nuclear plants.
Apart from environmental concerns, energy security is critical to most
countries, and decreasing use of fossil fuels through developing wind power
would allow for greater geopolitical stability. Existing tension between the U.S.
and China due to oil-diplomacy in the Middle East and South America could be
alleviated as the reliance on fossil fuel is reduced. Volatility in energy prices also
affects investor confidence and has detrimental effects on economic growth.
Since wind itself is virtually costless, it has little price volatility and enhances
economic stability, besides being one of the least expensive technologies.
Furthermore, since wind is renewable, it can meet escalating energy demands
without fear of depletion, as energy consumption worldwide continues to
balloon. Given current depletion of fossil fuel resources, the transition towards
renewable energy, including wind power, is inevitable.
As wind turbines come in various sizes and capacities, wind power
generation is more versatile than traditional forms of power generators. Small
wind turbines take little space and can be more easily installed in remote areas to
provide energy to regions are not connected to the electric power grid. The range
of sizes allows wind energy to support varying levels of population, especially in
smaller towns and villages where smaller wind turbines can be installed so as
not to produce excess energy and cause price fluctuations.
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1.3.2 Disadvantages of Wind

Although wind energy has multiple benefits, it is not without its
drawbacks. Its greatest disadvantage would be the lack of power stability due to
the volatility in wind speed. Even though there are observable daily and seasonal
trends, wind energy remains highly volatile and difficult to model accurately.
Storage of wind energy, or integration with other power generators, would
enhance the use of wind energy as a reliable source of power, but could prove to
be a costly option.
While wind is free as a resource, building the infrastructure to make
power generated by wind farms accessible is often extremely costly, if wind farm
sites are far from areas of end-consumption. The affordability of wind energy on
a global level would be questionable as most developing countries lack the
capital for the heavy initial investment in infrastructure, despite lower costs in
the long run.
Even though wind energy does not lead to air or water pollution, it has
other negative environmental impacts such as noise pollution. Wind turbines are
often extremely loud and a great source of annoyance to residents in the vicinity.
Furthermore, turbines are not aesthetically pleasing and many people find them
damaging to the beauty of the landscape. Construction of wind farms could also
impinge on farmlands and grazing grounds, and potentially affect avian
migration patterns. These environmental consequences could make wind energy
unpopular with the public despite its other benefits.
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1.4 Overview of Thesis

The greatest limitation of wind power is its high variability. Since wind is
largely an unpredictable stochastic process, frequent mismatch between
electricity demand and wind power supplied is a serious problem unless the
variance in wind power is reduced. Two main methods can be employed to
reduce fluctuations in wind power – the first, through storage, and second,
through diversifying wind farm locations. This thesis focuses on the second
approach and finds optimal allocations for wind farm placement across China to
keep the variance of wind power in rein while maintaining a high mean power
output.
Before delving into the mathematics behind selecting optimal wind farm
locations in China, Chapter 2 gives a detailed overview of the energy sector in
China to provide the relevant context for current wind power development. The
growing interest in wind power in China in recent years is largely due to China’s
escalating power consumption and need for sustainable energy sources. A good
understanding of China’s energy profile allows for a better appreciation of its
renewable energy development goals, in particular for wind power.
Chapter 3 discusses the mechanics of wind power production necessary
for later mathematical models in optimizing wind farm placements. Processing
of historical data used for analysis in this thesis is also discussed. Two different
mathematical models – a Markowitz model that involves a quadratic program,
and a stochastic programming model – are presented in Chapter 4, including
different policies used in the latter. Chapter 5 introduces the Stochastic Gradient
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Algorithm, a powerful optimization tool used to solve the stochastic
programming models. The results found for both models under various
scenarios are discussed in Chapter 6, with a summary of the optimal allocations
of wind farms across locations in China. Finally, Chapter 7 concludes the analysis
by examining how the results found in this thesis compare with current wind
power development goals in China, ending with suggestions for further research
to enhance the potential of wind.
!
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CHAPTER TWO
ENERGY IN CHINA

While the previous chapter provided a brief introduction to wind power
in China, Chapter 2 explores China’s energy sector in more detail to allow for a
better understanding of wind power’s role in China’s overarching energy policy.
This chapter first follows the development of China’s energy sector from the
1960s to the new millennium, profiling energy in China in terms of its
production, demand, and regulation. It then takes a closer look at both current
and projected energy supply and demand in China for various resources: coal,
oil, natural gas, electricity and renewable energy sources.
As wind power generation is part of the complex electricity sector, a
more detailed overview of China’s power sector – its main production methods,
organizations and current challenges – is then presented. The environmental
impacts of China’s increasing energy consumption are discussed, followed by the
measures China has taken to promote clean energy. The chapter ends by
exploring the future landscape of energy production in China.
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2.1 Development of Energy Sector in China

Prior to the 1960s, China relied predominantly on biomass and coal for
energy for its rural population and burgeoning industrial sector (APERC, 2009).
Energy production increased over the next two decades with the growth of
industry, and saw development of China’s domestic oil resources. As China
began to open up in the late 1970s with the introduction of major economic
reforms, investment in energy supply ballooned. A major expansion of both
power generation capacity and grid infrastructure enabled access to electricity
for most households even in rural areas (APERC, 2009). As a result, total energy
consumption in China has been on the rise, especially in the new millennium,
where it has grown at a rate four times faster than predicted, to 15% of global
demand in 2006 (Ni, 2009). While per-capita energy consumption remains
relatively low in comparison to developed countries, China’s large population
base renders Chinese energy consumption a significant proportion of global
energy demand nonetheless. In fact, IEA has revised its projection for China’s
energy consumption to 20% of global energy demand in 2030, larger than both
Europe and Japan combined (IEA, 2010).
It is predicted that oil demand for transportation will quadruple in China
between 2005 and 2030, largely led by exploding vehicle sales (Adams &
Shachmurove, 2007). The growing middle class will continue to drive up energy
use in residences, both in use of electric appliances, and heating and cooling. The
main energy consumption sector – industry – which accounts for over 40% of
total energy consumption in China currently, is slated for further growth, as

!
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China increases its domestic production of energy-intensive basic products
(Rosen & Houser, 2007). This increase in energy consumption has led to drastic
changes in China’s energy trade, from an exporter of natural gas and oil prior to
the 1990s to one of the largest oil importers today (Ni, 2009).
The energy sector in China is controlled by the state, though non-state
enterprises have been allowed into selected segments of the industry.
Nonetheless, large state-owned companies still produce more than half of total
coal output, while the government controls the oil and gas industry and the
power sector as the largest shareholder (APERC, 2009). The formulation and
implementation of energy policies in China are shared among a few
organizations at both national and local levels. The National Development and
Reform Commission (NDRC) oversee the economy, and within the ministry, the
Energy Bureau is responsible for formulation of energy-supply policies (APERC,
2009). Other NDRC departments draw up policies on energy efficiency and
pricing. The National Energy Leading Group of the State Council, China’s central
governing body, coordinates amongst the ministries and other governmental
agencies, such as the State Electricity Regulatory Commission, to achieve energy
policy goals (APERC, 2009).
The Five-Year Plans, issued by China’s central governing body, provide
the framework for economic initiatives in China through setting growth targets
and introducing major policies. The NDRC released the 11th Five-Year Plan in
2007 for the period 2006-2010, with goals for energy development in areas such
as infrastructure, efficiency, environmental concerns, and research and
development (NDRC, 2011). One main goal of the latest Five-Year Plan is to
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reduce China’s energy intensity by 20% in 2010, compared to 2005, through
means such as increasing the use of renewable energy resources, pricing reforms,
and technological developments (NDRC, 2011). Reducing environmental impact
and transitioning towards more affordable and clean energy are other key points
of the current plan.

2.2 Energy Supply and Production

Prior to 2000, China was able to sustain its economic growth without
straining

its

energy

resources,

since

price

reforms

and

technological

advancements allowed more efficient use of its coal, oil and natural gas
resources. However, while China was an exporter of energy until the 1990s, its
energy demand have since outstripped its domestic production capabilities,
causing China to be increasingly reliant on energy imports to meet domestic
energy demand.
China has extensive domestic energy resources, in particular coal and
renewable energy sources such as hydropower, wind, biomass and solar.
However, while China is endowed with sizable oil resources that it actively
exploits, the domestic reserves are insufficient to meet the projected growth in
demand through to 2030. The alarming prospect of a continuing rise in oil
imports has led the Chinese government to introduce a variety of measures to
deal with potential ramifications. Policies focus on curbing the growth in
demand, promoting energy efficiency and conservation, diversifying geographic
supply sources and securing preferential access to foreign resources (Ni, 2009).
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Fig 2.1: Primary energy production in China (Ni, 2009)

Coal is the primary energy source for China, accounting for more than
70% of its primary energy production in 2006 (Rosen & Houser, 2007). However,
even with projected strong growth in coal production, China’s coal reserves are
unlikely to meet the growth in its energy consumption. More than 90% of
Chinese coal resources are located in inland provinces, but the coastal region,
where most of the larger cities are located, is expected to lead in the growth in
energy demand. This increases the pressure on internal coal transport and makes
international imports to coastal provinces more competitive. As a result, China’s
coal imports are poised to increase, with net imports projected to reach 95 Mtce
in 2030, representing 3% of its demand and 7% of global trade (IEA, 2007).
The oil supply situation in China is more alarming: oil now makes up at
least 20% of China’s energy supply, but its domestic oil reserves, at 2.3% of world
total, are far from sufficient in sustaining its growing energy needs (Adams &
Shachmurove, 2007). The situation is exacerbated by the fact that major oil fields
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in Eastern China, which accounts for 90% of its domestic crude production, are
set to peak early in the 2010s, and will decline soon after (Zhou, et al, 2004).
Exploration efforts in offshore and Western China reserves have been
disappointing, and investment in domestic oil production is falling due to
uncertainty in the potential of the newly identified oil sources (Zhou, et al, 2004).
While non-conventional oil supply from coal-to-liquids plants is expected to
grow, China’s oil import dependence is still projected to rise from 50% today to
80% in 2030, reaching 13.1 mb/d, equivalent to total EU projected oil imports in
2030 (IEA, 2007). The resultant energy security concerns has led China to actively
strengthen its energy diplomacy in order to compete with other nations in
securing oil imports.
China’s natural gas reserves are even more limited than oil, at only 0.8%
of the world total (Ni, 2009). The natural gas reserves remain largely
undeveloped at the moment due to governmental focus on oil exploration and
production. However, the Chinese government is expanding natural gas
development to ameliorate environmental impact, its energy shortages and
increasing dependence on petroleum imports. Natural gas production in China is
expected to increase from 654.6 billion cubic feet in 1995 to 3.8 trillion cubic feet
in 2020, though it will still fall short of the rise in demand (IEA, 2007). As a result,
imports are also projected to increase quickly, and a major expansion of the
pipeline system and other infrastructure will be necessary to make the gas
reserves more accessible.
Generation of electricity in China is still predominantly based on coal,
though gas-fired electricity generation is expected to grow quickly to provide 4%
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of total electricity in 2030, and nuclear power another 3% (Zhou, et al, 2004).
Total electricity generation in China is projected to more than triple by 2030,
growing at a rate of 7.8% per year (IEA, 2007). To meet the production goals,
China needs to add 1312 GW to its generating capacity, with 31 GW in coal
plants and 18 GW in nuclear capacity (IEA, 2007). Renewable energy sources are
primed to provide the remainder.
China is the largest producer of renewable energy in the world and
renewable energy is expected to play an even greater role in the future.
Renewable energy provided about 15% of China’s total primary energy supply in
2005 (Ni, 2009). Biomass, used predominantly for cooking and heating in rural
areas, is the main renewable energy source, and the Chinese government plans to
increase biomass-fired generating capacity to 5.5 GW in 2010, and 30 GW by 2020
(Ni, 2009). China is the world’s largest producer of hydroelectricity and
hydropower is used extensively in electricity supply. About a third of China’s
rural counties rely on small-scale hydropower as their main power generation
source (Huang & Yan, 2008).
While hydropower is predicted to grow to 1005 TWh in 2030, other
sources of renewable energy for power generation are also being developed
aggressively, especially wind and solar power. China has extensive wind
resources, with a potential of 1000 GW, and is expanding its capacity rapidly
(Liao, et al, 2009). Wind power capacity in China has grown from 1.3 GW in 2005,
to 20 GW in 2010, with most of the capacity located in the Northern provinces
and the Xinjiang region (Li, Shi & Gao, 2010). For solar power, China’s
photovoltaic cell generation capacity has increased from 7 MW in 1995 to 80 MW
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in 2006, an annual growth rate of almost 25% (IEA, 2007). Most of the electricity
generated by the photovoltaic systems is supplied to rural areas that do not have
reliable grid connection. On the whole, the Chinese government is increasing its
use of renewable energy resources and investing heavily in large-scale hydro and
wind power infrastructure.

2.3 Energy Demand and Consumption

Fig 2.2 Energy demand in China by energy source (IEA, 2007)

As a result of its rapid economic development, China’s primary energy
consumption quadrupled from 615 Mtce in 1980 to 2455 Mtce in 2006, an annual
growth rate of 5.5% (IEA, 2007). With the expansion of its industrial sector and its
growing middle class, China’s primary energy demand is projected to rise from
1742 Mtoe in 2005 to 3819 Mtoe in 2030, overtaking the U.S. to become the
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world’s largest energy consumer (IEA, 2007).
Being the largest source of primary energy in China, coal consumption is
expected to grow most rapidly in the near future, assuming 70% of total primary
energy demand in 2010 (Crompton & Wu, 2005). While residential and
commercial use of coal-generated power has decreased over the years, heavy
industrial growth continues to drive up demand for coal. The power sector will
remain the main coal user in the future, accounting for more than two-thirds of
the incremental demand (Zhou, et al, 2004).
China’s oil consumption is expected to increase from 6.7 mb/d in 2005 to
11.1 mb/d in 2015 and 16.5 mb/d in 2030 – an average growth of 3.7% per year
(IEA, 2007). More than two-thirds of the increase will come from the transport
sector, as automobile sales in China spikes with the growing affluence of its
urban population (Rosen & Houser, 2009). Due to energy security concerns and
dwindling domestic oil reserves, the Chinese government will try to cap the
share of oil in its primary energy consumption at around 20%, largely through
expanding its natural gas production (Ni, 2009).
China’s demand for natural gas is increasing faster than for any other
fossil fuel, at an annual rate of 12%; making natural gas 11% of total energy
consumption in 2020 – up from 2% in 2005 (IEA, 2007). While industry makes up
70% of the natural gas consumption at the moment, it is expected that its share
will decrease in the future as residential and commercial use rise rapidly (Rosen
& Houser, 2007). The increased residential use would be largely due to natural
gas replacing coal as a primary energy source for provision of heat.

!

((!

CHAPTER 2: ENERGY IN CHINA!
!
!
Renewable energy consumption is expected to grow steeply, but will
continue to make up only a small share of total consumption (1% of primary
energy demand in 2030), given its small base at the moment (IEA, 2007). Nuclear
power in total energy demand is projected to increase from 0.8% in 2005 to 2% in
2030 (IEA, 2007). Hydropower rises slightly, from 2% in 2005 to 2.3% in 2030
(IEA, 2007). Other renewable energy resources, including wind and solar
technologies, will continue to grow rapidly, but their combined share in total
final energy consumption would likely remain under 1% in 2030 (IEA, 2007). The
share of biomass is expected to drop from 13% in 2005 to 6% in 2030, reflecting a
continuing shift towards greater use of modern forms of energy (IEA, 2007).
Overall, power generation accounts for more than half of the increase in
China’s energy demand, a result of rapid urbanization and construction boom.
Its share of primary demand is expected to increase from 39% in 2005 to 46% in
2030 (IEA, 2007). While per-capita energy consumption in China will remain far
lower than that of developed nations such as the U.S., it is growing as China’s
rapid economic development allows for higher standards of living.
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2.4 China’s Power Sector

Having seen an enormous increase in power consumption in the past
decade, China is now the second largest electricity market in the world, just
behind the United States. With its population of 1.3 billion and rapid
urbanization, China’s demand for electricity is poised to continue its swift
growth of 5% per annum (IEA, 2007). As mentioned, coal remains the
predominant fuel for power generation, though China is encouraging the
construction of large-scale thermal power plants to enhance efficiency, as well as
expanding its electricity mix to reduce pollution. Environmentally friendly
power plants such as supercritical power plants will be installed, while currently
prevalent small-scale power plants and rundown transmission and distribution
facilities will be shut down (APERC, 2009).

Fig 2.3 – Sources of power generation in China (IEA, 2007)
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Though thermal power will continue to provide the bulk of electricity in
China, hydropower, nuclear power and other renewable energy sources are
expected to grow at a much more rapid rate. The Three Gorges Dam on the
Yangtze River alone has a capacity of 18.2 GW, and is by far the largest hydro
generating facility in the world ((Huang & Yan, 2008). Around 200 more
hydropower plants are under construction, to help meet China’s goal of 300 GW
of hydropower in 2030 ((Huang & Yan, 2008).
Nuclear generation is expected to increase five-fold, supplying 3% of total
electricity demand by 2030 (IEA, 2007). Two new nuclear reactors were
connected to the electric grid in 2006 and 2007, bringing installed capacity to 8.6
GW (IEA, 2007). Four new reactors with a total capacity of 3.2 GW are currently
under construction, as China strives towards its goal of 40 GW of nuclear power
capacity in 2020 (IEA, 2007).
Wind power capacity will be greatly increased with the construction of
thirty 100 MW wind farms in the wind-rich regions of Inner Mongolia, Hebei
and Gansu (Liao, et al, 2009). On-grid biomass generation capacity is also
expected to increase with increased production of solid biomass fuel, bio-ethanol
and bio-diesel, together with investment in combustion technology for municipal
solid and agricultural wastes (Ni, 2009).

!

(#!

CHAPTER 2: ENERGY IN CHINA!
!
!

Fig 2.4 – Structure of China’s power sector (CPIA, 2008)

The electric grid in China was entirely state-controlled, until reforms were
introduced in the mid-1980s that permitted investments by non-governmental
entities (APERC, 2009). As shown in Fig 2.4, the State Power Corporation was
formed in 1992 to manage the electric grids, and then split in 2002 into two
transmission companies and five power generation companies (CPIA, 2008).
Unlike the United States where policies regarding the power sector are set by
multiple branches in both the federal and state governments, the National
Development and Reform Commission (NDRC) formulates the power generation
policies in China, with the State Electricity Regulatory Commission of China
managing the business operations, including pricing (APERC, 2009).
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Fig 2.5 – Regional grids in China (Ni, 2009)

There are currently two major power grid companies: the State Grid
Corporation of China (SGCC), which controls five regional grids and about 80%
of the national market, and the China Southern Power Grid (CSG), which
manages the remainder (APERC, 2009). The power generation groups were
given 20GW of capacity each initially, to prevent any one group from
dominating a regional market. Private investments in the form of joint ventures
are also playing a larger role in power generation, supplying about 10% of all
electricity (Cherni & Kentish, 2007).
A key problem China’s power sector faces is the geographic mismatch of
power generation sources and electricity market centers, since the cities with the
highest power demand are concentrated in the Southeast, while provinces rich in
coal and hydropower are largely in the North. Current power transmission
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capacity in China is inadequate for long-distance transmission of power from one
region to another region, causing frequent regional power shortages. As can be
seen from Fig 2.5, there is no national grid, but six regional grids (excluding
Tibet) with little interconnections instead, preventing low-cost generation in one
region from reaching another. Many municipalities even rely on off-grid plants
due to a lack of reliable transmission capacity.

Fig 2.6 – Long distance power transmission from Western China to Eastern China (Li,
Shi & Gao, 2010)
As a result, investing in transmission networks and connectivity amongst
regions is a top priority of China’s power sector. China is expanding longdistance power transmission by constructing three major trunk lines with
ultrahigh voltages ranging from 500kV to 1000kV, connecting the power sources
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in the Western provinces to the power sinks in the Southeast, as shown in Fig 2.6
(Li, Shi & Gao, 2010). Reducing transmission loss and increasing supply
reliability are also critical to meeting power demands, and China is investing
heavily in technology to cap transmission losses at 7% by 2010 (Li, Shi & Gao,
2010). The construction of a national smart grid to increase power generation
efficiency is also in the works.

2.5 Environmental Impacts

The rapid increase in energy consumption in China over the past decades
has seen serious environmental consequences, including air pollution,
deforestation, disruptions to ecosystems and communities, chemical pollution
from waste disposal, water shortages and growing emission of greenhouse gases.

Fig 2.7 – Projection of SO2 emission in China (IEA, 2007)
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Air pollution is one of the most serious environmental ramifications China
faces at the moment. China’s heavy reliance on coal, which provided 78% of
China’s electricity in 2005, had led to escalating levels of sulfur dioxide (SO2)
emission with dire consequences such as acid rain and health problems. As most
new power generating capacity in China will continue to be coal-fired, China’s
SO2 emissions are projected to increase from 26 Mt in 2005 to 31 Mt in 2015,
before leveling off to 30Mt in 2030 (IEA, 2007). Oxides of nitrogen are also
formed during combustion of goal, and can lead to environmental impacts such
as acidification, eutrophication and ozone formation. Nitrogen oxide emissions
are expected to rise from 15 Mt in 2005 to 21 Mt in 2030 (IEA, 2007).

Coal-fired power
plants
account

also
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the

quick escalation in
carbon

dioxide

(CO2) emission in
China.
emissions
Fig 2.8 – Projected CO2 emission in China (IEA, 2007)
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remain lower than developed countries, the total CO2 emission in China reached
1665 million tons in 2006, 20% of global CO2 emission, making it the largest CO2
emitter in the world (IEA, 2007). The rapid increase is expected to continue at an
average of 9% per annum over the next decade, driven by China’s rapid
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economic expansion (IEA, 2007). This translates to an emission level 35% higher
than that of the U.S. in 2015, and 66% higher in 2030 (IEA, 2007). While coal’s
share of emissions is projected to fall slightly in the near future, increased use of
oil and natural gas will continue to contribute to the release of greenhouse gases.
While meeting energy demands has been considered more important than
environmental protection in the past, the Chinese government is increasingly
concerned with the environmental damage caused by increased consumption of
fossil fuels. Severe air pollution is driving the Chinese government to work
towards reducing energy intensity and accelerating the use of renewable energy
resources, as well as developing technology to allow for cleaner combustion.
The government has taken measures to actively reduce the SO2 emission
in its current Five-Year Plan, setting a target of a 10% reduction by 2010, as
compared to 2005 levels (NDRC, 2011). All new coal-fired power plants built
after 2006 are required to install Flue-Gas Desulfurization (FGD) equipment and
dust removal facilities, with higher prices for electricity generated by these plants
as an incentive for power companies to invest in FGD devices (NDRC, 2011).
However, the policies have met with middling success – though the power
sector’s FGD has increased from 5.3GW in 2005 to 37.9 GW in 2008, it remains a
small percentage of total coal-power capacity (Ma, et al, 2009). While increased
use of natural gas in cities, and price reforms to discourage overconsumption are
likely to reduce air pollution in urban areas, it will be difficult to curb SO2
emission from the industrial sector. China failed to achieve its goal of reducing
SO2 emission by 10% in 2005, compared to 2000, and its current emissions still far
exceed the target under the 11th Five-Year Plan (Ma, et al, 2009). Emission levels
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will have to drop drastically to reach the target of a reduction of 8.4 million tones
in 2010. Furthermore, with a fast-growing transport sector and increased vehicle
ownership, it will be difficult to curb nitrogen oxides emissions.
Climate change caused by emission of greenhouse gases, in particular
CO2, was not a main concern for the Chinese government. However, with greater
awareness of global warming and the environmental impacts of CO2 emissions,
China is tackling its escalating emission with more vigor. The National Climate
Change Co-ordination Office was set up in 1998 and released its first national
action plan to respond to climate change in 2007 (NDRC, 2011). It targets to
reduce the intensity of carbon dioxide emissions per unit of GDP in 2020 by 40%
to 45% (NDRC, 2011). In order to achieve these goals, China is actively
diversifying to other energy sources, especially nuclear and non-hydro
renewable energy.

2.6 Policy towards Renewable Energy

To encourage the development of renewable energy, in 2005 China
introduced the Renewable Energy Law, which came into effect on 1 January 2006
(NDRC, 2011). Together with the “Medium and Long-term Development Plan
for Renewable Energy in China”, the Chinese government set national targets for
the expansion of renewable energy capacities for the years 2010 and 2020 (NDRC,
2011).
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Energy Source

2006
actual

2009
actual

2010
original
target

2020
current
target

2020
revised
target

Hydro power

130 GW

197 GW

190 GW

300 GW

300 GW

Wind power

2.6 GW

25.8 GW

5 GW

30 GW

150 GW

Biomass power

2 GW

3.2 GW

5.5 GW

30 GW

30 GW

Solar PV

0.08 GW

0.4 GW

0.3 GW

1.8 GW

20 GW

Solar hot water

100mil m2

190mil m2 150mil m2

300mil m2 -

Ethanol

1mil tons

2mil tons

10mil tons -

Biodiesel

0.05mil tons

2.1mil tons 0.20mil tons 2mil tons

-

9%

-

Renewable energy share
7%
of final energy consumption (*)

2mil tons

10%

15%

Table 2.1 Future renewable energy development targets (NDRC, 2011)

As can be seen from Table 2.1, China is on track to meeting its targets,
having already exceeded some of its projections for 2010. It is possible that China
may achieve its goal of meeting 20% of energy consumption with renewable
energy even before 2020. Apart from setting targets for the expansion of
capacities, the Renewable Energy Law also set technical standards for renewable
technology and products, and identified research and development of renewable
energy technology as a priority, increasing the funding allocated to R&D (NDRC,
2011). To increase the use of renewable energy sources, the Renewable Energy
Law mandated the connection of plants powered by renewable energy sources to
the electric grid (NDRC, 2011). All energy from renewable sources must be
purchased and utilities are required to provide grid-connection services and
technical support. Grid operators must purchase a fixed amount of renewable
energy, with penalties for non-compliance, but subsidies are available to make
provisions for the extra cost associated with integrating renewable energy into
the power system (Ni, 2009).
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Pricing incentives are also being introduced to encourage the use of
renewable energy. A Renewable Energy Premium of 0.004 RMB/kWh is added
to the cost of each kWh of electricity sold, in order to cover the price difference
between electricity generated from renewable energy and that from coal-fired
plants (NDRC, 2011). A subsidy of 0.25 RMB/kWh has been introduced for
biomass-fired projects, and variable price subsidies are available for wind power
projects (NDRC, 2011). Biofuels have also been designated a priority, with
increased funding for research and development of biofuels such as ethanol,
biodiesel and fermented methane gas (Ni, 2009). Technologies that make use of a
variety of crops to produce biofuels are being promoted, and the Ministry of
Agriculture aims to develop new crop bases for production of biofuels without
hurting the food sector (Ni, 2009).

2.7 Future Landscape of Energy Production

To meet its escalating energy consumption and reduce environmental
impacts, China’s long-term energy development would have to shift in the
direction of clean and efficient methods of production. Conserving energy
through increasingly efficient modes of production, and diversifying energy
sources are the two prongs of Chinese energy policies in the near future. In order
to both produce more energy from available resources, and increase the viability
of carbon-neutral energy, China is investing greatly in research and development
to advance its energy production technology.
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Since coal will remain China’s dominant energy source, China is actively
developing clean coal technologies such as large-scale gasification and coal polygeneration to cut down emission of greenhouse gases during combustion (Ni,
2009). Small-scale coalmines will be shut down in favor of larger, more efficient
coal plants to make use of economies-of-scale (Ni, 2009). Demand for oil will
invariably increase as automobiles become more widespread in China, but China
is trying to meet the demand both through expansion of its domestic oil reserves,
as well as developing oil substitute projects such as ethanol, hydrogen and
biodiesel. Refineries are also being upgraded to employ more advanced, efficient
technologies.
The use of natural gas, a cleaner alternative to coal and oil, with its high
calorific value and low carbon dioxide emission, will be increased, especially
with mature long-distance transportation of the fuel. China is currently
constructing massive pipelines that deliver natural gas from the resource-rich
provinces in the west to the urban areas in the east. Construction of gas-fired
power plants in the coastal regions and metropolises is also in the works to meet
the especially large energy demands in cities (Ni, 2009).
The power sector has been a chronic problem for China due to inadequate
grid capacities, and there have been frequent power shortages in the past years.
A key priority for China in the near future, then, is to strength its electric grid
and transmission capacities. China is currently investing heavily in high voltage
cables capable of long-distance transmission, in order to allow for transmission
of power across regions. Small thermal plants, which have been the principal
power generators, will be shut down while more large-scale, high-efficiency
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thermal power plants are built. Fuel gas desulfurization capacity is also being
increased to limit sulfur dioxide emissions (Ni, 2009).

Fig 2.9 – Water Resources in China (IIASA, 2010)
With 378 GW of technically exploitable hydro reserves and almost 700 GW
of hydroelectric capacity, China has the most abundant hydro resources
worldwide (Chang, Liu & Zhou, 2009). Priority is being given to developing four
hydropower bases in China: the Yellow River Up Reaches, the Hongshuihe
River, the Yangtze River Up Reaches and the Wujiang River (Huang & Yan,
2008). The Western Development Program was begun in 2000 to develop
hydropower resources in more remote areas, such as Daduhe River and
Lancangjiang River, to provide electricity to rural households (Huang & Yan,
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2008). Pumped storage hydropower plants are also being built to exploit China’s
plentiful water resources.
Clean and highly efficient nuclear power will also play a much greater
role in energy supply in China, as nuclear power reactors become increasingly
safe and reliable. Nuclear generating capacity in China is expected to quadruple
in the next decade, with a gradual shift towards domestic manufacturing of plant
and equipment to allow for greater self-reliance (Ni, 2009). Domestic production
would also likely lower the cost of nuclear power production, making it a more
viable option. While Generation II pressurized water reactors are the
predominant type of reactor in use at the moment, more Generation III reactors
will be constructed in the near future, the first scheduled to begin operations in
2013 (Ni, 2009). The Generation III reactors provide improved fuel technology,
greater efficiency, and standardized designs that decrease maintenance and
capital costs (EIA, 2010).
Finally, wind power – the focus of this thesis – will be an important
element of China’s shift towards renewable energy. As discussed in the opening
chapter, China has abundant wind resources, and wind can provide a powerful
source of energy, given adequate planning and development. Optimal placement
of wind farms is one factor that can greatly improve the quality of wind power,
and the rest of this thesis sets off to determine the ideal locations for wind farm
development to truly wind up the grid in China.
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CHAPTER THREE
MODELING WIND POWER GENERATION
Since the high variance in wind speed, and the resulting fluctuation in
power generated, is its biggest drawback, improving wind power’s reliability is
critical to increasing its use in electricity supply. There are two ways to handle
the problem. One is through employing a myriad of storage options, such as
pumped hydro and compressed air storage. Excess power is stored when wind
speeds are high, being released when wind speed falls and power generation
fails to meet demand. The other option is to optimize the placement of wind
farms across a region to reduce the overall variance at any given point in time.
The second approach is employed in this thesis, where an optimal placement of
wind farms under budget constraints will be developed.
Prior to developing a framework for the optimization of wind farm
locations, it is necessary to understand wind power generation technology in
more detail. This chapter introduces the basics of wind turbine mechanics and
the physics of wind power generation, relating wind speed to production of
electrical power. Since the amount of power generated is dependent on wind
speed, the wind power capacity at different locations in China can only be
determined by examining the wind profiles in the various regions.
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This chapter looks at two main strategies in wind power analysis –
employing stochastic modeling to predict wind speeds, and making use of
historical wind speed data. Finally, the distribution of wind resources in China is
presented based on historical data, with the statistical profile of wind speeds at
various locations in China. The statistical attributes, such as the mean and
standard deviation, will play a central role in the mathematical modeling of
optimal wind farm placement.

3.1 Wind Power Generation Technology

Since sailing into the sunset to the wind 5,500 years ago, humans have
been making use of wind energy for a variety of purposes, ranging from grain
grinding, water pumping, to the most recent: power generation. The first wind
turbine that generated electricity was built by Poul la Cour in Denmark in 1891,
and another Dane, Johannes Juul, developed a three-blade turbine design that
most commercial wind turbines came to resemble (Ackermann & Söder, 2002).
Battery charging wind turbines were first produced by the brothers Joe and
Marcellus Jacobs in America and widely used on farms until rural electrification
projects begun (Carlin, et al, 2003).
Despite the use of wind turbines in electricity generation since the early
1900s, the reliance on fossil fuels impeded the development of wind power
technologies until the oil price crisis in the 1970s (Carlin, et al, 2003). Research
and development in wind turbine technology increased rapidly with energy
security concerns caused by the oil price crisis, raising the capacity of wind
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turbines markedly from 20-30 kW to a maximum of 7 GW today (Burton, 2001).
Wind power became a feasible option for large-scale electricity generation, rather
than merely providing small-scale, off-grid power supply.

Fundamentally,

wind

energy is a converted form
of

solar

Earth’s

energy.
atmosphere

unevenly

heated

The
is
by

radiation from the sun,
leading to more heating of
Fig 3.1 – Convection process of wind (NASA, 2010)

the earth along the equator

than at the poles. Land also heats up and cools down more rapidly than water.
As parts of the atmosphere warm differently, it creates a global atmospheric
convection system reaching from the Earth’s surface to the stratosphere, with hot
air rising and cool air sinking. Since hot air has a lower density, it reduces the
atmospheric pressure, drawing cool air in to replace it. Wind is the result of this
acceleration of air from higher to lower pressure. As air has mass and contains
kinetic energy during its movement, wind can be harnessed through converting
the kinetic energy to other forms that we can utilize (AWEA, 2010).
Wind turbines are currently used to generate electricity from the kinetic
energy in wind. There are two basic designs of wind electric turbines: verticalaxis and horizontal-axis (AWEA, 2010). Horizontal-axis turbines are most
commonly used today, constituting nearly all of the ‘utility-scale’ turbines in the
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global market (AWEA, 2010). A wind turbine typically includes a rotor or blades
that convert the kinetic energy into rotational shaft energy, an enclosure
containing a drive train with a gearbox and generator, a tower for support, and
other equipments such as controls and electrical cables (AWEA, 2010). Most
utility-scale turbines are in the 700 kW to 2.5 MW range, though larger machines
are under development for offshore wind farms (Carlin, et al, 2003). One 5 MW
wind turbine is capable of producing 15 million kWh each year and the power is
usually transmitted to households through connection to an electric grid (AWEA,
2010). A wind farm is typically composed of 10 to 100 wind turbines, though
mega-wind-farms containing even more turbines are under being planned (Fox,
2007).

Fig 3.2 – Design of horizontal and vertical axis wind turbines (AWEA, 2010)
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3.2 Physics of Wind Power Generation
Variable

Definition
Instantaneous power produced by a wind turbine

PT

Power coefficient

cp

!
!

µ
"
A
"
"T
R

Wind speed
Air density
Area of wind turbine swept by wind
Tip Ratio
Angular velocity of wind turbine

!
Radius of wind turbine
!
!Table 3.1 Definition of variables in wind power production
!
!
! The kinetic energy, P , of wind intercepted by the blades of a wind
T
turbine per unit time is dependent upon the power coefficient, c p , for the given

!
wind turbine, the wind
speed, µ , the wind density, " , at the location, and the
!
area, A , of the wind turbine swept by the wind (Fox, 2007).
The equation !

!
1
PT ( µ) = c p "Aµ 3
2

!

gives the kinetic energy intercepted by the wind turbine (Zinger & Muljadi,

!
1997). The efficiency with which
the kinetic energy is converted to electricity by
the turbine, however, depends on the specifics of the turbine design. In theory,
the maximum power coefficient, PT , is 0.593, the Betz Limit, but many external
factors affect the actual power coefficient, PT (Burton, 2001).

!
!

!
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The power coefficient, PT , is dependent on the Tip Ratio, " , which is in
turn dependent on the angular velocity of the wind turbine, " T , the wind speed,

!
µ , and the radius of !
the wind turbine, R , given by the equation:
"=

!

!

#T R
µ

!

While the Tip Ratio, " , can be estimated using given parameters, the
relationship between PT and "!is not linear (Zinger & Muljadi, 1997).

!
!

Fig 3.3 shows how the

!

relationship

between

the power coefficient,

PT , and the Tip Ratio, "
, changes for different

!

wind turbines.
! It can be
seen

that

they

vary

greatly depending on
the design of the wind
Fig 3.3 – Relationship between PT and " for various
wind turbines (Fink, 2010)

turbine. As a result, the
power coefficient, PT , is

! precisely without knowing the specific design of
extremely difficult to!determine
the wind turbine, as well as wind profile at its location.

!

!
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While older wind turbines tended to be fixed speed wind turbines that
rotated at a constant speed regardless of the wind speed, advances in wind
power technology has led to the development of variable speed wind turbines
(Zinger & Muljadi, 1997). Variable speed wind turbines are designed to
maximize the power coefficient at any given wind speed by altering its speed of
rotation. Furthermore, improved design and quality of material has increased
wind turbine efficiency, allowing for a higher power coefficient that is closer to
the theoretical maximum of 0.593 (Zinger & Muljadi, 1997).

While there is a non-linear
relationship between wind
speed and power generated,
this thesis will apply a linear
function

for

the

turbine

power curve in order to
simplify

the

calculations,

since the specifics of wind
turbine design are tangential to the analysis. The linear model is based on the
power output-wind speed curve of a V90-2.0MW wind turbine provided by the
manufacturer. The selected model would be appropriate for the purposes of this
thesis, since China will be installing predominantly high capacity wind turbines
in the range of 1.5 - 3.0MW (Yu, et al, 2011).

!

$$!
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The hub height of the V90-2.0MW wind turbine is 100 m, and the cut in,
rated and cut out wind speeds are 4, 12 and 25 m/s respectively (Vestas, 2011).
The linearized turbine power curve is defined as:

"
$
$
PT ( µ100 ) = #
$
$%

0
0.25( µ100 & 4)
2.0
0

µ100 < 4
4 ' µ100 < 12
12 ' µ100 < 25
µ100 ( 25

where PT is the power produced and µ100 !is the wind speed at 100 m (Yang, et al,

!

2005).

Another factor to take!into consideration in measuring the productivity of

!

a wind turbine is its capacity factor. The capacity factor compares the turbine’s
actual power generation over a period of time with the amount it should have
produced if it ran at full capacity for the same duration. Since wind speed
fluctuates, wind turbines frequently run at less than full capacity. A capacity
factor of 25% to 40% is common, though capacity factors can be higher during
windy seasons. The capacity factor needs to be taken into account when
calculating the actual power produced by wind farms, given the wind power
capacity.

3.3 Stochastic Modeling of Wind

In order to accurately predict wind speeds to determine potential power
generation, many statistical models, such as the persistence model and the
Empirical Weibull model, have been introduced (Giebel, 2003). The statistical
models usually provide fairly accurate forecasts for the 0-12 hours look-ahead
!
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period, but accuracy diminishes as the look-ahead period increases to 12-24
hours (Milligan, Schwartz & Wan, 2004).
The most commonly used stochastic model for wind speed is the timeseries autoregressive moving average (ARMA) model (Billinton, et al, 1996). If
wind speed is taken to be a stationary stochastic system, it can be well
approximated by an ARMA(n, n-1), which has the structure:
n

n $1

X t = # " i X t $i + et $ #% j et $ j
i=1

j =1

where X t is a realization of the time series at hour t constructed from a linear
!
combination of past observations
and a normal white noise with mean zero and

! variance " 2 e , represented by e. The " i term is the autoregressive parameter of the
model, while the " j term is the moving average parameter (Billinton, et al, 1996).

!

! for hour h’ of day d’ can then be simulated using:
The wind speed forecast
!

Fˆdh,d ' h' = µdh + " dh • x dh

where µdh is the hourly mean wind speed and " dh standard deviation
determined at the end of!hour h of day d (Billinton, et al, 1996).

!

!

3.4 Historical Wind Speed Data

For this thesis, however, historical wind speed data has been chosen in
favor of statistical models, since it better reflects the daily and seasonal changes
in wind speed in various locations in China. The statistical model would be
extremely complicated if a new ARMA were created for each individual location

!
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under consideration.

For the purpose of this thesis, historical data offers a

satisfactory estimate of future wind speeds, and can be used as realizations from
the stochastic process.
Following the method employed by McElroy, wind resources in China are
assessed using a database from Version 5 of the Goddard Earth Observing
System Data Assimilation System (GEOS-5 DAS) (McElroy, et al, 2009). The data
used for the analysis was obtained through retrospective analysis of global
meteorological data, based on well-developed climate models. Worldwide data
measurements were taken from a variety of sources including surface
observations, aircrafts and satellites (Rienecker, et al, 2007). The data from the
GEOS-5 DAS system is available at a horizontal resolution of 2/3 degrees
longitude by 1/2 degree latitude (Rienecker, et al, 2007). Hourly data at 2863
locations in China was obtained for the 5-year interval between 2006 and 2010.
Studies employing data from the same system has shown that the measurements
are largely consistent with real wind speeds measured at the locations, reflecting
high reliability of the climate model (Yu, et al, 2011). The data would be assumed
to represent actual measurements of the locations measured for this thesis.
Wind speed data from the GEOS-5 DAS system is represented in a twodimensional velocity vector that reflects the northward and eastward wind
speeds at 50m above ground. The wind speed is the norm of the velocity vector
of the northward and eastward components of wind, as shown below:
v = v n2 + v e2

where v represents the wind speed, v n the northward component and v e the
eastward component.
!

!

!
!

!
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Having found the historical wind speeds across 2863 locations in China, it
would be useful to evaluate the statistical attributes of the data to gain a better
understanding of China’s wind profile. The two main aspects to be considered
are the mean speed at a location, µ , and its variance, " 2 . The mean is defined as
the expected value of the wind speed in the time periods considered, µ = E{v} .
!
The variance is defined to!be " 2 = E{(v # µ) 2 }.
! locations is also
Apart from mean and variance, the correlation between

! the profile of wind power capacities in China, since
helpful in establishing
placing wind farms in two locations with low correlation can lower the overall
variance and improve the reliability of wind power generation. The correlation,

" , between two locations i and j is defined to be " =

!
!

E{v iv j # µi µ j }
, where
$ i$ j

" i = " i2 . It is expected that correlation between sites located close to each other
!
!
!
would tend to be higher than those located far apart. Some locations could even
have negative correlations, with one recording higher wind speeds when the
other experiences low winds. Such combinations would be very advantageous
for wind farm placement since the overall variance in wind speed can be greatly
reduced.
The mean and variance of wind speeds in locations across China are
plotted on maps to give a visual representation of their characteristics.
Correlations of all locations with select points of reference are also plotted on
maps to analyze the correlation distributions across the country.

!
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Fig 3.5 – Mean Wind Speeds across China from GEOS-5 DAS from 2006 to 2010

Fig 3.5 shows the mean speed of wind across the locations in the data set
across China. Wind speeds are especially high in the high altitude regions
around Tibet, reaching an average of 7 m/s, as well as the Northeastern
provinces of Inner Mongolia, Jilin, Liaoning and Heilongjiang, where average
wind speeds are typically above 6 m/s. Wind speeds are much lower in Central
China and the Eastern coast, especially in the provinces of Fujian, Zhejiang and
Guangdong. The lack of wind resources along the Eastern coast poses a challenge
for China as many of its large urban centers, such as Shanghai and Nanjing near
the Zhejiang province, and Guangzhou in the Guangdong province, are located
in this region.

!
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Fig 3.6 – Variance of Wind Speeds across China from GEOS-5 DAS from 2006 to 2010

Regions with higher average wind speeds also tend to have larger
variances, as evidenced by the higher variability in wind speed in Tibet and
Inner Mongolia seen in Fig 3.6. It is interesting to note that central Xinjiang
exhibits the highest variance, even though its average wind speed in the region is
not among the highest in China. This is likely due to large drops in wind speed
in the desert area, rendering the overall mean lower. There is less variance in the
South and along the Eastern coast, likely a result of the generally low wind speed
in the plains. The relatively low variance in the Northeastern tip and central
China, coupled with moderately high average wind speeds, is promising for
wind power development. Since these regions have moderate altitudes,
construction of wind farms in these locations is a feasible option.
!
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Fig 3.7 – Correlations in wind speed with locations in 4 regions in China
Clockwise from left: Central China, Eastern China, Northern China, Southern China

For six sample locations, one from each region in China, correlations in
wind speed between the point of reference and all other locations in China are
found. Fig 3.7 shows the correlations for locations in Central, Eastern, Northern
and Southern China. These four locations display the same trend where
correlations in wind speed are highest in the area immediately neighboring the
point of reference, and drops rapidly to almost no correlation with most other
locales in China. They also share the similarity of having negative correlation
with locations in Northwestern China.

!
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Fig 3.8 – Correlations in wind speed with location in Northeastern China
Fig 3.8 shows the correlations in wind speed with a sample location in
Northeastern China, a region with high mean wind speed and wind power
potential. As with the previous four locations analyzed, correlations are high in
the region around the point of reference, and low in most other areas. However,
it is interesting to note that this particular location in Northeastern China has
negative correlations not only with locations in Northwestern China (Xinjiang
Province), but also with parts of Northern China (Inner Mongolia Province). This
is very promising because the Northern areas of China generally have high wind
speeds, and negative correlations among locations in these areas would reduce
the overall variance while maintaining a high power output.

!
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Fig 3.9 – Correlations in wind speed with location in Northwestern China

The last region examined is Northwestern China, specifically the province
of Xinjiang where the altitude is relatively low and construction of wind farms is
a viable option. The sample location in Xinjiang exhibits negative correlations
with many areas in Northeastern, Central, Eastern and Southern China, which is
expected since the samples locations in those regions displayed negative
correlations with Northwestern China in general. This makes Northeastern
China an ideal location for wind farms since it has both high wind speeds and
negative correlations with other parts of China, allowing it to balance out
variance in wind power output from wind farms in the other regions.

!
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Fig 3.10 – Seasonality of wind speed in China in 2010

The wind speeds over a year for six locations, one in each of the six
regional grids, are plotted to examine seasonal patterns in various locations in
China. It can be seen from Fig 3.10 that there are clear seasonal changes in wind
speeds across China. All six sample locations display the same trend: higher
wind speeds in the winter and spring, and lower speeds over the summer. This
may pose a problem for Eastern China, where the urban centers are located, since
household and commercial electricity demand during the summer is high with
increased use of air conditioning. For the other regions, however, higher wind
speeds during winter is advantageous as the summers are relatively cool, while
need for heating during the harsh winters increase electricity usage much more
dramatically.
!
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CHAPTER FOUR
MATHEMATICAL MODELS

Having obtained the historical wind data, and by extension the wind
power produced, at various locations across China, the selection of wind farm
locations can now be optimized using mathematical modeling. There are two
main concerns with choosing a set of wind farm locations. The first is to
maximize combined wind power generation across all locations and, the second,
to improve the reliability of wind power by minimizing the variance of the total
wind power generated from time period to time period. The challenge, then, is to
pick a set of locations that can produce a large amount of wind power
consistently.
The Markowitz model used in portfolio management can be employed as
one possible model to solve for optimal locations. The model is in essence a
quadratic program that minimizes the variance of a system subject to constraints
on the mean of the system. Wind speed is assumed to be a stationary process,
with the mean, variance and covariance of wind speeds in various locations
determined using historical data. Locations selected using the Markowitz model
would produce an overall wind power output that exceeds a minimum

CHAPTER 4: MATHEMATICAL MODELS
!
!
threshold, with the least variance over time.
Alternatively, the selection of optimal locations can be set up as a
stochastic programming problem. We seek to optimize an objective function
dependent on the wind speeds at various locations in China, treating wind speed
as a stochastic process. Optimization algorithms are employed to solve the
problem, based on the principle that the allocation converges towards the
optimal over multiple iterations. Unlike the Markowitz model that only
optimizes

a

quadratic

problem

in

a

mean-variance

sense,

stochastic

programming models have the advantage of varying the objective functions to
reflect different policies.
Four different policies are explored in this thesis. The first policy seeks to
maximize total power produced without taking variance into account. The
second policy minimizes variance of the system by penalizing fluctuations in
power output. The third policy mimics the Markowitz model by considering
both the amount of power produced and its variance at each location, to reduce
variability without sacrificing too much power production. The last policy
attaches a price to selling electricity from wind power, as well as a penalty for
underproduction below a minimum commitment, and seeks to maximize profits.
The optimal locations selected under each of the four policies are examined in a
later chapter.

!
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4.1 Markowitz Model
Variable

µi
"i2
"
xi
µ0

Definition
Mean power produced at location i
Variance of power produced at location i
Matrix of power correlations
Wind farm portfolio allocation at location i
Minimum accepted mean power produced

!
!
! Table 4.1 Definition of variables in Markowitz model
!
!

The mean-variance optimization algorithm was first developed by Harry
Markowitz in 1952 as an investment theory that minimizes the risk of a financial
portfolio for a given level of expected return. It came to be known as the Modern
Portfolio Theory and is formulated as a quadratic program that minimizes the
variance of a portfolio, under the constraint that the weighted mean exceeds a
predetermined minimum threshold.
Given its original purpose as an investment strategy, the mean in a typical
Markowitz problem is represented by the expected returns on the assets under
consideration, while the variance is the sum of the covariance of returns between
all pairs of assets. When applied to optimization of wind farm placement,
however, the assets in the financial portfolio become the power produced by the
wind turbines. The N locations where wind turbines can be placed would form
the set of assets to be considered. Expected returns is replaced by the mean

!
power produced
based on historical wind data, and portfolio risk by the variance
in power output over time.

!
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Let the mean power produced by one wind turbine at location i " [ 1, N ]

be µi and the variance for power produced "i2 . The correlations between power

!
generated at all locations are calculated to produce the correlation
matrix " . A

!

!
quadratic program is then employed
to solve the optimization problem by
finding the weights x that minimize the overall variance for a given
! minimum
threshold for the mean power produced, µ0 , as shown below:
!

N

N

min $ $ x i x j "ij# i # j

!

x

i=1 j =1

N

! subject to

#x µ " µ
i

i

0

i=1
N

#x

!

i

"1

i=1

x i " {0,1}
!

For a small set of locations, the problem can be solved analytically using
Lagrange multipliers. Lagrange!multipliers are typically used to find the critical
points of a multivariate function

f (x1,..., x n ) subject to the constraint

g(x1,..., x n ) = 0 . For a critical point of f (x1,..., x n ) to exist in the set contained by
g(x1,..., x n ) = 0 , the gradient of f!must be in the same direction as the gradient of
!

!
g . If the two gradients are aligned,
one must be a multiple of the other:

!
!

!

"f = #$"g

For the two vectors to be equal, all their components must be equivalent as well:

! f 'x i = " # g'x i , for i " 1,...,n

!
!

!
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The critical points can then be found by solving the n +1 equations for the n +1
unknowns:

" g(x1,..., x n )!= 0

!

f 'x i + " ' gx i = 0 , for i " 1,...,n
If there is more than one!constraint, for example two functions g(x1,..., x n ) = 0 and

h(x1,..., x n ) = 0 , the!equations become:!
"f + #"g + $"h = 0 ,
!

!

where " and " are constants.

!
Applying the Lagrange
multipliers to the Markowitz model, we have the
!

!
following:
N

N

f (x1,..., x N ) = $ $ x i x j "ij# i # j
i=1 j =1

!

%N
(
"g(x1,..., x N ) = " ' $ x i µi # µ0 *
& i=1
)

!

%N
(
"h(x1,..., x N ) = " '$ x i #1*
& i=1
)

giving the Lagrangian:
N N
!
'N
*
'N
*
L(x1,..., x N ) = & & x i x j "ij# i# j + $ )& x i µi % µ0 , + - ) & x i %1,
( i=1
+
( i=1
+
i=1 j =1

!

!
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The Lagrangian can be solved for a relatively small set of data by
switching the values of the multipliers " and " between 0 and 1 to examine the
boundary values. This is not a feasible option for large values of N , however,
!
!
N
since for each multiplier " , there are 2 possible combinations, causing the

problem to increase in complexity exponentially.

!

!
To solve the problem for !
wind farm placements, where N is in the scale of

thousands, iterative methods such gradient descent and interior point must be
employed. The algorithm for quadratic programs in !
MATLAB uses the steepest
descent method to find the solution. The algorithm starts with an initial feasible
solution, and finds the gradient at the point. It then moves in the opposite
direction of the gradient, as long as the shift occurs within the constraints on the
function. It shifts iteratively along the steepest gradient until convergence is
achieved, usually within polynomial time for non-pathological functions.
The solution from the Markowitz model for wind farm placement selects a
set of locations that minimizes the overall variance in the total power produced
by all the wind farms, while maintaining an average power output above the
specified threshold. A mean-variance frontier can also be plotted for the
Markowitz model that analyzes the tradeoff between the mean and standard
deviation of power produced from the wind farms. This would be useful in the
planning stage of wind farm development by providing an estimate of the mean
power output that can be achieved under different tolerances for variability.
Different investors can then determine their target mean power output
depending on their priorities. For example, an area with more storage capacities
to help smooth out the fluctuations in wind power can allow for more variability

!
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in power output from wind alone, and achieve a higher mean output.
Conversely, an area reliant on a steady supply of wind power may forgo higher
mean power output for increased reliability.

4.2 Stochastic Programming Model
Variable

p

e

ps

!

!

!
!
!
!

" min
N
Wˆ i (t," )
xt

Type
Parameter

Definition
Price of electricity from wind power sold

Parameter
Parameter
Parameter
Exogenous information

Penalty of supplanting wind power from other sources
Minimum mean hourly power supply
Budget constraint for allocation of wind farms
Realized radial wind speed at location i, time t

Decision variable

Allocation of wind farms at time t

Table 4.2 Definition of variables in stochastic programming model

While the Markowitz model provides an useful set of wind farm locations
that minimizes variance for a particular mean power output, it does not allow for
other policies in the determination of optimal wind farm placement. For
example, wind farm operators may be concerned with the profit from wind
power for a given price of electricity and penalty for underproduction. To
analyze the effect of different policies on optimal wind farm allocations,
stochastic programming can be employed, reflecting varying policies through
changing the contribution functions.
In general, stochastic programming models are used for optimization
problems involving uncertainty, with objective functions dependent on one or
more random variables. Wind speeds and power outputs in various locations
across China are random variables in the stochastic problems to be solved in this
thesis. Rather than creating a probability distribution model for wind speed and
!
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solving the problem analytically, a numerical optimization method known as the
Stochastic Gradient Algorithm is utilized. The detailed workings of the Stochastic
Gradient Algorithm, together with the mathematical proof behind its successful
convergence to the optimal solution, are presented in the next chapter
Here, we are mainly concerned with the formulation of contribution
functions to reflect different priorities in the selection of wind farm locations.
Different concerns, such as higher mean power output, or lower variance in
power supply, produce different policies, which are essentially functions that
determine the decision, given information available at the point in time. Policies
are in turn reflected in various contribution functions that are ultimately
optimized using stochastic programming. The contribution function reflects the
performance of decision variables determined at a certain time period, by taking
into account the values of the decision variable, the exogenous information
process and other parameters. The various elements of the stochastic problem are
defined in Table 4.2.
Given a budget constraint for the allocation of wind farms, N , and m
available locations, the general form of the contribution function is formulated as

!

shown:

$1
max E %
x
&T

!

'

T

# C ( x, " )(
t

t =1

)

m

subject to

"x

i

#N

i=1

!

xi " 0
!

!
!
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The inner contribution function, Ct ( x, " ) , varies according to the policy
employed. Four policies are explored in this thesis, with different preferences for
the mean and variance of the !
power supplied. This is useful for wind power
development in real life since investors and administrators often have differing
concerns. Wind farm investors may be primarily interested in maximizing
profits, allowing for more fluctuations in electricity supply in exchange for
higher output on average, while electrical companies prefer a more stable supply
of power, even at the expense of lowering mean output. Furthermore, wind
power may occupy different roles in the overall electricity supply in different
regions, with some using wind power in the baseline supply and hence requiring
greater reliability, while others employ wind power only sparingly and are less
concerned with its stability. The four policies chosen allow high-level
comparisons of the power output under four distinct strategies.
Recalling the turbine power curved introduced in Chapter 3, the power
function dependent on the realized radial wind speed at a point in time is
defined below:
$
&
&
ˆ
" W i (t, # ) = %
&
&'

(

)

0
0.25(Wˆ i (t, # ) ( 4)
2.0
0

Wˆ i (t, # ) < 4
4 ) Wˆ i (t, # ) < 12
12 ) Wˆ i (t, # ) < 25
Wˆ i (t, # ) * 25

!

!
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The policies, making use of the power function, are introduced below:

Policy 1: The first policy is interested in producing the maximum amount
of wind power without taking variance into consideration. The
cost function is as follows:
m

Ct ( x, " ) = $ x ti # Wˆ i (t, " )
i=1

(

)

!
Policy 2: The second policy is in direct contrast to the previous. Concerned

with minimizing the variance in the power output, the cost
function attempts to minimize the square of the difference
between realized power output and the projected power output
(based on past realizations). The cost function is as follows:
m

{ (

)}

Ct ( x, " ) = #% x ti $ Wˆ i (t, " ) # $ Wˆ i (t, " )
i=1

)

(

2

The negative of the squared difference is taken since a
!

minimization is involved here, instead of maximization.

Policy 3: The third policy mimics the Markowitz model by taking into
account both the mean and variance of the power supply. It
increases the allocation to a location when it produces more
wind power, but decreases it if there is high variability in the
power supply, reflecting a preference for both high power and

!
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low variance. The cost function is shown below:
m
2*
'
Ct ( x, " ) = - x ti (# $ Wˆ i (t, " ) % & $ Wˆ i (t, " ) % $ (W i (t, " )) +
)
,
i=1

(

)

( (

)

)

! and " are relative weights of the mean and variance to be
!

determined based on the scale of the numbers.

Policy 4: The last policy seeks to maximize the profit from wind power
generation given the price of electricity from wind power is sold
at, as well as the cost of supplanting wind power in the event of
underproduction. The net profit would be the difference
between revenue from selling electricity and the penalty for
underproduction below a pre-determined minimum:
m
'
'm
Ct ( x, " ) = p e & x ti# Wˆ i (t, " ) $ p s max))% min $ )& x ti# Wˆ i (t, " )
( i=1
(
i=1

(

)

(

* *
, , 0,,
+ +

)

!

The algorithm for solving the above functions will be explored in more detail in
Chapter 5, and the results discussed in Chapter 6.

!
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CHAPTER FIVE
STOCHASTIC GRADIENT ALGORITHM

The policies described in Chapter 4 make use of different contribution
functions to represent different priorities in the selection of optimal wind farm
locations. To find the solution to each policy, the contributions functions are set
within a stochastic model since wind speed is taken to be a stochastic process.
This means that the wind speed, and by extension wind power produced, at any
location at any point in time cannot be determined prior to the specific time
period. As such, optimal locations for each policy cannot be found using
analytical methods – a stochastic optimization method must be employed.
This chapter introduces the Stochastic Gradient Algorithm that solves
optimization problems involving stochastic processes. An overview of the
algorithm is presented, followed by the mathematical proof to how it achieves
the optimization through convergence. Finally, tuning of parameters affecting
the effectiveness of the algorithm is considered, with general guidelines to the
selection of appropriate parameters.
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5.1 Introduction to Stochastic Gradient Algorithm

The Stochastic Gradient Algorithm is an optimization method for
objective functions that depends on random variables. It maximizes the
expectation of a function in the general form of:

max %{F(" , W )}
" #$

where " represents the parameters to be estimated, which would be the

!
allocation of wind turbines
at various locations in China in this thesis. As the
! objective function is dependent on random variables, "{F(# , W )} cannot be
computed analytically. The Stochastic Gradient Algorithm is a powerful tool that
allows for the optimization of the function !without knowledge of W ’s
probability distribution, as long as observations of W are available, either in the

! generated
form of measurements from physical processes, or randomly
!
realizations from mathematical models. Historical
wind speed data described in
Chapter 3 provide the random observations in this thesis.
For a general optimization problem stated in the form of:

max %{F(" , W )}

(Eq 5.1)

" #$

where " is the set of allowable values for " , the algorithm works by finding the

! at a sample observation of the random variable W :
derivative of the function

!

!

"F(# , $ )

(Eq 5.2)

"F(# , $ ) is called a stochastic gradient because the gradient!is stochastic in
!
nature, subject to changes depending
on the sample observation.
!

!
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!
To find the optimal solution for " , the stochastic gradient found is used to
n
th
update the estimate for " , represented by " for the n iteration. The updating

!

algorithm is:

!

!
!
" n = " n #1 # $ n #1%F(" n #1, & n )

(Eq 5.3)

where " n #1 is known as the stepsize since it dictates how far the parameter
n #1
!
moves in the direction of the gradient "F(# n $1, % n ) . "
is the estimate of "

! found in the previous iteration using the sample realization " n #1 , while " n is the
!
!
!
th
sample realization in the n iteration. The algorithm is applied on sample paths
!
!
through iterations n = 1: N until convergence is achieved. The algorithm can be
!
adapted to take into account budget constraints, as shown in Fig 5.1.

!
Stochastic
Gradient Algorithm with Budget Constraint
0
1
Initialize "
2
Set budget constraint C
3
Set scale factor "
4
For n = 1: N
!
5
Set m as number of variables in "
!# n $1,% n )
6
Find "F(
!
7
Choose stepsize " n #1
!
n
n #1
n #1
n
8
Set " = " # $ n #1%F("! ,& )
!
C
! Set " n = " n #
m
9
!
m $ %" in
i=1
!
n
10
While " # < 0
11
Let i = argmin i " in < 0
12
Set " in = 0
!
13
m = m "1
!
14
Let y = " n , " in # 0
!
C
n
n
n
!
m
Set " i = " i #
for all " i # 0
15
m $ % yi
!
i=1
!
N
16
"
Return
!
Fig 5.1 – Overview of Stochastic Gradient Algorithm with budget constraint
!
!
!

"$!
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5.2 Proof of Convergence to Optimum

While for deterministic functions, moving the parameters in the direction
of the gradient over a series of sample realizations leads to definite convergence,
it is less intuitive that a similar approach would work for stochastic gradients.
n
The solution for the parameter, " , is a random variable that depends on the

1
2
n
path of sample realizations over previous iterations 1 to n. If " = (" , " , ..., " )

!
*
represents the series of sample realizations, and " the limit for the parameter, in

! ensure that:
order for convergence to be achieved, we would need to
!

(Eq 5.4)

n

lim $ (% ) = $ *

n"#

*
for all possible " # $. In other words, the algorithm should converge to " with

probability 1, regardless !
of the sample path followed.
! on the work
! thesis draws on the proof presented by Sun (2009), based
This

of Powell (2007). A detailed proof for convergence when " is a scalar was stated
in Powell (2007), and the same proof can be extended for the vector case. The
proof shows that the algorithm converges almost!surely, for all p (" ) > 0 . Though
there could exist a sample path that converges to a different point in theory, such
a scenario has probability 0 for the actual model.

!

!

"%!
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!
As the proof of convergence is based on the concept of martingales, a basic
definition of martingales is presented below. For a set of random realizations

"1, " 2 , ..., " t , the history of the random outcomes up to time t is represented by
ht = H t (" ) = ("1, " 2, ..., " t ) . Let U t be a function that depends on ht and bounded,
!

!
satisfying the condition E { U t } < ", #t $ 0 . This means U t is "t measurable in

!

!
!
probability theory terms and that U t can be found deterministically as long as ht
is known. Then, !
if U t +1 satisfies the condition:

!

{

!

!

}

! (Eq 5.5)

}

(Eq 5.6)

E U t +1 "t = U t

!
U t is said to be a martingale.
Furthermore, if U!
t +1 satisfies:

!

{

E U t +1 "t # U t

!
U t is said to be a supermartingale. A supermartingale has the property that it
!
*
drifts downwards, typically to a limit point U , and the scenario U t +1 < U t can

!

often be true. This is useful in reflecting the behavior of stochastic optimization
algorithms, where results from an !iteration may be worse
! than that of the
previous.
Finally, if U t " 0 , the following theorem holds true:
Theorem 5.1 Let U t be a positive supermartingale. Then, U t converges

!

*
to a finite random variable U a.s.

!

!
!

!
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!
As mentioned in the previous section, the stochastic gradient algorithm is
used to solve a problem of the general form:
(Eq 5.7)

max %{F(" , W )}
" #$

where F(" , W ) is assumed to be continuous and concave. Furthermore, W is

! random process, meaning that all random realizations
assumed to be a stationary

! " # W follow the same probability distribution. Let F n = E{ F("!n ) } and F * be
the optimal solution that the stochastic gradient algorithm converges towards.
!

*
n
*
Since F is the optimum, F " F is true for all!n .

!

n
n
Now, U must be defined such that it increases when " moves away
!
!
!
n
*
n
*
from the optimum " . If U = 0 when " = " , then it must be the case that
!
!
F n = F * when U n = 0 . If U n is shown to be a supermartingale, it converges to a
!
!
!
limit U by definition.
Furthermore, if U = 0 can be shown, convergence to the

n
*
! using !
optimum
the algorithm is proven since F = F under this scenario. For

!
!

!
n
this purpose, U is defined as:
!
Un = " n #"*

2

(Eq 5.8)

!
2
where x is the l norm of x = (x1, x 2 , ..., x n ) , computed as
!

!

!

!

!

x12 + x 22 + ... + x n2 .

!

#'!
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!
Recall that:

" n = " n #1 # $ n #1%F(" n #1,& n )

(Eq 5.9)

for the stochastic gradient algorithm. A more general form would be:

!
(Eq 5.10)

" n = " n #1 # $ n #1g n

n
n
where g is the stochastic gradient. For a differentiable function F , g would be

!
"F(# n $1,% n ) to produce Eq 5.9. F does not have to be differentiable, however. If
!

!
n #1
! can
there are multiple gradients at " , the stochastic gradient
still be defined as:

!

!
g n " #$ F($ n %1, & n )

!

(Eq 5.11)

n $1
n
such that g n belongs to the set of all possible gradients "# F(# , % ) . When F is

!
differentiable, "F(# * ,$ n ) = 0 . Even in the event that F is not differentiable,
!

0!" #$ F($ * , % n ) still holds true.

!

!
!
In order to prove convergence, g n needs
to satisfy the following
!

assumptions:
Assumption 5.1: E{ gin +1 (" i #!" i* ) $n } % 0
for all elements i in " n , " * and g n
!

Assumption 5.2: gin " Bg !
!

!

!

Assumption 5.3: For any " where " # " * $ % , " > 0 , there exists a " > 0
!
such that E{ g n +1 "n } > # .
!
!
!

!

!

!

#(!
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!
Under Assumption 5.1, the gradient is assumed to point towards the
optimal solution on average, even though it may move away from the optimum
for any random realization. Assumption 5.2 requires the gradient g n be bounded
by some value Bg and is generally satisfied when F , the function to be

! mandates that the
optimized, is continuous and concave. Assumption 5.3
gradient!does not disappear at any non-optimal!value, and is satisfied as long as

F is concave.
n
To show that U is a supermartingale, we must satisfy the following

!

condition:
!

{

E U n +1 "n

}#U

n

(Eq 5.12)

n
This can be shown by first taking the difference between U n +1 and U :

!
2
U n +1 " U n = # n +1 " # * " # n " # *

2

= ${(#

!

!

m
n +1
i

* 2
i

n
i

* 2
i

" # ) " (# " # ) }

i=1
m

= ${((# in " % n gin +1 ) " # i* ) 2 " (# in " # i* ) 2 }

(Eq 5.13)

i=1
m

= ${((# in " # i* ) 2 " 2% n gin +1 (# in " # i* ) + (% n gin +1 ) 2 " (# in " # i* ) 2 }
i=1
m

= ${(% n gin +1 ) 2 " 2% n gin +1 (# in " # i* )}
i=1

Taking the conditional expectation on both sides gives:

!

{

E U

n +1

"

n

} # E {U

m

n

"

n

} = % (E{($ g
n

n +1 2
i

)

"n } #

i=1

(Eq 5.14)

2E{$ n gin +1 (& in # & i* ) "n })

!

!

#)!
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!
As the stepsize " n is involved in Eq 5.14, a few assumptions about the
stepsize need to be established:

!

Assumption 5.4: " n # 0 , a.s.
#

Assumption 5.5:

$"

n

= # , a.s.

n =0

!

#

Assumption 5.6: E {$ (" n ) 2 } < #
n =0
!
These assumptions require " n be non-negative almost surely, since " n is a
random variable. As long as! " n (# ) > 0 for all p (" ) > 0 , it is sufficient for the

!
purposes of this proof.

!

Since " n is non-negative
and a !
deterministic value when conditioned on
!

"n , by making use of Assumption 5.1, parts of Eq 5.14 can be simplified to:
!
E{" n gin +1 (# in $ # i* ) %n } = " n E{gin +1 (# in $ # i* ) %n }

!

& 0

(Eq 5.15)

Eq 5.14 can then be rewritten as:
!

{

E U n +1 "n

}

{

= E U n "n

}

m

+ $ (E{(# n gin +1 ) 2

"n } %

i=1

2E{# n gin +1 (& in % & i* ) "n })
m

' U n + $ E{(# n gin +1 ) 2

(Eq 5.16)

"n }

i=1
n

= U + E { # n gin +1
m
n +1 2
since $ E{(" n gi )
! i=1

#n } = E{ " n g n +1

2

2

"n }

#n } .

!

!
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n
The above result does not show that U is a supermartingale as yet, but it
n
can be manipulated to show that U does converge to a limit. A new variable

!

W n is introduced, where:
!

#

W = U + $ " k gik +1
n

!

n

2

(Eq 5.17)

k =n

By definition,

!

W n = W n +1 + U n " U n +1 + # n gin +1

2

(Eq 5.18)

Taking conditional expectations on both sides gives:
!

W n = E{W n +1 "n } + U n # E{ U n +1 "n } + E{ $ n gin +1

2

"n }

(Eq 5.19)

Rewriting the above then gives:
!
2

E{W n +1 "n } = W n # (U n + E{ $ n gin +1 "n } # E{ U n +1 "n })
!#######"#######$

(Eq 5.20)

I

Making use of Eq 5.15, it can be seen that I " 0 . Hence,

!
E{W n +1 "n } # W n
!

(Eq 5.21)

showing that W n is a supermartingale. As n " # , lim W n = lim U n . It can then be
n"#
n"#
!
n

concluded U is also a supermartingale and converges to some limit if given
!
!
!
sufficient iterations.
!

!
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n
The final question that arises is, though U is shown to converge, what

value does it converge to? To answer the question, Eq 5.13 is summed for
!

n = 0 : N , giving:
N

N

% (U

!

n +1

m

" U ) = % %{(# n gin +1 ) 2 " 2# n gin +1 ($ in " $ i* )}
n

n =0

(Eq 5.22)

n =0 i=1

The left side of the above equation can then be simplified to:

!
N

m

U " U = % %{(# n gin +1 ) 2 " 2# n gin +1 ($ in " $ i* )}
N

0

(Eq 5.23)

n =0 i=1

Taking expectations of both sides produces:

!

N

m

E{U " U } = E{% % ((# n gin +1 ) 2 " 2# n gin +1 ($ in " $ i* ))}
N

0

(Eq 5.24)

n =0 i=1

!The next step would be to find the limits of both sides as N "# .
According to the Dominated Convergence Theorem,
lim

N"#

$

x

f n (x) dx =

$ ( lim f

n

x N"#

(x)) dx

!

(Eq 5.25)

if f n (x) " g(x) for some function g(x) where " x g(x) < # .
!
Since taking the expectation is performing integration in the form of
!

E{F(x)} =

" (x F(x)) dx ,

!
! provides the sufficient conditions to
the theorem

{

substitute the limit with the expectation. Since E U n +1 "n
!

} is bounded, the right

side of Eq 5.24 must also be bounded.

!

!
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!
The limit of Eq 5.24 becomes:
m

&

U * " U 0 = E{% % ((# n gin +1 ) 2 " 2# n gin +1 ($ in " $ i* ))}
n =0 i=1
&

m

&

2

(Eq 5.26)

= E{% # n g n +1 } " 2E{% % # n gin +1 ($ in " $ i* )}
n =0

n =0 i=1

Making use of Assumption 5.2, the first term on the right hand side of Eq 5.26 can
!
be written as:
#

#

2

E{$ " n g n +1 } % E{$ (" n ) 2 B 2 }
n =0

n =0
#

= B E{$ (" n ) 2 }
2

(Eq 5.27)

n =0

< #
with the last result coming from Assumption 5.5. It can be seen now that the
second term on !
the right side of Eq 5.26 must also be bounded.
Recalling Assumption 5.1, let

"i n = E{ gin +1 (# i $ # i* )}
= E{E{ gin +1 (# i $ # i* ) %n }}

(Eq 5.28)

& 0
Keeping in mind that both terms on the right side of Eq 5.26 are bounded, this
!
means that for any i " [ 1, 2, ..., m] ,
$

%" #
n

!

n
i

< $

(Eq 5.29)

n =0

!

!
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#

Since

$"

n

= # , a.s. , " n # 0 , a.s. and "in # 0 , a.s., it follows that:

n =0

lim $in " 0 , a.s.
!

n"#

!

!
leading to the conclusion:
!

E{ gin +1 (" i # " i* )} $ 0

(Eq 5.30)

This means E{ gin +1 (" i # " i* ) $n } % 0 since the expectation of a non-negative

!
random variable can only be zero if the variable itself is always zero. However,
how!is lim $in " 0 associated with proving lim $ n " $ * ? To see the link between
n"#

n"#

the two results, the following three scenarios are considered:
!

!
Scenario 1: " # " is true for all n and sample paths " . In this case, the
n

*

algorithm always converges.
!
!
!
Scenario
2: " n # " * is true for a subsequence n1, n 2 , ..., n k . However,

according to Theorem 5.1, U * must a unique limit. Hence, if a

!

*
subsequence converges to " !
, the entire sequence must also

converge to " * .

!

!
Scenario 3: " n # " * does not occur for any subsequence. This implies that
!
E{ g n +1 "n } # 0 before

!
!

convergence

occurs.

However,

Assumption 5.3 specified that E{ g n +1 "n } > # , " > 0 , unless

" n # " * . Hence, this scenario can never happen.
!

!

After considering the above three scenarios, it has been shown that " n # " * and
!
the algorithm always converges to the optimum.

!
!
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5.3 Stepsize Selection

In the case of a deterministic function, an exact gradient exists for each
*
sample realization. The optimal stepsize " for the updating algorithm:

" n = " n #1 # $ n #1%F(" n #1,& n )
!

(Eq 5.31)

can then be found analytically by solving the optimization problem:

!
min F(# n $1 $ "%F(# n $1,& n ))
"

(Eq 5.32)

When the gradient is stochastic, however, the best stepsize cannot be
! Nonetheless, an appropriate stepsize is critical for
found analytically.

convergence using the stochastic gradient algorithm, since a stepsize that is too
large or too small would not lead to convergence for a given set of random
realizations. There are two main concerns in the selection of an appropriate
stepsize. The primary issue is determining if the stepsize would prove to
produce a convergent algorithm. The second issue is whether the stepsize
produces a fast, if not the fastest, rate of convergence.
Recall the assumptions made about the stepsize " n in the previous
section. Assumption 5.4 requires that all stepsizes be non-negative. Assumption
5.5 holds that the sum of the stepsizes to infinity must
! be infinite, to prevent the
algorithm from terminating prematurely. Assumption 5.6 requires the sum of the
squares of the stepsizes to infinity be finite so that the stepsize sequence
converges within a reasonable number of iterations.

!
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In combination, Assumption 5.5 and Assumption 5.6 require the stepsizes
to decline according to an arithmetic sequence such as:

" n #1 =

1
n

(Eq 5.33)

If the stepsize is defined as in Eq 5.33, it can be shown that the estimate " n

!
becomes an average of all previous
observations:
1 n
" = #" m
n m =1
n

!

(Eq 5.34)

This formula does not work well in practice, however, since the stepsizes

! the optimal solution.
decrease too quickly to reach
In this thesis, McClain’s formula (Powell, 2007) is used to determine the
stepsizes. The formula is given by:

"n =

" n #1
1+ " n #1 # "

(Eq 5.35)

where " is a specified parameter. The stepsizes generated using this formula

!
satisfy the following properties:
!

" n > " n +1 > " if " > "
" n < " n +1 < " if " < "

! to behave in the form of the arithmetic
!
McClain’s formula allows
the stepsizes
!
1
!
progression “ n ”, while avoiding rapid decrement to zero by letting the
stepsize approach a specified constant instead. This both prevents later iterations
n
from !
altering the estimate " too much, and the algorithm from terminating too

quickly.
!

!
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5.4 Initial Estimate and Scaling

Apart from selecting an appropriate stepsize formula, successful
convergence using the stochastic gradient algorithm is also affected by the choice
of the initial estimate " 0 and scaling factor " used in combination with the
stepsize.
Given !
sufficient iterations, !
the stochastic gradient algorithm should
always converge to the same optimum regardless of the initial estimate. The
amount of historical data used as random realizations in this thesis is limited,
however, and the selection of the initial position could have an impact on the
solution.
An easy solution would be to begin with equal weights for all locations,
letting " i0 =

1 for all i " [1, N]. This estimate makes no assumption about the
N

desirability of any of the locations and does not bias the algorithm in any way.
!
! One potential drawback with using this initial estimate is a slower convergence
under certain scenarios.
An alternative would be to use the solution to the Markowitz model as the
initial allocation. Since the Markowitz model produces an optimal distribution in
the mean-variance sense, the solution to the quadratic problem could provide an
0
especially good initial estimate " for Policy 3. Since some of the policies in the
*
stochastic programming model are also in search of an optimum " with both

!
high mean power produced and low variance, the Markowitz allocation provides
!
*
an useful starting point that allows for faster convergence. Solutions for " from

!

!
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!
both initial estimates can be compared to examine the impact of initial estimates
on the effectiveness on of the stochastic gradient algorithm.
The scaling factor " is a constant that, when multiplied with the stepsize,
produces a reasonable change in the estimate of " n for each iteration. In general,
a suitable scale !
would prevent large jumps in the estimates from one iteration to
! first few iterations when stepsizes are
the next, with possible exceptions for the

still relatively large. Even for the initial iterations, it would be preferable for the
individual elements of the estimates not to change by more than 50% at a time.
An appropriate scale factor " can be selected by tracking the changes in the
estimate " n for various values of " to find one that produces a reasonable

!
amount of variability from iteration to iteration.
!

!

!

$(!

CHAPTER SIX
RESULTS AND DISCUSSION

Results from the models described in Chapter 4 are presented in this
chapter, divided into four sections. The first section examines the solutions from
the Markowitz model, plotting the mean power outputs against the standard
deviation to give the Markowitz frontier. The frontier represents the most
efficient allocations in optimizing the mean-variance tradeoff.
The next section looks at results from the various policies for the
stochastic programming model, with a comparison of the mean and standard
deviation of their power outputs. The geographical distributions of the optimal
wind farm locations are also mapped out and analyzed. The results from the two
models produce a surprising method for finding one optimal wind farm
allocation, through a combination of stochastic programming and the Markowitz
quadratic problem.
While the optimal allocations found thus far consider all locations in
China within the same set, under the assumption of a connected national grid, it
is worth exploring how limitations in grid connectivity affect the optimal
solutions. Locations are separated into regions and optimized allocations found
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!
for each of the six regional grids. Their power outputs are then computed to
evaluate each region’s wind power potential. Different combinations of regional
outputs are also considered, and compared against the results for a national grid
to see how limited inter-regional connectivity constrains optimal wind power
production.
Finally, since wind in China exhibits strong seasonality, the option of
limiting wind farm operations to high wind speed seasons is explored. If wind
farm operations are suspended over the summer when wind speeds are
generally low, the optimal power output in the remaining months could be
greatly increased. The results from using wind power only during seasons with
high wind speeds are found, and contrasted with the original optimal output.

6.1 Markowitz Frontier

The Markowitz model is solved using historical wind speed data for 2148
locations in China. These 2148 spots are chosen from the initial set of 2863
locations based on their elevation: only locations with an surface altitude of
3000m and below are considered in wind farm placements, since it is unlikely
that wind farm will be constructed at sites with extremely high altitudes. As a
result, most sites located in Tibet are taken out of the set under analysis, and a
few other spots in Northwestern China.

!
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Fig 6.1 – Comparison of power output from single location and Markowitz allocation
with mean power output of 0.5 MW
Making use of the power function for the generic wind turbine as
described in Chapter 3, the power produced hourly by one wind turbine at each
location is calculated for all 43800 observations (hourly data for the years 2006 to
2010). The mean, variance and covariance of the power outputs at all locations
are then found to solve the Markowitz problem with a specified mean. Generally,
a diversified allocation of wind farms reduces the variance, unless all locations
are perfectly correlated. Low correlation between locations would allow for
lower variability in the overall power output since low power from one location
can be compensated by higher power produced at another. This can be seen by
comparing the power output from a single location with that from a frontier
solution with the same mean, as plotted in Fig 6.1. The power output from a
!
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!
single location with a mean power output of 0.5 MW fluctuates wildly from a
minimum of 0 MW to a high of almost 1.9 MW, while the Markowitz allocation
varies around a much smaller range of 0.2 MW to 0.8 MW.
Beginning with a mean hourly power output, " , of 0 MW, the Markowitz
model is solved for every 0.1 MW increase in " until 1.5 MW. The solutions to

! to find the Markowitz frontier by
the series of Markowitz problems can be used
plotting the mean power output " against
its standard deviation " , as shown in
!
Fig 6.2.
!

!

Fig 6.2 – Markowitz frontier of mean power output " versus standard deviation

It can be seen from the frontier that
! the standard deviation remains
relatively low for mean power outputs " from 0 MW to 0.8 MW, following a
downward concave shape. There appears to be a kink around a mean power of

!
!
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!
0.9 MW, after which the standard deviation " increases almost linearly. This
suggests that up to a mean power output of 0.8 MW, relaxing constraints on
!
standard deviation for higher power production is advantageous since the

relative increase in " exceeds the corresponding increase in " .
Any allocation of wind farms that falls on the Markowitz frontier is
!
optimal in!a mean-variance sense, since it produces the lowest " for the specified
mean power output " . It would not be possible to find an allocation that has
!
both a higher " and lower overall " than any of the points on the frontier.

!
Hence, selecting
optimal wind farm locations based on the Markowitz model
!
would!result in choosing a particular point on the frontier. As mentioned above,

it appears that " increases less quickly than " till a mean of 0.8 MW, which
suggests that the allocation for a mean of 0.8 MW maintains an ideal tradeoff
!
between the mean and standard deviation.
However, choosing a specific point
!
on the frontier is ultimately dependent on the priorities of decision maker.
It is worth examining if a small change in mean power output results in a
large change in the Markowitz allocation. Should change in the resultant solution
be small, decision makers can be more confident that the locations chosen are
truly optimal. On the other hand, if allocations change wildly with small
differences in " , the target " must be carefully selected before selecting
corresponding sites for wind farm placement. Fig 6.3 and Fig 6.4 shows the
geographical
locations !
of the Markowitz solutions for a mean power output "
!
of 0.5 MW and 0.6 MW respectively. They are compared to analyze the effect of
target mean power on the final allocations.

!

!
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Fig 6.3 – Optimal wind farm placement for " = 0.5 MW

!

Fig 6.4 – Optimal wind farm placement for " = 0.6 MW
!

""!

!
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The two maps show that the general distributions of the optimal wind
farm locations for " of 0.5 MW and 0.6 MW are rather similar. Both allocations
show a concentration of locations in the North, especially in the Northwestern
and Northeastern
regions. A few sites sparsely located along the Eastern Coast
!
are also included in the optimal allocation. Almost no location in Central and
Southern China is chosen, not a surprising result since wind speeds in these
regions are generally low.
Subtle differences exist between the two allocations nonetheless – for a
mean power output of 0.5 MW, a few locations in Central and Southern China
are selected in the optimal allocation, while the allocation for " = 0.6 MW
contains no sites in either region (apart from one location in the province of
Guizhou). Locations in Northwestern and Northeastern China
also carry heavier
!
weights when " is higher, at 0.6 MW, presumably because of the higher mean
power output in these areas. On the whole, distribution remains fairly consistent
between
! the two optimal solutions, suggesting the same areas are optimal for a
reasonable range of target mean power supply " .
While the Markowitz model offers a good starting place for developers to
identify potential locations for construction
of wind farms, there are weaknesses
!
associated with the model. One key problem is its failure to differentiate between
productions over and under the target mean power output " in finding the
optimal

allocation.

Since

it

seeks

to

minimize

the

overall

variance,

overproduction is treated as costly for the system,
though it is often
!
advantageous in reality. As long as the grid can tolerate occasional spikes in
power supply, having a period of higher power output is desirable for energy
!
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supply. The stochastic programming model, then, offers an excellent alternative
to explore optimal allocations under other, possibly more realistic, preferences.

6.2 Optimal Wind Farm Allocations
6.2.1 Parameters
Parameter
e

p
ps

" min
N

!
!
!

Value
1

Definition
Price of electricity from wind power sold

5

Penalty of supplanting wind power from other sources

0.5
1

Minimum mean hourly power supply
Budget constraint for allocation of wind farms

Table 6.1 – Parameters in stochastic programming model
As introduced in Chapter 4, contribution functions representing four

!

different policies are solved using the Stochastic Gradient Algorithm to give an
optimal allocation for each policy. The values of the various parameters used in
the contribution functions are listed in Table 6.1.
When considering the prices of selling electricity from wind power and
buying electricity on the spot market in the case of over-commitment, the ratio
between p e and p e is the truly important factor, rather than the actual numbers.

ps
A ratio of 5 for
is used for the analysis, since underproduction is extremely
pe
!
!
undesirable and should be heavily penalized. While historical electrical prices
!
are available,
the spot market price alone does not reflect the high cost of
ramping up other sources of power to compensate for underproduction from
wind. Since this thesis seeks to provide a broad analysis of optimal locations for
wind farm placement, as long as the ratio

!

!

ps

pe

is reasonable and reflects a
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heavier penalty for underproduction, it serves the purpose of the study.
The minimum mean hourly power output, " min , used in Policy 4 is chosen
to be 0.5 MW after some analysis. If all 2148 locations were given equal weights,
the mean power output would be slightly
! under 0.4 MW, while the optimal
allocation that maximizes power output produces a mean of about 0.8 MW. A
better allocation should easily exceed the mean of 0.4 MW under equal
allocations, but it would be unrealistic to set the minimum as high as 0.8 MW
since it would likely result in selection of high wind speed locations concentrated
in the same areas. Ultimately, 0.5 MW appears to be a reasonable choice that
allows for lower variance while maintaining a capacity factor of 25% for a 2 MW
wind turbine. The budget constraint N is set simply at 1 so that allocations
reflect percentages rather than actual investments or number of wind turbines.

!
The percentages can be multiplied
with total investments or wind power
capacity when necessary.
The optimal locations found for the four policies under the stochastic
programming model can now be compared with one another, as well as with the
Markowitz allocation, and their power outputs evaluated.
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6.2.2 Optimal Locations for High Power

Fig 6.5 – Optimal wind farm locations under Policy 1 (High Power)
The optimal wind farm placement under Policy 1 seeking to maximize the
power output shows a high concentration of points in the province of Inner
Mongolia. Locations in eastern Inner Mongolia account for more than 50% of
total wind turbine capacity, an expectable result since this region has the highest
average wind speed in China apart from Tibet. The areas surrounding Inner
Mongolia – the Northeastern provinces of Jilin, Liaoning and Heilongjiang, as
well as Hebei and Shanxi of North China – are also potential sites for wind
farms. Another prominent area of interest is central Xinjiang, in the
Northwestern region, together with parts of Central and Eastern China, along the

!
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Yangtze River. Overall, since Policy 1 is only concerned with the mean power
output, locations with high wind speeds are selected regardless of their variance.
The entire Southern China and most of the Eastern coast are not selected
for the optimal solution, and this can have implications for other aspects of wind
power development. A lack of wind farm in East China may increase interest in
developing offshore wind farms along China’s Eastern coast, where many of
China’s urban centers are located. It would not be practical to satisfy energy
demands in China’s metropolises by transmitting power across the vast expenses
of China from Xinjiang to Shanghai, for example. Another practical concern with
the allocation found for Policy 1 involves the sites chosen in Xinjiang, which are
located in the Gobi Desert. While these locations do have high wind speeds, the
feasibility of developing wind farms in the largely uninhabitable desert is
questionable. One possible alternative would be placing wind farms in inhabited
areas neighboring the desert, where wind speeds are still generally high.

6.2.3 Optimal Locations for Low Variance

In stark contrast to the optimal allocation that maximizes power, the wind
farm placement under Policy 2 largely forgoes the areas with high wind speed in
exchange for locations with both low mean power output and variance. It is
striking that barely any location in Inner Mongolia is chosen, while there is a
much larger selection of sites in Yunnan, Fujian and Hainan. Central China – the
provinces of Henan, Hubei and Hunan – is also better represented in the optimal
wind farm allocation that minimizes variance. This is in line with the wind
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profile of China, where areas with low mean wind speeds also have lower
variance in general.

Fig 6.6 – Optimal wind farm locations under Policy 2 (Low Variance)
However, even though fluctuations in power are small under this
allocation, the overall power output may be too low for construction of wind
farms to be cost-effective. Given China’s wind profile, an allocation with low
variance would inevitably be dominated by low wind speed areas. This is the
salient drawback of a variance-minimizing function when variance is positively
correlated with the mean.

!
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A way to get around this problem is to perform the same varianceminimizing algorithm on a pre-selected set of locations with mean power output
above a specified threshold. This would be an alternative method to find an
optimal solution in a mean-variance sense. The solution to a set of locations with
mean power output " above 0.5 MW is discussed in the next section, together
with the results from Policy 3. The two solutions reflect the same preferences for
minimizing !
variance of an acceptable mean power output.

6.2.4 Optimal Locations for Mean-Variance

Fig 6.7 – Optimal wind farm locations under Policy 3 (Mean-Variance)
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Under Policy 3 where the contribution function mimics that of the
Markowitz model (though it does not take into account correlation amongst
locations due to the nature of stochastic programming), the distribution of wind
farms spans a much larger area across the entire China. Allocation is much more
even across all locations in the solution, without any single location, or cluster of
locations, dominating the optimal allocation. Areas with high wind speeds, such
as Inner Mongolia and Xinjiang, are still represented in the optimal solution, but
they carry much less weight. Greater allocation is given to other locations in the
Northeastern provinces and Northern China instead.
It is especially interesting that the majority of locations lining the Eastern
coast are chosen as optimal sites for wind farms, a result not observed under
either of the previous policies. A possible reason for the increased allocation to
locations in Eastern China is the low correlation in wind speeds in Eastern China
with the high wind speed regions of Northeastern and Northwestern China.
Hence, despite the lower power output from locations in Eastern China, they
help to smooth out the overall power supply, and are important in optimizing
wind farm placements in a mean-variance sense.
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Fig 6.8 – Optimal wind farm locations that minimizes variance for high power locations
However, a very different solution is produced when the alternative
method to maximize mean-variance is adopted. The alternative works by
minimizing variance using a predetermined set of high wind speed locations. In
the optimal solution, the chosen locations are in the Northeastern region
predominantly, with a handful of sites in Xinjiang and Northern China. A few
spots along the Eastern coast remain in the solution, but the overall distribution
is much more concentrated than the allocation under Policy 3. This is likely a
result of locations being sieved out of the set of high wind speed locations.
Central, Southern and most of Eastern China are probably excluded from the set
of potential sites even before the Stochastic Gradient Algorithm is performed,
since their mean power output is lower than the threshold.
!
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6.2.5 Optimal Locations for Profit Maximization

Fig 6.9 – Optimal wind farm locations under Policy 4 (Profit-maximizing)

The surprising observation for Policy 4 is that its optimal solution is
remarkably similar to that of Policy 1. A dense cluster of locations in eastern
Inner Mongolia accounts for more than 50% of total allocations, while the other
three areas of interest are in Xinjiang, Sichuan and Hubei, identical to that of
Policy 1. These results suggest that for a

ps

pe

ratio of 5, the revenue from power

production still greatly overweighs the penalty incurred from underproduction.

!
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The preference for higher power output over reliability for profit
maximization could lead to conflicting interests between investors and electrical
companies – the former would choose locations with both high wind speeds and
variance, while the latter would prefer a more reliable supply of wind power.
Imposing higher penalties, or mandating storage facilities in wind farm
development may be necessary to discourage investors in picking locations with
high variance.

6.2.6 Comparison of Power Output

Having compared the geographical locations of the optimal allocations
under various policies, the actual power outputs from the allocations are now
examined. The power outputs under all six scenarios are plotted on the same
graph, as shown in Fig 6.10. The power outputs from all locations in the optimal
allocations are plotted for the first 500 hours of 2010.
As expected, the power outputs from the optimal allocations under Policy
1 and Policy 4 display the highest mean and largest variance. Since Policy 1
selects the locations with the highest mean power output, which also have higher
variances in general, the overall power output fluctuates wildly around a mean
of about 1 MW, from a low of almost 0 MW to a high exceeding 1.8 MW. For the
given

ps

pe

ratio of 5, Policy 4 produces a very similar allocation as Policy 1,

resulting in almost identical power outputs.

!
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Fig 6.10 – Comparison of power output for optimal allocations under different policies

In contrast, Policy 2 produces the lowest average power output,
vacillating around a mean of only 0.1 MW. While the variance is indeed
extremely small, with tiny vacillations between 0 MW and 0.2 MW, it is the result
of sacrificing high power outputs. Hence, selecting for low variance alone is
highly undesirable for both wind farm developers and the grid operators: the
low wind power output results in extremely low revenue for the investors, and a
consistently low power supply is of little value to the electrical companies as
well.
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The three solutions based on the principle of mean-variance maximization
exhibit similar behaviors: both lower average power output and variance as
compared to the power-maximizing policy, and higher mean and variance than
the low variance policy. Amongst the three allocations, however, the Markowitz
solution shows the smallest variance around a mean of 0.5 MW, bound between
a low of 0.3 MW and a high of 0.8 MW. The stochastic programming solution to
Policy 3 displays greater variability, with troughs of 0.2 MW, and peaks of 1.1
MW, and a slightly higher mean around 0.6 MW in comparison to the Markowitz
allocation. The alternative method for mean-variance maximization that
minimizes variance for high wind speed location appears to perform least well. It
has a similar variance as that of Policy 3, but a lower average power output of
about 0.5 MW. Table 6.2 compares the mean and standard deviation of the
power outputs for all the scenarios examined thus far.
Model
Markowitz
Policy 1 (High Power)
Policy 2 (Low Variance)
Policy 3 (Mean-Variance)
Policy 2 for High Power Locations
(Alernative Mean-Variance)
Policy 4 (Profit Maximizing)

Mean (MW)
0.8
0.8
0.1
0.6

Standard Deviation (MW)
0.3
0.5
0.1
0.3

0.5

0.3

0.8

0.5

Table 6.2 Comparison of mean and standard deviations of power outputs for various
scenarios
The performances of the various optimal allocations found suggest that a
combination of the profit-maximizing policy with the Markowitz model could
produce the best strategy. Solving the stochastic problem under Policy 4 allows
us to find the mean power output that maximizes profits for the investors, " profit .
However, the allocation found using the stochastic model also results in high

!
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variance. To alleviate this problem, the Markowitz model can be employed,
setting the target mean output " equivalent to " profit . The solution produced
should reduce the overall variance while preserving the desired mean output,

!
! investors and improving
maintaining profits for the
reliability of wind power for
grid companies.

Fig 6.11 – Comparison of power output for profit-maximizing and Markowitz
allocations, with " = 0.8 MW
Fig 6.11 compares the power output for the allocation under Policy 4, and
!
the associated Markowitz solution using the mean power output from the former
(which ensures that the two allocations have the same mean over the time
periods considered). As expected, the Markowitz results in a lower variance
while maintaining the mean around 0.8 MW. It is interesting to note that a mean
power output of 0.8 MW is also the ideal point on the Markowitz frontier that

!
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maintains the best balance between mean power output and its variance. Above
0.8 MW, forgoing a little power output leads to a large reduction in variance.
Below 0.8 MW, however, a relatively large amount of power must be sacrificed
to lower the variance. Hence, the Markowitz solution for " = 0.8 MW appears to
be a truly optimal allocation.

!

6.2.7 Optimal Allocation for National Grid

Fig 6.12 – Optimal allocation of wind farms for national grid

!

)(+!

CHAPTER 6 – RESULTS AND DISCUSSION!
!
!
The optimal allocation of wind farms in China found using the above
method is shown in Fig 6.12. The distribution is typical of a Markowitz solution,
with an even allocation of weights amongst a few select locations, rather than
clusters of sites in an area with small individual weights. On the other hand, in
comparison to the Markowitz solutions for lower mean power outputs, the
optimal solution for " = 0.8 MW selects more locations in Northeastern and
Northwestern China, where average wind speeds are high. Overall, the
provinces of Inner
Mongolia, Xinjiang and Gansu are the prime regions for wind
!
farm placement. Locations neighboring Shanghai, along the Eastern coast, and on
the island province of Hainan are also areas of interests for wind farm
developers.

6.3 Regional Optimal Allocations

With the optimal allocation found in the previous section, a generic wind
turbine with a capacity of 2 MW is capable of producing 0.8 MW of power every
hour on average, giving a capacity factor of 40%. However, this is under the
assumptions that all the wind farms are connected to a national grid, and that
power transmission losses across long distances are negligible. In reality, the
development of an integrated national electric grid in China is still in a nascent
state, and only 70% of power can be preserved in long-distance transmissions. It
is likely that wind farms built in the near future would only be connected to one
of the six regional grids – Central China, East China, North China, Northeast,
Northwest and Southern – as introduced in Chapter 2, and supply power within
!
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the region. Under such a scenario, how would the total power produced from
wind be affected?
The effects of limited grid connectivity can be explored by adopting the
same method used to find the optimal allocation for a national grid in the
previous section. First, an allocation that maximizes profits is found for each
region, and its mean power output computed. The mean power produced is then
applied to a Markowitz model to find the optimal allocation. The Markowitz
frontiers for each region are also plotted to verify that the target mean power
output " selected is reasonable given the behavior of mean-variance curves.

!

Fig 6.13 – Comparison of power outputs from regional wind farms
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Fig 6.13 shows the power outputs from the optimal allocations from the
six regions. The Northeastern region produces the highest mean power output,
at 0.80 MW, followed by the North China and Northwestern regions, at 0.70 MW
and 0.65 MW respectively. The other three regions produce noticeably less
power, with mean outputs of less than 0.50 MW, since these regions have
generally low wind speeds.
The next question to ask would be, do the mean power outputs reflect
good choices on the regional Markowitz frontiers? In other words, would
sacrificing a little power output lead to a large reduction in variance, or could a
slightly increased tolerance for variability allow for a great gain in power?
The Markowitz frontiers shown in Fig 6.14 demonstrate that the mean
outputs chosen for each of the regions maintain a good balance between the
mean-variance tradeoff, since the selected optimal mean outputs are all located
on the initial downward concave section of the frontiers, before the slope levels
off. When the gradient is gentle, a large increase in variance only leads to a small
increase in mean power output, which would be undesirable for wind farm
operators. This is avoided in the means chosen for the Markowitz problem for
each of the six regions, giving us more confidence in the strength of the solutions.
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Fig 6.14 – Regional Markowitz frontiers, clockwise from top left: Central China,
East China, Northeast, Southern, Northwest and North China
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Having found the optimal allocation for each region, the effect of limited
grid connectivity on total power output for the country can be examined. The
regional outputs can be combined in various proportions under different
scenarios, depending on projected investment in wind power in each region.
Region
Central China
East China
North China
Northeast
Northwest
Southern

Mean (MW)
0.35
0.45
0.70
0.80
0.65
0.45

Standard Deviation (MW)
0.20
0.30
0.45
0.40
0.30
0.25

Weight
5%
10%
10%
40%
30%
5%

Table 6.3 Allocation of weights in nationwide optimal wind farm placement for regional
grids
This thesis considers two possible scenarios: the first, an equal allocation
of investment in each of the six regions, making the total power output the mean
across all six regional grids, and the second, a weighted allocation based on
current plans for wind power development in each region. Constructions of
major wind farms are under development in the provinces of Inner Mongolia,
Jilin, Gansu, Xinjiang and Jiangsu, suggesting that more investment would be
devoted to the Northeastern, Northwestern and East China regions (Li, Shi &
Gao, 2010). Table 6.3 shows the weights for each region used for the analysis in
this section.
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Fig 6.15 – Comparison of power outputs of national grid, equal regional allocation and
weighted regional allocation
Fig 6.15 compares the power outputs from the optimal allocation for a
national grid, and the two scenarios fore regional grids described. The three
allocations display similar levels of variance, but the allocation for a national grib
produces the highest average power output at 0.8 MW. Equal allocation of
investment in all six regions results in the lowest mean power output, at around
0.55 MW, while the weighted regional allocation produces about 0.65 MW of
power on average. Hence, even with increased investments in wind-resource rich
regions, the overall output from six independent regional grids is still lower than
the optimal for a connected national grid. This suggests that the construction of a
well-connected national grid is crucial for China to fully capitalize on its wind
resources.
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Fig 6.16 – Optimal wind farm placement for regional grids

The optimal wind farm locations for all six regions are displayed together
in Fig 6.16. Compared with the optimal allocation under the assumption of a
connected national grid, more sites are selected with smaller individual
allocations for the regional grids. For the regions of Northeast, Northwest and
East China, the same locations picked for the original solution – Xinjiang, eastern
Inner Mongolia and the coast – are still favored in the respective regional
allocations. For the other three regions, newly identified areas of interest are
located mainly in the provinces of Guizhou and Yunnan for the South, Sichuan
for Central China and Hebei for North China.
The first three regions (Northeast, Northwest and East China) were well
represented in the allocation for a national grid and hold more promise for wind
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power. The other three regions, however, were passed over due to their low
mean power output. In the event that regional grids remain independent, it is
debatable if wind farm investment in the latter three regions should encouraged.
Given that they possess less wind resources, but very rich water resources
(Yellow River in North China, Yangtze River in Central and Lancang River in the
South), developing hydropower in these regions could provide a much more
cost-effective clean energy alternative.

6.4 Allocation for Windy Seasons

As mentioned in Chapter 3, wind in China displays strong seasonality,
with high wind speeds in winter and much lower speeds in the summer. Hence,
it is worth considering using wind power only during the months with high
wind speed, and turning to alternative sources of power in the summer. The
months of June, July and August are removed from the dataset to find the
optimal allocation for a national grid, taking into account only windy seasons.
Seasonal use of wind power should a feasible option. The physical mechanics are
simple – wind turbines can be turned off easily. The more complicated aspect
would be devising a corresponding pricing mechanism that does not diminish
investor interest in wind power due to lack of profits over the summer.
Nonetheless, reducing use of wind power during low wind speed seasons
appears viable.

!

)))!

CHAPTER 6 – RESULTS AND DISCUSSION!
!
!

Fig 6.17 – Comparison of Markowitz frontiers for all time periods and windy seasons

Fig 6.17 compares the Markowitz frontiers of optimal allocations for all
seasons, versus only windy seasons. It can be seen that utilizing wind power
solely during seasons with high wind speeds allows for a higher mean power
output " , given the same standard deviation " . In other words, if wind farms
are shut down over the summer, a more reliable wind power output can be
!

!produced during the other months. In fact, the optimal allocation for windy
seasons produces an average power output of 0.9 MW, a 12.5% increase over that
of the original.
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Fig 6.18 – Optimal wind farm placement for windy seasons

The optimal wind farm placement for windy seasons is much more
concentrated in the Northeast and Northwest. Areas of interest are located only
in Xinjiang, eastern Inner Mongolia and Heilongjiang, passing over most of
China. The fact that fewer sites are being selected for wind farm development
can be desirable. Developing a few large-scale wind farms would be more costeffective than building multiple small ones, since construction costs can be
reduced with economies of scale. Furthermore, the observed seasonality of wind
corresponds well with energy demands in the selected locations for wind farm
placement. Northeastern and Northwestern China experience frigid winters and
have higher demands for power from November to March. Their summers, on
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the other hand, are tolerable and use of air conditioning much less prevalent than
the urban centers along the Eastern coast. This coheres very well with the pattern
of high wind speeds in winter, and low wind speeds in summer. If suspension of
wind farm operations during the summer proves feasible, the increased power
supply during winter can be very advantageous for the regions under
consideration.

!
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CHAPTER SEVEN
CONCLUSION AND FURTHER RESEARCH

From the optimal allocations found for wind farm placement in China, it
can be seen that diversification across locations in various regions is essential for
a reliable supply of power with high mean output. This chapter concludes the
analysis with a look at how the projected wind power under the optimal
allocation found in this thesis compares with current renewable energy
development goals in China. Areas for further research to enhance the potential
of wind power – offshore locations, storage options and synergy with other
energy sources – are also discussed.

7.1 Conclusion

Assuming a well-connected national grid is established in China, the
results from this thesis suggest that wind farms should be placed mainly in the
Northeast and Northwest to optimize national power supply. Other promising
sites are situated along the Eastern coast and on the island province of Hainan.
This is largely in agreement with current development of wind power in China –
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construction of giant wind power bases on the scale of 10 GW are planned in the
provinces of Xinjiang, Gansu, Hebei, Inner Mongolia, Jilin and Jiangsu (Li, Shi &
Gao, 2010). These locations have been identified as ideal for wind farm
placement in this analysis as well. Other recommended locations from this study,
in the provinces of Qinghai and Hainan, have great wind power potential yet to
be explored, and should be considered when the Chinese administration proceed
to a new phase of wind power development.

Scenario
National Grid
Equal Regional Allocation
Weighted Regional Allocation
High Wind Speed Seasons

Installed Capacity
(GW)
150
150
150
150

Mean Capacity
Factor
40%
25%
30%
45%

Generating
Capacity/year (TWh)
525
330
395
440

Table 7.1 Generating capacity of wind farms under different scenarios
Having found the optimal wind farm allocation, it is time to consider if
current targets for wind power development in China can be met with the
projected power output in this thesis. The Chinese government is developing
renewable energy sources aggressively to fulfill its aim of ’20 by 20’ – have 20%
of its energy supplied by renewables by the year 2020. Wind power is growing
rapidly, with capacity projected to reach 150 GW in 2020, even by conservative
estimates (Li, Shi & Gao, 2010). A capacity of 150 GW would produce about 300
TWh of power a year under current estimates by Chinese wind power experts,
supplying 2.2% of total energy consumption in China in 2020 (Li, Shi & Gao,
2010). Using the optimal allocation found in this thesis, however, the generating
capacity in the case of a national grid can be much higher, reaching about 525
TMh a year, which would contribute 3.8% to total energy supply. The generating
!
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capacities under the other scenarios are shown in Table 7.1.
Since the analysis is based on the assumptions that a well-connected
national grid will be built and power losses during long distance transmission is
negligible, it is possible that these estimates of wind power output are inflated.
Nonetheless, even after discounting the power output by 30%, wind farms can
still supply more than 350 TWh of power a year with the optimal placement, an
amount equivalent to total annual electricity consumption in the United
Kingdom (EIA, 2010)! The true takeaway from the analysis is that, with sufficient
diversification, wind farms can provide a reliable supply of power without
sacrificing mean output. As can be seen from the comparison of power outputs
under various scenarios in Table 7.1, the development of a national grid with
efficient long distance power transmission capabilities would greatly enhance
China’s wind power generating capacities. In order to truly power the grid with
wind, Chinese wind power developers must consider not only wind farm
construction, but power infrastructure as well.

7.2 Further Research

While this thesis analyzes the optimal wind farm locations and their
associated power outputs for a variety of scenarios, there are numerous other
considerations that can affect actual wind power in China. Three of the most
salient factors are discussed below.
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7.2.1 Offshore Locations

Although only land locations are considered for wind farm construction in
this thesis, offshore wind farms are becoming an increasingly feasible option.
Wind farm developers are expressing keen interest in offshore wind power along
China’s Eastern coast. The coastal area has the dual advantages of abundant
wind resources and proximity to the urban centers of China, such as Shanghai,
Nanjing and Guangzhou. Offshore wind farms can help meet the escalating
power demands in cities without incurring losses in long-distance power
transmission. Hence, despite its higher construction costs, offshore wind farms’
high wind speeds and ideal locations more than make up for their drawbacks.
Inclusion of offshore locations in the set of possible wind farm sites could greatly
enhance the wind power output of the optimal allocation.

7.2.2 Storage Options

While diversification allows for a more reliable supply of wind power,
storage capabilities can reduce the variability of wind power even further. Wind
power storage is increasingly viable with strides made in storage technology in
the past decade. There are numerous types of storage technologies available,
such as pumped hydroelectricity, compressed air energy storage and batteries.
The technology of choice would depend on the profile of each individual wind
farm, taking into consideration factors such as its physical environment and
existing infrastructure. Regardless of the storage option selected, storage would
!
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still reduce the overall variance in wind power by storing excess energy during
periods of high wind speed, and releasing the energy when wind speed is low.
Adding storage to the mix could allow for even higher mean power outputs with
little fluctuations – the ideal scenario for power supply.

7.2.3 Synergy with Other Energy Sources

Similar to utilizing storage options, combining wind power with other
energy sources could reduce the overall variance in power output. For example,
nuclear energy production can be ramped up during periods of low wind power
and dialed down when wind speeds are high to keep overall power supply
stable. Alternatively, wind farms can be operated in synergy with hydroelectric
stations to smooth out effects of seasonality, since precipitation in China is
generally higher in the summer when wind speeds are low, while winters tend to
be dry. Combining wind and hydropower could allow for more stable power
supply on a macro-level. A great many other possibilities exist for synergy
amongst different energy sources, and these are worth exploring in building a
clean and reliable future for energy production in China.

Ultimately, with adequate technological development, investments and
governmental support, wind can be a powerful source of clean energy for China.
Sustainability may really be blowin’ in the wind.
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CODE APPENDIX

The codes presented here are used to solve the Markowitz model and
various policies for the stochastic programming model described in Chapter 4.
Many variations were created to test different scenarios, but the general code that
all variations adapted from is presented below.

Markowitz frontier using function to solve Markowitz model
% Mean and Covariance matrices
load('meanpower.mat');
load('covpower.mat');
[row col] = size(meanpower);
% Set up range of mean power outputs for Markowitz frontier
marko_mean = [0:0.1:1.5];
[m n] = size(marko_mean);
marko_variance = zeros(n, 1);
% Define function
var = @(weights) weights'*covpower*weights;
% Solve each Markowitz problem with specified mean power output
for i = 1:n
% Initialize weights
weights_0 = zeros(row,1);
weights_0(:) = 1/row;
% Define bounds for weights
lb = zeros(row, 1);
ub = ones(row, 1);
weights = fmincon(var, weights_0, ...

CODE APPENDIX
!
!
-meanpower', -marko_mean(i), ones(1, row), 1.0, lb, ub);
marko_variance(i) = var(weights);
end
marko_frontier = horzcat(marko_mean, sqrt(marko_variance));

High Power (Policy 1)
% Testset for Stochastic Gradient Algorithm
load('powertestset.mat');
[row col] = size(powertestset);
% Define variables
N = 1;
scale = 0.001;
stepsize = 1;
target = 0.02;
% Define initial weights
oldweights = zeros(row, 1);
oldweights(:) = N/row;
% Stochastic gradient descent
for t = 1:col
% Find new weights for current iteration
newweights = oldweights + scale*stepsize*powertestset(:, t);
total = sum(newweights);
newweights = newweights - ((total - N)/row);
while (min(newweights) < 0)
% Find index of minimum element and set it to zero
[i j] = find(min(newweights));
newweights(j) = 0;
total = sum(newweights);
[m n] = size(find(newweights == 0));
n = row - m;
% Project other allocations back within feasible region
for j = 1:row
if (newweights(j) ~= 0)
newweights(j) = newweights(j) - ...
((total - N)/n);
end
end
end
% Update weights and stepsize
oldweights = newweights;
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stepsize = stepsize / (1 + stepsize - target);
end
highpower_weights = oldweights;

Low Variance (Policy 2)
% Testset for Stochastic Gradient Algorithm
load('powertestset.mat');
[row col] = size(powertestset);
% Define variables
N = 1;
scale = 0.001;
stepsize = 1;
target = 0.02;
omega = 0.9;
% Define expected power output
smoothedpower = powertestset(:, 1);
% Define initial weights
oldweights = zeros(row, 1);
oldweights(:) = N/row;
% Stochastic gradient descent
for t = 1:col
% Update expected power output
smoothedpower = omega*smoothedpower + ...
(1-omega)*powertestset(:, t);
% Find new gradient for current iteration
gradient = zeros(row, 1);
for i = 1:row
gradient(i) = (powertestset(i, t) - smoothedpower(i))^2;
end
% Find new weights for current iteration
newweights = oldweights - scale*stepsize*gradient;
total = sum(newweights);
newweights = newweights - ((total - N)/row);
while (min(newweights) < 0)
% Find index of minimum element and set it to zero
[i j] = find(min(newweights));
newweights(j) = 0;
total = sum(newweights);
[m n] = size(find(newweights == 0));
n = row - m;
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% Project other allocations back within feasible region
for j = 1:row
if (newweights(j) ~= 0)
newweights(j) = newweights(j) - ...
((total - N)/n);
end
end
end
% Update weights and stepsize
oldweights = newweights;
stepsize = stepsize / (1 + stepsize - target);
end
lowvariance_weights = oldweights;

Mean-Variance (Policy 3)
% Testset for Stochastic Gradient Algorithm
load('powertestset.mat');
[row col] = size(powertestset);
% Define variables
N = 1;
scale = 0.001;
stepsize = 1;
target = 0.02;
omega = 0.9;
alpha = 0.5;
beta = 1;
% Define expected power output
smoothedpower = powertestset(:, 1);
% Define initial weights
oldweights = zeros(row, 1);
oldweights(:) = N/row;
% Stochastic gradient descent
for t = 1:col
% Update expected power output
smoothedpower = omega*smoothedpower + ...
(1-omega)*powertestset(:, t);
% Find new gradient for current iteration
variance = zeros(row, 1);
for i = 1:row
variance(i) = (powertestset(i, t) - smoothedpower(i))^2;
end
% Find new weights for current iteration
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newweights = oldweights + scale*stepsize*. . .
(alpha*powertestset(:, t) - beta*variance);
total = sum(newweights);
newweights = newweights - ((total - N)/row);
while (min(newweights) < 0)
% Find index of minimum element and set it to zero
[i j] = find(min(newweights));
newweights(j) = 0;
total = sum(newweights);
[m n] = size(find(newweights == 0));
n = row - m;
% Project other allocations back within feasible region
for j = 1:row
if (newweights(j) ~= 0)
newweights(j) = newweights(j) - ...
((total - N)/n);
end
end
end
% Update weights and stepsize
oldweights = newweights;
stepsize = stepsize / (1 + stepsize - target);
end
meanvar_weights = oldweights;

Profit Maximization (Policy 4)
% Testset for Stochastic Gradient Algorithm
load('powertestset.mat');
[row col] = size(powertestset);
% Define variables
N = 1;
scale = 0.001;
stepsize = 1;
target = 0.02;
minpower = 0.5;
ratio = 5;
% Define initial weights
oldweights = zeros(row, 1);
oldweights(:) = N/row;
% Stochastic gradient descent
for t = 1:col
% Find new gradient for current iteration
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output = oldweights'*powertestset(:, t);
gradient = max(minpower - output, 0);
% Find new weights for current iteration
newweights
=
oldweights
+
scale*stepsize*(1
(diff*ratio))*powertestset(:, t);
total = sum(newweights);
newweights = newweights - ((total - N)/row);

-

while (min(newweights) < 0)
% Find index of minimum element and set it to zero
[i j] = find(min(newweights));
newweights(j) = 0;
total = sum(newweights);
[m n] = size(find(newweights == 0));
n = row - m;
% Project other allocations back within feasible region
for j = 1:row
if (newweights(j) ~= 0)
newweights(j) = newweights(j) - ...
((total - N)/n);
end
end
end
% Update weights and stepsize
oldweights = newweights;
stepsize = stepsize / (1 + stepsize - target);
end
maxprofit_weights = oldweights;
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