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Abstract: A large move towards renewable energy generation is anticipated to mevitably take place in the
coming decades as the world faces the depletion of fossil energy reserves. The trend in the current global
scenario presents the potential of the wind power industry into becoming one of the major contributors for
alternative energy generation. Since the number of wind power generators connected to a grid continuously
mcreases, providing subtle attention on issues confronting this technology is vital. Weather condition
significantly influences the performance of wind power generators and thus, the wind power generator
technology is vulnerable to generation uncertainties. Uncertainties in generated outputs are often relevant the
outputs of traditional determimstic models, easily resulting in uneconomical and unreliable solutions. Thus, the
accurate assessment of the potential location and size of wind power generators under the uncertamnties of the
element of wind speed is important. Improper allocations may further degrade the performance of an entire
power system. The current study provides a review on the popular and distinct techniques developed by
researchers to optimize wind power capacity and location and maximally harvest the targeted benefits from wind
energy resources. Moreover, different techniques for predicting wind speed, particularly for long-term
prediction, are discussed to show the correlation between wind speed prediction and the planning process for
creating a wind power generator.

Key words: Wind power generation, optimization, uncertainties, probabilistic, Rayleigh distribution, Weibull

distribution, wind speed prediction, numerical weather prediction

INTRODUCTION

The growth of renewable energy resources into
electric power systems continues to hike around the
world. Tn the year 2010 despite world economy crisis more
than $200 billion investment in renewable energy
resources was commenced (RENZ21, 2011). Global 1ssues
such as climate change, green house gas effect and
atmospheric pollution have deepened meny countries
interest on greater provision of safe and clean generation
plants. A research backtrack suggested that a serious
move on renewable energy generation has already begun
as early 2004, amounting to an average of 10-60% of
capacity installed for a number of renewable technologies
annually (REN21, 2010). For mstance, 60 and 27% capacity
was installed for solar photovoltaic and wind power,
respectively. Photovoltaics 1s globally considered as a
feasible option for alternative energy especially for
countries with bright and long hours of sunlight exposure.
Nonetheless, the deployment of wind-based energy is an

exceptional achievement, particularly in certain regions of
Europe. Many European countries are able to meet their
energy demands through renewable resources from wind
energy. It is reported that the cost for generating
electricity from wind has fallen almost 90% since 1980s
{(Hosseinpour et al., 2008). As reported in the WWEA,
(2011) the total amount of world capacity generation for
wind power was 196.6 GW for that year. Figure 1 shows
the 15-year growth record for the global wind power
industry.
Across Indian subcontinent, the wind power
industry 18 growing rapidly. The utilization of wind power
also shows promising potential in Asian regions.
Surprisingly, more wind farms have been deployed in
developing countries when the idea was initially scrapped
due to high installation costs. Iran has the largest wind
power capacity in the Middle East; Germany and Spain
amongst the world’s front runners along with Cluna and
the Unites States (GWEC, 2011). Such scenario on global
wind power mterest dictates that the wind power industry
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Fig. 1: World wind power installed capacity

has the ability to remain the fastest growing market
as alternative energy. However, major problems and
1ssues concermng wind power technology need to be
fairly observed and resolved. Although wind power
generation offers many attractive benefits, the wind power
mndustry continues to face suppressing challenges. The
dispatch ability of wind power generation, including its
effect on the entire power system is of great concern. A
cliché remark on wind energy generation 15 “what will
happen when there is no wind blowing?” In modermn
operation of a power system, the balance between the
load demand and power generation is possibly supported
by the renewable energy generators (Haron et al., 2012).
However, electrical power from wind turbines varies with
wind speed variation which in tumn varies a lot by nature.
Thus, strong concerns due to wind speed variation
include the ability of wind power to meet load demands
during peak hours.

Determination of the right location and size for new
site installations is another challenging issue. Studies on
the placement and sizing of wind power generators have
long been around. Many methods have been developed
to evaluate the proper placement and sizing of wind
turbines (Wang and Nehrir, 2004; Atwa ef al, 2009,
Ghosh et al., 2010; Liu et al., 2011). Strategic allocations
of wind power units brings lucrative benefits, including
reduction in power losses, umprovement in voltage
stability, increase in load factors and deferral of system
upgrades (Rau and Wan, 1994; Hadjsaid ez al., 1999). A
multi-objective optimization problem with multiple
governing constraints is generally used as a model for
determining the optimal location and size of a wind power
umit. Nevertheless, the fluctuating nature of wind resource
is frequently left unaccounted for, generating different
effects on the reliability assessment of a generation
system (Singh and Kim, 1998). Thus, the inclusion of
uncertainties into an optimization model is important
to produce more accurate and reliable  results
(Atwa ef al., 2010, L et al, 2011), as shown m Fig. 2.

Generally, a basic optimization model consists of

Optimization
variables (e.g. size
and location)

Objective
function
(e.g. costs,)

reliability,
losses)

Constraints (e.g.
voltage level and
feeder capacity)

Mathematical model

Uncertainties (e.g. wind
speed)

Fig. 2: Optimization model
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Fig. 3: Wind power publications

a group of variables that are optimized to their best values
to mimmize the objective function. The uncertainties
component 1s added to further mmprove the optimization
model.

A thorough search on a well-known database for
electrical engineering with keywords ‘wind power
generation uncertainties’ yielded fluctuating results, as
shown in Fig. 3. Encouragingly, in 2011, the number of
results grew tenfold of that in 2004. Although, the data
presented 1s neither definite nor conclusive because of
the different keywords that easily produced different
results, trend are revealed from the data gathered,
indicating a new breeze in wind energy research interest.
Moreover, given the current wind power penetration
scenario, 1t 1s tune that the 1ssue on uncertainties receives
more attention.

The current study provides a review on the popular
optimization studies on wind power generation in terms of
placement and sizing with the consideration of wind
speed variation. Simce this study aims to emphasize the
importance of wind speed uncertainties, discussing the
optimization studies without covering wind speed
prediction techniques would seem incomplete. This study
18 divided mto two main parts. The first part covers wind
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speed prediction and the second part covers wind power
optimization techniques. The optimization part is
subsequently divided into two namely the sizing and
location of wind power.

WIND SPEED PREDICTION

Wind speed forms from the differences in air
pressure, resulting in wind blows from the high to low
pressure areas to balance out the differences. The
extractable amount of wind power completely depends on
wind speed and thus, improving the wind speed
prediction technique is important in wind energy research
(Thor and Weis-Taylor, 2003). Wind speed prediction is
a time-dependent function, 1.e., different time scales are
assigned for different applications. For instance, the
definition of scales suggested by Tun and Hao (2010)
categorized wind speed prediction into three categories in
accordance to the relation between research aims and time
mtervals. Moreover, Zhang ef al. (2008) suggested that
the purpose of forecasting from a few seconds to a few
minutes is appropriate for controlling wind power
generator operation. Additionally, creating predictions n
a few minutes to a few hours 18 used for scheduling
wind power unit operation to assist power systems
(Cai et al., 2008; Contaxis and Kabouris, 1991).

Eventually forecasting in days or weeks, or even
longer periods will become desirable to estimate
medium- and long-term generation planning and the
reserved generation capacity (Jun and Hao, 2010;
Scott and Peter, 2003). Recent developments on
medium-and  long-term  wind  speed  forecasting
(Firat et al, 2010) continue to attract interests from
academic and ndustrial circles. Accordingly, the sub-
focus of the current study is to look at the long-term wind
speed prediction as electricity supply should always meet
the demand of consumers. Thus, network operators need
an advanced tool to foresee wind speed variations in
order to maintain the reliability of power system.

LONG TERM WIND SPEED FORECAST

Various techniques are used for long-term wind
speed forecasting. However, for discussion purposes,
these techniques are downscaled mte two, namely
physical and statistical methods (Landberg, 1999). The
physical methods require large measurement data for
estimating future wind speed. In the current study, the
combination of meteorological and terrain data is used to
estimate future weather parameters, such as wind speed,
temperature, pressure and humidity. A set of future
time series weather data can easily be determined

[ ‘Weather+Topology data ]

[ Numerical weather predication
(NWF)

[ Model output satistics (MOS) J

Future wind speed
and weather date

Fig. 4: Physical method for predicting wind speed

NWP numerically approximates future weather data by
manipulating present weather values (Fig. 4). The initial
prediction produced by NWP usually contains calculation
errors that are corrected using model output statistics
(Landberg and Joensen, 1998; Watson et al., 1999). On
the other hand, the time series statistical method has a
different approach. The time series statistical method
purely utilizes statistical models for estimating wind speed
distribution. Probabilities for each wind speed state are
estimated using the Probability Density Function (PDF).
The Weibull and Rayleigh methods are among the
popularly used models for PDF (Gupta, 1986;
Rehman et al., 1994; Sideratos and Hatziargyriou, 2007).
Feijoo et al. (1999) proposed two other methods aside
from the methods above. The first method is based on
conditional probabilities, whereas the second method is
a combination of the Monte Carlo Simulation (MCS) and
Rayleigh distribution function. A brief description of each
distribution function 1s given to provide further msights.

NORMAL DISTRIBUTION

Normal distribution has a bell shape and 1s
considered as the most widely used PDF m many
applications. Two main parameters, namely mean, g
{or peak location) and variance, ¢ (width of distribution),
are keys for determining the shape of the distribution.
Figure 5 shows the curve shape under different means
and variances.

WEIBULL DISTRIBUTION

Weibull distribution usually provides a good fit to
wind speed data. The general form of the Weibull PDF 1s
mathematically expressed as follows (Walker and
Tenkins, 1997):
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where, v, k and c¢ are greater than zero. The function of
f () 1s the probability of having a wind speed of v. Similar
to the normal distribution, the Weibull function also has
two controlling variables, namely, the parameter k which
15 called the dimensionless shape factor and the parameter
¢, which 1s the scale factor of speed. The value k should
be carefully selected to accurately fit actual data to the
Weibull PDF. Figure 6 shows an example of a site wind
speed data that fits into the Weibull distribution curve,
where the Weibull curve 1s skewed from a normal curve.

RAYLEIGH DISTRIBUTION

Rayleigh distribution 1s a special case of the Weibull
distribution, where the shape parameter, k, is equal to 2.
Substituting k = 2 into Eq. 1 yields the following
mathematical expression for the Rayleigh distribution
(Feyoo et al., 1999):

sw=2%e [X] 2)

where, v is the wind speed and ¢ is the scale factor. The
curve line in Fig. 5 proportionally spreads out as the value
of ¢ ncreases. The Weibull and Rayleigh distributions are
usually suitable for describing the randomness of wind
speed over a long period. These models are usually
employed for annual wind speed forecasting because of
their sumplicity and acceptable precision

On the other hand, the physical methods are
preferred for applications that require higher precision and
consistency. The NWP is included in a physical method,
but it may not be necessary for a statistical one. NWP
models take long computational time and thus, recent
studies have proposed a combination of both physical
and statistical methods to overcome this limitation
(Salcedo-Sanz  ef al, 2009, Barboumis efal, 2006,
Liu et al., 2010; Giebel et al., 2003).

OPTIMIZATION OF WIND POWER CAPACITY

The mtegration of wind power generators mto a
power system raises significant concerns on supply
adequacy. In simple definition, power adequacy is a kind
of assessment that checks whether the installed capacity
n a power system 1s sufficient to meet the load demand
(Billinton and Allan, 1996). Keane et al. (2011) defined the
capacity as the amount of additional load that can be
served with the addition of a generator while mamtaming
the existing level of reliability. In matters conceming
supply adequacy, Billinton et al. (1997) and Karki and
Billinton (2001) introduced a novel probabilistic method
called the system well-being mndex as a practical solution
to the problems encountered m Small Isolated Power
Systems (STPS). They suggested that conventional
capacity assessment using the determimstic method 1s not
sufficient for wind power generation with highly
fluctuating values. Thus, they suggested that assessment
should be based on the probabilistic method, which
optimizes the reliability and cost criteria, to determine the
right amount of wind capacity penetration.

The reliability of the power grid 1s another 1ssue that
often alarms network operators concerming with the
integration of renewable energy resources (An and Singh,
2011). In response to the dwelling issues on reliability
caused by mtermittency in wind resources, the novel work
of Billinton et al. (2010) examined the capacity credit of
wind power using a joint probabilistic-deterministic
method. They extended the deterministic criterion N-1,
which has been used for traditional diesel generator
expansion planning, to the wind power generation plan.
Moreover, they also included some probabilistic elements
into the model to characterize wind power output. The
optimization algorithm tool has been used for determiming
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the appropriate size of the wind power that would support
peak load carrying capacity in a power system.

Zhang et al. (2011) did a great work that focused on
the impact of integrating large amounts of wind power
into electric power systems. Zhang et al (2011) stated
that probabilistic models are required for determimng the
capacity limit of wind power mn a system rehability
assessment. They used a probabilistic model to represent
the stochastic nature of wind resources. Moreover, they
developed a probabilistic framework of reliability modeling
for wind power to optimize the cost of wind power
integration with the power system for maintaining system
adequacy and reliability. Atwa and Saadany (2011) and
Atwa ef al. (2010) undertook another probabilistic
method. They developed a probabilistic generation-load
model with the consideration of uncertainties from
renewable supply resources. They aimed to determine the
optimum combmation capacity of wind power and
photovoltaic that would mimimize power losses n a
distribution system. Their optimization model also
imposed several limitations, such as voltage limits, feeder
capacity and the maximum penetration limits.

Studies have shown that wind power generators
could provide great benefits, such as enhancing reliability
and deferring system investment. Nevertheless, deploying
wind power generators without considering network
reinforcements may cause unavoldable restrictions on
interconnecting capacity. Su et al. (2011) proposed a new
method for the interconnection of wind power generators.
Their new method calculated maximum allowable capacity
at a connection node n a distribution system. Moreover,
they used a stochastic technique to simulate uncertainties
m wind power generators and loads and then they
optimized these uncertainties using a binary particle
swarm optimization tool. Ekren and Ekren (2010)
conducted another optimal capacity study at the GSM
base station in Twkey. They aimed to develop a
stand-alone hybrid energy comprising wind, solar and
battery storage systems. The overall system relied on
wind power generators and photovoltaics as  primary
power sources assisted with batteries to support the
stochastic characteristics of wind speed and solar
mselation. The sunulated annealing algorithm 1s used to
solve the optimization problem. The size of wind power
generators, photovoltaics and battery storage are
optimized when the total cost of the hybrid system 1s
mimimal. Yang et al. (2007) mvestigated a comparably
similar problem but with the aim of achieving system
reliability. The Loss of Power Supply Probability index
(LPSP) 1s chosen as the component sizing criterion. They
used the LPSP as the objective function to deliberately

optimize the appropriate size of each component in the
hybrid system that meets the reliability requirement.

Among ancillary services, spmning reserve plays a
significant role to support system reliability (Bazardeh and
Rashidi-Nejad, 2009). Under normal operation, a power
system requires spinning reserve to compensate sudden
imbalances between load and generation (Shalidehpour
and Alomoush, 2001). The accurate prediction of the
amount of power injected by all generators into the power
system becomes increasingly difficult as the amount of
power produced by the wind power generator mcreases.
Concerning  uncertainty in wind power generation,
Ortega-Vazquez and Kirschen (2009) designed a model
that included the uncertainty factor mn spiming the
reserve planning. They successfully searched for the
optimal capacity when the total cost of system operation
was at its minimum.

OPTIMIZATION OF WIND POWER PLACEMENT
AND CAPACITY

A number of techmques have been used for the
placement of distributed generation umts i power
systems (Mithulananthan et al., 2004; Acharya et al.,
2006; Prommee and Ongsakul, 2008). The technique from
the famous work of Rau and Wan (1994) has been
continuously referred to by many researchers. However,
most of the studies above based their assumptions on the
constant power output from wind power generators.
A work mitiated by Hedayati ef al. (2008) considered the
uncertainty factor for finding the optimal placement for
wind power generators. Their objectives were to improve
voltage profiles and reduce active power losses through
sensitivity analysis search. The identification of the
wealk/weakest bus or also termed as sensitive bus 1s a
major concern in voltage stability study (Nagendra et al.,
2010; Nizam et al, 2006). They concluded that most
sensitive buses that face voltage collapse or maximum
loading are candidate buses for wind power installation.
Hadian and Haghifam (2010) attempted an advanced
study using a multi-objective optimization model that
consisted of power system reliability, losses and
mvestment cost. Their formulated model became more
complex after they incorporated the time varying load,
stochastic power generation and equipment failure rate.
They aimed to reduce power losses and wmprove system
reliability and they used a Genetic Algorithm (GA)
optimization tool to search for the optimal locations.

The search for the optimal placement of a wind power
generation unit continued with different targeted
objectives. Jayaweera and Islam (2010) performed a
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research on the placement of distributed generation to
enhance supply security. They aimed to seek solutions to
balance the improved security of energy supply within the
technical and economic constraints of wind energy
generators. Apart from the technical benefits, the
placement of wind power generation units can also be
performed to address socio and economic values
(Gautam and Mithulananthan, 2007). Their study aims
at maximizing social welfare and company profits. Social
welfare is defined as the difference between the total
benefit to consumers and the total cost of energy
production (Rothwell and Gomez, 2003). Welfare
maximization is the profit to society and holds the
maximum value when the market price becomes equal to
the marginal cost of electricity production while the profit
maximization was taken from the distributed generator
owners’ perspective and the DG placement was based on
locational marginal price value that maximizes the owners’
profit.

Compared with either choosing only the sizing
method or the placement optimization method, the
combination of the two methods heavy
mathematical models with higher difficulty, consequently
mcreasing the degree of optimization complexity. The
sizing or placement optimization methods have a surplus
advantage of either enhancing system reliability or
reducing power losses, respectively. Nevertheless, the
combination of sizing and placement methods 1s desired
for some cases. For instance, Carpinelli et al. (2001)
conducted a study on the uncertainties aspect of power
produced by distributed generators. They aimed for
medium-to-long term planmng and to find optumal location
and size that will minimize the overall networlk costs,
mcluding  maintenance, losses and interruption costs.
Liu et al. (2011) recently considered the optimal location
and sizing of wind turbines under various factors of
uncertainties. They aimed to minimize various types of
costs, such as investment, operating, maintenance,
network loss and capacity adequacy costs. The
optimization work was performed using the combmation
of analytic hierarchy process and GA to determine the
optimal weighting coefficients for each objective.

Finally, Novoa and Jin (2011) formulated a new
planning framework for wind power generator with load
uncertainty. They employed the moment-based method
introduced by Jin and Tian (2010) to exhibit volatilities in
wind power output. The planning problems were divided
into three stages. Instead of solving the probabilistic
problems individually, they transformed the first problem

involves

mnto an optimization model with the determimstic objective
function known as the second problem. Then, an
additional constramt was added to the second problem,

resulting in the final optimization problem. The problem
was finally optimized using GA for the appropriate type,
location and size of the wind power generators.

CONCLUSION

The current study reviewed previous studies on the
optimization techniques for wind power placement and
sizing with advanced techniques employed in wind speed
prediction. Each study presented uniquely different in
solution techniques, problem definition, or study goals
covering unlimited perspectives. Different optimization
approaches standing from single to multi-objective goals
with varying constraints and limits were literally put
across to give a better view on diversity of optimization
work. In addition, the current study also discussed wind
speed prediction practice techmques, particularly those
adopted for long-term application to predict wind power
generation uncertainties.
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