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Abstract The characteristics of wind power result in unique challenges for system
operators when integrating large penetrations of wind generation into power
systems. This chapter discusses some of the power system operational challenges
associated with large penetrations of wind generation, such as increased reserve
requirements and the costs associated with increases in the variable operation of
conventional generators. A number of power system optimization techniques with
wind generation are discussed, namely the fuelsaver approach, deterministic
optimization, rolling commitment and stochastic optimization. Also, a discussion
of certain flexibility solutions which may reduce the system costs of increased
wind penetration levels is provided.

1 Introduction

Energy as a topic has recently been catapulted to the top of the global agenda.
Environmental concerns, competitive pressures and security of supply make
energy a multifaceted global issue and one of the greatest challenges facing
mankind. The times of cheap abundant energy are rapidly coming to an end and
the environmental impacts of decades of growth in energy consumption are
becoming startlingly apparent. A secure, sustainable energy supply is of strategic
importance to the well-being and health of a modern industrial society and requires
significant innovation and research effort.

The electricity industry is heavily fossil fuel dependent, with 82 % of electricity
produced by fossil fuels in 2008 [1]. This leaves the industry highly exposed to
future price increases as global fossil fuel resources become more depleted. Also,
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the increasing concentration of the remaining resources in certain geographical
areas may make fossil fuel prices more volatile.

Worldwide, the generation of electricity relies heavily on coal, the most carbon
intensive of fuels, amplifying the sector’s share in global carbon dioxide emis-
sions. In 2007, 42 % of electricity was generated through the combustion of coal
worldwide and countries such as Australia, China, India and South Africa pro-
duced between 68 and 95 % of their electricity and heat through coal [1]. As such
the electricity industry is a major contributor of greenhouse gas emissions with the
electricity and heat sector responsible for 41 % of worldwide carbon dioxide
emissions in 2007 [2].

In a bid to reduce their reliance on fossil fuels, while simultaneously reducing
electricity sector emissions, there has been a move by policy makers towards the
promotion of clean renewable technologies for electricity generation. For example,
EU leaders have committed to producing 20 % of final energy consumption from
renewable sources by 2020, encompassing a 30 % renewable generation target for
the electricity sector [3].

As one of the most advanced forms of renewable generation, much emphasis
has been on wind, which has grown from 9,660 MW installed worldwide in 1998
to over 120,800 MW in 2008 [4]. As the market for wind energy has grown, the
costs per kilowatt hour have reduced dramatically. Ambitious renewable energy
targets together with reducing costs and successes to date, will ensure that wind
energy continues to grow in electricity networks worldwide.

Wind generation, like solar, tidal and wave generation, exhibits ‘variable’
output. The output of these units depend upon weather conditions that cannot be
controlled by the operator of the generator. This is known as being ‘non-dis-
patchable’. For example, the amount of electricity generated by a wind turbine
fluctuates as wind speed changes and that of a photovoltaic array with the intensity
of sunlight. Thus, the control of their output is limited as operators can only reduce
the potential output of such generators [5]. When significant penetrations of these
forms of generation are connected to an electricity network, it can result in a
requirement to alter the operation of the system to accommodate the variability of
these generators.

As well as being variable, wind generation also faces a challenge of being rel-
atively unpredictable. Since the underlying resource cannot be directly controlled,
the renewable generation is high when conditions are favourable and low when
unfavourable. Thus, forecasts of weather conditions are crucial when examining
renewable generation sources. Unlike tidal power which can be predicted almost
perfectly over long time horizons, wind generation, requires complex forecasting
techniques which account for wind speed, wind direction, hub height, geographical
surroundings, wind farm size, turbine dispersion, etc. Given the large number of
factors which must be taken into account when forecasting wind generation, the
margin for error can be significant and increases as the time horizon lengthens [6].

The function of power system operators is to supply electricity to customers in a
reliable manner at a sustainable cost. Reliability of electricity supply is defined as
‘‘the ability to supply adequate electric service on a nearly continuous basis with
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few interruptions over an extended period of time’’ [7]. This involves ensuring that
the generation meets the load at all times and that any short term gaps between
load and generation are bridged quickly and precisely to maintain the integrity of
the power system [8]. Generators are scheduled to meet the forecasted load and
must alter their operating levels to follow the load as it fluctuates throughout the
day. Since the output of some renewable generators, in particular wind generation,
cannot be actively controlled and is difficult to predict accurately, this balancing of
the generation and the load can become more challenging as the wind penetration
levels increase [5].

The characteristics of wind power result in unique challenges for system
operators when integrating wind generation into power systems, particularly when
penetrations of wind generation become significantly large. It has thus been rec-
ognized that methodologies and tools must be developed in order to investigate the
impact of large scale wind energy on power system operation. For example, Annex
25 of the International Energy Agency Research and Development Wind Agree-
ment ‘‘Design and Operation of Power Systems with Large Amounts of Wind
Power’’ was initiated in 2006 with the objective of providing information to
facilitate the highest economically feasible wind energy penetration within elec-
tricity power systems worldwide [9]. Many other studies, such as [5, 10, 11] and
[12], have highlighted the challenges associated with increased wind penetrations
and [13] is a useful resource providing a comprehensive literature review of the
salient studies conducted in North America.

Section 2 will discuss in further detail some of the power system operation
challenges associated with increasing penetrations of wind power. Section 3 will
discuss scheduling techniques of system operators for unit commitment with wind
generation. Section 4 will discuss some power system characteristics which would
facilitate increased penetrations of wind power.

Throughout this article, reference is made to the power system of Ireland as a
case study. Located on the edge of the Atlantic Ocean, Ireland has a vast wind
resource potential as evidenced in Fig. 1. In 2008, wind generation represented
11.1 % of electricity generation and in 2010 this is expected to exceed 15 % [14].1

In fact, the island of Ireland as a single synchronous power system has arguably
the largest penetrations of wind power in the world [15] and the Irish Government
has recently set a target of 40 % of electricity from renewables by 2020, the
majority of which is expected to come from wind generation [16].

The Irish power system is a small island system with no synchronous inter-
connection with other systems. As such it is a good case study system as it allows
issues surrounding power system operation with large penetrations of wind gen-
eration to be evaluated in isolation and without being influenced by the operation
of other systems. It also implies that any challenges associated with balancing

1 On 22nd November 2009 Ireland achieved a world record of over 45 % of electricity demand
produced from wind energy during the hours of 4 and 6 am while the installed wind capacity
represented just 10 % of installed generation.
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load, wind output and conventional generation must be dealt with locally. As such
the Irish system can be considered as an indicator of the challenges that other
larger power systems may experience with large wind penetrations in the future.

2 Power System Operation Challenges with Large
Penetrations of Wind

The interaction of wind energy and the electricity system is complex and there are
significant challenges posed to system operators when large amounts of variable
generation are introduced [11, 18]. This section discusses some of the main system
operational challenges associated with increased penetrations of wind.

2.1 Reserve Provision

Under the European Union Directive 96/92/EC [19] the Transmission System
Operator is responsible for ‘‘ensuring a secure, reliable and efficient electricity
system and, in that context, for ensuring the availability of all necessary ancillary
services’’. These ancillary services include the provision of sufficient reserve
capacity to meet the load under unexpected system operating conditions [20]. As
shown in [21] these unexpected system conditions can include the loss of a unit, a
transmission line trip and unexpected load fluctuations. It was shown in [22] that
an increase in the capacity of wind generation on an electricity system increases
the uncertainty in the system, as wind generation is relatively unpredictable and
non-dispatchable, which results in a requirement to carry additional reserve
capacity in order to maintain system security.

Fig. 1 Average global wind speeds [17]
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Depending on the electricity system, there are a number of reserve categories
which a system operator must carry—from fast acting reserve, with a reaction time
in the order of seconds, to reserve which responds more slowly [23, 24]. It has
been shown in [25] and [26], that the standard deviation of wind power forecast
errors over short time frames are small. As such [27], found that increasing wind
power capacity has little effect on the reserve categories that operate over a short
time frame (seconds to minutes), however, wind capacity causes a greater increase
in the need for categories of reserve that act over longer periods of time. For
example, Fig. 2 illustrates the different reserve categories required for the case
study power system of Ireland with increasing wind generation [27]. In Fig. 2 the
categories are defined as follows: ‘One hour reserve’ refers to reserve responding
in the time frame of 20 min to 1 h; ‘Tertiary 2’ reserve responds in 5–20 min;
‘Tertiary 1’ in 90 s to 5 min; ‘Secondary’ in 15–90 s; and ‘Primary’ in 5–15 s.

In [28, 29] the reserve costs attributable to the stochastic nature of the wind
energy output for a number of different US utilities were quantified. It was found
that in many cases the costs of providing these services was in fact relatively small.
The costs of additional reserve in the Pennsylvania, New Jersey and Maryland
(PJM) market was of the order of $0.05–0.30/MWh. Also [18] found that the
additional reserve costs represented less than 4 % of the total additional system
costs imposed by wind generation. A comprehensive summary of similar studies
conducted for electricity utilities around the United States is provided in [12].

2.2 Variable Operation of Conventional Power Stations

In addition to the added reserve requirement with increases in wind generation, an
increase in variable generation on an electricity system may require the system
operator to alter how conventional generation is dispatched [30]. Conventional

Fig. 2 Conventional reserve
categories versus installed
wind capacity for Ireland [27]
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generation may be obliged to operate at lower operating levels in order to be
available to ramp up to accommodate the inherent variability of the wind gener-
ation [5]. There may also be an increase in the number of start-ups and shut-downs
of conventional units as system operators attempt to coordinate the following of
the fluctuating load throughout the day and the variable output of the wind gen-
eration [31, 32].

Thermal units are designed to be at their most efficient when online and running
at a stable load [33]. It has been shown in [34], that in general, units are optimized
for continuous rather than cyclical operation and when operating in their normal
range can operate for relatively long periods with relatively low risk of failure and
loss of equipment life. When a generating unit is required to vary its output to meet
the demand and balance the wind output, the components in the unit are subject to
stresses and strains. This is known as cycling and includes ramping up and down
and switching on and off.

When a unit is turned off and on, the boiler, steam lines, turbine and auxiliary
components undergo large temperature and pressure stresses which result in
damage. This damage accumulates over time and eventually leads to accelerated
component failures, forced outages and a shortening of the life span of the unit
[35]. It is estimated that one on–off cycle for a single unit can cost as much as
$500,000 [36] when these additional wear and tear damages are included, thus an
increase in cycling associated with increased wind generation could result in
significant cost increases.

This wear and tear on the components of the generating units is exacerbated by
a phenomenon known as creep-fatigue interaction. Creep is the change in the size
or shape of a material due to constant stress on the material over time. This is
likely in units which are operated at continuous output over long periods of time,
such as baseloaded units. Creep stems from continuous exposure to elevated
temperatures and high pressures [36]. Fatigue occurs when a material is exposed to
fluctuating stresses resulting in fractures and failures. Fatigue is likely during
cyclical operation when the materials experience large transients in both pressures
and temperatures [35].

Older units which were designed and used for baseloaded operation over a
number of years and are then forced to cycle on a regular basis are very susceptible
to component failure through creep and fatigue damage interaction. This depletion
of the life expectancy of conventional units is a serious issue when analysing wind
generation penetration as it is likely that wind generation will alter the merit order
and some units will switch from being baseloaded to being required to be more
flexible. An analysis of the impact of wind generation on baseload unit cycling was
conducted for a case study of the Irish power system by [32] and their results show
that baseloaded combined cycle gas turbines (CCGT) are significantly adversely
affected by increasing penetrations of wind generation as illustrated in Fig. 3.
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2.2.1 Wind and Emissions

A further issue relating to the variable operation of conventional power stations is
the impact of cycling on emissions. While wind generation can result in a
reduction in the output of conventional units on the system, it is not necessarily the
case that a reduction in output will result in a reduction in emissions [37].

Carbon dioxide (CO2) is generated by the combustion of fuels containing
carbon. The amount of carbon dioxide released is in direct relation with the
amount of carbon in the fuel and the quantity of fuel burnt [38]. Thus a generation
plant which burns a carbon intensive fuel will generate more carbon dioxide at
increased levels of operation. Thus, if wind generation reduces the operating level
of a carbon intensive unit, CO2 emissions should fall. However, it is important to
note that conventional power stations consume large levels of fuel when starting
up. Thus, if wind generation results in an increase in start-ups, emissions of CO2

could be adversely affected. In fact [31] showed that the carbon cost of a start-up
can actually exceed the fuel cost of a start-up at a price of €30/ton CO2.

Sulphur Dioxide (SO2) is produced in a similar way to carbon dioxide and the
emissions produced depend on the sulphur content of the fuel and the quantity of
fuel burnt. It should be noted that natural gas contains a negligible amount of
sulphur, thus emissions of SO2 are not significant for gas turbines [39].

The production of Nitrogen Oxide (NOX) differs from CO2 and SO2 production
and does not depend solely on the nitrogen content of the fuel. It is also signifi-
cantly affected by the flame temperature, the oxygen concentration and the resi-
dence time in the combustion chamber. The formation of NOX can be attributed to
four distinct chemical kinetic processes: thermal NOX formation, prompt NOX

Fig. 3 Number of annual start-ups and capacity factor for an average 400 MW CCGT unit with
increasing wind penetration [32]
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formation, fuel NOX formation and reburning. Thermal NOX is formed by the
oxidation of atmospheric nitrogen present in the combustion air. Prompt NOX is
produced by high-speed reactions at the flame front, and fuel NOX is produced by
oxidation of nitrogen contained in the fuel. The reburning mechanism reduces the
total NOX formation by accounting for the reaction of NO with hydrocarbons [40].
Fuel NOX is the major source of NOX emissions from the combustion of nitrogen
bearing fuels such as heavy oils, coal and peat [41].

Thermal NOX is the predominant source of NOX emissions from a gas turbines.
In order to achieve reduced emissions, gas turbine manufacturers have adopted
lean premixed combustion as a standard technique. This premix (of fuel and air)
achieves low levels of pollutant emissions without the need for additional hard-
ware for steam injection or selective catalytic reduction [42]. Lean premixed
combustion is limited by the presence of combustion instabilities which can
produce turbine damage, flame instability and even flame extinction [43]. For this
reason the fuel and air premix is not possible during startup and at reduced load
levels (below about 65–70 % of maximum capacity). As a result, NOX emissions
in a CCGT increase significantly at lower loads. Figure 4 shows the NOX char-
acteristics of a CCGT and an open cycle gas turbine (OCGT).

From Fig. 4 it is clear that if a CCGT is forced to operate below approximately
70 % of its maximum rated capacity, its NOX emissions will increase threefold.
For an OCGT, operation below 60 %, will result in NOX emissions increasing by
up to six times. The NOX characteristics of these units are important when
examining the impact of wind generation on emissions. As discussed previously,
wind generation may result in the system operator requiring more units to operate
at lower efficiencies due to the increased reserve requirement. In addition, wind
generation causes an increase in the cycling of marginal units. Thus, an increase in
wind generation may result in more CCGT units operating at lower loads (as seen
in Fig. 3), and as a result increasing their NOX emissions. In other words, although
wind generation itself does not produce any harmful emissions, it may in fact
result in an increase in NOX emissions through the reduced operation of gas fired
units. This has been shown to be the case under certain system operation strategies,
such as the fuelsaver strategy, discussed further in Sect. 3 [37].

Fig. 4 Typical NOX

emissions from a CCGT and
an OCGT [37]

364 E. Denny



2.3 Power System Stability and Other Issues

Related to the issue of reserve provision is the ability of wind generators to stay
connected to the system after a fault i.e. fault ride-through capabilities. Currently
many wind turbines have protection equipment installed which disconnects the
turbine following a fault [44]. This sympathetic tripping can cause serious prob-
lems for system security, increasingly so with larger numbers of wind generators
connecting to the system [45]. This is especially true for small, relatively isolated
systems. Essentially, this sympathetic tripping aggravates a fault event resulting in
increasing pressure on reserves and reliability standards.

In periods of low demand and high wind speeds (e.g. during windy nights) a
significant contribution of wind power can be reached even when the overall share
of wind power in the electricity supply is still modest. When the wind power
penetration level is considerable it will no longer be feasible for wind turbines to
disconnect during voltage or frequency disturbances, as this would lead to a large
generation deficit and could lead to a reduction in the stability of the system
[46, 47]. This issue has led to a review of many grid codes across Europe and now
most include a necessity for wind turbines to have fault ride through capabilities
[48, 49].

The most ideal sites for wind generation often coincide with remote locations
which are frequently in weak areas of the electricity grid. This can result in
connection challenges for wind generation with issues such as voltage control,
harmonic emissions, short circuit levels and losses playing a significant role [50].
This has led to the possibility of distribution networks switching to ‘active’ rather
than ‘passive’ systems through the installation of complex control systems and by
equipping transformers with tap changers that can control voltage locally [51].
Rural locations for wind farms also cause problems for developers. For cost
minimisation the location of plant is very important and there is often a trade-off
between the windiest sites and easy access to the distribution network. There are
large economies of scale associated with wind farm development which often
cannot be realized in remote areas due to limitations on access.

Network congestion can also be an issue with high levels of wind power. An
increase in wind generation, like any conventional generation, will increase the
flows on the lines which may have a knock on effect on congestion [52]. Con-
gestion limits the system operator’s ability to make the most economic decisions in
planning, sourcing and supplying electricity to customers and can result in
increased costs. However, as stated by [53], ‘no general rules apply to transmission
congestion economics, which can only be studied on a case-by-case basis’. This is
because congestion is highly system specific and depends on the location of the
generators and loads on the network. Thus, without modelling the exact location of
generators and the network characteristics, it is difficult to quantify congestion
costs in a generic manner. Network reinforcement with increasing penetrations of
wind generation can help ameliorates potential bottlenecks and congestion, and
reduce costs.
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This is not an exhaustive summary of the impacts of wind generation on power
system operation but rather an illustration of some of the more direct impacts.
Depending on the scope of an analysis, the external costs of wind generation could
be much further reaching. It should also be noted that wind generation also pro-
vides significant benefits to the system such as a reduction in harmful emissions,
fuel savings, capacity benefits, a hedge against imported fuel prices and supply
concerns etc. However, for the purposes of this article we will concentrate on the
system operational challenges and the following Sect. 3 will discuss some oper-
ational scheduling techniques used to minimize some of these costs and Sect. 4
will discuss system characteristics that can also reduce the system costs of wind.

3 Scheduling Tools

This section discusses some techniques for determining conventional generation
schedules in the presence of large penetrations of wind generation. It begins with a
simplistic approach which may be feasible when wind penetrations are low but is
sub-optimal with larger wind penetrations. The second and third approaches are
more sophisticated and result in lower system costs than the first approach.

3.1 Fuelsaver Approach to Unit Commitment

A simple approach to operating a power system with wind generation, known as
the fuelsaver approach, has been presented in [54, 55]. Under this approach, wind
generation is not considered in the scheduling of the plants and the unit com-
mitment decisions are made ignoring any installed wind capacity. Once the
commitment decision has been made, the wind generation is considered. If wind
generation is available it is used and marginal conventional plants which were
dispatched are deloaded to accommodate the wind generation. A conventional
plant can be deloaded as far as its minimum but no plants are switched off. If wind
production reaches a level such that no more conventional generation can be
deloaded, then any further wind production is curtailed.

This operational strategy considers that the only benefit of wind generation is a
fuel-saving one and it assumes that wind generation has a capacity value of zero.
This is a simplistic approach and it allows issues of forecasting and reliability of
wind production to be ignored.

The impact of operating the power system using a fuelsaver approach is dis-
cussed in [37] and it is shown that it is a highly inefficient way to operate the
system with significant wind power penetration. The fuelsaver method of power
system operation with wind generation results in an over commitment of con-
ventional units, and these units will be running at low efficiencies. This has a
knock on impact on the emissions and fuel savings of wind generation. In fact,
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under the fuelsaver approach, NOX emissions can actually be greater than in the
absence of any wind generation [37]. In addition, the fuelsaver approach results in
large amounts of wind energy curtailment, of up to 30 % of the annual output at
high levels of installed wind power [37]. Except in the case of very small pene-
trations of wind generation, operating the system in a fuelsaver manner is not
recommended.

3.2 Deterministic Unit Commitment with Wind Generation

An improvement to the fuelsaver approach is to account for wind power forecasts
in the unit commitment decision. One common software package which uses a
deterministic approach to wind power is PLEXOS [56]. This is a unit commitment
package which allows the user to model the plant on the system using various
attributes such as the fuel use, startup time and costs, availability of reserve, etc. In
the PLEXOS optimization model, the forecasted wind on the system is treated as a
negative load, and is subtracted from the load. PLEXOS then uses either a mixed
integer solver or rounded relaxation method to solve the unit commitment prob-
lem. However, the main limitation of this type of deterministic approach is that the
wind forecast is considered as perfect and the stochastic nature of forecast errors
are not taken into account and a surplus level of reserve capacity must be carried.

3.2.1 Rolling Unit Commitment

Models such as PLEXOS can be improved by conducting what is known as
‘rolling planning’, whereby the unit commitment is carried out more frequently,
for example every 6 h instead of every 24 h [57]. For instance, 6-hour rolling
commitment is carried out as follows: the first commitment is carried out, then the
system is ‘rolled’ forward 6 h and the relevant details (wind forecasts, load
forecasts, plant availability, and current state of system) are updated, before the
system is once again committed. Figure 5 shows this in the case of the units being
committed every 24 h and every 6 h over a 48 h period.

This ‘rolling planning’ approach means wind and load forecasts are being
updated with greater frequency and more of the uncertainty of wind is captured in
the model. This means more of the costs due to uncertainty will be minimized,
leading to improved results and better performing schedules. However, while this
‘rolling planning’ approach is an improvement on the perfect forecast approach it
still does not adequately account for the stochastic element in the errors of wind
power forecasting. Thus, while a deterministic approach such as this may be uti-
lized in systems with relatively low levels of installed wind generation, the omis-
sion of the stochastic element will cause more problems as wind penetrations grow.
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In fact [58] found that including the stochastic element of wind power forecasts
in unit commitment modelling results in significantly better performing and less
costly schedules than deterministic optimization.

3.3 Stochastic Unit Commitment with Wind Generation

A far superior approach than the fuelsaver and deterministic approaches to unit
commitment with wind generation is to include the stochastic element of the wind
power forecasts in the scheduling decisions. Large amounts of installed wind
power add a significant stochastic element to the planning of the system, due to the
uncertainty associated with wind power forecasts [25]. By explicitly taking into
account the stochastic nature of wind in the unit commitment algorithm, more
robust schedules will be produced.2

Stochastic optimization was used in unit commitment problems before wind
generation became a significant concern for power system operation, as in [59]
and [60]. In [59], a long term security-constrained stochastic unit commitment

Fig. 5 Example of rolling
unit commitment [57]

2 The issue of stochastic unit commitment with wind generation is discussed in detail in [58] and
is summarized here.
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(SCUC) model is described, which models unit and transmission line outages, as
well as load forecasting inaccuracies. In [60], a method was developed to solve
unit commitment problems when demand is not known with certainty. Both of
these approaches show the benefits of using stochastic methods to solve the unit
commitment problem. However, wind power as a stochastic input is not
examined.

Stochastic security with wind generation is examined in [61], which formulates
a market-clearing problem capable of accounting for wind power. The WILMAR
project [62] developed a stochastic scheduling tool to examine the impact of the
variability of wind in energy markets. The Wilmar Planning Tool was originally
developed to model the Nordic electricity system and was later adapted to the Irish
system as part of the All Island Grid Study [63]. It is currently employed in the
European Wind Integration Study [64] and is considered to be the state of the art
model for stochastic unit commitment with large penetrations of wind generation.

In the Wilmar model, the system is rescheduled as more precise wind and load
forecasts are made available, giving a ‘rolling planning’ type of operation as
discussed previously. Because more robust schedules are provided to cater for
stochastic wind and load, the total expected costs of operating the system are lower
than under the deterministic or fuelsaver approaches [58].

3.3.1 The WILMAR Stochastic Unit Commitment Model with Large
Wind Penetrations

The main functionality of the WILMAR model is in two parts: a Scenario Tree
Tool (STT) and a Scheduling Model. The STT is used to generate the scenarios
that are used as inputs in the scheduling model. Possible future wind and load are
represented by scenario trees, as shown in Fig. 6. The STT also produces time
series for the forced unit outages. Each branch of the scenario tree corresponds to a
different forecast of wind and load, as well as probability of occurrence. The wind
and load scenarios are generated by Monte Carlo simulations of the wind and load
forecast error, based on an auto-regressive moving average model describing the
wind speed forecast error [58]. The high number of possible scenarios produced is
then reduced using a scenario reduction approach, similar to [65].3

The Scheduling Model used is a mixed integer, stochastic optimization model
[67] and the objective function being minimized, given in Eq. (1), is the expected
cost of the system over the optimization period, covering all of the scenarios in
Fig. 6.4

3 More detailed information about the Scenario Tree Tool can be found in [66].
4 Further details on the formulation of the unit commitment problem are given in [58].
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Fig. 6 Rolling planning with
scenario trees [58]
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The minimization covers fuel costs, carbon costs and startup costs. This is
subject to constraints on units, such as startup time, minimum up and down times,
ramping rates, and minimum and maximum generation, as well as interconnection
constraints and losses, spinning and replacement reserve targets, and penalties for
not being able to meet load or reserve targets.
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It was found in [58] that utilizing a stochastic rather than a deterministic
approach significantly reduces both the reserve requirement and the cycling of
conventional units on the power system. In addition, [58] compared the use of
currently available state of the art wind forecasts in a stochastic unit commitment
model to perfect wind forecasts and found that using perfect wind forecasts
reduces annual system costs by just 0.25–0.9 %. In other words, using a stochastic
unit commitment technique is almost as good as having perfect wind power
forecasts and perhaps efforts at improving wind power forecasting should not be a
primary concern of system operators. In fact, if the cost of research, development
and equipment to improve wind power forecasts were included, the cost of
improved accuracy could be greater than the benefits it provides. Instead, system
operators should focus efforts on employing stochastic unit commitment tech-
niques with currently available forecasts.

4 System Planning: Flexibility

In general, the system costs of wind generation will be highly dependent on the
underlying plant mix. Looking into the future, if it is envisaged that wind gen-
eration will play a major role in a plant portfolio, then the conventional plant mix
should be optimized to accommodate this wind generation. In particular, a more
flexible power system will be required [9].

The need for power system flexibility was recognized by the North American
Electric Reliability Cooperation (NERC) in the formation of their Integration of
Variable Generation Task Force (IVGTF) and by the International Energy Agency
in their Grid Integration of Variable Renewable Energy (GIVAR) project. The
GIVAR project is specifically aimed at assessing the power system flexibility
requirements associated with increasing penetrations of renewable energy [68].
The project is broken into the following 5 strands: identification of the variability
profiles of variable renewable energy technologies; development of a toolbox of
measures to increase power system flexibility; definition of power system para-
digms; development of a flexibility assessment method; and to review the costs
and benefits of renewable energy integration.

A study conducted by [69] examines the optimal future conventional plant
portfolios with high levels of installed wind generation. Their analysis shows that
with increasing penetrations of wind generation, there is a reduction in the
necessity for baseloaded generation and an increase in peaking capacity. In par-
ticular, the results point towards a reduction in coal fired generation and an
increase in the need for open cycle gas turbines with increasing wind generation
penetrations. Open cycle gas turbines have short start-up times and can ramp up
and down with much greater ease than typical baseload units.

The system considered by [69] did not include any nuclear generation, how-
ever, for systems with large penetrations of inflexible baseload nuclear generation,
flexibility will be a significant concern. Large penetrations of wind generation
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require system flexibility which cannot be provided by nuclear generation. As
such, policy makers need to decide whether to pursue a policy of large scale
renewable promotion or nuclear generation as the two are not necessarily
complementary.

Increased interconnection to other systems has also been highlighted as facil-
itating the integration of wind generation by introducing more flexibility to help
balance the variable wind output. The experiences of integrating wind generation
in a number of different countries is discussed in [15], and in particular the
challenges faced by isolated power systems are highlighted. The conclusions of
this study illustrated the importance of interconnection in providing the range of
services required to maintain a secure electricity system with large penetrations of
wind generation, such as sufficient generation capacity, fast acting reserve pro-
vision, and control of excess wind generation.

Energy storage used in conjunction with renewable energy has also been sug-
gested as a means to increase the use of renewable energy while maintaining a
high quality of service reliability [70, 71]. The use of storage devices can help
balance the wind generation output and can also be used to transfer energy from
low-use periods to peak-use periods, allowing the system to operate at a more
constant level and reducing energy supply costs. When increasing penetrations of
electricity storage are being considered a key concern is the peak:off-peak price
differential. This must be sufficient to cover the losses due to the round trip
efficiency of the storage unit as well as the significant capital costs of storage. It
should also be noted that on relatively small systems the storage unit can actually
impact the electricity price by increasing the price during off-peak hours and
decreasing it at peak times and thereby further decreasing its profit opportunities.

Active demand management can also provide a valuable source of flexibility to
a power system. The traditional view of demand has been to place it in a different
category to generation in the scheduling of power system operation [72]. However,
if demand is considered as a flexible, responsive resource then these traditional
divisions could be broken down and demand side resources utilized to improve
overall system flexibility. Currently, it is mainly commercial and industrial cus-
tomers that participate in demand side management schemes. As a result, the main
types of demand which currently provide demand responses are on-site generation
(diesel), refrigeration and deferral of production [73]. However, through the use of
smart electricity meters, domestic customers can also lower their demand by
reducing their discretionary loads, air conditioning or electric heating or deferring
the usage of appliances until a later time or date. Any micro-generation connected
within the home also offers itself as a means to reduce net consumption when
required. The residential sector has been under utilized to date as a source of power
system flexibility and into the future offers a potentially large resource to be
exploited.

This article has provided a discussion of some of the main power system
operation challenges associated with wind generation, as well as the optimal unit
commitment techniques and system characteristics which can help minimize these
costs. While each power system is different it is likely that if wind generation is to
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be pursued on a large scale the issues raised here will be relevant in many power
systems worldwide. It is also clear that transmission system operators will be
required to significantly alter traditional operating techniques to ensure wind
generation can play a significant role in future electricity supply at minimal system
cost.
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