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Abstract— Throughout the world significant development is generation may be obliged to operate at lower operatinddeve
being encouraged in wind energy for electricity generation. A in order to be available to ramp up or down to accommodate
complete cost benefit analysis has been conducted in this Paperihe inherent variability of the wind generation. There mipa
on the impacts of grid connected wind generation. A dispatch . .
model is used to determine the dispatches upon which the costsbe an mcrease ,'n the number of start-ups and shut-downs of
and benefits can be ascertained for different wind capacities, conventional units as system operators attempt to codslina

plant mixes and loads. These costs and benefits are then usedhe following of the fluctuating load and the variable output
to generate net benefit curves for wind generation and the of the wind generation [8].
level where the costs exceed the benefits is established. These 1haormal units are designed to be at their most efficient

penetration levels can then be used by policy makers to determine h i d . t table load. In general. unit
the appropriate quantity of wind generation to promote. A large when oniine and running at a sta ' 9 ral, unis

number of assumptions are tested and it was found that increased are optimised for continuous rather than cyclical operetind
interconnection, high CO» prices and a flexible plant mix are when operating in their normal range can operate for relbtiv
particularly beneficial for wind generation, and that there are |ong periods with relatively low risk of failure and loss of
ppsitive net benefits for wind energy penetrations of 17% and equipment life [10]. An increase in the cycling of conventib
higher under the chosen set of assumptions for the test system. ~ " . . .
units, as a result of increased wind penetration, can result
Index Terms—Wind power generation, Costs, Power system n increased wear and tear on the machine and result in a
economics, Power generation dispatch, Environmental factors, shortening of the life span of the unit [11].
Emissions. N . .
It may be the case that a significant increase in the pene-
tration of wind generation may result in a need for greater
. INTRODUCTION reinforcement of the network system, and this is a cost
IND generation penetrations are growing worldwidémposed by the wind generation [1] [12] [13].
and there is much speculation on the impact of large Since the underlying energy source is variable, the output
levels of wind generation on electricity systems. Wind is ftom a wind generator is variable. This variability has an
relatively cheap form of renewable energy and can assistimpact on the capacity credit of wind generation. The capaci
the achievement of renewable energy and emissions reductigedit is a measure of the amount of conventional generation
targets. However, wind generation is variable and relbtivethat could be displaced by the renewable production without
unpredictable and poses unique challenges for system-openaking the system any less reliable [14]. For low levels of
tors and as such, the costs and benefits of wind generationiagalled wind generation, the capacity credit tends taapep
not clear cut and vary depending on the underlying system [ibdate the average wind output. However, as wind penetrstion
[2] [3] [4] [5]. The purpose of doing a detailed investigatio increase, the capacity credit tends to reduce as the ciorela
of costs and benefits of wind generation is to inform policgf the wind generation output on the system increases [14].
makers as to the appropriate quantity of wind generation towind generation is likely to displace the output of some
promote. thermal units and this can result in a reduction in harmful
Reserve is defined as the additional generation capadiiyissions [15]. A reduction in the operation of thermal sinit
that is required to restore load balance following an inean also lead to a fuel cost saving as wind generation, with a
balance. As the wind generation is variable and difficult teero fuel cost, replaces units with significant fuel costs.
predict accurately it adds to the uncertainty and may requir In this paper, an economic dispatch model is used to
the system operator to carry additional reserve capacity dalculate the costs and benefits of increasing penetrations
maintain system security [6]. This increase in the requiresf wind generation, and the penetration levels at which the
reserve is a cost to the system imposed by the wind generatg@sts exceed the benefits under a large range of scenarios
[7]. In addition, an increase in variable generation on asre investigated. The approach adopted attempts to maximis
electricity system may require the system operator to hlter social welfare and thus includes both direct and indirestso
conventional generation is dispatched [8] [9]. Converdlonand benefits. As this is a social welfare maximising study,
. . . . any costs incurred are considered to be societal costs and
This work has been conducted in the Electricity Researchr€gdniversity . . . .
College Dublin which is supported by Electricity Supply BA4ESB) Net- any benefits are societal benefits, rather than accruingyto an
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Regulation, Cylon, Airtricity and Enterprise Ireland. _ In compiling the costs and benefits a large number of
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by the necessity to constrain the scope of the study. Syst€m Cycling Costs of Conventional Units

dynamics, although an important issue for wind integration gyen in the absence of variable wind generation, conven-
[16] [17] [18], are highly system specific and require a larggonal generation units are required to cycle in order to tmee
scale system model beyond the scope of this paper andy$|oad. This cycling includes ramping during load follogj
such have been omitted in this analysis. This study repteseg,-joad cycling, and on/off cycles. When a unit is turned off

a near perfectly competitive gross pool electricity maf#®l. 54 on, the boiler, steam lines, turbine and auxiliary compo
Thus, the generators are assumed to be profit maximisers agfis undergo large thermal and pressure stresses whidh res
price takers and gaming of the electricity market by indiatl ;, yamage. This damage accumulates over time and eventually
generators is not taken into account [20]. As discussedlf [Jea4s to accelerated component failures and forced outages

this approach to electricity market modelling is entirelid. [11]. This wear and tear on the components is exacerbated by
The wind generation is assumed to bid its forecasted OUtWéep-fatigue interaction.

into the pool. Details on the most optimal way for wind gen- Creep is the change in the size or shape of a material due
erators to participate in the market in order to maximiséiproy, constant stress on the material over time. This is likely
and minimise risk is shown in [22] [23]. Strategic consum&R njts which are operated at continuous output over long
behaviour is not considered and it is assumed that the | iods of time, such as base-loaded units [27]. Fatiguarecc
continues to grow into the future and that the general dailyhen a material is exposed to fluctuating stresses resulting
load profile do.es.not change significantly .[24]. In additi'cr'n’ in fractures and failures. Fatigue is likely during cyclica
an attempt to limit the number of assumptions required, & Waperation when the materials experience large transients i
necessary to omit ‘softer’ factors such as the visual Impact poth pressures and temperatures [28]. Older units whicke wer
wind generation, the creation of jobs, improvements in llocgesigned and used for base loaded operation over a number
infrastructure, etc. of years and are then forced to cycle on regular basis are very
The costs and benefits associated with wind generation a{&ceptible to component failure through creep and fatigue
explained in detail in Sections Il and Ill respectively. 8@t gamage interaction [27].
IV discusses the chosen test system and Section V presentghis depletion of the life expectancy of conventional units
the methodology used in the analysis. The cost and bengfi serious issue when analysing wind generation perirati
results for the chosen test system are presented in Secyn js likely that some units will be moved up the merit order
VI and these are combined into net benefit curves and afgd will switch from being base loaded to being required to
tested under a wide range of scenarios in Section VII. Thg more flexible. This could also occur if an emissions tax
conclusions are presented in Section VIII. was introduced which altered the merit order.
The costs associated with cycling include additional O&M
spending associated with increased overhauls, highertest
due to low load and variable operation, auxiliary power| fue
The investigated costs include the capital, operation addring start up, unit life shortening, increased operatoore
maintenance costs of wind generation, the network reieforadue to greater hands-on operation, etc. It is estimatedhbaée
ment costs, the costs of cycling of conventional units ared tleosts can range frol8200 to<€500,000 (including fuel cost)
cost of increased reserve. per single on-off cycle depending on the type of unit [29].
The actual cost of cycling is very difficult to estimate
and must be conducted on a plant by plant basis. Grimsrud
A. Wind Development Costs & Lefton [27] found that a base loaded coal unit with a

Since wind generation has zero fuel costs, its costs dpi@l installed capacity of S00MW and a fuel cost of $3,000

based mainly on its capital cost, which represent about 72 Cycle, had a true cost of $40,000 per cycle when the
80% of its total cost. Average capital costs for wind gerierat COStS mentioned above were taken into account. On average,
currently range betwee€900 and€1,100 per KW installed it was estimated that for a large sample of units, the fuel
[25]. Operating and maintenance costs for wind energy il COSts represent about 7 - 12% of the total cost associated

repair and insurance and represent about 20-25% of the tdtdf cycling for a large supercritical unit, 10 - 15% for an
production costs per kWh for wind energy [25]. intermediate fossil fuel unit and 20 - 30% for a gas fired

turbine [27].

II. COSTSASSOCIATED WITHWIND GENERATION

B. Network Reinforcement Costs D. Additional Reserve Costs

Increasing the wind generation capacity on a system mayln many systems, the amount of operating reserve carried
result in the need to reinforce the underlying network. This equal to the size of the largest infeed [30]. An increase
is most likely in rural areas with low population density anéh the capacity of wind generation on an electricity system
sparse networks. It is likely that the reinforcement of higimcreases the uncertainty in the system as wind generation i
voltage networks would be more expensive than lower voltelatively unpredictable and non-dispatchable. This Itedn
age distribution networks [26]. The specific cost of networ& requirement to carry additional reserve capacity in otder
reinforcement per MW of installed wind generation is highlynaintain system security [6]. Since total wind power véoias
system specific [12]. over short time frames are small, increasing wind power



capacity has little effect on the reserve categories thataip IV. THE TESTSYSTEM

over a short time frame (seconds to minutes) [31]. INCr€ASIN e chosen test system for this study is Ireland where
amounts of wind capacity causes a greater increase in iy generation currently represents 8% of total installed
nee_d for catggones of reserve that agt over Ionger_ per'ogﬁ‘pacity and this is expected to grow to 12% by 2010 and
of time (20min - 1 h‘?“r) [31],' Thus, in this _anaIyS|s, thE’20% by 2020, in a relatively inflexible system [34]. The lIrish
assumed reserve requirement is equal to the size of thStar%EFectricity system is made up of two separately operated but

infeed plus the additional reserve based on the installed| wijorconnected systems, one in the Republic of Ireland aed o
generation [31]. An additional reserve requirement mavltes;. Northern Ireland. This paper studies an ‘all Ireland’cele

in more units operating at lower efficiencies and an increagg.ir, system, covering the Republic of Ireland and Northe
in the number of units committed which may result in greatgfq|5ng (referred to jointly in this paper as ‘Ireland’). Has

cycling costs. an installed capacity of 7,600MW and one 400 MW HVDC
interconnector to Scotland [35]. Ireland is unique in hgvin
I1l. BENEFITSASSOCIATED WITHWIND GENERATION large natural peat resource and peat fired generation aiscoun

The societal benefits of wind generation include the capacfPr @Pproximately 350MW of Ireland's installed capacityp]3
value of wind generation, the emissions savings and ifoere is a relative generation capacity shortage in Ireland

reduction in the fuel bill resulting from a reduction in outp a@nd temporary diesel generators are currently employedglur
of combustion plant on the system. periods of peak demand during the winter months [34]. This

illustrates the need for additional capacity on the Irisktem
_ ) but also highlights the limitations of the system in respogd
A. Capacity Benefit to large fluctuations in wind generation production. Irelas
One of the key benefits associated with increased wiitlius an ideal test system to investigate the system impécts o
generation is the additional capacity added to the systewind generation as the effects are relatively easier totifyen
The extent to which wind generation can substitute for con- The costs and benefits are calculated for the years 2010,
ventional generation is given by the capacity credit of wind015 and 2020. The assumed plant mixes for these years
and this decreases with increasing installed capacity. [14]ere based on the projected generation plant mix consiglerin
The capacity benefit of wind generation can therefore ligcreased wind penetration for the test system from [34] and
determined as the saved cost of having to build and maintdire optimal future generation portfolio for the test systiem
additional conventional generation in its place. accommodate large penetrations of wind generation frorh [36
Preliminary results from the Government sponsored ‘Akihsl
Renewable Grid Study’ [37] specifically aimed at deterngnin
the optimal plant mix for 2020 were also used to inform the
As the installed capacity of wind generation increases algsumptions on the genera’[ion portfo"os_
displaces conventional generation which has an impact@n th The proposed all Ireland single electricity market (SEM) is
emissions from the conventional units. Emissions of carb@ngross pool market with centralised commitment [38]. The
dioxide (CO2) and sulphur dioxide SO2) depend on the model used in this paper aims to reflect this market and is
quantity of carbon and sulphur in the fuel respectively dv@ tyalidated against a full unit commitment model of the system
quantity of fuel burnt [15]. Thus, a reduction in the opesati Although many electricity markets are moving away from
of a thermal unit will result in a reduction IO, andSO2  centrally controlled dispatch, it has been shown in [39} tha
emissions. Nitrogen Oxide(x) formation is more complex model which allows the generators to bid incrementally and
and does not depend solely on the nitrogen content of tB&if commit produces solutions almost identical to thosenfr
fuel but is also affected by the flame temperature, the oxyggncentralised unit commitment [39] [40]. In fact, centradls
concentration and the residence time [32]. Previous work @it commitment can be used for the prediction of operating
the impact of wind generation on emissions is shown in [15}ecisions in decentralised markets [39]. Thus, although th
model used here reflects a centralised gross pool elegtricit
C. Fuel Savings Benefit market, it could also reflect the operating decisions inriadte

. . . - tive electricity market designs.
When wind generation displaces electricity produced from y g

thermal units, the quantity of fuel burnt by the thermal sinit
reduces and wind generation provides a fuel saving [33]. The
value of this saving depends on the price of the fuel savedA full unit commitment model of the test system was
and is impacted by a number of factors. The load factor of tliesigned in the PLEXOS environment [41] [42]. This model
wind generation gives the MWh produced per MW installedccounted for temporal constraints including minimum Istab
and as this reduces the incremental fuel saving reducesi Wgeneration, maximum generation, maximum ramp-up rate,
generation has seasonal variations which impact on the foghximum ramp-down rate, minimum down-time, start times
saving. An increase in the cycling of conventional unitsl wifrom cold, warm and hot) and scheduled outages. Although
reduce the fuel savings from wind generation as start uff8s model is extremely rigourous, the length of time forteac
are fuel expensive. In addition, prolonged cycling can hawveodel run (over 72 hours) makes it too cumbersome to use for
a detrimental impact on plant heat rates [29]. sensitivity analysis and economic evaluation. In additithe

B. Emissions Benefit

V. METHODOLOGY



PLEXOS model is unable to handle updated wind forecastecision, by deciding which units should be turned on and
and as such a perfect wind forecast is required [42]. Givevhich should be off. The second stage of the model does
these significant limitations, a second model was designemt turn on or off any units but determines their operating
called the dispatch model. The main advantage of this modelels (economic dispatch). This approach can account for
over the unit commitment model is the speed at which the unpredictability of wind generation forecasts by using
reaches a solution and the ability to include wind forecasteng range wind forecast in the first stage and an updated
It also allows complete flexibility in changing assumptions/ind generation forecast in the second stage, representing
and running wide ranging scenarios. The dispatch model wastual system operation. As such, the commitment decisions
benchmarked against the Unit Commitment model at a numtage based on a longer range wind forecast and the operating
of different installed wind capacities. levels are based on an updated forecast as would be expected
The dispatch model aims to represent a deregulated grosseality. For the purposes of this paper, the time between
pool electricity market and generates least-cost dispatchthe two model runs was assumed to be 6 hours, reflecting
using a linear programming formulation which co-optimisewind forecasting characteristics [44]. Thus, for each hthe
generators’ operating and reserve levels on an hourly bastsmmitment decisions are made 6 hours ahead of that hour
(discussed in detail in [15] and [43]). The aim is to minimisand the dispatch decisions are made virtually at real tirhes T

the following objective function: two stage approach, with commitment and dispatch taking
N N account of wind power forecasts, has also been adopted in

min ZC}%R: +ZCT7:Ri 1) the Siemens PROMOD software, useql in [8], and the two

P P} stage methodology is also employed in the MORE CARE

control software, which is described in detail for an island
system in [5], [9]. An alternative economic dispatch model
which includes network constraints using genetic algargh

given by cp; and cr; respectively andN is the number of to dispatch an island system with wind is described in [45].

generators. Generators are assumed to have linear bids-for e 1he dlzpatc: mo:_el ggnelrat_es(,j a long (rjange 3vgnnd zov;/]er
ergy and reserve and the constraints included are Ioadck:aa;larﬁorecéj""Std dasg on '?tor!cz win pfower ata [35] g;] ;\e
reserve capacity requirement, maximum and minimum raté hdar ) gvzjaﬂons of wind power c_)r:cast e(rjrorjcg ] AN
capacities, and in order to be dispatched for reserve, a uﬂg\fegage wind power orecas.t error with a stan ard ,EN'HF'
must be on and the sum of its dispatched energy and rese veg/0 of the mst_alled capacity was used [.311' This implies
cannot exceed its maximum generation [15] [43] that 68% of the time, the forecast of the wind power output
Discrete decisions must be made about the on/off statusi%)l‘Within.1 standard deviation (9% installed capacity) o th
a generator to ensure it is not dispatched below its minimu?r‘?tua‘I wind power output. A "best’ case and a ‘worst’ case

rated capacity. Since the dispatch model does not ex;g;liciﬁvInd power forecast with a 7% and %4% standard deviation
contain discrete decision variables, the following applhoaas respectively are also tested, representing the most decamd

adopted to mimic these on/off decisions. The model is firgfe least accurate the total wind power forecast error eylik
be, for a forecast horizon of 6 hours ahead [31]. In [31]

run with each generator's power output permitted to ran % ind ‘ Ken i h
between 0 and maximum generation. This results in optignali ese wind power forecast errors are taken Iinto account when

however some units may be dispatched below their minimu?ﬁ"cu'at'ng the additional reserve required with increlasand

operating point. Since it is assumed that generators hagarli generation. L
bids for energy and reserve it is assumed that those units' "€ dispatch model does not explicitly include temporal

which have been dispatched below their minimum must &Qnstraints_, however, once the dispatch model had_ been run,
utilised to ensure load balance. These units are thus miquil'he compliance Igvels with the tempora_l .constrglnts were
to be turned on. and as such. this first run of the dispatEHeCked' Each unit was evaluated to see if it remained within

model essentially determines which units should be on alld required ramp rates, opeyed Its minimum up and down
which off. The algorithm is then run a second time thillmes and allowed the required start time prior to each start

time only including those units which have been turned O%ome minor tuning of the model ensured that in all wind

in the first stage and forcing them to operate between thgﬁnetratlon scenarios, the d'.SpatCh model ret.urned heah;

minimum and maximum rated capacities. The algorithm nOWSpatphes when cqmpared with the PLEXOS dispatches, W',th
returns a feasible dispatch. Thus, the first run of the moo%qmpllan?egoloe/vils '?] EXcess of 95% f(;)rdramp'rates 3nd n
essentially determines which units will be on and the secofidcess © 0 for the minimum up and down time and start

run determines their operating levels. Running the model fine constraints. The test system has one pumped storage

two stages like this is particularly advantageous whemtyyi that'on hand a ?mall con(_:entranon O:: Eydro ppwerh pls n(;s.
to model wind power forecasts, as described below. lven the complex operating nature of these units, the hydro

and pumped storage plant were optimised in the full Unit
o . Commitment model described above, and the operating levels
A. Wind in the Dispatch Model were then used as an input in the dispatch model [42].

It is the two stage approach of the dispatch model which is1) Wind Curtailment:This occurs if the original wind fore-
one of its key advantages when looking at wind generatiotast grossly underestimated the actual wind output andusurp
The first stage of the model essentially returns a ‘commitimerconventional generation is committed in the first stagetheo

whereP; is the power from unit and R; is the primary reserve
from unit i. The energy and reserve bids of generatare



words, if generation exceeds the load when all committe 5°
conventional generators are running at their minimum, the 45 i
no conventional unit is switched off and the wind generatic
is curtailed. The breach of Equation (2) below results in tt AT ——, i

curtailment of wind generation by an amount equal to the lo¢ 35 ]
minus the sum of the minimum generation of the committe %
r 3

8
generators. This situation occurred rarely but increaseth@ 5
installed wind capacity increased. |§ 25 1
T
N § 20t .
> (8 Prini) + Wind; < Load;  Vj @) i |
i=1
whereN is the number of generators on the syst®m;y, ; is 10 gigh LoadLFagtgr ]
S I e . —_ tant t
the minimum generation for uriit is either 1 or 0 depending S Wi tead Faotor |
on whether uniti has been committed in hoyr Wind; is — Low Load Factor
the updated wind power forecast for hguand Load; is the %% 500 1000 1500 2_0‘00 25‘00_ 3000 3500 4000
forecasted load in hoyr A perfect load forecast was assumei Installed Wind Generation

under the premise that wind power forecast errors are lik
to dominate load forecast errors [31].
2) Wind Shortfall: If the long range wind power forecast

overestimates the actgal wind output and commits too f visaged that any new additions to the conventional plaxt m
plant to meet the load in the commitment stage of the modgly, e gas fired [34] [47]. For 2015, it is assumed that the
then_ the d'Sp?]tCh model forces on urr]nts ;V'thf"”e'_y short St_EHItanned 400MW interconnector to Wales will be developed in
up times, such as OCGTs, to meet the shortfall in generat'gﬂdition to the development of three new gas fired units, and

in the second stage of the model. This occurs if Equation ({‘f‘?e retirement of two old ol fired units [34]. For 2020, anetth

does not hold true. two oil fired units are retired due to age and are replaced with
an additional three gas fired units [36]. Increases in hydro
N ] ] generation and pumped storage were considered under the
Z (0,5 (Pmax,i — Ri)) + Wind; > Load;  Vj  (3)  Government sponsored ‘All Island Renewable Grid Study] [37
=1 and were found not to be viable for the Irish system, and are
whereP .« ; is the maximum capacity of generai@ndR; thus not included here.
is the dispatched reserve for umitThe breach of constraint The dispatch model was run for a month for each of the
(3) occurred more frequently than (2) and increased as &t years and was then scaled up by a weighted factor for

el
F{;. 1. Assumed load factors with increasing installed wiederation

installed wind capacity increased. each month to represent the entire year. In order to effelgtiv
calculate the net benefits, each cost and benefit was then
B. Load Factors discounted by the chosen discount rate over a 20 year period.

The electricity output of a wind generator is based on ig;hree different discount rates of 6%, 8% and 10% are tested

load factor. The load factors for wind generation in Irelanti! this paper [47]. .
typically range from 25% - 40% depending on a large ranghe-rhe“.a are tr;ree drimand grmgvths analysed, IOW’ medium and
of factors including location, turbine size, season et6].[#he igh, with 2.5%, 3.2% and 4.3% growth respectively [34].
different load factors tested in this paper are summariged i
Figure 1. It is assumed that the most favourable sites fodwif- Fuel Prices
turbines will be developed first and these are likely to hévee t There are a range of fuel prices investigated in the analysis
highest load factor. For this reason, it is assumed thatahe | based on [47] [36], and summarised in Table I. The same
factor per MW installed decreases with increasing ingdallgyrowth is not used for each fuel price as some fuel prices are
capacity in the ‘low’ and ‘mid’ load factor cases as the numbexpected to grow by more than others. For example, it isylikel
of feasible favourable sites reduces. For illustrativeppses, that gas prices will grow more than coal due to an increase in
a ‘constant’ load factor has been included and the ‘highdloahe development of cleaner more efficient gas fired plant [47]
factor case represents the situation where new development
wind penetration is in offshore sites with higher load fasto g \ing Development Costs
and in onshore sites with advances in wind turbine efficiency . . . .

Four different capital cost curves for wind generation are

. investigated and are shown in Figure 2. Costs are initially
C. Plant Mix and Load Growth assumed to b&1 million per MW installed and in ‘capital 1’,
The analysis for the test system is done for three differetiite wind development costs grow due to increases in the costs
years, and is based on the projected load and plant mixdsproduction of wind turbines associated with a growth in
for the years 2010, 2015 and 2020. The plant portfolio fdossil fuel prices worldwide, an increase in the developnuén
2010 was based on generation projections given in [34]. It adfshore wind farms and a reduction in the economies of scale



TABLE |

FUEL COSTS IN(€ 2006) F. Network Reinforcement Costs

Initial estimates of the likely network costs associatethwi
increasing penetrations of wind generation in Ireland arerg
in [37] and further work is planned on these costs in [12]. At

| Year | Scenario[ Gas€/GJ | Coal€/GJ [ Oil €/GJ

2010 LMOI‘éV 2:;3 21(75 223 the current wind penetration level in Ireland (700MW) there
High 458 218 4.40 are no network_constramts with respect to wind generation o
Low 141 517 130 the grid and it is envisaged that deep network reinforcement

2015 |  Mid 5.04 222 471 would not be required until above 1500MW installed wind
High 5.66 2.26 5.12 generation. Network reinforcement costs are estimated to
Low 4.91 221 4.63 range from€25m at 1750MW installed t€400m at 4000MW

2020 | Mid 6.41 2.31 5.62 [37]. These estimates of network costs are included in the
High 7.91 241 6.61 results and are expressed as an annuity.

VI. RESULTS

. S , The costs and benefits discussed in Sections Il and Il are
for smaller onshore wmc;l farms. U.nder capngl 2_' the Cofow calculated for the test system. The capital costs, rmé&two
remains constant as the installed wind generation incse&i$e |ainforcement costs (Sections V-E and V-F) and capacity
capital 3 and 4 the capital cost reduces incrementally d”eGQnefits (Section VI-C) are independent of the dispatch fnode

likely advances in technology and turbine size. Under @pi po\yever, the other results are based on the dispatches fiem t
3’ it has been assumed that the most accessible and efficigpfyq|

sites are developed first. As more and more wind generation is
connected, the number of feasible wind farm sites reduceés an
the size of wind farms is likely to decline. Due to a reductiof- Cycling Cost
in economies of scale for smaller wind farms and the likely In order to calculate the cost of cycling associated with
increase in off-shore wind development it has been assuniadreased penetrations of wind generation on the Irishegyst
that the cost per MW will begin to increase beyond a certaall startups and ramping were translated into the number
point. This point, where the capital cost begins to increasef equivalent hot starts (EHS) for each generator [50]. By
was based on a forecast of the current feasible installed wianalysing the rate of temperature and pressure changegdurin
capacity on the island of Ireland, given in [48]. Capital tsoseach cycling activity, it was possible to express each ogcli
continue to decrease under ‘capital 4' under the assumptignty as a percentage of the temperature and pressure change
of technology advances. during a hot start [11], [50]. This conversion rate was assdim
to be equivalent to the related damage associated with each
activity [11]. Table Il illustrates the EHS conversion ratef

11 the different cycling activities used in this paper.

TABLE I
CYCLING ACTIVITY EXPRESSED AS AN EQUIVALENT HOT START[11]

=

=)

a
T
.

Capital Cost per MW in Million Euro
2
crl =

[ Activity | EHS |
) Cold Start | 2.28
Warm Start| 1.77
Hot Start 1.00
10% Ramp | 0.05

o
©
T
.

ISk Using the specific plant characteristics for the Irish gen-

—- g:g:ﬁg:i erato_rs [35], thg number of cold, warm and hot starts and
08 ‘ ‘ ‘ ‘ ‘ ‘ ramping excursions for each generator are counted. These ar
0 500 1000 1500 2000 ~ 2500 3000 3500 4000  then converted to equivalent hot starts using the conversio
Installed Wind Generation . .
rates in Table Il. The fuel cost for the equivalent hot starts
Fig. 2. Assumed capital cost per MW of installed wind generati for each unit was then calculated and this fuel cost was then
assumed to represent a percentage of the total cycling cost
[27]. This percentage depended on the type of plant in quresti
Throughout the study the costs are analysed on an annaatl ranged from fuel costs representing 10% of the total
basis, and in order to annualise the capital costs, they aseling cost for the large coal and oil fired units to 20-30% fo
assumed to be equivalent to an annuity [47], [49]. Operati@as turbines depending on their age [11]. Figure 3 shows the
and maintenance costs are assumed t&BB,000 per MW additional cycling costs with increasing penetrations afidv
installed per annum [36]. generation.

o
©
@
T
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200 D. Emission Savings Benefit

As the installed capacity of wind generation increases it
displaces conventional generation which has an impact on
the emissions from the conventional units. Using the plant
operating schedules attained from the model described in
Section V, the resulting hourlgO,, SO, andNO, emissions
from the conventional units are calculated by using specific
emissions information for each generator from [35]. Stgurt-
emissions ofCO5 were considered as well as increa$éd,
emissions during periods of significant ramping [15].

. The value of theCO, emissions savings is given by the
CO4 emissions market price. Since there is not currently an
7 emissions market fo8O, andNO, in Europe, the emissions
‘ ‘ ‘ ‘ ‘ ‘ ‘ costs are nominally assumed to range fr&30 to €350 per
0 500 1000 1500 2000 2500 3000 3500 4000 ton for SO, and from€1000 to€7000 per ton foNO,, based
Installed Wind Generation on emissions markets in the United States [51], [52]. Four
different emissions prices were analysed and these priges a
summarised in Table lll. In the dispatch model, an emissions
factor (based on the averagf),, SO, and NO, emissions

As Figure 3 shows, wind generation causes an increase’f MW)t Itsh mclydegﬁg thseob'd %rll\(;(e) of each generator to
the cost of cycling across each of the three test years. fpresent the price 2, 02 an *

=
u
o
T
I
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Cycling Cost in Million Euro
3

Fig. 3. Cost of equivalent hot starts with increasing wintgieation

2010 and 2015 there is a reduction in the added cycling costs TABLE Il

between 500 and 2000MW of installed wind generation. This EMISSIONS COSTS INE PER TON

is due to the wind generation pushing the oil units down the

merit order so they are used less frequently and replacerg th [ Emission [ Low [ Mid [ High | Highest |

with more flexible gas fired generation on the margin. As the CO2 10 | 30 | 50 70

installed wind generation increases beyond 2000MW, there i S02 50 | 150 | 250 | 350
NO,. | 1000 | 3000 | 5000 | 7000

an increase in the cycling of baseloaded units which further
increases the cycling costs.

500

25000 T T T
- - Low Emission Price
B. Reserve -+ Mid Emission Price

G - = High Emission Price

The increase in reserve requirement with increasing inst: ZOOOO\ Highest Emission Price
lations of wind generation was based on [31]. Wind genematic o co2
impacts on the requirement of slow acting reserve, 20min - « T R
hour, known as replacement reserve. The cost for repladem s  sof- {300
reserve was taken to B&1.15 per MW per hour [30].

Since the dispatch model cooptimises energy and reser'
there are occasions when a unit must be switched on in orcg 20\ - 1200
to provide reserve. As the reserve requirement increakes,
switching on of units to provide reserve increases. In éaldit
the burden of having to provide an increased level of reser
results in the operation of more plants at lower levels ¢
ope_rguon and thus lower efficiencies. These indirect cokts O oo Io00 1500 2000 2500 3000 3500 2o
additional reserve are captured by a greater EHS cost pl Installed Wind Generation

lower emissions and fuel benefits (Sections VI-A, D and E).
Fig. 4. Emissions benefits with increasing wind generation
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C. Capacity Credit Benefit Figure 4 illustrates the emissions benefits from increasing
The capacity credit reduces with increased wind penetratidevels of wind generation fa€O2, SO, andNO, for the 2010

and for Ireland ranges from 41% at low wind penetrations fgant mix and load. The magnitude 610, emissions is much

20% at high wind penetrations [36]. The capacity benefit d¢drger than for the other two emissions, however, for ease of

wind generation can therefore be deemed as the saved ddbsstration all three emissions have been plotted on thmeesa

of having to build additional conventional generation ia itaxis in Figure 4. Given the magnitude of th&, emissions,

place. It is assumed that new conventional generation iouiltthe values of the benefits curves are dictated by the price of

Ireland will be gas fired, with a capital cost €600,000 per CO rather than the other emissions prices.

MW installed and operation and maintenance cos&5i,000 The incremental emissions savings from wind generation

per MW per year [47] [36]. decrease at high levels of installed wind generation. Téis i



TABLE IV

due to the conventional units running at lower efficiencied a
BASE CASE ASSUMPTIONSSUMMARISED

being required to cycle more frequently, which reduces the

pOtential emissions SaVingS. l Assumption Scenario
Load Factor Mid (Figure 1)

E. Fuel Saving Benefit Wind Power Forecast Erro 9% (Section V-A)
Fuel Price Mid (Table I)

As wind generation displaces electricity produced fro

. . . Wind Capital Costs Capital 3 (Figure 2)
thermal umFs the qgantlty of fuel burnt by the thermal ljlnlt. Emissions Costs Mid (Table 111)
changes. Figure 5 illustrates the annual fuel consumption i Discount rate 8%

petajoules for each fuel type on the Irish system for 2010; EHS Cost Fuel is 10-30% of cost (Section VI-A
and shows how the consumption changes with increasing wind
generation. The benefits are valued under different fuekpri
from Table |, and these prices were also used in the dispa
of the generators. As Figure 5 shows, the main reduction
fuel use is for gas fired plants.
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‘ Fig. 6. Base case net benefits of wind generation
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Installed Wind Generation

load, plant mixes and fuel prices for 2010, 2015 and 2020
under the base case assumptions (summarised in Table V).
The net benefit curves illustrate where the incremental net
benefits begin to decline and more importantly, the points
where the costs exceed the benefits (where net benefits are
The costs and benefits curves for the test system werep), representing the critical points beyond which no furthe
described in Section VI and these curves are now summggdestment should be made in wind generation. The critical
into a single cost function and a single benefit function fq_foint is lower for 2010, at approximately 2790MW, represent
each level of installed wind generation, and the costs @e thng approximate'y 21% of total e|ectricity generation, doe
Subtracted from the benefits to giVe the net benefits fun,Ctiqﬂe insta”ed p|ant mix being more inﬂexib|e and having IeSS
as shown in Equation (4). interconnection than 2015 and 2020. In addition the presenc
of an east west interconnector with a capacity of 400MW
N By — ET: 1 < (CBw + Ew + FSw) — (Cw ) makes a highly significant impact on the net benefits o_f V\_/ind
(1+7) \ +OMw + NWw + CYw + Rw) generation in 2015 and 2020. The retirement of the oil fired
(4) units is also highly beneficial to wind. The critical pointrfo
wind generation in 2015 is 2994MW and in 2020 is 3705MW
where N By, represents the net benefits at wind penetratidgrepresenting approximately 21.5% and 22.2% of elegyricit
W. T is the assumed term over which the costs and benefigneration respectively).
are discounted andis the discount rate. The benefits at wind In order to investigate the impact of changes in the under-
penetrationW are given by the capacity benefitBy,, plus lying assumptions, a large number of simulations were run fo
the emissions benefity,, plus the fuel saving benefit'Sy,. each model year. For each scenario, the net benefits curve was
The costs are made up of the capital c6%t, the operating calculated and the critical value of installed wind geniergt
and maintenance co8!Myy,, the network reinforcement costwhere the net benefits equal zero, was determined. These
NWyy, the cycling costg'Yy, and the reserve costyy . critical values were translated into percentage of eletyri
The figures that follow show how the net benefit curvgenerated for ease of comparison across the three years, and
changes with modifications in the underlying assumptionate shown in Figure 7 for a large range of scenarios and
Figure 6 illustrates the net benefits curve for wind using thhe scenarios are summarised in Table V. Unless otherwise

Fig. 5. Fuel savings with increasing wind generation

VII. NET BENEFITS
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stated, the only value altered in each scenario is the onerun -\2010

investigation, all other values are as they are in the base. cag 200 B 2015
Although this paper analysed only installed wind capasitic2 ol 2020
up to 4000MW (representing 27.6% of electricity generated 2 0
2010), Figure 7 shows percentages up to 30%. This is dueg 1 2 3 4 5 6

8 9 10 11 12

the fact that in many scenarios, the critical values werevabc g
4000MW and in these cases, the critical values are found
linear extrapolation from the net benefits curve at 4000MW & 19

ne

)

o =]
T T

TABLE V
SCENARIOSEXPLAINED

30 T

Percentage of Electricity G

T T
200
| | Details
1 | Base Case (see Table 1V) tor II II II i
2 | ‘Low’ load factor 0 3 1 5 s 7 18
3 | ‘Constant’ load factor 30 : : : : :
4 | ‘High’ load factor 2ok |
5 | ‘Worst’ wind power forecasts
6 | ‘Best’ wind power forecasts 101 II II 1
7 | ‘Low’ demand growth 0 ..
8 | ‘High’ demand growth 1 2 2 ) 2 & A
9 | ‘Low’ fuel price growth Scenario
10 | ‘High’ fuel price growth ) ) ) -
11 | Discount rate of 6% Fig. 7. Impact of different assumptions on critical values
12 | Discount rate of 10%
13 | ‘Low’ wind capital cost scenario
14 | ‘Constant’ wind capital cost scenario the electricity generation, plus the marginal units are enor
15 | ‘High’ wind capital cost scenario likely to be gas fired units which are more flexible and have a
16 | ‘Low’ emissions price lower cost per cycle. Scenarios 9 and 10 show that a high fuel
17 | ‘High’ emissions price price results in greater fuel bill savings by wind genematio
18 | "Highest’ emissions price ' and leads to a higher critical value.
19 | Fuel cost represent 50% of Cyc'!ng cost Scenarios 11 to 15 show that a higher discount rate and
20 | Fuel cost represent 80% of cycling cost . . L -
21 | “High' fuel price and ‘High' wind capital cost h|ghe_r cap|ta_l costs lead to a lower critical _value. In ad_dl,t .
22 [ High' CO, price, oS0, andNO, price and ‘High' fuel price |t. is mtergsmg to _note that _although wind ge_neratpn is
23 | Bad case for wind (scenarios 2, 5, 7, 9, 12, 15, 16 combined) hlghly papltal Intensive, assuming a Cantant capital SUH'{. .
24 | Good case for wind (4, 6, 8, 10, 11, 13, 18, 20 combined) maintains the shape of the net benefits curve and the critical

value is less than the base case.
As illustrated by comparing scenarios 2 to 4 in Figure Scenarios 16 to 18 show the impact of different emissions

7, the chosen load factor has an impact on the net beneltices. A low emissions price results in low emissions bésefi
curve. A high load factor results in a shift in the net benefit§ wind generation. A high emissions price significantlyeest
curve upwards and to the right, Figure 6, resulting in thi@e merit order, shifting coal units from operating at baadl
critical value, where costs exceed benefits, occurring at!® Operating on the margin, resulting in greater emissions
higher installed capacity (3002MW in scenario 4 compared &Vings at a higher price. This shift in the merit order also
2586MW under scenario 2 in 2010). This is due to the high'gpcreases the cycling costs which restrains the critichlevat
emissions and fuel use benefits with a higher load factor, fu{€vel not much greater than the base case.
the same capital cost as under the lower load factor scenarioThe base case scenario puts a cost on cycling of 3 to 12
Scenarios 5 and 6 investigate the impact of wind powé#mes the fuel cost depending on the unit (Section VI-A).
forecast errors and, as expected, the ‘worst’ case forec@senarios 19 and 20 assume that actual cycling costs are in
results in a lower critical value than the base case and tigt much lower with fuel costs representing 50% and 80% of
‘best’ case forecast yields a higher critical value. total cycling cost respectively. If this is the case, thdicai
Scenarios 7 and 8 show an interesting result whereby higilue for wind generation increases.
demand growth is preferred to low demand growth. With Scenario 21 represents the high fuel cost case combined
low demand growth, wind generation represents a higheith high wind capital costs, due to higher turbine manufac-
proportion of the dispatched plant. This results in the rimalg turing costs. This scenario results in critical values ldsmn
plants being higher up the merit order, and in Ireland, ththe base case. Since there is currenthse andNO, market
means older, more inefficient coal fired units. These units Europe, scenario 22 values orfli{0, emissions savings and
are then required to cycle more frequently resulting indargat a price of€50/ton CO,. Fuel prices are considered to be
cycling costs. On the other hand, if the demand growth wdsgh’ in this case. This results in an increase in net besefit
high, the wind generation represents a smaller percenthgefar wind. A bad range of scenarios is shown in scenario 23
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and produces a dramatically reduced critical value acrask eIt was found that in all but the low emissions and worst case
scenario. A good range of scenarios for wind are shown #tenarios, the critical value for wind generation in Irelas
scenario 24 resulting in high net benefits for wind of oveabove 17% for each test year, under the chosen assumptions.
40% in each year. From Figure 7 it is clear that in all but the
low emissions and worst case scenarios, the critical value f ACKNOWLEDGMENT
wiqd generation in Ireland is aboye 17% for each tgst Y€l The authors gratefully acknowledge the contributions of P.
which represents abqut 2087MW in 2010, 2531MW in 201érimsrud, J. Fitz Gerald, K. Neuhoff, M. Kelly, J. Butler, M.
and above 3117MW in 2020. _ . O'Mahony and D. O'Kane .
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