IEEE TRANSACTIONS ON POWER SYSTEMS, IN PRESS, 2005 1
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Abstract— With increasing concern over global climate change, load is reduced [5]. With increasing levels of wind penétrat
policy makers are promoting renewable energy sources, pre- combustion plants may be required to ramp up and down more
dominantly wind generation, as a means of meeting em'ss'onsfrequently to accommodate the unpredictable variabitityhie

reduction targets. Although wind generation does not itself . d fi 61. Emissi . | i
produce any harmful emissions, its effect on power system WINCJ generaton [6]. Emissions increases are also apparen

operation can actually cause an increase in the emissions ofduring ramping and starting up of combustion plants. Thus,
conventional plants. A dispatch model was developed which it may be the case that some of the environmental benefits of
analyses the impact that wind generation has on the operation wind generation may be negated by an increase in emissions
of conventional plants and the resulting emissions of Carbon from combustion plants accommodating the wind generation.

Dioxide (CO2), Sulphur Dioxide (SO2) and Oxides of Nitrogen L . .
(NOx). TheQanaIysis concentrates én a ‘forecasted’ approach The extent of this impact will depend predominantly on the

which incorporates wind generation forecasts in the dispatch Plant mix in the system. As discussed in [7] even a demand

decisions. It was found that wind generation could be used as a side involvement in system operation can have a detrimental

tool for reducing CO2 emissions but alone it was not effective in effect on emissions given a particular plant mix.

curbing SO, and NOx emissions. This paper will analyse the effect that wind generation
Index Terms—Wind power generation, Emission, Power sys- has on emissions from generation plants under certainrayste

tem economics, Environmental factors operation scenarios. Section Il outlines the processeshighw
CO3, SO, andNOx are formed in the combustion of different
I. INTRODUCTION fuels. Section Il describes briefly alternative systemratien

] ) _ approaches with wind generation, details the dispatch mmode
D UE to concerns regarding global warming and air polnqg outlines some of the assumptions used in the study. The
lution, there has been an international movement in thesits and discussions for sample years 2003 and 2010 for a
promotion of renewable technologies for electricity getien o5 hower system along with certain scenarios are sumetaris

and the development of national emissions limits [1]. A, section IV. The conclusions are given in Section V.
number of directives controlling emissions are currently i

place which have particular impact on the electricity irtdys
such as the Kyoto Protocol [2], the Large Combustion Plant !l- EMISSION CREATION IN COMBUSTION PLANTS

Directive [3] and the National Emissions Ceilings Direetiv  Carbon Dioxide is generated by the combustion of fuels
[4]. As wind generation does not itself create any harmfigontaining carbon. The amount of carbon dioxide released is
emissions, policy makers often promote it as a means jipdirect proportion to the amount of carbon in the fuel and
reduce a country’s national emissions levels. However, tie quantity of fuel burnt. Thus a generation plant whichnisur
is unclear whether policy makers consider the effects thatcarbon intensive fuel will generate more carbon dioxide at
large levels of wind generation have on system operation.jAcreased levels of operation.

system operator's primary objective is to maintain a securesyiphur (S) is found in hydrocarbon fuels and is mostly
and reliable electricity supply, however, a large pen@mat jn pure form. Given the high temperatures and oxygen con-
of unpredictable and variable generation introduces Boidit centrations during combustion, sulphur dioxic0g) is the
constraints on the System. Any imposed constraint on Systgﬁhcipa| Sulphur Compound formed in Combustion [8] As a
operation will result in an increase in operation costs aa¢f Mresylt, the analysis that follows will concentrate on einiss
have a detrimental effect on emissions. of SO, rather than alternative sulphur compounds.

In order to accommodate the variability of the wind gen- Oxides of Nitrogen NOx) are formed by the combination
eration a system operator may decide to operate a numbegphitric oxide (NO) and nitrogen dioxideNO,). NO and
combustion plants at lower operating levels to be availéble NO, are formed during combustion by the reaction of nitrogen
ramp up should the wind generation drop off. With certain-gepresent in the combustion system, either in the fuel or in the
erator types, emissions per MW increase when the genesatehmbustion environment. Normally NO is formed in much

. . . ~ larger amounts thalNO,, and NO- is formed by further

This work has been conducted in the Electricity Researchr€gdniversity . . .

College Dublin which is supported by Electricity Supply BogESB) Net- f€action of NO [9]. Thus, NO formation determines the total
works, ESB Power Generation, ESB National Grid, CommissisrEfeergy amount ofNOx emitted. UnlikeCO5 andSO5, NOx forma-
Regulation, Cylon, Airtricity and Enterprise Ireland. _ tion does not depend solely on the nitrogen content of thie fue
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of NOx can be attributed to four distinct chemical kinetic
processes: therm@lOx formation, promptNOx formation,

fuel NOx formation and reburning [10]. 52-5
2
A. Coal, Heavy Fuel Oil Generators and Peat 27

As described above, the carbon dioxide and sulphur dioxide 2
emissions from a generation plant depend on the chemicai2 15/ —\—
content and the calorific value of the fuel. Coal typically -2 :
has a carbon content of about 65% and a calorific valuewj 1y
of 26 MJ/kg and heavy fuel oils have a carbon content of —
about 87% and a calorific value of 40MJ/kg [11]. Heavy fuel % 0_5,
oils usually contain higher amounts of sulphur than other
petroleum products as sulphur tends to concentrate in the ‘ ‘ ‘ ‘
residue during the refining processes [12]. Low sulphur yieav 0 10 20 3 40 50 60 70 80 90 100

fuel oil has a lower sulphur content, about 0.5 - 1.0% congare Percentage of Maximum Capacity

to 2% for Standarq h.eavy fuel oils. FuBlOx .IS the major . 1. TypicalNOx Emissions from a Combined Cycle Gas Turbine and
source ofNOx emissions from the combustion of nitrogenyn open Cycle Gas Turbine [5]

bearing fuels such as heavy oils, coal and bgb4].

m

B. Gas Fired Generators From Fig. 1 it is clear that if a CCGT is forced to
perate below approximately 70% or an open gas cycle gas

. . on i
The prlcal carbon CO”‘?”‘ of natural 9""3 Is 70% wit urbine below 60%NOx emissions per MW will increase
a calorific value of approximately 48MNMm-. Natural gas _. ..
S|pn|f|cantly.

contains a negligible amount of sulphur, thus emissions 0
SO are not significant for gas turbines [11]. Therm&aDx is
the predominant source &fOx emissions from a gas turbine. !!!- THE IMPACT OF WIND GENERATION ON ELECTRICITY
Due to the increasing number of gas fired generation plants on SYSTEM OPERATION
electricity systems, and their unigdeOx characteristics, the  Due to its relatively unpredictable and variable naturgdvi
formation of NOx in a gas turbine will be outlined in more generation can cause significant issues for system opsrator
detail below. Two system operation approaches have been investigated in
Thermal NOx is formed by reactions known as the Zelthis study. The first is known as the fuelsaver approach and
dovich mechanism. These reactions determine the rate usider this approach wind generation is not considered in the
thermalNOx which becomes significantly faster at high temscheduling of the plants. The second approach is known as the
peratures. NO can be minimised by reducing the concentratiiorecasted approach and this operation strategy incaggora
of [O], [N3] and by reducing the temperature [15], howevekvind generation forecasts into the scheduling decisions.
reducing the flame temperature reduces the efficiency of théPrevious studies analysing the system impacts of wind gen-
plant. eration have concentrated on the fuelsaver approach (8ge [1
In order to achieve reduced emissions, gas turbine manuff8]). Under this approach, wind generation is not congider
turers have adopted lean premixed combustion as a standardhe scheduling of the plants and the unit commitment
technique. This premix (of fuel and air) achieves low lewafls decisions are made ignoring any installed wind capacitgeOn
pollutant emissions without the need for additional handwathe scheduling decision has been made, the wind generation
for steam injection or selective catalytic reduction. Bgmix- is considered. If wind generation is available it is used and
ing the fuel and air prior to firing, localized regions of neamarginal conventional plants which were dispatched are de-
stoichiometric fuel-air mixtures are avoided and a subeatju loaded to accommodate the wind generation. A conventional
reduction in thermalNOx can be realized [16]. Lean pre-plant can be deloaded as far as its minimum but no plants
mixed combustion is limited by the presence of combustigire switched off. If wind production reaches a level such tha
instabilities, which induce high pressure fluctuations,olth no more conventional generation can be deloaded, then any
can produce turbine damage, flame instability and even flafwsther wind production is curtailed. This operationakstgy
extinction [17]. For this reason the fuel and air premix i¢ neonsiders that the only benefit of wind generation is a fuel-
possible during startup and at reduced load levels (belmutabsaving one and it assumes that wind generation has a capacity
65-70% of maximum capacity). As a resuOx emissions value of zero. This is a simplistic approach and it allowsiéss
in a Combined Cycle Gas Turbine (CCGT) and an Open Cyadé forecasting and reliability of wind production along tvit
Gas Turbine (OCGT) increase significantly at lower loads (séome issues of system dynamics to be ignored. An alternative
Fig. 1). operation approach, the forecasted approach is studied her
Under this operational strategy wind forecasts are incdude
‘Peat is made up of partially decomposed plant debris and isdeved an i the dispatch decisions [20]. As a result fewer plants are
early stage in the development of coal. Peat is distinguisteed lignite by . . . . .
the presence of free cellulose and a high moisture conteneéeling 70%) dispatched and are run at higher efficiencies than under the
[13]. fuelsaver approach.
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A. The Dispatch Model Reserve targets are based on [21] where there is a base

The dispatch model used in this analysis aims to represerfias€ tertiary reserve target equal to the size of the largest
deregulated market where central unit commitment algmth UNit and an increasing reserve target with increased leital
are not used and market participants are expected to s¥ff0d generation. This increase in the reserve target iseteri
commit. The model is an economic dispatch model whid®y faking into account wind power forecast errors, load
aims to dispatch the system in a least-cost manner subjfRigcast errors, system reliability criteria and forcedage
to constraints. To achieve this least-cost solution, aligeo- Probabilities [21].
gramming market clearing formulation is used to co-optémis Discrete decisions must be made about the on/off status
unit operating points and reserve levels on an hourly basf,2 generator to ensure it is not dispatched in its infeasibl
Generators are assumed to have linear, cost reflective Higgion0 < P < Pmin;. Since the dispatch model does not

for energy and reserve. The aim is to minimise the followingPlicitly contain discrete decision variables, the faling
objective function: approach was adopted. The model is first run with the feasible

set of P, permitted to fluctuate between 0 amdnax; (4).
N N This will result in optimality but not necessarily feasityjilas
min (Z cpi P + Z CriRi> (1) some units may be dispatched below their minimum operating
i=1 i=1 point, Pmin;. Given linear bids for energy and reserve, and the
nature of the constraints, it is assumed that those unitshwhi
where P; is the power from unif, and hence the size of thehave been dispatched below their minimum are necessary for
contingency on loss of unit, and R; is the primary reserve load balance (2). Thus, the algorithm is run a second time
from unit i. The energy and reserve bids of generatare with all units that were deemed necessary for the dispatch
given by cp; and cr; respectively andN is the number of turned on. This is done by constrainidgy, Pmin; < P; <
generators. If losses are neglected then the minimisaionfAmax;. The remainder of the units are made unavailable. The
subject to a load balancing constraint and a reserve taRjet (algorithm now returns a feasible dispatch. Further detzils
be found in [22].

This simple approach can potentially result in surplus gen-
eration, however, on multiple runs, it was found that this
methodology gave only a very slight increase in the value of

N the objective function between the first and second run of the
Z Ri > R @) algorithm. Results were also compared to a unit commitment
=1 algorithm, available within the PLEXOS environment [23].
The characteristics for each uniare given by equations (4) After multiple comparative runs, the mean absolute error of
to (7). the annual emissions from the dispatch model compared to the
0 < P; < Pmax; (4) unit commitment model was less than 0.5% &, andSO-.
The dispatch model underestimates tK@x emissions by
approximately 10% due to the dispatch algorithm not having

N
Z P, = Load 2
i=1

0 < R; < Rmax; ®)  the ability to deal with temporal constraints, mainly mimwim
up times. However, the impact of wind generation onlttex
1 emissions was quantitatively the same regardless of which
(R 71‘1’1 < Pmaxi (6) . . .
Rslope; model was used, i.e. the same reduction/increase was eoserv
As the objective of this study is to investigate emissions
_]f H}axi P+ R, <0 @) reduction, the dispatch model was deemed appropriate.
min;

B. Pumped Storage

. In the system analysed in Section IV, there is one large
2¥32Mw pumped storage station which plays a critical role
in system security. It pumps during the night in order to
be available for reserve during the night and for energy and
Reserve 4 reserve during the day. It is also used to maintain the ojperat
levels of cheap, inflexible base-loaded plant at night. Gie
different start-up times of various plants on the systere, th
pumped storage station is often used to start-up some plants

The nature of the reserve characteristics for the units
illustrated in Fig. 2.

Rmax; ; ! :
Rslove. > —1 so they will be available for energy and reserve during the
TPt = day. The dispatch model based the operation of this pumped
storage station on historical dispatches [24].
0 Pumiy Pmax;  Power C. Wind Generation

The assumed wind generated on any day was based on
Fig. 2. Generator reserve characteristics ten years of real data from Irish wind farms [5], [24]. Wind
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generation does not follow a predictable profile each dagnd then as described above was negligible. The mean squared
so for each sample day simulated a range of possible wiador of annual emissions between the ‘forecasted’ andiadict
profiles were generated based on real historical data for #weenario was 0.3% foCO,, 0.5% for SO, and 0.5% for
month in which the sample day occurred. A wind profile waSOx. Therefore, for any sample day chosen, a perfect wind
then chosen at random from the range given. These profifesecast is assumed as the overestimation of emissionsysn da
spanned from some days with particularly low wind generatioof under forecasting will be balanced by underestimatiams o

to some days with particularly high wind generation. Fig. 8ther days.

illugtrates the actual wind profiles on 5 sample days in June

20(%- D. Emissions Calculations

50 ‘ ‘ ‘ ‘ ‘ ‘ Once a feasible dispatch has been attained using the model
described above, the resultitgD,, SO, andNOx emissions
from the conventional units are calculated for each hour
by using specific emissions information for each individual
generator [5]. It was assumed that t6€©- and SO, values

did not change significantly during ramping. However, due
to the increased), levels present during ramping, a 10%
increase over steady state conditions was applied at &@riou
loads to capture the potentidlOx increases during periods

of significant ramping [5].

45
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20t
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IV. RESULTS& DISCUSSION

The chosen test system for this study is Ireland since it
is a small island system with limited interconnection and a

Generation as a Percentage of Installed Ca

Time(h) relatively large and growing installed wind capacity (euntly
representing 3.3% of total installed capacity). The Iridce
Fig. 3. Actual wind profiles on five sample days in June 2003 [24] tricity system is made up of two separately operated but-inte

connected systems, one in the Republic of Ireland and one in

It can be seen from Fig. 3 that over a small number &orthern Ireland. This paper studies an ‘all Ireland’ eliedy
days, the wind generation was seen to peak at different tingstem, covering the Republic of Ireland and Northern irela
of the day and displayed different levels of wind output. Ifreferred to jointly in this paper as ‘Ireland’). It has astalled
the dispatch model, wind turbine availability was assunted ¢tapacity of almost 7,000MW and one HVDC interconnector to
be 90%. Scotland. Ireland has a large wind power resource, however,

Under the fuelsaver approach the algorithm is run with thts relatively small and weakly interconnected nature rsake
installed wind capacity set to equal zero. Once a feasitdecurity issues particularly challenging compared to rothe
dispatch had been determined, a suitably scaled wind profilgstems. Installed capacity of wind generation in the Ripub
is selected at random as described above. Those plants whithreland as of December 2003 was 353MW [25]. Ireland is
were dispatched by the model are then deloaded to accamique in having a large natural peat resource and peat fired
modate the assumed wind generation, starting with the mgsineration accounts for approximately 350MW of Ireland’s
expensive unit. installed capacity [24]. The base case tertiary resengetar

When the model is run using the forecasted approadbr Ireland is assumed to be 420MW. For installed wind
the wind generation ‘bids’ into the dispatch model, witlgeneration less than 500MW there is a minimal increase in
an assumed bid price @£0.01/MWh. This ensures that thethe base case tertiary reserve target. Above 500MW, it was
forecasted wind generation is always the cheapest unitandigsumed the reserve target increased by 10MW for every
thus always accepted in the dispatch decision (in line witbOMW installed of wind generation [21].
the EU Directive on the preferential treatment of renewable Load values for the Republic of Ireland are from the
generation [1]). Irish transmission system operator [24]. The Northerrahdl

To investigate the impact of daily wind forecast errors oalectricity system is about one third of the size of the spste
emissions, the model was run with the forecasted wind profile the Republic of Ireland so the load values for the Republic
for the first run of the algorithm (as described in IlI-A). $hi were scaled up by a factor of 1.33 to represent the two systems
determines which generators are dispatched. Before tlimdecTo generate results for an entire year, the model was run for
run of the algorithm, the wind profile was changed to aa sample business day and a non business day for each month
‘actual’ wind profile. The ‘actual’ wind profile was generdte and then scaled up to give the results for an entire year. To
by manipulating the forecasted wind profile using randormnalyse the system in the year 2010, load was assumed to be
numbers generated by a Gaussian probability distributitm w1.25 times the current load [25].
standard deviations of wind forecasts errors as given ifi [21 It is important to note at this stage that although wind
It was found that the difference in annual emissions betweganeration has an impact on emissions, the extent of this
the model run in its entirety with the ‘forecasted’ wind plefi impact is largely due to the plant mix available. As discdsse
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in [7], the emissions savings to be gained by an alteration & 800MW (representing over 11% of the national installed
the status-quo system operation is predominantly depéndganeration capacity) resulted in only a 6.5% reduction in
on the plant fuel type to be affected by this change. Thu§0O., whereas the same installed capacity of wind genera-
the effects of wind generation in a system with a larggon operated under a forecasted approach resulted in a 9%
installed capacity of coal and oil plants for example wiffeli decrease. As a result, the following analysis will concatetr
significantly from the same level of installed capacity in an the forecasted approach due to the under-performance of
system with a predominance of gas fired plant. the fuelsaver approach across all emissions.

Fig. 4 illustrates emissions for a sample business day (DayUnder the forecasted approach 66, reduction appeared
5 from Fig. 3) under a fuelsaver and a forecasted scenat@be in approximately a 1:1 relationship with the incregsin
against various installed wind capacities. The emissioi®eu wind levels. ForSO, and NOx the relationship was not so
each approach are expressed as a percentage of the emissiomgle. In order to understand further this relationshig. E
on the sample day with no wind generation. The assumiidstrates the correlation between the load levels, thadwi
installed capacity of conventional generation and emissiprofile and the emissions afO,, SO, and NOx for the

characteristics of Irish plant is as it was in 2003. sample business day used in Fig. 4. The installed wind cpaci
is assumed to be 300MW and is operated under a forecasted
Fuelsaver approach. Each variable has been plotted against its maximu

102 . . .
value to illustrate its fluctuations throughout the day.
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Fig. 4. Emissions under fuelsaver and forecasted approacmegared to a Time

no wind day for a sample business day in 2003

Fig. 5. Relationship between daily load and emission fluainat for a
It is clear from Fig. 4 that although wind generatiorsample day in 2003

offers emissions savings, the relationship between iestal

wind levels and emission reductions is non-trivial. Undez t As expectedCO, largely follows the load throughout the
fuelsaver system operation approach it was found that evé@y with increasing loads requiring increased generatimh a
with large levels of wind penetration there were minimahence increased O, emissions. It is also clear th&O-
emissions savings over a ‘no wind’ scenario 0, and emissions remain largely unaffected by variations in thiedwi
NOx. It was found that in some cases the natiobdDx or the load due to the base loaded coal and peat plaiids:
emissions actually increased with increasing wind geimrat emissions appear to be most volatile during the night anlgt ear
operated in a fuelsaver environment, for example movingfromorning. This is a period of low load and relatively low wind.
600 - 700MW installed capacity. This was due in part to thBuring this period, the large 292MW pumped storage stagon i
characteristics of the CCGTs as described in Section I8 Fipumping and a number of gas plants are dispatched to operate
1. It is also evident that if reduction ¢fO, emissions is a at a lower efficiency to be available for reserve. This clearl
policy objective then increasing wind generation may naae illustrates that regardless of the installed capacity ofdwi
ideal policy instrument under either scenario. This is bbeea generation, there exist significant system operation facto
the heaviesSO, polluters in Ireland are the base-loaded coabhich affect theNOx emissions levels and any possibN®x

and peat plants whose operation levels are not affected doyission savings from wind generation may be inhibited by
changes in wind or load. such system operation constraints.

The forecasted approach shows greater emissions savingBhe model was then run for the year 2010. By 2010 it
across all emissions when compared with the fuelsaver ap-expected that a number of new CCGT plants will have
proach. This is because fewer plants are operating and bezn built in Ireland and under the Large Combustion Plant
running at higher efficiencies than under the fuelsaver apirective and the National Emissions Ceiling Directive man
proach. For the fuelsaver approach an installed wind cgpaaéxisting installations will have installed emission alpadmt
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technologies by this year. Under the EU Directive [1] thw-% 20

Republic of Ireland must generate 13.2% of its gross electri®

ity consumption through renewable energy sources by 20:0 1°[ [— co2 Base Case (Mtons) -]
Given load projections in the ESB’s Generation Adequac ~ — €02 Carbon Tax (Mtons) | ‘
Report [26] and an assumed capacity factor of 33%, installww 0 500 1000 1500 2000
renewable energy in the Republic needs to be approximatlg 25F ]
1500MW in 2010 to meet this renewable target. This i'g 20t —— S02 Base Case (Ktons)

- - SO02 Carbon Tax (Ktons)

a highly ambitious target considering the current insthlleg 1s-
capacity of renewable energy in the Republic of Ireland W 1o} B e 7
approximately 353MW [25]. Fig. 6 shows the resulting annui 500 1000 1500 2000
emissions with varying levels of installed wind generatlom 30F ; ‘ ‘ ]

under a forecasted approach for 2010. 5
‘B —— NOx Base Case (Ktons) L
W 20F - - NOx Carbon Tax (Ktons)
222 E ¥>v;iiﬁ><7‘ii"“*<7»~;i
kel — CO2in Mtons LIJlO \ \ LT
3 w0l | 0 500 1000 1500 2000
(S Installed Wind (MW)
w
18+
s s s Fig. 7. Annual emissions in 2010 with varying installed wirddls and a

0 500 1000 1500 2000  Carbon Tax of€20
2 25
5
n 24 i
g a policy decision to adopt a ‘must run’ approach for all peat
w 23 1 fired generators. The inefficient and high emitting peat énth

22 200 1050 1550 2000 subsidised by a Public Service Obligation on all electyicit

” bills [28]. A scenario was run where this ‘must run’ featufe o
S 30t [— NOxinKtons | | peat was removed and the peat plants were required to ‘bid’
@ x their marginal cost [5] like all other plants. Fig. 8 compmare
=l | the emissions in 2010 with varying levels of installed wind
W ‘ ‘ ‘ capacity under the base case shown in Fig. 6 (solid line)

0 500 1000 1500 2000 with the situation where peat must ‘bid’ into dispatch model
Fig. 6. Annual emissions in 2010 with varying installed wireddls @ 22 ‘ ‘

.% \ —— CO2 Base Case (Mtons)

. . . L - - CO2 Peat Case (Mt
Fig. 6 clearly shows that although wind generation can a-é o0 ) w
in the reduction of2O, emissions it may not be an appropriatew 187 T 3
measure to reduce emissionsd; andNOx. The benefit of ~ 16f ‘ ‘ ‘ -

wind generation for the reduction of emissions of b&th, 0 500 1000 1500 2000

2]
andNOyx is minimal and further investment in wind generatior g 25
has little effect on emission reductions. o @ | 502 Base Case (Kions)
In an attempt to reduceO, andNOx emissions, a humber - E ~ - SO2 Peat Case (Ktons)
of other scenarios were investigated. An alternative aggvo W |-~ - ------- - ______
to reducing emissions is to dispatch the system while insorg 15, 500 1000 1500 2000

rating an emissions cost into generators’ marginal CostaxA @ 30 ; ; ;
on carbon of20 per ton ofCO, (central scenario in [27]) was & S gl |
incorporated into the marginal cost of the generators aed tw o DR

system was dispatched accordingly. This showed significe E 26{ — NOx Base Case (Ktons) T 1

emission savings across each@®d,, SO, andNOx. Fig. 7 o4l — = NOxPeat Case (Kions) | :

below compares the results from the base case shown in F 0 500 1000 1500 2000
_comp has _ ! Installed Wind (MW)

6 (solid line) and the results when wind is combined with a

carbon tax (broken line). Fig. 8. Annual emissions in 2010 with alternative peat sdesar

It is evident from Fig. 7 that when wind is combined with a
carbon tax, emission reductions are much greater and am® morFrom Fig. 8 it can be seen that when wind is combined with
highly correlated with installed wind. This is due to thelmam a strategy of non-preferential treatment towards peaethes
tax altering the merit order. Thus, although wind alone magignificant emission savings 6f),. Carbon dioxide an&lOx
not be the best solution to reduce emissions, when combirerdissions are also reduced but to a lesser extent over the cas
with a carbon tax, reduced emissions are apparent acrolss ealere peat is treated as ‘must run’.
of CO5, SO, andNOx. Intuitively the most efficient and cheapest way to reduce
For security of supply reasons the Irish Government maéeissions is to reduce the load. Despite the continuing eco-
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nomic growth in Ireland, energy consumption is beginning teeen with increasing levels of installed wind capacity, &osv,
decouple from economic growth [29]. The model was thus significantly reduce emissions 80, andNOx in Ireland,
run for the year 2010 to compare the emissions savings oand generation must be combined with alternative emission
load decrease compared to an increase in wind generation.rAduction measures such as emission taxes, an alteratiba in
installed capacity of 800MW of wind generation was assumétatment of peat fired plant or load reduction schemes.

and the emissions were calculated on each model run with
the load decreasing in increments of 10MW. The process was
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in increments of 10MW. Fig. 9 below compares the additiong\d and ESB Powergen
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equal the emissions reductions from a decrease in the laad ov
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SO, savings with increasing levels of installed wind. (1]
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From Fig. 9 it can be seen that even a small reduction in thlel]
load offers substantial emission savings over wind gertarat
For example, a 50MW reduction in the load offers the same;
CO5, andNOx emission savings as a 100MW increase in the
installed wind capacity. It has been shown that the smogthin
of demand variance (from peak hours to off-peak hours) mag]
have a detrimental effect o€0, and SO, emissions [7],
however, this is only significant when the majority of plasit i[l4]
coal or oil fired. Since this is not the case in Ireland, a short
term policy promoting the reduction in system demand thhoug®!
energy efficiency and consumer awareness may prove both
more economical and more emission efficient than a short tefrs
policy promoting large scale investment in wind generation

V. CONCLUSION [17]

Although the results in this paper are based on the Irish
electricity system they are indicative of any system witlyéa
penetrations of wind generation. Wind generation operatéd!
in a system which incorporates wind generation forecasts
in its dispatch decisions (the forecasted approach) pesvid
superior emission reduction benefits over a system whiBf!
simply accommodates wind generation when it is available
(the fuelsaver approach). Consideralil®, reductions are
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