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Ireland has a uniqgue renewable

resource & technical environment
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Ireland: All Island Grid

)

o Republic of Ireland (Rol) &
Northern Ireland

0 9.7 GW Installed

0 1.8 GW Wind (> 10 % energy) E;g #
1 450 HVDC to GB
0 Max load: 6.5 GW

o Min load: 2.4 GW
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European Wind Resources
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Wind resonrees aver apen sea (more than 10 km affshore) for five standard heights
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Sustainable development commission, Wind Power in the UK, 2005




Wind Installed in Republic of Ireland
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Ireland: Very High Wind Penetration
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10 Irelandi an exemglar for the world

Demonstrate Sustainable
Electrical Energy System in
Ireland — deploy it at scale
elsewhere




Wind in Republic of Ireland, April 2010
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EU Targets 20 20 20 - Wind energy as % of electricity
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Wind Connections MW
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Load and Wind Averaged by Hour (2010)
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Seasonal (100 % Wind)
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Ireland Wind & Load (21 Dec 2010)
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Ireland, Wind & Load — 15 Jan 2011
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; Capacity Credit (Value) Ireland
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Keane, A., Milligan, M., D’Annuzio, C., Dent, C., Dragoon, K., Hasche, B., Holttinen, Samaan,
N., Soder, L. and O’Malley, M.J., “Capacity Credit of Wind Power, IEEE Trans. Power Syst.,in
press, 2010.



Correlation Between Wind Farms
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Yearlx variations
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Deviations (%)

—e— Capacity value (1000 MW)
— = — Capacity factor
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Hasche, B., Keane, A. and O’Malley, M.J. “Capacity credit of wind power: calculation and data
requirements”, IEEE Trans. Power Syst., in press, 2011.



Annual and April Mean Wind Output
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. Capacity factor (Republic of Ireland)
]

Average (1999 — 2009) 31 %
Max (1999 — 2009) 34 %
Min (1999 — 2009) 29 %
Capacity factor 2010 23 %

**** Note: Preliminary date not for quoting



Grid Studies
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e Wind energy integration studies/reports
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All Island Grid Study (AIGS)
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AIGS: Portfolios

18.000 — B CCGT (old and new) B Old Coal_Peat
’ B New Coal W Old Gasoil -
MW O Conv. Gas ONew OCGT \\\
16,000 - O Storage ONew ADGT > \
[ Base renewables Bwind ] /
14,000 & Other renewables ?) /
12,000 > > ) / /
e % % / / / 9600 MW
10,000 - % / / max. load
--------- ] L
8,000 —fF—F g |||||4 /
i
6,000
4,000 -
2 000 3500 MW
’ min. load
(0]
Portfolio 1 Portfolio 2 Portfolio 3 Portfolio 4 Portfolio 5 Portfolio 6
Share of
Renewables
Capacity 23 % 36 % 36 % 36 % 47 % 59 %
Energy 16 % 27 % 27 % 27 % 42 % 59 %




. AIGS: Societal Costs of Adopting Portfolios
]

O Operational cost w/o CO2 E Cost of CO2
4.000 — ONet Payments Export/Import O Annual invest renewable Generation
B Annual invest network reinforcement @ Annual fixed cost new conv. Generation
3,500 ——— _— 7€3,3127€3,3257€313687
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N AIGS: Import/export GB (portfolio 1)
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AIGS: Import/export GB (portfolio 5)
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" AIGS: Relative CO, Emissions Impact
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AIGS: Benefits of Improved Forecasting

e»s |

Absolute cost reductions due to

oerfect forecast [MEuro] 1.2 8.0 4.8 13.6 18.5 65.0

Relative cost reductions due to

perfect forecast [%] 0.05 0.4 0.2 0.7 1.2 3.6




- AIGS: Benefits of Improved Forecasting
e

Benefit of Perfect Forecasting over
Stochastic Model

Benefit %
N

0 2000 4000 6000 8000
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AIGS: Wind curtailment

H 34 I

production

P1 P2 P3 P4 P5 P6
Provision of spinning reserves
(TWHh] 0 0 0.01 0 0.07 0.10
Ot.her_ reasons than provison of 0 0 0 0 0.02 0.48
spinning reserve [TWh]
Total curtailment as
percentage of wind power 0 0 0 0 0.5 2.3




Reserve targets
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ILEX Energy, UCD, QUB and UMIST, “Operating reserve requirements as wind power
penetration

*Non-Grid study information



L AIGS: Demand for sEinnin§ reserve
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. AIGS: Demand for sBinninE reserve

Demand spinning reserves [MW
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Average demand for spinning reserve during the year
distributed on hours during the day in MW



o AIGS: Demand for reelacement reserve
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Wilmar: Stochastic Unit Commitment
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Meibom, P., Barth, R., Hasche, B., Brand, H.,
Weber, C. and O Malley, M.J., “Stochastic

optimisation model to study the operational
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IEEE Transactions Power Systems, in press, 12 15 18 21 00 03 00
2011.



Performance of Schedules
H4 ]

o One hour frequency of rolling commitment
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Met /10

Tuohy, A., Meibom, P., Denny, E., & O’Malley, M., “Unit commitment for Systems with Significant
Installed Wind Penetration”, IEEE Transactions on Power Systems , Vol, 24, pp. 592 — 601, 20009.



- System Costs - Effect of Rolling UC
]

2.00%

A N
1.50% /

\U”Ceﬁdinty Reserve
1.00%

0.50%
0.00% e—_— o ——
-0.50% I ! ! | |
1 2 3 4 5 6
Hours
m StoChastic = Perfect Deterministic

Tuohy, A., Meibom, P., Denny, E., & O’Malley, M., “Unit commitment for Systems with Significant
Installed Wind Penetration”, IEEE Transactions on Power Systems , VoI, 24, pp. 592 — 601, 2009.




Frequency Control & Cycling



Impact of Wind on Base-load Start-ups
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Troy, N., Denny, E. and O’Malley, M.J. “Base load cycling on a system with significant wind
penetration”, IEEE Trans. Power Syst.,Vol. 25, pp. 1088 - 1097, 2010.
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AIGS: PumE storaﬁe utilisation
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Curtailment
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Tuohy, A. And O’Malley, M.J., “Pumped Storage in Systems with Very High Wind Penetration”,
Energy Policy, in press, 2011.



. Additional Capital Expenditure justified
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Tuohy, A. And O’Malley, M.J., “Pumped Storage in Systems with Very High Wind Penetration”,
Energy Policy, in press, 2011.



Operational Costs
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Emissions
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Tuohy, A. and O’Malley, M.J., “Pumped Storage in Systems with Very High Wind Penetration”,
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Develoeinﬁ the Grid - Grid25
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L i.; e 2,200 km Upgrades
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e €4 billion
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Public acceptance of transmission
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Interconnection
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Planned
—  Existing

Denny, E., Tuohy, A., Meibom, P., Keane, A., Flynn, D. Mullane, A. and O'Malley, M.J., “The Impact of Interconnection
on Electricity Systems with Large Penetrations of Wind Generation”, Energy Policy, in press, 2010.



Seasonal (100 % Wind)
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Sustainable Electrical Energy Systems (2011-2015)
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Research & demonstration programme
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ESB Integrated Smart Networks Model
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Facilitating:

40% Renewables Integration
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Conclusions



Conclusions
O] I

1 Good wind resource — very high targets
o Transmission is a problem

1 Interconnection is a good option

o Large scale storage is challenging

0 Dynamics are an issue

0 Flexibility is the key

0 Large research programme

1 Combination of solutions will emerge
o Societal issues are very important
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System Frequency control
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Results: Frequency Nadir
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