A o BT

k $ | :
Ao
- L |
Fl "- < a/

1=
L g
‘

o

P -~

@

sld d Add & AN

ALL ISLAND GRID STUDY
WORK STREAM 4

ANALYSIS OF IMPACTS AND
BENEFITS

January 2008

( Department of Communications, Energy and Natural Resources
#% Roinn Cumarsaide, Fuinnimh agus Acmhainni Nadurtha

Department of
Enterprise, Trade
and Investment

WL TN B LK




Executive Summary

The All Island Grid Study is the first comprehensive assessment of the ability of the
electrical power system and, as part of that, the transmission network (“the grid”)
on the island of Ireland to absorb large amounts of electricity produced from re-
newable energy sources. The objective of this five part study is to assess the techni-
cal feasibility and the relative costs and benefits associated with various scenarios
for increased shares of electricity sourced from renewable energy in the all island
power system.

Study Methodology

Six generation portfolios were selected for investigation comprising a range of dif-
ferent renewable and conventional technologies in varying compositions. The as-
sessment considers certain elements of cost and benefit for a single year (2020).
Specialist consultants with relevant expertise for each area carried out a screening
study, a resource assessment, a dispatch study, and a network study, which pro-
vided information for assessment in the cost benefit study.

This document reports on the final work stream which brings some of the costs and
benefits identified within each of the prior work streams together to consider an ag-
gregate picture of the relative positions of each of the generation portfolios.

Work stream 2A selected the portfolios of generation to be further examined in
later work streams using a linear programming optimisation model with a simpli-
fied treatment of dispatch and network issues to produce least cost generation port-
folios over a wide range of cost scenarios for: fuel, carbon, renewable resource,
conventional generation, and network reinforcement. The portfolios selected cover
a range of renewable energy penetration with renewable electricity providing from
17% to 54% of energy demand in portfolios 1 to 6 respectively. These were subse-
quently adjusted in work stream 2B to ensure a comparable level of system security
across all portfolios.

The six portfolios were then populated by specific renewable generation projects
through the resource study analysis in work stream 1. This study included the es-
tablishment of resource cost curves for each technology using cost assessments in-
cluding investment and both fixed and variable operating costs. Investment costs
included the cost of network connection to the closest connection point on the 110
kV network. The population of the renewable generation for each portfolio gave
priority to those projects that had already submitted applications for grid connection
or had received planning permission. The remainder of the allocation was based on
least cost projects as identified on the resource cost curve. A spatial allocation of all
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generation plants and the costs of energy for each renewable project were provided
to work stream 2B and work stream 3, and the renewable generation costs were a
key input to work stream 4.

Work stream 2B used a scenario tree tool to provide continuous forecast scenarios
of wind power, load, forced outages and required reserves for the year 2020. Based
on the forecast scenarios a scheduling model minimised the expected operating
costs across the portfolios. The model provided dispatch information on all plants
for the year 2020 for each portfolio considered, including fuel consumption, reserve
allocation, electricity imports and exports, and CO, emissions. A number of as-
sumptions made in this study are important to any interpretation of the results, in-
cluding: the dispatch assumed no network restrictions because iteration between the
work streams was not possible; total interconnection to Great Britain was assumed
to be 1000MW; 100MW of interconnection was assumed available for spinning re-
serve; CO, costs were assumed to be €30/tonne and gas costs assumed are
€22/MWh thermal.

Work stream 3 used the spatial allocation of the generation portfolios provided by
work stream 1 to assess the extent and cost of the required additional transmission
network development to accommodate the renewable generation in the different
portfolios. Distribution connections and extension of distribution networks was not
included explicitly within the scope of this study, however distribution connections
were considered in the renewable energy cost analysis in work stream 1. Specific
dispatches representing winter peak, summer maximum and summer night valley,
with high and low wind generation were used to test the load flow simulations.
Some additional dispatches from work stream 2B were also considered. The net-
work development was done initially with a DC load flow model and then refined
with an AC model to address voltage and reactive power issues'. The study meth-
odology incorporated a number of limitations that should be noted by the reader,
namely: the network developed allowed for the unexpected loss of a single trans-
mission line at any one time but did not include provision to take lines out of ser-
vice for maintenance, which may have understated the required instances of genera-
tion constraint; the studies were steady-state calculations meaning dynamic issues
such as frequency stability and transient stability were not considered, which may
have understated dispatch restrictions, resulting in an underestimation of opera-
tional costs, required wind curtailment, and CO, emissions.

Work stream 4 analysed the information provided from each of the previous work
streams to present a comparison across the portfolios of certain costs and benefits
associated with each. The work stream included a stakeholder analysis of the key

! A D.C. (Direct Current) load flow model is a simplified computational model for network
analysis which simulates direct current electricity flow within the modelled electricity net-
work to initially establish the direction and magnitude of power flows and estimate the re-
quired conductor sizes. A more complex A.C. (Alternating Current) network model is then
applied to simulate the actual operation of the system under steady state conditions, al-
lowing accurate assessment of power flows and selection of the required network compo-
nents.
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stakeholder classes across the electricity sector: conventional generators, renewable
generators, network operators and owners, system operation and interconnector op-
eration. The key findings from the previous work streams in relation to each stake-
holder group were discussed and quantified in cost and benefit terms where the
Study scope and methodologies facilitated such quantification. The costs associ-
ated with electricity generation for most stakeholder classes were then aggregated
to provide a relative cost comparison across generation portfolios for the year 2020.
The capital cost for existing conventional generators was not included in the aggre-
gation analysis as they would be the same across all portfolios and thus do not im-
pact on the relative cost comparison. It is critical to note that work stream 4, as
well as work stream 2B, abstracted from real-world market designs, i.e. the study
assumed market and support mechanisms without imperfections and a strictly mar-
ginal cost pricing principle.

Results and Conclusions

Portfolios selected (results of work stream 2A)
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Figure E-1: Composition of 2020 generation portfolios, renewable share

of total installed capacity
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Work stream 2A assumed that approximately 1,800MW of the existing generation
units will be retired by 2020. The figure above shows the installed capacities of
conventional generation (solid areas) and renewable generation (hatched) in the
2020 scenario. The term “base renewables” characterises all renewable technolo-
gies capable of contributing to base load such as biomass or biogas plants. “Other
renewables” comprises wave and tidal energy.

Portfolios 2 to 4 vary the amounts and technologies used to satisfy the requirement
for new conventional generation with the same amount of renewable generation:
Portfolio 2 uses a large proportion of combined cycle gas turbines; Portfolio 3 uses
a large proportion of open cycle gas turbines and aero-derivative gas turbines; Port-
folio 4 uses a new large coal plant. The amount of renewable generation across the
portfolios is as follows:

e Portfolio 1 — 2000MW wind energy, 182MWMW base renewables, 71MW
variable renewables

e Portfolios 2 to 4 — base and variable renewables as in Portfolio 1 but in-
creasing to 4000MW wind energy

e Portfolio 5 — 6000MW wind energy, 360MW base renewables, 200MW
variable renewables

e Portfolio 6 — 8000MW wind energy, 392MW base renewables and
1600MW variable renewables

These portfolios are used throughout the remainder of the work streams in the All-
Island Grid Study.

Portfolio 6

In the course of the analysis of the dispatch and the network implications, portfolio
6 exceeded the limitations of the methodologies applied. In the dispatch study a
significant number of hours characterised by extreme system situations occurred
where load and reserve requirements could not be met. The results of the network
study indicated that for such extreme renewable penetration scenarios, a system re-
design is required, rather than a reinforcement exercise.

At this point, the determination of costs and benefits had become extremely de-
pendent on the assumptions made for extreme situations, which adversely affected
the robustness of the results. As a consequence, throughout the Study, results of
portfolio 6 were only included for illustrative purposes in selected circumstances.

Geographic distribution of generation and renewable energy investment costs
(results of work stream 1)

Work stream 1 analysed the geographic spread of wind energy in key zones. Wind
energy projects are mapped on a grid of 200 meter spacing for analysis based on
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wind speed mapping, and transmission system planning as well as connection costs
based on distance to the nearest 110kV connection point.

Similar geographic distribution information was prepared for the other renewable
energy technologies. This information is a key contribution to the network devel-
opment study in work stream 3, where planning was based on project location in
relation to 110kV nodes, and to the scenario tree tool used in work stream 2B for
determining the power output from all variable renewables to feed in to the sched-
uling model.

Work stream 1 also generated levelised cost curves for each technology. The level-
ised cost represents the total discounted capital and operating cost divided by the
total output in kWh over the life of a project. The result represents the average price
a renewable generator would have to receive, in euro per kWh, for power produced
to make an assumed amount of profit’. The levelised cost curve ranks projects by
their levelised cost. Renewable projects in each portfolio were selected on the basis
of the levelised cost rankings, except where preference was given to projects with
planning permission and grid connection contracts.

The same cost information as used in the levelised cost calculations were used to
calculate the total investment cost for the renewable projects included in the portfo-
lios. This information is annualised for inclusion in the overall results of work
stream 4.

Dispatch results: revenues and short term costs for conventional generators,
and CO; reduction benefits (results of work stream 2B)

The dispatch model produced hourly dispatches with associated operating costs in
each period. These system operating costs, representing total fuel cost, cost of car-
bon, and net import payments for the year 2020 resulting from the dispatch of con-
ventional generators, is a key input to the aggregation analysis of work stream 4°.
The difference of operating cost between the portfolio with the highest cost (portfo-
lio 1) and the lowest cost (portfolio 5) is about 30% or €740 million. At higher pro-
portions of renewable capacity installed, less conventional capacity is required to
run and thus the operational cost decreases. The operating costs required vary in
portfolios 2 to 4 as a result of the various new conventional generation mix tech-
nologies employed.

The dispatch model also produced hourly system marginal prices, reflecting the op-
erating cost of the most expensive generator called on to dispatch during the period.
The resulting weighted average price varied from €51/MWh to €61/MWh across
portfolios 1 to 5. The dispatch results are used in work stream 4 as a proxy market

2 Assumed profit was based on an 8% weighted average cost of capital for the Study.

3 Note that other variable operating costs, such as variable maintenance costs, and fixed
operating costs, such as payroll costs, for conventional generators are excluded.
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price to consider the revenues possible for energy output for the different types of
generators operating in the market. It is important to note that this is only a proxy
and modelling a real market price would require modelling a market, which was out
of the scope for this study.

Network reinforcement cost annualised (work stream 3 results)

The existing all island transmission network, all reinforcements that had received
internal approval within EirGrid or NIE, the assumption of some additional rein-
forcement to accommodate additional generation in Cork and the construction of an
additional 500MW interconnector to Great Britain formed the “baseline” for the
evaluation of network reinforcements in work stream 3. The study only considered
transmission system costs and did not consider distribution system impacts. The to-
tal required capital investments in both the Republic of Ireland and Northern Ire-
land, and the total length of transmission network that needs to be reinforced due to
the addition of renewable energy generators to the system in both jurisdictions for
each portfolio are calculated in work stream 3. Total investment required varies
from €92 million for portfolio 1 to €1,007 million for portfolio 5, including the cost
for an additional 75 kilometres to 845 kilometres of transmission lines respectively.
The incremental cost to incorporate 6000MW (portfolio 5) rather than 4000MW
(portfolios 2 to 4) is roughly half the amount required to incorporate 4000 com-
pared to 2000MW (portfolio 1) of wind.

It should be emphasised that work stream 3 assumed an integrated planning process
with a predefined renewable capacity target per portfolio. Initially planning and
building for 4000MW of wind and then deciding later on to increase the network
capacity to accommodate 6000MW of wind would likely result in a requirement for
more lines and higher costs than would be required if the decision at the outset was
to build to accommodate 6000MW of wind. In the former case, the costs incurred
would likely be higher for the accommodation of 6000MW than those shown
above.

Planning and permitting of these new lines represents a major challenge for the
network operators and the authorities. As public acceptance for overhead lines is
problematic, planning procedures may be very time consuming and availability of
the complete infrastructure as identified in work stream 3 by the year 2020 is ques-
tionable.

Total capital cost for new generation (work stream 4 analysis)

The analysis of the relative cost of generation in work stream 4 requires considera-
tion of the investment costs for new conventional generation. Because the new con-
ventional generation requirements are different for each portfolio, the investment
costs will be different for each. The investment cost for existing conventional gen-
erators are the same across all portfolios; as such, their inclusion is not required in
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analysing the relative cost of generation across the portfolios, however it will add to
the cost of all portfolios equally.

It is important to consider the investment cost of conventional generators, both ex-
isting and new, as only the variable operating costs have been considered thus far
(i.e. the cost of fuel and carbon). Conventional generators will need to recover their
investment costs as well through revenue received in periods when they are not the
marginal generator, and via payments for ancillary services and/or capacity pay-
ments. Because the study of a market was out of scope for work stream 4, a full
analysis of the revenue available was not possible.

Aggregate additional costs and selected benefits

The figure below provides an aggregation of the additional costs to society consid-
ered in the study in millions of euro for the year 2020 for the five portfolios. It has
to be pointed out that the given cost figures do not reflect the full cost of electricity
supply but rather indicate the relative relationship between the elements of the costs
of generation investigated in this study in the different portfolios.

The additional cost to society is defined as the sum of the operating costs of the
power system and varies with the generation portfolios. These costs include:

e The operational costs of generation consisting of the fuel costs and the cost
of COy;

e The charges for the net imports over the interconnector;

e The total annual investment costs for all renewable generation, existing and

new;
e The annual investment in network reinforcements;

e Investment in new conventional generation. Under market rules these costs
would typically be covered by revenues from energy markets (infra mar-
ginal rents) as well as by those from ancillary services and capacity pay-
ments where in place.

The following costs were excluded from the analysis:

e the historic investment costs of existing conventional generation as
well as for the base case transmission assets and additional
500MW interconnector. As these cost components apply identi-
cally to all portfolios it does not compromise a comparison be-
tween the portfolios.

e variable maintenance costs

These additional costs will need to be recovered within the price of electricity
charged to end users.
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Figure E-2: Additional societal cost for electricity provision in M€/annum

The information presented illustrates the order of magnitude of the change of the
cost components examined between the portfolios. It shows that the total cost to
end users varies by at most 7% between the highest cost and lowest cost portfolios.
Thus the presented results indicate that the difference in cost between the highest
cost and the lowest cost portfolios are low, given the assumptions made in this
Study.

The resulting relative carbon emissions from each portfolio again show that at
higher proportions of renewable capacity installed, less carbon is emitted. Portfolio
4, with the new coal plant utilised, has the highest emissions.

Work stream 4 also considers the annual fuel consumption by the all island power
system of those fuels that, for the most part, have to be imported. It identifies that
the total amount of imported fuels declines with increasing shares of renewable
generation by as much as 23% between portfolio 1 and portfolio 5.

All but portfolio 4, which is substantially coal based, lead to significant reductions
of CO, emissions compared to portfolio 1. Compared to portfolio 1 (2000MW)
wind, 25 % of the total CO, emissions from the electricity sector can be avoided by
incorporating the renewable generation of portfolio 5 (including 6000MW wind).
Additionally, they reduce the dependency of the all island system on fuel and elec-
tricity imports. However, the construction of a second interconnector to the GB sys-
tem is a precondition for the feasibility of the portfolios.
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A precondition for implementation of the portfolios, in particular in the case of high
renewable shares, is a substantial reinforcement of the existing transmission net-
works. This is a substantial planning challenge and the typically long lead times re-
quire an immediate policy response if the study-year 2020 is accepted as target
date.

More actions have to be taken in order to support the portfolios with increased re-
newable energy shares and to facilitate the respective transition processes. Suffi-
cient investment in and appropriate operation of the generation plant relies on ade-
quate framework conditions and underlying policies. Despite the snapshot character
of the study, the results indicated a number of key issues likely to be relevant dur-
ing this transition.

The dispatch results of workstream 2B are used in work stream 4 as a proxy market
price to consider the revenues possible for energy output for the different types of
generators operating in the market and to assess the required support payments for
renewable generators. The analysis shows that 70% to 80% of the total investment
cost for renewable generation can be recovered by these generators in the electricity
market. It is important to note that this figure is only a proxy and modelling a real
market price and cost of support would require modelling a market, which was out
of the scope for this study. However, it was shown that the required cost of support
depends not only on the renewable generation portfolio but also on the structure of
conventional generation that influences the electricity price level.

Key conclusions

e The presented results indicate that the differences in cost between the highest
cost and the lowest cost portfolios are low (7%) for the costs considered

e All but the high coal based portfolio lead to significant reductions of CO, emis-
sions compared to portfolio 1

e All but the high coal based portfolio lead to reductions on the dependency of
the all island system on fuel and electricity imports

e The limitations of the study may overstate the technical feasibility of the port-
folios analysed and could impact the costs and benefits resulting. Further work
is required to understand the extent of such impact.

o Timely development of the transmission networks, requiring means to address
the planning challenge, is a precondition for implementation of the portfolios
considered.

e Market mechanisms must facilitate the installation of complementary, i.e.
flexibly dispatchable plant so as to maintain adequate levels of system security.
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Further work required

All efforts, within the resources of the study, were directed at developing results
which are as realistic as possible using state-of-the art methodologies. However, in
particular within the high penetration portfolios, a number of limitations of the
study’s methodologies have to be acknowledged. These limitations may affect the
technical feasibility of the dispatches and consequently the economic performance
of the portfolios.

The focus of technical follow up studies should be on the dynamic behaviour of the
system accommodating high portions of renewable generation. These should be ac-
companied by detailed network planning studies assessing the challenges associated
with the development of the transmission system and generator connections.

Additionally, an evaluation of the portfolios under the conditions of real markets
will be required in order to specify the conditions under which sufficient returns
will be available for existing and new conventional and renewable generators. Con-
sequently these studies should sufficiently reflect risk perception and investment
behaviour of stakeholders. In that way, also the potential societal cost of imperfec-
tions of market and support mechanisms can be assessed.
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1 Introduction

The All Island Grid Study is the first comprehensive assessment of the ability of the elec-
tricity transmission network (“the grid”) on the island of Ireland to absorb large amounts
of electricity produced from renewable energy sources.

On July 25™ 2005 the then Department of Communications, Marine and Natural Re-
sources in the Republic of Ireland and the Department of Enterprise, Trade and Invest-
ment in Northern Ireland jointly issued a preliminary consultation paper on an all-island
2020 Vision’ for renewable energy. The paper sought views on the development of a
joint strategy for the provision of renewable energy sourced electricity within the All-
island Energy Market leading up to 2020 and beyond, so that consumers, North and
South, continue to benefit from access to sustainable energy supplies provided at a com-
petitive cost.

It is within the context of the All-island Energy Market Development Framework agreed
by Ministers and the undertaking to develop a Single Electricity Market that considera-
tion was given to how the electricity infrastructure on the island might best develop to
allow the maximum penetration of renewable energy.

A working group was established to specify and oversee the undertaking of studies that
would provide more detailed information on the above issues. The working group rec-
ommended an “All Island Grid Study” comprised of 4 work-streams detailed below.

» Work stream 1 is a resource assessment study.

» Work stream 2 investigates the extent to which electricity generated from renew-
able energy sources can be accommodated on the grid system with regard to
variability and predictability.

This work stream comprises two stages:

(a) an initial, high level modelling study to determine the portfolios to be stud-
ied.

(b) a detailed modelling study of the impact of renewable generation on system
operation, costs and emissions.
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» Work stream 3 looks at the engineering implications for the grid, in terms of the
extent and cost of likely network reinforcements to accommodate the specified
renewable inputs.

» Work stream 4 uses the outputs of earlier work streams to investigate the relative
economic impact and benefits of various renewable generation levels for society
as a whole. It also investigates the impacts on various stakeholder groups. It is
the summary report which presents high-level results for policy makers.
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2

Methodology and basic assumptions of
the study

Important framework conditions influencing the methodology and interrelations between
the work streams were defined during the initial design of the study. These are outlined
below.

2.1 Basic assumptions

Snapshot nature of study

The All Island Grid Study carried out an analysis of the performance of various genera-
tion portfolios for one particular year in the future (2020). Assumptions were made about
which existing conventional generators would remain in operation in the year 2020 and
which generators will have ceased operation by this date. At the same time, a scenario for
network development independent from the development of renewable generation was
assumed. However, an examination of the transition to the generation and network con-
figurations was not carried out. This transition activity is likely to pose significant chal-
lenges.

Analysing a specific year in the future allows the analysis to be based on a specific time
series for load and for a series representing the variable generation of all renewable en-
ergy systems. The load for the all island system time series was based on joint projections
of the system operators of both jurisdictions.

The assumed time series for the all island system load in 2020 has the following proper-
ties (see also Figure 2-1):

e Total electricity demand: 54 TWh
e Minimum load: 3500MW*
e Maximum load: 9600MW

4 Please note that for the network studies a minimum load of 3000 MW was assumed.
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Figure 2-1: Load-duration-curve of the all island load in the year 2020;
(specific points indicating the three basic operational conditions

used in the network study in work stream 3)

The time series for renewables used in work stream 2B is an amalgam of the series for
the different technologies. The dominating component in this is the wind time series.
This is based upon an extrapolated set of wind power data which has been recorded by
meters for billing purposes over a limited period of approximately one year.

Cost based study

Throughout the study, a strictly cost-based approach was applied. The study did not in-
corporate a specific market design, market power and strategic bidding behaviour or
other elements that are associated with real-world markets. In addition, no specific regu-
latory framework was considered, for example, incentive regulation was not incorporated
into the methodologies applied. However, for the analysis of revenues of generators
within work stream 4, price setting by system marginal prices, based on marginal costs,
was assumed. Details on these assumptions can be found in section 2.7.

Interconnection to the system of Great Britain

The study assumed that in 2020 the all island electricity system will be connected via two
interconnectors with a total capacity of 1000MW to the system of Great Britain (GB). To
model the interactions of both electricity systems, certain assumptions about the future
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generation structure of GB had to be made. A simple approach was applied to modelling
the GB generation system.’

Treatment of co-firing

Co-firing of biomass in peat and coal plants is an option to increase renewable energy
generation on the basis of (modified®) plants of conventional technology. Although some
of the possibilities to apply co-firing were evaluated in the resource assessment carried
out in work stream 1, the treatment of co-firing in work stream 2B did not allow a com-
plete analysis of associated costs and benefits within the study.

Interest rates

Within work stream 1, 2A and 4 a Weighted Average Cost of Capital (WACC) of 8 %
was assumed for the calculation of the levelised cost of both renewable and conventional
generation. For the calculation of annual cost of network assets, discount rates were de-
fined by the regulators. A rate of 6.41 % was applied for Northern Ireland and 5.63 % for
the Republic of Ireland. A discussion of the impact of specific technological risks can be
found within Section 3.4.1.

Cost assumptions

All cost assumptions were based on cost data for the year 2006 and results are reflected
in 2006 values. Specific assumptions for costs can be found in the relevant work streams:
new conventional generation costs are found in work stream 2A, renewable generation
costs can be found in work stream 1, and transmission network equipment and construc-
tion costs can be found in work stream 3.

5 Detailed information about the approach to model the Great Britain system can be found in the
appendix of the work stream 2B final report (Appendix 1.5.2).

® New existing peat plants can co-fire up to a certain percentage of biomass without material
modification.
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2.2 Work streams and their interactions

Figure 2-2 depicts the work streams of the study and their most important interactions.
The following sections briefly describe the objectives, methodologies and the key as-

sumptions made for each of the work streams.

Renewable
Generation
Portfolios

WS 1: Resource
Assessment

WS 2a: Portfolio
Screening Study

Geo-spread
portfolios

Conv. +
Renewable
Portfolios

WS 3: Network
Study

Network
Information
WS 4: Costs Investment,
and Benefits O&M Costs

Figure 2-2: Work streams of the Study and their interactions
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2.3 Work stream 2A: High level portfolio assess-
ment

Work stream 2A, "High Level Assessment of Suitable Generator Portfolios for the All-
Island System in 2020", was designed to generate a number of suitable generator portfo-
lios for detailed study in work streams, 1, 2B, 3 and 4.

The methodology is based on a linear programming optimisation with dispatch and net-
work issues represented in a simplistic manner that produces least cost generation portfo-
lios for a very wide range of future cost scenarios. The cost scenarios included varying
fuel costs, carbon costs, renewable resource costs, conventional generation costs, invest-
ment costs, network costs etc. The resulting generator portfolios in conjunction with their
associated cost scenarios were examined and five of these were chosen (later increased to
six) for further study in the other work streams. The criteria for choosing these five port-
folios included the need to cover as wide a range of cost scenarios and as wide a range of
renewable energy penetrations as is practical. The modelling limitations did not allow
some issues to be included e.g. storage and demand side response. For completeness
some further study on these topics may be justified.

The chosen generation portfolios are depicted in Figure 2-3. This figure shows the output
of work stream 2A after some adjustments in a subsequent step to reach an acceptable
and comparable loss of load probability for all portfolios.

The figure shows the installed capacities of conventional generation (solid areas) and re-
newable generation (hatched) in the 2020 scenario. The term “base renewables” charac-
terises all renewable technologies capable of contributing to base load such as biomass or
biogas plants. “Other renewables” comprises wave and tidal energy.

Solar photovoltaic technology and small hydro were considered in work stream 2A but
were excluded from the final portfolios due to the high levelised cost of solar photo-
voltaic generation, and the low future resource potential from small hydro. Electricity
generation from deep geothermal plants was excluded due to lack of resource and cost
data for Ireland. The potential contribution from each of these technologies was deemed
to be immaterial to the calculation of the percentage share of renewable electricity in fi-
nal demand in the time frame of the study.

The work stream assumed that approximately 1,800MW of the existing generation units
will be retired by 2020. Those capacities are not shown in Figure 2-3.
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Figure 2-3: Composition of 2020 generation portfolios, shares of renewable

capacity as of total installed capacity

The resulting total amount and shares of conventional and renewable energy produced by

these portfolios will be discussed in section 3.1.1.

The portfolios can be characterised as follows:

ALL ISLAN

Portfolio 1 consists of 2000MW of wind, 180MW of renewable generation ca-
pacity with baseload characteristics and 71MW of tidal energy.

Portfolio 2 contains 4000MW of wind, and the same other renewable generation
capacity as portfolio 1. The conventional generation in this portfolio includes a
relatively high proportion of combined cycle gas capacity. Portfolios 2 to 4 have
an equal share of renewable energy in total installed capacity (36 %);

Portfolio 3 is a variation of portfolio 2 with a higher share of flexible gas turbines
(Open Cycle Gas Turbines (OCGTs) and Aeroderivative Gas Turbines
(ADGTs)) and less combined cycle capacity;

Portfolio 4 is another variation of portfolio 2 but with new coal capacities in-
cluded;

In portfolio 5 wind capacities are increased to 6000MW and additional baseload
and tidal energy systems added;

Portfolio 6 was generated as a result of applying different gas and CO, price as-
sumptions to those used to generate portfolios 1 - 5 (high gas and CO, price and
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lower prices for wind generators). In this portfolio 8000MW of wind is installed.
Additional tidal and wave energy capacities are included to take account of these
framework conditions. Here, almost 60 % of the demand is covered by renewable
energy.

The study analysed two variants of portfolio 6. Whereas the first contained a
share of 70MW of offshore wind in the total wind capacity resulting from work
stream 1 methodology (see section 2.4 below), the second assumed a share of
1000MW wind installed offshore. The main purpose of this variation was to il-
lustrate the impact of differing installed capacities of off shore wind on network
planning and operation (work stream 3). Within the dispatch part of the study
(work stream 2B) an installed capacity of 1000MW offshore was assumed.

Figure 2-4 shows the duration curves of the wind generation of portfolios 1 to 5.
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Figure 2-4: Duration curves of wind power output of the 2020 portfolios 1 to 5
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2.4 Work stream 1: Resource assessment

Based on generation portfolios defined by work stream 2A, a detailed assessment of re-
newable energy projects and their associated costs was executed within this work stream.
The assessment comprised projects in various project development stages and made as-
sumptions about prospective projects required to reach the higher renewable energy
penetration portfolios. The cost assessment included investment and operational cost. In-
vestment costs included the cost of network connection to the closest connection point at
the 110 kV network. For the evaluation of the connection cost a simplified approach was
chosen, based on average connection cost per km. Depending on the actual connection
point, the associated route and terrain conditions those costs may deviate from the as-
sumed cost.

Resource curves were constructed by sorting projects by levelised cost in ascending order
and selecting the projects with the lowest cost according to the portfolio composition pro-
vided by work stream 2A.” Throughout this process projects already in advanced stages
of development (i.e. those that had submitted applications for grid connection or had
received planning permission) were given priority.

The assessment comprises cost evaluation of innovative technologies. However, no spe-
cial interest rate was applied to reflect developer risk. This may result in an underestima-
tion of costs for the initial deployments of certain, immature renewable technologies as
developers of such technologies may factor in higher rates to reflect risk perception. It
should be noted in this regard that learning curve effects were employed for certain tech-
nologies which serves to reduce costs with an increasing number of installations. This is
briefly discussed in section 3.4.

The main outputs from this work stream are the spatial allocation of generation plants, in
particular renewable electricity generators, and the respective levelised electricity genera-
tion costs. For the generation of aggregated wind output in work stream 2B, the installed
wind capacity was allocated to a number of “generation zones” across the island (see
Figure 2-5 from the work stream 1 report below).

7 Levelised costs are calculated dividing the net present value of all costs associated with the pro-
ject by the net present value of the annual energy production of the renewable energy plant us-
ing the same predefined discount rate. See report of work stream 2A, section 2.5.3.
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Figure 2-5: Illustration of wind generation zones for installed wind capacity

defined in work stream 1 and used in the study

2.5 Work stream 2B: Dispatch Study
Work stream 2B simulated the load, renewable generation and the resulting dispatch of

each of the previously identified generation portfolios for every hour in the year 2020.

The simulation was done using the Wilmar planning tool® adapted to the specific re-
quirements of the all island power system. In particular the stochastic scheduling model

8 The WILMAR (Wind Power Integration in Liberalised Electricity Markets) planning tool is the re-
sult of a research project supported by the European Commission under the Fifth Framework
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and an associated scenario tree tool, was upgraded to include the integer nature of the
unit commitment problem which can be important when studying small systems. The
scenario tree tool was populated with historical demand and renewable generation (fore-
casts and actual) time series. The scenario tree tool generates multiple demand and re-
newable generation scenarios weighted according to their probability of occurrence. The
scheduling model minimizes the expected scheduling cost across the scenarios subject to
the operational constraints.’

An important category of operational constraints are reserve requirements. Reserve con-
straints, spinning and replacement, are dynamically derived from forecast information
and dispatch information. Spinning reserve requirements are depending on the largest
online unit and the wind power forecast for the respective hour.'” From the resulting fig-
ure 150MW of spinning reserve was deducted to account for the provision from the GB
system (100MW) and SOMW provision from the demand side. The replacement reserve
requirements correspond to the total forecast error of the power system (load and wind
forecast errors, forced outages of conventional power plants)."' The scheduling model re-
fines its schedule every three hours to account for the most up to date information (in par-
ticular updated wind forecasts).

All operational constraints act as a restriction on the dispatch of plant and therefore, give
a different dispatch than would otherwise be the case. For example, the requirement to
have a certain amount of spinning reserve provided by the portfolio of plant in a given
hour will mean that certain plant therein will be dispatched differently than would have
been the case in the absence of this requirement. Section 2.7 discusses the methodology
for the interpretation of the value of the restrictions and the changes of the dispatch.

The output of the work stream was dispatch information of all plants for the assumed
year 2020, including fuel consumption, reserve allocation, electricity imports and exports
and CO, emissions.

The dispatch simulation of Work stream 2B assumed no transmission network con-
straints. It is recognised that this is not a realistic assumption given the outputs of work
stream 3. However, it was not possible to do an iteration on work stream 2B with results
from work stream 3. It was assumed that a second interconnector to the GB power system
will be functional in 2020 to reach a total capacity over both interconnectors of
1000MW. 100MW of the interconnector import capacity is kept available for spinning
reserve, i.e. not used for electricity import. The interconnector is dispatched day ahead
and not every three hours as is the case for generation as set out above.

Programme. For more detailed information see MEIBOM et al. 06 and related publications (listed
for example at http://www.wilmar.risoe.dk/Results.htm).

° The operational constraints are explained in the appendix of the work stream 2B report (sec-
tions A 1.4.5to A 1.4.15)

10 For details on spinning reserve demand, see section 4.6.1. of the work stream 2B report.

1 Replacement reserve requirements are explained in section 4.6.3. of the work stream 2B re-
port.
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An important assumption is that with the exception of one plant, no further restriction on
the minimum number of conventional plants online was applied in the study. With the
chosen hourly resolution of the simulation, only one unit has a restriction in ramp up and
ramp down rates. While the analysis recognised limited flexibility of conventional plants,
and included start-up fuel costs of conventional plants, no cycling costs (mainly in-
creased maintenance costs) were included in the analysis of operational cost.

The cost for CO, emission certificates was assumed to be 30 €/t CO, for all portfolios,
except for portfolio 6 where a price of 80 €/t was assumed. Fuel price assumptions for
portfolios 1 to 5 are shown in Table 2-1. The table gives average numbers. However, the
prices have been modelled with a seasonal variation.

Table 2—1: 2020 Central fuel price assumptions for dispatch simulation in the All Island system
used by work stream 2B (annual averages)

Fuel Price Assumption
Fuel Common
[€/MWhy] Units
Coal 6.9 52.9 €/tonne
Gas (baseload) 21.3 248 €/10"kcal
Gas (midmerit) 22.0 256 €/10"kcal
Gasoil 32.3 389.77 €/tonne
Peat 13.4 28.81 €/tonne

2.6 Work stream 3: Network study

The aim of the network study is to assess the extent and cost of the required network de-
velopment to accommodate the renewable generation in the different portfolios. The as-
sessment was based on spatial allocation of the resources identified in work stream 1 and
generation portfolios identified in work stream 2A.

To evaluate the required network development a two-step approach was chosen. In the
first step, a DC load flow model was used to identify the critical line overloads and bot-
tlenecks. After refinement of the network configuration, these results were used as an in-
put for the second step. In this step, the analysis covered the complex nature of AC net-
works and thus addressed voltage and reactive power issues, including voltage stability.

In line with industry practice, load flow simulations of work stream 3 were based on a
limited set of specific cases, rather than on dispatches of work stream 2B. These cases
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were combinations of winter peak, summer maximum as well as summer night valley
from the load perspective with low and high wind situations from the generation perspec-
tive. For plausibility checks, some extreme dispatch situations simulated in work stream
2B were checked for compatibility with the proposed network reinforcements.

The study differs from industry practice in several ways. Under industry practice extreme
generation positions are explored to gain an understanding of the robustness of the net-
work. This means that all generation in a zone which has access rights will be assumed to
be simultaneously in operation when the load is lowest in the region. This tests the ability
to exit power from the region under the most arduous generation and load conditions.
This study assumed that the other generation dispatch would respect the generation eco-
nomics. The limitations of this are that if traditional generation was re-planted with effi-
cient plant, the network capacity would be inadequate.

The network development identified is sufficient only to deal at any time with a single
contingency, i.e. the unexpected loss of any one single transmission line, transformer or
other transmission element. It does not, as industry practice would dictate, include any
provision to take transmission lines out of service for maintenance or other work. Whilst
constraining generation may be an economically effective approach to accommodate out-
ages due to maintenance, if a particular generator is liable to constraint for an outage of
just one line, it could be unacceptable if the outages of a considerable number of lines re-
quired the constraining down or off of the same generator. In both senses the study repre-
sents the most optimistic view.

All studies carried out within this work stream were steady-state calculations. No dy-
namic studies (frequency stability, transient stability, etc.) have been executed.

The identified network reinforcements were valued with specific average costs, agreed
between both system operators.

The high level approach to the cost analysis distinguished a limited set of cost compo-
nents (lines, transformers, substations, bays and reactive compensators). Other cost com-
ponents related to network reinforcement were excluded or included implicitly (acquisi-
tion of land, buildings, e‘[c.).12 This causes an underestimate of costs, but has limited im-
pact on the overall results. It should be pointed out that land acquisition, land damage and
civil engineering costs are so variable depending upon site conditions, that any estimate
is likely to be a meaningless number.

The network study focused on the transmission network. No analysis of the distribution
network was executed as solutions are very dependant upon projects and timing. How-
ever, some details regarding necessary network connections on the distribution level were
reported. The distribution level impacts are analysed and discussed in work stream 1.

2 A detailed breakdown of the network reinforcement costs can be found in section 7.10 of the
work stream 3 report.
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2.7 Work stream 4: Cost benefit analysis

Work stream 4 focuses on the costs and benefits to stakeholders from the RES-E Scenar-
ios at different aggregation levels. This use of aggregation levels helps to structure stake-
holder implications in a consistent way and to highlight the distribution of costs and
benefits within a certain subgroup.

Figure 2-6 depicts the stakeholder structure used throughout this work stream. Wherever
possible and appropriate, costs and benefits are differentiated between the two jurisdic-
tions.

The electricity sector level is divided into the main components of the electricity value
chain: Generation, Transmission/Distribution and the Market. As this study is cost-based,
only general conclusions with respect to the electricity market and its design can be
drawn. Further work may be required to examine any implications for market design.

All Island

State level Environmental || General economic Security of
impacts impacts supply impacts 1
Electricity sector level
Generators Network Market
Conventional Market
Coving | [ ven || oo ||| o | | (Lt
Xisitin ew
= [ Dpso | |

Consumer/taxpayer level

Figure 2-6: Stakeholder levels of cost-benefit analysis

On the highest level, the electricity sector can be viewed as a ‘black box’. In 2020 the
sector delivers a given load profile at a given reliability level to all end-users The scenar-
ios can now be analysed by comparing the costs implied by the specific electricity pay-
ment and the necessary cost of RES-E support with the impacts at the state level such as
the associated CO, emissions or fuel imports.

ALL ISLAND GRID STUDY 15



All Island

Cost benefit analysis Northern Ireland

State level Environmental Security of supply
impacts impacts H

Electricity sector level

€/MWh

Consumer/taxpayer level

Figure 2-7: High-level cost-benefit analysis

To examine the implications in further detail, the electricity sector is disaggregated and
impacts on stakeholders are analysed. This view is depicted in Figure 2-8.

All Island
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Figure 2-8: Disaggregation of electricity costs
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The above figure shows the main components of the cost for the consumer or taxpayer. It
will be analysed with respect to the following components, which are dependent on the
chosen portfolios:

e total operational cost of the conventional power system, as represented by the
cost of fuel and carbon for new and existing conventional generators,

e cost of electricity imports to and exports from the GB system,
e costs of required network reinforcement,
e investment costs of new conventional generators,

e required costs of support for existing and new renewable generators.

The stakeholder impact analysis does not include

e additional capital requirements of existing assets such as conventional generation
or network assets,

o the effect of the implementation of portfolios on fiscal or regulatory instruments
currently in place (e.g. the climate change levy),

e other markets, such as primary fuel markets,

e macro-economic analysis of demand response to electricity price changes.

Market assumptions

The objective of the dispatch model applied in the study is to minimise expected cost
with no specific market mechanism or behaviour of market actors being defined. How-
ever, for the calculation of revenues for conventional and renewable generators assump-
tions had to be made. Therefore, the principle of system marginal cost pricing was used
for pricing electricity and reserves. For every hour the marginal system cost was calcu-
lated and interpreted as the system price. This represents the cost of generating one MWh
of additional electricity. In most of the cases, this cost is equivalent to the incremental
operating costs, representing fuel and carbon cost, of the most expensive generator
online". System marginal cost pricing implies that those generators pricing below the
system price will receive infra marginal rents'*, meaning the system price will exceed
their variable operating costs in the respective hour.

Extreme prices for electricity and reserves may occur, if the generators are not able to
cover electricity demand or reserve requirements. In those rare cases, prices rise to a
maximum level. This maximum level is usually defined within the market design of an

13 Start up costs were not included in setting the system marginal price. Because the generators
typically required to start up had low start up costs (OCGT), this exclusion is not material. Fuel
costs associated with start up are included in the analysis of costs to society.

4 The infra marginal rent a generator receives in a certain hour is the difference between the
market clearing price of electricity in this hour and its operational cost in the respective hour.
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electricity market. It is fixed at a very high value, which is intended to represent the value
of lost load to consumers. In this study, the maximum price when load is not met was as-
sumed to be 4000 €/ MWh. This situation rarely occurs in the analysis undertaken (see
Figure 3-3).

Generators provide spinning or replacement reserve to enable the Transmission System
Operator (TSO) to provide short-term balancing actions to adjust supply with demand. In
line with real market designs the study assumes that generators can earn additional reve-
nues on separate markets for spinning and replacement reserve. As described in section
2.5 the dispatch model incorporated the allocation of spinning and replacement reserve
requirements as restrictions for the optimisation model. The influence of these restric-
tions on the dispatch can be very different in certain dispatch situations: Reserve re-
quirements may lead to the dispatch of a plant in the model to be less than otherwise op-
timal in order to make it available to ramp up if required. In other dispatch situations,
spinning reserve can be provided without any extra cost e.g. from the Turlough Hill
pumped hydro storage plant. The dispatch model places a value on the operational re-
strictions e.g. to provide reserve. For this study, the common practice which is adopted is
to interpret the value of the restriction as the marginal cost of providing the reserve. To
illustrate the consequences, typical dispatch situations and resulting reserve price levels
are described below:

e Reserve prices are very low (close to zero), if the reserve demand is low and
units are operating partly loaded due to reasons other than reserve provision (e.g.
high load ramps ahead): As nearly the whole demand for replacement reserves is
provided by offline OCGTs in all portfolios, no extra costs occur for the provi-
sion of these reserves and hence the marginal cost of provision is mostly zero.

e If the reserve requirement forces infra marginal generators from full load into
part load operation, reserve prices are the lost profit (lost revenue — fuel savings).
In those cases reserve prices are between zero and the system marginal price

e In some cases the reserve requirements require the start of an additional expen-
sive plant. In this case the reserve defines a new price for energy. Here, the re-
serve price sets the system marginal price.

e [f the available capacity is not sufficient to provide the required amount of re-
serve, prices on these markets rise to a level that is typically fixed within the
market design. If demand for reserve can not be covered, reliability (operational
security of supply) decreases but this has no direct impact on the load/demand
balance. In this study, this ceiling on reserve prices implied by market design is
assumed to be 120 €/ MWh, which is in the range of the marginal cost of the most
expensive generator. If reserves are scarce, prices rise on both the reserve and
electricity markets to this level. Again, Figure 3-3 shows the number of hours, in
which this situation occurs.

While the assumption of marginal cost pricing is applied in most electricity markets and
verified by empirical evidence, pricing of spinning and replacement reserves applied in
real-world markets can deviate significantly from marginal cost based principles applied
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in this study. In particular, market designs may provide fixed payments for generators for
the being available to provide reserve and additional payments in cases where the genera-
tor is called on to provide reserve (sometimes linked to their bid-price in the balancing
service market). As described within the examples above, the marginal cost pricing prin-
ciple of this study does not foresee a flat or fixed payment for reserve provision but a
marginal cost-based payment specific to the respective dispatch situation. If reserves are
called they would receive the system marginal price for energy rather than a distin-
guished energy payment.

The applied optimisation methodology of the unit commitment problem limits the accu-
racy of the correct interpretation of the values of the restrictions as marginal reserve
prices."” This limitation is recognised and its implications are highlighted in the relevant
sections of the study. These assumptions have relevance for the determination of average
system marginal prices and the required support for renewable generators. They do not
materially affect the analysis of total operational cost of the all island power system how-
ever because the fuel (and related CO,) costs incurred by generators required to run to
provide reserve is included in the operational cost analysis reflected in Figure 3-10.

No price was assigned for the provision of S0MW of spinning reserve from the demand
side and 100MW from the interconnector.'® In practise, these services may be priced un-
der long term contracts. The determination of these long-term prices is out of the scope of
the study.

5 The unit commitment problem solved within work stream 2B is formulated as a linear, mixed
integer optimisation problem. For details, see the Appendix to the work stream 2B report.

6 The average spinning reserve demand ranges between 450 and 500 MW (see work stream 2B
report, Figure 13).
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Generator cost recovery assumptions

For a complete stakeholder impact analysis a cost recovery requirement for all generators
would have to be assumed. Given the market assumptions discussed before, the following
issues emerge for the different types of generators:

e To examine the cost recovery for existing, conventional generators an assess-
ment of the status of depreciation of the assets would be necessary. Furthermore
the reserve pricing assumptions are especially relevant to determine the revenues
of this group. Hence, no further analysis of this issue is conducted in this study.

e For new conventional generators investment cost assumptions were made
within work stream 2A. Those assumptions were used to draw a very indicative
picture of cost recovery for various conventional generation technologies (see
section 3.3.4). A detailed assessment of cost recovery on a generator-by-
generator basis is not supported by the methodology of this study.

e For renewable generators revenues for reserve provision provide only an insig-
nificant share of their revenues. This reduces the impact of market assumptions
on results of a cost recovery analysis and calculation of required support pay-
ments. Hence, this study gives an indication as to what extent the calculated in-
vestment cost can be recovered by renewable generators on the electricity market
(see section 3.4.4).

However, it should be noted that in all cases where the marginal cost pricing results are
used in the analysis of required support or revenue adequacy for renewable and new con-
ventional generators, the results reflect unrealistic market conditions where perfect effi-
ciency and transparency are assumed due to the fact that no specific market design or be-
haviour of market actors was incorporated in the analysis.

2.8 Key Limitations

As with any study, the All Ireland Grid Study and the underlying work streams are based
on inputs and assumptions and employ certain methodologies. These necessarily give rise
to a number of limitations which should be considered when interpreting the Study. A
number of those were mentioned in the description of the individual work stream meth-
odologies in the paragraphs above. In summary, the key limitations and uncertainties to
be considered by the reader when interpreting the results of the All Island Grid Study are
set out below:

Snapshot character of input data

Work stream 2B used a wind and load a chronological dataset of hourly values over one
year of data. From a power systems perspective, extreme but unlikely events are impor-
tant for system design. Of course, one year of data does not contain all possible combina-
tions of load and wind generation and all operational conditions. As a consequence, op-

ALL ISLAND GRID STUDY 20



erational conditions may exist which were not covered by the dispatch study. In turn this
might affect the loss of load expectation (LOLE) of particular portfolios. As a conse-
quence, a quantitative comparison of the LOLE levels between portfolios is not sup-
ported by model output.

To an important extent the wind power dataset relies on (partially) synthesized data: the
wind data have been extrapolated from a limited set of monitoring data. Thorough valida-
tion of these data with real world measurements is impossible given the current availabil-
ity of measurements. Further work aimed at increasing the reliability of the assumed in-
put data is recommended.

Additionally, the snapshot nature of the study also limits the interpretation of cost results
to those occurring during the single year modelled. It is possible that the comparison of
costs amongst the portfolios would show a certain variance for other sample years, in
particular as wind data may vary significantly from year to year.

Model resolution and methodology

Work stream 2B was limited to a one hour time resolution. Therefore, constraints that
may be binding within sub one hour time scales have not been fully modelled.

In addition, no dynamic studies (transient behaviour in case of disturbances, steady state
frequency stability, etc.) were conducted. As a consequence, additional restrictions may
apply to the dispatch, rendering some of the operational regimes assumed in work stream
2B technically unfeasible. In the end, this would result in an underestimation of opera-
tional costs, required wind curtailment and CO, emissions.

Lack of iteration and resulting inconsistencies

An iteration, allowing a feed back of work stream 2B and 3 results to work stream 1 and
subsequent adjustment of models and output data proved to be impossible in the given
timeframe. As a consequence, certain constraints identified, by e.g. work stream 3, have
not been reflected in the other sub models and an optimisation of the overall study results
(e.g. reallocation of RES-E generation capacities) has not been performed.

In addition, work stream 3 analysed only a limited set of cases and used a very simplified
model for merit order and allocation of reserves, deviating from respective dispatches in
work stream 2B. Additionally, the exporting capability of the interconnector has not been
included in the dispatch model of work stream 3. For that reason, work stream 3 results
do not provide complete evidence that the dispatches derived from work stream 2B are
really feasible from a network perspective. Additional restrictions to work stream 2B dis-
patch may apply, resulting in an increase of operational costs (redispatch) or further costs
for network reinforcement. A full iteration between the work streams would be required
to ensure consistent treatment. Further modelling would be required to examine the
above issues.
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Assumptions of interconnector operation

The study assumes substantial participation of the interconnector in system operations,
e.g. by the constant provision of 100MW of spinning reserve. This assumption differs
substantially from common practice. For actual future interconnector operation to mirror
that assumed in the study substantial changes in market arrangements and possibly con-
tracts, as well as some technology upgrade may be required. The capability of the exist-
ing interconnector to provide this kind of system services in the assumed manner has not
been verified.

Results and treatment of portfolio 6

Portfolio 6 implies shares of renewable generation and capacity that go beyond what has
been studied in other integration studies (see section 2.9). In the course of the analysis of
the dispatch and the network implications, portfolio 6 reached the limits of the method-
ologies applied.

In the dispatch study, portfolio 6 required a wind curtailment of 2.3% of annual wind
production. Furthermore the results show generation adequacy to be critical (see section
3.1.2). A significant number of hours characterised by extreme system situations oc-
curred, implying extreme system marginal costs and hence extreme instantaneous prices.
At this point, the determination of revenues becomes extremely dependent on the as-
sumptions made for extreme situations, which adversely affects the robustness of the re-
sults.

During the network study, the renewable generation of this portfolio could not be studied
correctly. For renewable capacities over 6900MW, the number of overloaded circuits was
unmanageably large. This indicates that for such extreme renewable penetration scenar-
i0s, a system re-design is required, rather than a reinforcement exercise.

As a consequence, in this report, results of portfolio 6 are only included for illustrative
purposes.

2.9 Comparison with other integration studies

The methodology of the All Island Grid Study is innovative in nature, particularly due to
the application of a stochastic dispatch simulation. Further, the application of the concept
of security constraint optimum power flow in work stream 3 allowed that n-1 require-
ments were satisfied with minimum network reinforcements.

Integration of renewable energies has been the subject of a variety of international stud-
ies, mainly from the perspective of the integration of wind energy. The wind portfolios
defined for the All Island Grid Study cover the full range of wind penetration levels be-
ing treated in other wind integration studies. Figure 2-9 depicts the penetration levels, in-
vestigated energy metrics (annual TWh production by wind generation as a percentage of
gross national electricity demand) versus capacity metrics (installed wind capacity as a
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percentage of instantaneous minimum system load plus nominal export capability of in-
terconnectors). These figures may be considered as rough indicators of the “integration
challenge”.

The studies shown in Figure 2-9 have been evaluated with respect to simulation method-
ologies in IEA wind agreement Task 25 “Design and operation of power systems with
large amounts of wind power”. Portfolio 5 of the All-Island Grid Study reaches the high-
est energy share levels of all studies evaluated in IEA Task 25 and Portfolio 6 goes be-
yond all penetration and energy share levels studies thus far.
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Figure 2-9: Comparison of wind penetration levels in various integration stud-
ies, (penetration level here defined as installed wind capacity in re-
lation to minimum system load plus nominal export capacity of in-

terconnectors); other renewable sources ignored

It has to be emphasised that Figure 2-9 reflects wind power only. In line with most
studies referred to in this illustration, other renewable generation is not taken into account
here. This also explains the differences compared to the figures provided in Figure 3-1.
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3

Stakeholder impacts

In this section, the implications of the portfolios for the most important stakeholders
within the electricity system are evaluated. This section starts with the description of is-
sues common or relevant for all stakeholders.

3.1 Common issues

3.1.1 Renewable and conventional energy produc-
tion

Figure 3-1 gives an overview of shares of energy production from renewable and conven-

tional generators as a result of the dispatch simulation. This section also discusses aver-

age capacity factors.'” A detailed discussion of capacity factors of conventional genera-

tion can be found in section 3.3.3.

e In portfolio 1, 9 TWh of renewable energy is produced. Compared to the total
demand of the all island system the share of renewable energy is 16% . The aver-
age capacity factor of all conventional power plants is 55%, and 39% for renew-
able plants.

e The 2000MW additional wind capacity in portfolio 2 leads to a decrease in the
capacity factor for renewables from 39% to 37%. The share of renewable energy
in total demand rises to 27%. The capacity factor of conventional generators de-
creases to an average of 50%.

e As portfolio 2, 3 and 4 assume the same renewable generation, 15 TWh, energy
production and capacity factors generation are the same at 27% of demand and
37% capacity factors. However, the capacity factor of conventional generation
differs considerably. The higher share of gas turbines leads to higher imports
from the GB system and thus lower capacity factors for conventional generation
in portfolio 3.

e The new coal capacities in portfolio 4 with low variable cost lead to a higher ca-
pacity factor of conventional generation and lower imports.

e The increased wind capacities in portfolio 5 (total 6000MW) leads to an increase
of the share of renewables in demand to 42%. Since additional renewable
baseload capacities are added, the capacity factor of renewable generation re-
mains at about the same level as in portfolios 2 to 4. The high share of renew-
ables leads to a decrease of the capacity factor of conventional generation to 45
%.

7 The capacity factor of a power plant is the ratio of the actual output of a power plant over a
period of time and its output if it had operated a full capacity of that time period. This is calcu-
lated by totaling the energy the plant produced and dividing it by the energy it would have pro-
duced at full capacity
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e In Portfolio 6 almost 60% of the demand is covered by renewable energy. The
increased share of wind and wave energy leads to a decrease of the capacity fac-
tor of renewables to 35%. The decrease of this factor would be higher if
1000MW onshore wind capacity rather than offshore wind capacity was added to
the portfolio. The high share of renewable capacity leads to a further decrease of
the capacity factor of conventional generators and to net exports to the GB sys-

tem.
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Renewable energy share in total annual demand

Figure 3-1: Conventional and renewable energy production, total annual de-

mand of the all island system and capacity factors.

Figure 3-2 shows the relative share of renewable energy production in the respective de-
mand both jurisdictions. These figures were calculated using the geographic information
assessed in work stream 1 and the dispatch data of work stream 2B. It shows that the rela-
tive share does not change substantially in the portfolios, except in portfolio 6 where the
effect of 1400MW of wave energy located off the west coast results in a higher propor-
tion of renewable generation in the Republic of Ireland.
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Figure 3-2: Breakdown of annual renewable energy production to jurisdictions

3.1.2 Generation adequacy

No technical system is 100% reliable. There is always a chance that components and sub-
systems fail. Redundancy, as provided by overcapacity in generation reduces the risk of
underperformance of the total system, possibly to very low levels, but cannot avoid it
completely.

In this study reliability analysis is performed from the generation perspective in work
stream 2B and from the network perspective in work stream 3.

In this section some general conclusions on generation reliability are drawn. Specific op-
erational aspects are treated in section 3.5.1 under the discussion on the system operators.

In order to make the portfolios comparable from a reliability perspective, the composi-
tions of generation plants in the work stream 2B portfolios were tuned such that each
would meet the same, predefined standard for Loss of Load Expectation (LOLE). The
Loss of Load Expectation is a quantitative expression of the adequacy of the generation
plant with respect to the load. The LOLE gives the number of hours in a year during
which the available generation plant will be inadequate to meet the instantaneous de-
mand.

In line with current practice, work stream 2B required that LOLE should be not more
than 8 hours annually. As LOLE is a statistical measure, this does not mean that during
this limited period a deficit affecting end users actually occurs in every year.

During the stochastic dispatch simulation the number of critical hours was identified.
Figure 3-3 compares this number between the portfolios.
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Figure 3-3: Number of hours with system reliability problems?®

The methodology applied in the model makes it difficult to rank the reliability levels of
the portfolios. First of all, the datasets for load and wind power contain exactly one year,
1.e. 8760 samples. This is a quite limited dataset, particularly when trying to evaluate dif-
ferences in the sub-%o range. The combinations between wind power output and load
values in the model do not cover the complete range of possible data and, hence, with
other input data the outcome of the LOLE assessment may easily vary by a magnitude
that would change the order between portfolios.

It can be concluded, on the basis of the data available, that portfolios 1-5 have approxi-
mately the same reliability level. Portfolio 6 is seen to be the most unreliable on the basis
of the output of the methodology applied. However, it is acknowledged that this method-
ology was inappropriate to analyse portfolio 6.

8 See Table 16, report of work stream 2B
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3.1.3 Price duration, average prices
Figure 3-4 shows the weighted average price occurring in the dispatch from work stream
2B based on system marginal costs.
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Figure 3-4: Average "“price” levels in the different portfolios (volume-weighted

marginal system price as calculated on a cost basis)

It has to be pointed out, that the absolute values have to be interpreted with extreme care
and no judgement on the suitability of portfolios can be made without consideration of
the limitations of the study. Firstly, they do not represent the full cost for society since
investments in network or generation are not included in the analysis at this point. Sec-
ondly, a number of effects that influence prices in the real world are excluded from the
model. Some of them will be discussed below.
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Figure 3-5: Price duration curves for Portfolios 1-5

Figure 3-5 takes a closer look at the market prices that define the revenues of all
generators. It shows the cumulated hourly prices in descending order for all scenarios for
all 8760 hours of the year.

Looking from left to right, we observe a number of high or even extreme prices. As
shown in Figure 3-3 within portfolio 3 we find three hours and in Portfolio 5 one hour
where load is not met. Consequently, prices in those hours reach the price assumed for
the value of lost load (€4000/MWh) in the dispatch; however these hours are not graphi-
cally represented due to the scaling of the graphic.

The next price level, of 120 € applies to hours when reserve capacities are not met and
the market price is driven up to the reserve price, and occurs in portfolios 1 to 5 depend-
ing on the reliabilities of the portfolios. The variation between the portfolios is limited.
The frequencies of these hours are depicted in Figure 3-3.

In the large middle section of the duration curves, the portfolios range between portfolio
4 as the cheapest and portfolio 3 as the most expensive. The price ranges can be ex-
plained by reference to the generation structure in each case, since both portfolios contain
the same amount of wind. Portfolio 4 contains new coal plants with relatively low mar-
ginal generation costs, thus prices tend to be low. On the other hand, portfolio 3 has a
high share of OCGT with high fuel costs, which influences the marginal cost.
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3.2 Price volatility

Since this study is cost based and does not consider a specific market design only general
consequences of each portfolio can be considered in relation to price volatility.

The optimisation methodology applied in the dispatch model represents a continuous re-
dispatch every three hours. In contrast, most real-world electricity markets are based on
day-ahead power auctions, in some cases in combination with one or several intraday-
markets. Therefore the following observations are not necessarily applicable for real
markets.

For participants in the electricity market the risk of changing prices has to be managed.
The effects of increased penetration of variable renewable electricity on price volatility
are manifold. Two main effects are:

e Portfolios with higher shares of renewable electricity result in higher price risk
due to variations of the resource;

e On the other hand, renewable electricity lowers overall exposure to the risk of
price fluctuations of conventional fuels, especially gas price fluctuations.

The risk of extreme price fluctuations primarily depends on the availability of replace-
ment reserve. Figure 3-6 shows the standard deviation of the marginal system price. The
standard deviation is considerably higher in portfolios 2 and 4 where reserves tend to be
scarce.
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Figure 3-6: Standard deviation of marginal system costs (electricity "prices")
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3.3 Impact on conventional Generators

3.3.1 Characteristics of conventional generation
units

For this analysis, generators are grouped according to technical characteristics such as
plant efficiency and plant flexibility. The flexibility of conventional units is defined by
factors such as ramp rates (MW/min), minimum up- and downtimes, startup fuel con-
sumptions as well as synchronisation times. Furthermore, conventional units have differ-
ent capabilities to provide operating reserves."’

The following groups were defined to facilitate the description of the impacts on conven-
tional generators:

o Existing Coal and peat: The existing coal and peat plants have average maxi-
mum efficiencies of 37 %. Peat plants in particular have relatively low ramp rates
(about 1-2MW/min, old coal plants can ramp at 4-6MW/min).

e New Coal: New coal-fired plants have an efficiency which is increased to ap-
proximately 41 %. Coal plants consume about 6 times the amount of fuel to start
up than new Combined Cycle Gas Turbine (CCGT) plants. Their ramp rates are
about SMW/min. Hence, a single plant could theoretically change its output by
480MW within an hour.

e Existing Gasoil: These open cycle gas turbines run on gasoil and reach maxi-
mum efficiencies of only 30 %. Therefore they are mainly used for the provision
of replacement reserve. Ramp rates for these plant range between 5 and
10MW/min.

e Conventional Gas: These are two existing condensing thermal plants running
with gas. They reach maximum efficiencies of up to 40 % and ramp rates of 2
and 4MW/min.

e CCGT: Combined cycle gas turbine plants (both existing and new) have a
maximum efficiency in excess of 50 %. New CCGT plants are assumed to reach
ramp rates of about 1 1MW/min.

e New OCGT: Open cycle gas turbines are inexpensive peaking plants with ca-
pacities close to 100MW but with maximum efficiency limited to 36 %. They
ramp at 10MW/min.

e New ADGT: Acroderivative gas turbines are very similar to OCGT, but have
higher efficiencies of up to 46 % and the same ramp rates as new OCGT
(10MW/min). The start-up fuel consumption of OCGT and ADGT when cold is
only about 0.25 % of the start-up fuel consumption of a CCGT plant. Due to their
flexibility, they can offer a higher share of their capacity as spinning reserve.

Unit groups with higher operational efficiencies tend to have higher investment costs.
Assumptions on investment costs are given in Figure 3-12.

19 Detailed technical characteristics of existing and new plants can be found in the tables 31-33 of
the Appendix to the work stream 2B report.
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3.3.2 Total investment volume for new conventional
units

The annuity for the investment in new conventional generation, calculated on the basis of
cost assumptions made in work stream 2A” is depicted in Figure 3-7. The coal-
dominated portfolio 4 has the highest investment cost. The figures include annual fixed
operating cost. These annual costs such as maintenance and payroll costs do not depend
on energy output.

In a later step, these investment costs are aggregated with the other cost components to be
carried by the final customer.
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Figure 3-7: Investment annuity and annual fixed operating costs for new con-

ventional generation

Both investment and fixed operating costs need be recovered from payments received in
the energy markets as well as those in reserve markets and from payments under a capac-
ity payment mechanism.”’

3.3.3 Dispatch of conventional units

The hourly dispatch calculated by work stream 2B takes all technical characteristics, as
per the All-Island System simulation data, of conventional plants into account. However,
due to the hourly resolution of the dispatch, only one peat fired unit has restricting ramp

20 Those assumptions are shown in Figure 3-12.

21 This topic is further explained in section 3.6.3.
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up and ramp down rates. Considering the variation of the resulting power production
from one hour to the next for all portfolios, almost the whole operating range is utilised
by all units aside from the installed wind capacity.

Figure 3-8 shows the capacity factors for the defined generator groups that result from
the dispatch simulations of portfolio 1-5 in work stream 2B. The capacity factor describes
the fraction of the available time the plant is generating electricity weighted against its

full capacity. The following observations can be made:

The combined cycle, gas-based generation (CCGT) has a capacity factor in the
range of 70% to 80% in portfolios 1 to 3 and can therefore be regarded as a
baseload capacity. The high capacity factor results from the high efficiency of the
units. In portfolio 4 the new coal plants take over a part of their base load role,
hence the capacity factor decreases. In portfolio 5 the high share of renewable
generation leads to their decreased capacity factor.

The low efficiency of the existing conventional (condensing) gas plants means
they play only a minor role in the dispatch and have capacity factors ranging
from 4% to 25 %.

The higher efficiency of the aeroderivative gas turbine plants enables them to
gain capacity factors from 17% up to 45%, which compares favourably to the
conventional gas turbines, which achieve between 3% and 10%.

New coal plants exist only in portfolio 4 but gain a capacity factor of 87% due to
the high efficiency of the modern plants.

Because of their relatively low fuel costs, the capacity factor of existing coal and
peat plants is relatively high. They act as baseload units.

The extremely low capacity factors of the old gasoil plants reflect their role as
providers of reserve capacity in all portfolios.
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Figure 3-8: Capacity factors of conventional generators

To further illustrate the operational behaviour of the generation groups, Figure 3-9 shows
the composition of the capacity factors for portfolios 2, 3 and 5. The figure illustrates that
baseload units mostly deliver electricity (CCGT, existing coal and peat plants) and,
hence, achieve high capacity factors. In opposite, peaking units with low capacity factors
(e.g. OCGTs and old gasoil units) serve one of the reserve categories during a substantial
share of time, but do not generate much electricity.

Although the composition of the generation portfolios is very different, the operational
behaviour of the generators shows a similar pattern. The most obvious observable effect
is higher electricity production from ADGT and OCGT in portfolio 3. A reduced number
of full load hours for electricity production in portfolio 5 can also be observed. This is
due to a higher percentage of the energy requirement being met by non-fossil fuel op-
tions. Despite the relative similarity of the operation patterns, the financial results can
vary significantly, as will be demonstrated in the following section.
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Figure 3-9: Operational modes of conventional generation portfolios 2, 3 and
5

When interpreting these outcomes of work stream 2B care is required, taking into ac-
count the assumptions and limitations of the study. The unit data applied in the dispatch
model may require further elaboration and modification at detail level. Examples of those
aspects are start-up time restrictions, additional O&M cost as a function of enhanced op-
erational dynamics or extended low load operation, must run requirements, availability of
the interconnector for provision of reserves etc.

Based on the dispatches identified in work stream 2B, Figure 3-10 shows the resulting
total operational costs of the power system, including payments related to import and ex-
port of power to/from Great Britain divided by the total demand. The costs of CO, are
separated from the fuel prices. The figure shows, that an increased share of renewable
generation in the all island electricity generation portfolio leads to both, decreased CO,
Emissions (with the exception of coal-based portfolio 4) and decreased fuel costs, imply-
ing decreased cost to society from conventional generation. Both effects persist with an
increase of the share of renewable electricity penetration up to 42% (portfolio 5).

ALL ISLAND GRID STUDY 35



45 [
€/MWh
40

O Cost of CO2

ONet Payments Export/Import |

B Operational cost w/o CO2

35

30

11

25 A

20 4

15 4

10

Portfolio 1 Portfolio 2

Figure 3-10: Total operational

Portfolio 3 Portfolio 4 Portfolio 5

costs of power production in the All

Island

power system, including payments related to power exchange with

Great Britain?

22 see work stream 2B report, table 6.
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3.3.4 Revenues of conventional generators

The source of revenues for conventional generators, based on system marginal cost pric-
ing can be broken down into the revenues from electricity generation and the provision of
spinning and replacement reserves. The revenue breakdown is depicted in Figure 3-11.
The figure shows that the applied methodology for pricing of reserves implies only mar-
ginal contributions from these services to the total revenues of conventional generators.
Again, it has to be noted that, in particular the accuracy of reserve revenues is limited by
methodology restrictions. What is more, within some market designs payments outside of
energy payments like capacity payments are made to ensure a sufficient investment in
generation capacity (generation adequacy). As no specific design was assumed in this
study, such payments are not calculated. The decreasing revenues within portfolio 1 to 5
reflect the higher shares of revenues captured by renewable generators.
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Figure 3-11: Revenue distribution of conventional generators, excluding stor-

age

The total generator revenues are used to cover the operating cost components (fuel-,
O&M and startup-cost), investment cost and applicable network tariffs.

Figure 3-12 shows for every generation group and portfolio, which investments could be
financed from the cash flow available after operating cost components are covered.” In

2 Fixed operating costs, such as maintenance and payroll costs, (as explained in section 3.3.2)
were excluded.
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this graph an annuity factor of 10.2 % was assumed that reflects an interest rate of 8 %
and a plant lifetime of 20 years. It also shows the relative investment costs of conven-
tional plants, as assumed in work stream 2A, to indicate where revenue adequacy issues
arise. The figure should be interpreted in consideration of these simplifications and the
specific market assumptions that have been made.

The following observations can be made:

1. The gaps between specific capital investments that can be financed from avail-
able cash flow and the actual investment cost of new plants show, that in almost
all cases, new plants would require additional (capacity) payments to cover the
cost of the investment. Figure 3-10 illustrates that only ADGT plant in portfolio
5 can fully cover their investment costs in the absence of such additional pay-
ments.

2. The higher revenue deficits of CCGT plants in portfolio 4 and 5 are caused by
low average prices (see Figure 3-4) combined with lower capacity factors due to
the fact that they are displaced by coal in portfolio 4 and wind in portfolio 5.

3. The single cycle gas turbines benefit from higher spinning reserve requirements
in portfolio 5. This is due to the provision of spinning and replacement reserve
which accounts for 34 % of the revenues of ADGT and 63 % of OCGT.*

4. The new ADGT technology seems to be a promising technology in the “high-
wind” portfolio 5.

5. The new coal plants are likely to face severe profitability problems without addi-
tional payments, since their infra marginal rent is only about 10 €/MWh.** This is
due to the high investment cost of modern coal-fired plant and the relatively low
energy prices.

In a theoretical equilibrium of an electricity market, the infra marginal rents of each plant
are just sufficient to recover its fixed cost. It can be inferred from Figure 3-10 that there
is scope to refine the portfolios to arrive at or closer to this perfect equilibrium. For ex-
ample, portfolio 5 foresees 1200MW of new CCGT. Figure 3-12 shows that in this port-
folio CCGT will not be able to recover their fixed cost. Among the reasons are a lower
capacity factor (see Figure 3-8) and lower market prices (see Figure 3-4) than in portfo-
lios 1 to 3. Hence, different plant types might be more appropriate to use (e.g. a higher
share of OCGT/ADGT) to accompany the renewable capacities of portfolio 5. These ob-
servations indicate further optimisation potential in the portfolios studied. Furthermore
they underline the importance of a market design that remunerates appropriately for pro-
vision of capacity and reserves as distinct from energy.

24 Analysis based on dispatch data of work stream 2B.

25 Analysis based on dispatch data of work stream 2B.
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Figure 3-12: Specific capital investments in generation plants that can be fi-
nanced from available cash flow and indicative investment cost for

new plants

3.3.5 Applicable Network tariffs for Generators
Necessary grid reinforcements lead to additional network charges. These charges are dis-
tributed between generators (G-component) and load (L-component).

Within the process of European harmonisation of the structure of transmission tariffs, the
G-component is likely to become less important as it is applied in very few European ju-
risdictions.*® The value of the ‘annual national average G’ within Great Britain, Ireland
and Northern Ireland will be at maximum 2.5 €/ MWh. [ERGEG 05].

Currently, EirGrid applies the G-component of the tariffs according to a generator’s abil-
ity to offset flows to the direction of the dominant flow on the transmission system. The
G-component can be negative if a generator delivers such benefits and therefore avoids
future network investments. However, wind energy is not regarded as being able to de-
liver such benefits due to its variable nature. Hence, the transmission tariff for wind en-
ergy can not become negative (see also [CER 06]).

To reduce the complexity of the analysis, a uniform G-component is calculated for all
generators (conventional and renewable), on the basis of the average G/L distribution
(ROLI: 25 % generators, 75 % load, NI: 27 % generation, 73 % load).

26 See [ERGEG 06], [ETSO 2006]
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Figure 3-13: Additional use of system charges for generators and load (G and

L-component)

Figure 3-13 shows the average additional use of system charges generators and load
would have to carry in both jurisdictions to finance the required network reinforcements.
Irrespective of the distribution of the use of system charges between generators and load,
both components will ultimately be paid by the final customer.

3.3.6 Sensitivity analysis

Figure 3-14 shows the three basic critical factors influencing the total annual system cost:
the conventional generation portfolio, the load and RES-E characteristics (in particular
the wind power feed-in) and the fuel and CO, prices. As load and RES-E characteristics
are similar in portfolios 2 to 4, the impact of fuel and CO, prices can be analysed for the
different plant mixes of portfolio 2 to 4 to evaluate their advantages.
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Figure 3-14: Scheme for Sensitivity runs to evaluate the optimal plant mix

In this analysis, two combinations of fuel and CO, prices are compared: The central fuel
price scenario is combined with the central-CO,-price scenario (30 €/t) and the high fuel
price scenario is combined with a high-CO, price scenario (80 €/t). This reflects the as-
sumption that the demand for gas would rise in times of high CO, prices and therefore
limit the substitution of coal with gas.

4,000 -
~ 10% difference
3,500 1 ----80%
. - 10f the
1
averaae
W 3,000 - i
Z
80 %
43 2,500 ~10 % difference of tht:a
8 ______________ average
— 2,000 +
© _—— _—— [
c 1
o 1
= 1,500 +
©
[
a
& 1,000 |
500 +
0 M
Portfolio 2 | Portfolio 3 | Portfolio 4 | Portfolio 5 | Portfolio 2 | Portfolio 3 | Portfolio 4 | Portfolio 5
Central Fuel cost scenario; low CO2 price (30 €/t) High Fuel cost scenario; high CO2 price (80 €/t)

Figure 3-15: Differences in operation cost of power production for portfolio 2
to 5 in one fuel/CO2 cost scenario and portfolio 2 to 5 in a higher

fuel/CO2 cost scenario
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Figure 3-15 shows the operational cost for the directly comparable portfolios 2 to 4. To
compare the impacts of fuel and CO2 prices of portfolios with different wind energy
shares, portfolio 5 was added to the chart.

The sensitivity runs conducted by work stream 2B using the high fuel/high CO, cost sce-
nario confirmed the relationships of the operational cost as shown in Figure 3-10.> This
means that for portfolios 2 to 4 with an identical share of renewable generation capacity
in the system a combined increase of gas and CO, prices do not affect the conclusions of
this work stream in relation to portfolios 2 to 4. The total cost of Portfolio 5 increases
proportionally to the other portfolios. This means that a higher share of wind in the gen-
eration mix does not change the relative order of portfolios as well. However, the abso-
lute cost savings associated with higher shares of renewables will increase.

As a second step the portfolios 2 to 4 are analysed applying a set of other criteria:
New generation investment cost

Grid connection (and possible reinforcement) cost

Environmental impacts (CO, and other emissions)

Operational flexibility and security

A

Long-term security of supply

The generation portfolios 2-4 will be discussed qualitatively in relation to these criteria.

1. Generation investment would be lowest for portfolio 3 (high shares of OCGT) and
highest for portfolio 4 (high shares of new coal). Portfolio 2, with high shares of
CCGT, is in between the two other portfolios

2. As Table 3-1 indicates, portfolio 3 will have the greatest number of new conventional
units. The distribution of a greater number of smaller units can be more easily
aligned with the network flows than a smaller number of large units. Therefore, Port-
folio 3 is superior to the other portfolios and portfolio 2 better than portfolio 4 as re-
gards grid connection and reinforcement costs.

27 See work stream 2B report, Figure 36.

ALL ISLAND GRID STUDY 42



Table 3-1: Number of

new units installed in Portfolio 2 to 4%

Unit type Number of new Number of new Number of new
units, portfolio 2 units, portfolio 3 units, portfolio 4
New CCGT 3 - 3
New ADGT 5 5 -
New Coal - - 3
New OCGT 8 19 3
Total Number 16 24 9

3. As shown in section 3.6.1, portfolio 4 has the highest CO, emissions and portfolio 2

the lowest.

4. A larger number of distributed units implies the highest operational security, there-
fore the order is as with regard to the grid issues raised in the second point

5. The long-term security of supply is higher with systems that depend on coal rather
than on gas, since the coal reserve will last longer than gas reserves and coal can be
stored more easily. Portfolio 4 is regarded as being superior to the other portfolios in
relation to long term security of supply. Portfolio 3 relies more on electricity import
from GB than Portfolio 2 (see Figure 3-34), therefore it is rated lower than Portfolio

2.

Table 3-2: Summary of evaluation of generation portfolios 2-4

Criterion Portfolio | Portfolio | Portfolio
2 3 4

Operational cost W N WA

1. New generation investment cost W VWY

2. Grid connection (and possible reinforcement ) cost A A

3. Environmental impacts (CO, and other emissions) W W

4. Operational flexibility and security W VWY

5. Long-term security of supply W N R

Legend: least preferable = V, most preferable = VAW

The overall picture (see Table 3-2) indicates that the conventional generation mix of

portfolio 3 appears to provide more advantages than portfolio 2 and 4 regarding the crite-

28 Based on portfolios documented in work stream 2B report, Appendix 2.
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ria 1-5. Furthermore, the coal-dominated portfolio appears to be the one with most disad-
vantages.
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3.4 Renewable Generators

This section starts with a listing of renewable energy plant types and the ranges of level-
ised costs as analysed within work stream 1. The next sections cover the dispatch of these
technologies and the total expected investment costs.

3.4.1 Renewable technologies and cost ranges

Wind energy

Levelised costs for wind energy range from €0.04 to €0.47 per kWh for those projects
considered in this study. Levelised costs are below €0.06 per kWh up to a total capacity
of about 4000MW. The capacity requirements established by the portfolio composition in
work stream 2A were fulfilled using known site locations and projects in various stages
of development. For portfolios 5 and 6 new sites were identified using the wind resource
maps.” Some projects at new sites have lower costs than the projects already under de-
velopment. Because work stream 1 prioritised those projects already in development in
fulfilling the various portfolios, some projects in portfolios 1 — 4 have higher levelised
costs than projects in portfolios 5 and 6.

Bioenergy

A wide variety of materials and seven conversion pathways were covered in the analysis
of work stream 1. Within this analysis, electricity from bioenergy was classified in to
three categories as follows:

o Land(fill gas representing biological municipal waste anaerobic digestion;

e Biogas from wet agricultural or food waste as well as municipal solid waste;

e “Biomass”, which includes the following resource and technology combinations:
e Dry agricultural waste incineration
e  Woody crop/residues combustion, gasification, pyrolysis
e Municipal solid waste incineration

Sewage sludge aerobic digestion was not included as it is assumed that this technology
will not be extended beyond the existing installation

Levelised cost from bioenergy vary significantly between and within categories and spe-
cific assumptions apply for each technology. Details can be found in the detailed report
of work stream 1.

2 The detailed methodology for the assessment of the wind resource can be found in Appendix 7
of the Work stream 1 report.

ALL ISLAND GRID STUDY 45



Ocean energy: Wave

Wave energy will have similar resource characteristics to wind energy, although it is ex-
pected to be more predictable. Portfolio 6 included a requirement of 1,400MW of wave
energy. Wave energy was excluded from other portfolios in the work stream 2A study
due to cost expectations relative to the cost of biomass resources. Sites have been identi-
fied of the Mayo, Galway and Kerry coasts. Levelised costs range between €0.10 and
€0.15/kWh on the presumption that at this level of deployment, technical risks and price
will be substantially reduced.

Ocean energy: Tidal

Tidal energy is also a variable resource, however it is predictable. For portfolios 1-4 a
first-generation technology was assumed, which has levelised cost that range between
€0.22 and €0.25/kWh. Second generation tidal technology is expected to overcome limi-
tations on the depth at which tidal devices can be deployed, allowing access to more en-
ergetic resources. As such, a cost decrease for the second generation technology to about
€0.10/kWh was assumed for installations applied in portfolios 5 and 6.

3.4.2 Total investment volume of renewables

Work stream 1 assessed the investment cost requirements for the existing and new re-
newable plants required in portfolios 1 - 6. The total investment volume is shown in
Figure 3-16 and ranges from €4 bn to €11 bn. The investment requirements are domi-
nated by wind energy investments which are between €3 bn and €9 bn. It should be noted
that this figures includes existing projects as well as projects already in various stages of
project development. The inclusion of existing projects reflects the fact that most renew-
able projects have a shorter economic life than conventional generation, and may be re-
powered between now and 2020.
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Figure 3-16: Total investment volumes in renewable energies

3.4.3 Dispatch of renewable generators

All renewable technologies with the exception of bioenergy have operational costs close
to zero. Hence, the generation of variable renewable electricity is dispatched according to
the given time series of electricity generation with no consideration of operational costs.
Bioenergy resources (“baseload renewables”) are treated as must-run units, since their
variable operational costs are very low (assumed to be 10 €/MWh).

Levels and effects of wind curtailment

Curtailment of variable renewable energy is considered in two situations: as an alterna-
tive to the extension or reinforcement of the network, and to enable system balancing.

The economic risks associated with curtailment and its yield losses will be an important
factor influencing investment behaviour. The experience from other countries shows that
if the risks are unclear or perceived as high they may preclude investment in renewable
energy systems. Dedicated policy instruments may be required to make these risks man-
ageable for project developers and investors.

Within the network study, the network reinforcements were calculated without consider-
ing long-term wind curtailments as an option, yet temporary curtailment of wind power is
often suggested as a cost effective alternative to the extension or reinforcement of the
network. The study results indicated that at transmission level curtailment for such rea-
sons is justified economically only in exceptional cases. In all portfolios, the fraction of
network reinforcement cost in the total societal costs associated with electricity supply is
so low that they are simply not decisive for strategic choices.

At distribution level and in the case of individual projects it may be that the energy yield
does not justify respective infrastructure investments. In those cases it may be reasonable
to apply temporary curtailment of wind farm output. This has to be evaluated in individ-
ual case studies. Additionally, curtailment may be a suitable transitional instrument al-
lowing accelerated implementation of wind power compared to network reinforcement.

Curtailment may also be required from a systems operations perspective. This possibility
has been partly considered in the work stream 2B methodology in which the simulation
of the dispatch included the possibility of wind curtailments. However, the necessity of
curtailments was found to be low with only 0.5% of the annual wind production possible
in portfolio 5 requiring curtailment due to dispatch and must run requirements.

The penetration levels of wind power in the simulation runs resulting from work stream
2B exceed what has been empirically demonstrated to date as being technically feasible.
From that perspective, it may appear that in a number of scenarios and under specific
conditions additional constraints in wind generation will be required for secure system
operation. Further research will be required in this field.
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Wind curtailment for system operational reasons

As a consequence of the limitations of the study’s methodology the need for wind cur-
tailment in work stream 2 results may be underestimated. Considering, for example, fre-
quency stability and fault issues wind curtailment for operational reasons should be ap-
proximately correlated with the instantaneous levels of wind generation with respect to
the load. As instantaneous levels of wind generation increase it becomes increasingly
likely that curtailment may be necessary in order to maintain system reliability. It is rec-
ognized that technical improvements in wind turbine technology may reduce the need for
curtailment in the timeframe covered by the study.

Here a very simple illustration is given which demonstrates how curtailment may grow
with wind penetration if a limit on instantaneous value became a necessary operational
constraint.

As the figure below shows, the impact on the portfolios 1 to 4 is limited in the range con-
sidered. As a consequence of the relatively low installed wind capacity, critical penetra-
tion levels hardly occur and, hence, related yield losses are negligible. With higher in-
stalled wind capacities, as in the case of portfolio 5, the impact becomes more severe. For
higher installed wind capacities the relation between maximum acceptable wind penetra-
tion and yield losses is highly non-linear and for that reason the outcome will be highly
sensitive to this maximum. It has to be emphasized that from the current perspective a
penetration level of 50% has to be seen as quite challenging.
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3.4.4 RES-E support requirements

This section analyses the financial position of renewable generators, both existing and
new, that emerges from the dispatch simulations of the year 2020. In the dispatch simula-
tion all renewable plants of one technology are aggregated and treated as one large plant.
The annual revenues for a renewable generator are calculated on the basis of their power
output multiplied by marginal electricity prices per the work stream 2B dispatch. It
should be noted that these prices are generated from a cost based dispatch where no mar-
ket model was assumed (see Section 2.7). Marginal electricity prices in an actual market
would differ. From these revenues, the annualised investment costs are subtracted. For
bio-energy plants operational costs are also subtracted. The remainder is considered an-
nual profit or, when a loss, annual support requirement. This methodology takes account
of the correlation of the time series of electricity production with electricity prices and
the influence of renewable generation on the marginal electricity (market) price.

The profit or support requirement for all renewable generators can be aggregated to a
“profit-resource curve”, similar to a cost-resource curve, to show which generators would
require support payments in 2020 and to what extent.

Figure 3-17 shows the profit —resource curve for all renewable generators of portfolio 1.
The x-axis shows the cumulated amount or renewable energy, produced by existing and
new renewable units. On the y-axis, the profit or loss per MWh is depicted. Conse-
quently, the filled area shows the total profit of a unit. If the area is below the x-axis, the
plant requires a support payment. The total filled area below the x-axis depicts the total
required amount of support. Since the colours depict technologies the required support
payments per technology are made evident.

ALL ISLAND GRID STUDY 49



50[

€/MWh
1.0 TWh 5.0 TWh
0
-50
-100 A
B Wind
B Tidal
-150 OLandfill gas
OBiomass
OBiogas
-200

Figure 3-17: 2020 profit resource curve for portfolio 1 (2251MW renewable
energy capacity, 16% RES-E penetration)

Figure 3-17 shows that wind energy is by far the cheapest renewable resource in Ireland.
Only a few landfill gas units have profits in the range of wind energy. More than two
TWh of renewable energy can be provided from wind projects that do not require support
payments but can refinance their costs from electricity market revenues under the cost
based market assumptions included in the study. Only moderate support payments are re-
quired for nearly 6 TWh of renewable energy. With biomass and biogas projects, the
curve becomes steeper and reaches to tidal projects which require the most support.

Figure 3-18 depicts the profit resource curve of portfolio 2. The obvious difference to the
previous figure is the higher amount of wind energy. Although 2 GW of wind capacity
are added, the additional wind energy requires less additional support than the remaining
technologies. Since portfolios 3 and 4 have the same renewable energy capacities in-
stalled the profit resource curve do not differ substantially from the figure shown. The
difference is that higher price levels in portfolio 3 lead to a lower levels of required sup-
port for all technologies.
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Figure 3-18: 2020 profit resource curve for portfolio 2 (4251MW renewable

energy capacity, 27% RES-E penetration)
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Finally, Figure 3-3-19 shows the profit resource curve for portfolio 5. This portfolio
shows the support required for the production of almost 23 TWh of renewable energy.
Here, second generation tidal technology, which benefits from the access to better tidal
resources, are able to compete with the more expensive wind resources and landfill gas.
Wind energy remains the technology that requires the least support.
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Figure 3-3-19: 2020 profit resource curve for portfolio 5 (6572MW renewable
energy capacity, 42% RES-E penetration)

The profit resource curves show that, especially for the portfolios with lower shares of
renewable electricity, an increased reliance on wind energy could decrease the required
support. However, it has to be kept in mind, that an increased application of wind energy
requires substantial network connections (included in the cost calculation) but also
additional network reinforcements (treated in section 3.5.3) below.
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Ocean wave energy was only included in portfolio 6. As it was mentioned in sections 2.5,
2.6 and 2.8, the dispatch and network assessment of portfolio 6 indicated that any system
marginal prices resulting from the system dispatch model would entail such uncertainties
as to make the analysis unreliable. In order to view the financial position of wave genera-
tors without relying on the results of portfolio 6, the technology was integrated into port-
folio 5 for an alternative profit resource curve. Note that separate dispatches with ocean
wave generation were not done; rather the presumed revenue on the basis of output was
compared to the levelised costs for the wave generators to estimate the required support.
Figure 3-20 shows the indicative results of the integration of 1400MW of ocean wave
generators in portfolio 5. They generate about 4 TWh of electricity and would require
approximately the same amount of support as the technologies they replace.
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Figure 3-20: 2020 profit resource curve for portfolio 5, including wave energy
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Figure 3-21 shows the total required support payments for portfolios 1-5 based on the
previous analysis. The positive profits some wind generation plants earn are not deducted
from the calculated support payments, thus the support payment figure represent the total
area under the x axis in each of the profit resource curves in the previous graphs Figure
3-17 to Figure 3-20.

When interpreting the figures illustrated in Figure 3-21, one has to reflect the ideal
character of the model and its underlying methodologies. All support mechanisms incur
some inefficiencies, where the support level provided to some renewable energy
generators exceeds their requirements to break even. The support cost estimated by this
analysis represents that which would incur if a perfectly efficient support mechanism
were employed. As such it is possible that this analysis underestimates the support costs
that would be incurred.
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Figure 3-21: Total minimum annual required support payments assuming a

perfectly efficient support mechanism
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The total required support payments shown in Figure 3-21 are further disaggregated in
Figure 3-22 to show the relative support requirements for the technologies. This figure
shows that the relative support requirements vary considerably. The variation occurs even
in the portfolios with a similar portfolios of renewable generation, which can be
explained by different correlations between system marginal prices and wind generation.
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Figure 3-22: Distribution of minimum required support payments by technolo-

gies
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3.5 Network operators and -owners

The analysis of the impacts on network operators and owners distinguishes between is-
sues affecting system operation of a future system, and issues that affect the construction
and maintenance of the transmission network. This Section also includes some analysis
regarding network connections and the operation of the interconnector.

3.5.1 System operation

Provision of reserves

An important aspect of reliable system operation is the availability of reserves in genera-
tion. Reserves are required to cope with imbalances between load and generation. Those
imbalances may be caused by errors in the predicted levels of loads and or wind power
output. They may be caused also by large power fluctuations. These can be the conse-
quence of changes in load as well as (wind) generation but also tripping of generation
units. As an example: the steepest change in net load in portfolio 5 according to the re-
sults of work stream 2B amounts to more than 3 GW in one hour. To maintain the bal-
ance during these hours, the system operator needs generation capacity that is effectively
immediately dispatchable. Likely levels and the dynamics of respective imbalances dif-
fer, as do the levels and specifications of respective reserve categories.

Work stream 2B distinguished between spinning reserves and replacement reserves being
available after 5 minutes. Deficits of reserve capacity in terms of hours and MW have
been compared (see also Figure 3-3). The outcomes suggest that portfolios 3 and 5 per-
form best in terms of availability of reserves. However, the differences between the port-
folios are partly related to model limitations, most significantly in portfolio 6, and their
statistical significance is difficult to evaluate. Based on the existing data, a robust ranking
of the portfolios according to this criterion is impossible.

The delivery of reserves in all cases requires special attention. From a techno-economic
perspective it is clearly feasible to tackle related challenges, e.g. by addition of further
peaking capacity. This may require appropriate efforts in regulation such as provision of
capacity payments.

Also from the perspective of reserve markets, capacity extensions may be desirable. Oth-
erwise there is a clear risk for high volatility in power prices. The outcomes of work
stream 2B indicate that this may apply to a substantial fraction of time.

Forecasting

The methodology of the dispatch simulation in work stream 2B allows for an assessment
of the value of forecasting wind energy output. Work stream 2B concludes that cost re-
ductions due to perfect forecasts of load and wind power production are relatively small
in comparison to the total system operation cost of the all island power system. However,
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the absolute sum of the cost reductions is not negligible and increases with higher shares
of wind energy.

Operation of the storage facility (Turlough Hill)

Work stream 2B concluded that increasing wind penetrations did not materially alter the
operation of the pumped hydro storage facility, Turlough Hill.

An increased use was observed for portfolio 6.

Reliability issues

As stated in the assumptions the loss of load expectation was a major design criterion for
the portfolios. From the perspective of generation capacity available to meet the instanta-
neous demand the portfolios are comparable. However, additional restrictions in system
operation may apply, directly affecting the feasibility of operational configurations and
reliability levels. The methodologies employed in the All Island Grid Study did not cover
all of these issues. As an example the technically feasible penetration of instantaneous
wind power with respect to load is not addressed, i.e., dynamic or, fault issues.
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As Figure 3-23 shows, except for portfolio 1, wind penetration in the island load achieves
levels in excess of 50% of instantaneous load. This is much higher than what has ever
been demonstrated to be manageable on a single synchronous system. With existing
technology concepts, those instantaneous penetration levels will clearly challenge the ca-
pability of the system to maintain frequency stability and synchronism and to recover
from system disturbances.

It is important to realize that the duration of the undemonstrated situations is an order of
magnitude higher than the accepted LOLE level. For portfolio 5 this applies to at least
20% of the year.
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Figure 3-23: Duration curves of instantaneous penetration of wind power in

the All-Island load (including exports to the UK) for portfolios 1-5

The methodology of the All Island Grid Study did not cover relevant investigations and
hence, these issues clearly require further investigation in the domain of dynamic studies.
In the context of the study and for the time being one can conclude that, given the above
reported results, all portfolios perform similarly with regard to LOLE requirements.
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3.5.2 Interconnector operation

For 2020, two interconnectors from the All Island System to the power system of Great
Britain with a total capacity of 1000MW are assumed. While 100MW are reserved for
the provision of spinning reserve, the remaining capacity is used to optimise both genera-
tion systems.

The pattern of the energy transports via the interconnector changes with the renewable
electricity share of the all island generation and is also influenced by the structure of the
conventional generation. Figure 3-24 shows that exports become more important with an
increasing share of electricity sourced from renewables in the portfolio. Portfolio 3, with
many gas turbines that have low investment costs but high operating costs, requires high
imports comparable to that required in Portfolio 1.
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Figure 3-24: Expected annual energy flows via the interconnectors

The absolute amount of energy transported does not allow a statement about its economic
importance. The economic value of an interconnector is determined by the price differ-
ences on both sides and the amount of energy transferred at this price difference. Because
the (operational) generation cost in Ireland tend to decrease with an increased share of
renewable generation in the portfolio, the net payments for imports of electricity tend to
decrease from portfolio 1 to 5.
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Figure 3-25: Annual value of the interconnectors

For the calculation of annual values it is assumed that prices in both systems do not ex-
ceed 120 €/MWh. Figure 3-25 shows the results of the calculations in the yellow bars.
Additionally a scenario was calculated assuming a maximal price of 400 €/ MWh, which
is depicted in the blue bars. The results underline the importance of the interconnector in
Portfolio 3. Since the value of the interconnector is dominated by the values of the hours
where prices in the All Island System are very high and the interconnectors are transmit-
ting at full capacity, the maximum price and therefore the market design influences heav-
ily the results of the calculation.

The figure does not indicate a strong dependency of the value of the interconnector on
the share of renewables in the system. However, the hourly load fluctuations on the inter-
connector increase.”

The annual values are also an upper limit on network charges that a merchant transmis-
sion company might be able to charge. For the calculation of the total societal cost as
shown in Figure 3-36 it is assumed that no transmission charges apply and the energy is
purchased at the system marginal cost on the “cheap side” of the interconnector.

30 See paragraph 4.9. in the work stream 2B final report.
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3.5.3 Transmission System reinforcement

Transmission Network reinforcements

Necessary network construction associated with the exploitation of renewable energy
sources may be considered an external effect, but is still of decisive importance. This
Section examines the transmission network reinforcement requirements.

Distribution connections and extension of distribution networks was not included explic-
itly within the scope of this study. Nevertheless work stream 1 provided important infor-
mation which will be reflected in the Section on network connections for renewable gen-
erators below.

The existing planning for the development of the all island transmission system formed
the baseline for the evaluation of network reinforcements in work stream 3. Specifically,
the base case represents the existing all island transmission network with the assumption
of some additional reinforcement to accommodate additional generation in Cork and the
construction of an additional S00MW interconnector to Great Britain. Figure 3-26 shows
the total length of transmission network that needs to be reinforced due to the addition of
renewable energy generators to the system in both jurisdictions for each portfolio. For
comparison: the total length of the transmission system of Eirgrid in 2007 is 5800 km®'.
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Figure 3-26: Total length of transmission lines to be reinforced

Obviously, there is a great difference in required network reinforcement between Portfo-
lio 1 and the others.

31 See http://www.eirgrid.ie, October 2007
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It should be emphasised that work stream 3 assumed an integrated planning process with
a predefined renewable capacity target per portfolio. In case of changing ambition levels
the moderate increase from portfolios 2-4 to portfolio 5 as suggested in Figure 3-26 may
not be applicable. In other words: initially planning and building for 4000MW of wind
and then deciding later on to increase the network capacity to accommodate 6000MW of
wind would likely result in a requirement for more lines and higher costs than would be
required if the decision at the outset was to build to accommodate 6000MW of wind. In
the former case, the costs incurred would likely be higher for the accommodation of
6000MW than those shown above.

To a certain extent these reinforcement measures may use existing network routes. How-
ever, in many cases reuse or extension of existing corridors will be impossible. Planning
and permitting of these new lines represents a major challenge for the network operators
and the authorities. As public acceptance for overhead lines is problematic, planning pro-
cedures may be very time consuming and availability of the complete infrastructure as
identified in work stream 3 by the year 2020 is questionable. From that perspective, the
outcomes of work stream 3 highlight one of the major challenges associated with all port-
folios except portfolio 1: adopting the network to the changing generation plant is a ma-
jor development activity affecting the whole country.

The specification of assets and estimation of the required investment volume for the
transmission network reinforcement up to 2020 was calculated in work stream 3. The en-
vironmental impact of the required additional lines will be discussed in section 3.6.1.

Figure 3-27 shows the total required capital investments in both jurisdictions. These fig-
ures also represent the expansion of the regulated asset base of the transmission system

owners.
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Figure 3-27: Total investments in transmission line reinforcements, including
additional capacitors taking account of unplanned outage events

only

The relevant impact category for the TSO is the allowed revenue that emerges from the
increased additional network charges. The allowed revenue is determined by, among
other factors, the capital employed and this is used to calculate tariffs and charges to us-
ers of the transmission system.

There are other costs related to land and civil works which are unquantifiable until routes
and substation sites are selected. Hence, these costs are not included in this analysis.

For the calculation of additional charges to customers, an asset lifetime of 50 years and
interest rates used by the respective regulators are applied.** Based on the resulting annu-
ity factors, investments were annualised. The annual numbers are shown in Figure 3-28.
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Figure 3-28: Annualised cost for transmission network reinforcement (includ-

ing cost of capacitors)

Annual maintenance costs also have to be considered. Based on historic maintenance
costs of approximately 1700 €/km, the annual expected costs will range between 1.2 —
1.5 Mio. € for the Republic of Ireland (portfolio 2/3/4 - 5) and 0.2 and 0.4 Mio. € for

32 For NI a rate of 6.41 was used, for the ROI 5.63, resulting in annuity factors of 6.7 % for NI
and 6.0 % for ROI.

3 The historic maintenance costs of the Transmission Asset Owner for ESB range between 11 and
13 M€/a (2004 prices) for the whole network., see CER transmission
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Northern Ireland.** Thus, the annual values given before can be augmented by approxi-
mately 5%.

It is important to note that the studies screened for reinforcements as defined in the base
case, and then isolated developments necessary for renewable generation only. Network
costs discussed here are therefore in addition to the base case reinforcements.*’

34 These are maximum values, since maintenance costs for lines with conductor upgrades are not
likely to rise.

35 See chapter 2.9 of the work stream 3 report.
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Network connection of Renewable Generators

The TSO, and partially the Distribution System Operator (DSO) are responsible for the
administration of the network connection process. They charge the applicable investment
cost as well as an ongoing service charge (OGSC) attributable to maintaining the asset.
[EirGrid/ESB Networks 07].

The total of the required network connection line investment until 2020 for the connec-
tion of renewables was assessed within work stream 1 and is depicted in Figure 3-29. The
costs are part of the levelised cost calculations in work stream 1 as explained in section
2.4,
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Figure 3-29: Total investments in connection lines for renewable energies

It is assumed that the investment requirement will lead to a revenue requirement that is
approved by the regulators. Presently (7/2007), about 30-40 % of the connections will be
in the domain of the TSO, the remainder will be handled by the DSO.*

36 See

http://www.eirgrid.com/EirgridPortal/uploads/Customer%?20Relations/Summary(Wind)July07.pdf
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Network connections

The network reinforcements described before refer to the existing transmission network.
This paragraph describes the necessary connections of plants to the closest 110 kV net-
work nodes. These figures, evaluated by work stream 1, describe the geographical dis-
tance between the project and the connection point, which is not necessarily the actual
route of the line. Therefore the figures represent a lower bound of the required line
lengths. On the other hand, in the case of the extension of an existing site a new line does
not need to be built. Hence, the values represented in Figure 3-30 serve only as an ap-

proximation.
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Figure 3-30: Total length of new network connections for renewables plants in

both jurisdictions

Figure 3-30 shows that the total network length for network access is about 2200 km for
portfolio 1 and roughly doubles for portfolio 2-4 and again for portfolio 5. The figures
are dominated by connections of wind projects (about 90 % of the total length), which
have an average distance to the connection point of about 15 km.
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Depending on the size and the distance of the plant to the connection point, different
voltage levels are applied. A large portion of the connections have been identified as
being medium voltage (20-38 kV, see Figure 3-31). These connections can be realised as
overhead lines with poles of 10-15 m, or via underground cable. Cable connections are
associated with higher costs. This has not been taken into account in the economic
evaluation.

The connection estimates are based on the assumption of a separate connection to an
existing 110 kV node for each renewable project. In practice, it is probable that these
connections will be optimised, leading to some sharing of connection assets, and the
possible introduction of new 110 kV nodes where appropriate. This optimisation process
is likely to lead to an increased length of 110 kV lines and a reduction in the total length
at 20 kV and below.”’
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Figure 3-31: Distribution of windfarm connections on voltage levels

37 Such connection optimisation occurs through the existing group connection process for wind in
the Republic of Ireland.
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3.6 Societal impacts and costs to end-users

Societal impacts are environmental impacts and long-term implications of the security of
fuel supply.

3.6.1 Environmental impacts

CO, Emissions

Figure 3-32 shows the relative differences of CO, emissions of the portfolios as com-
pared to portfolio 1. The green bars show the change of CO, Emissions in the All Island
system. The changes observed for portfolios 2-4 (with a similar share of renewables)
make it obvious, that emissions are heavily influenced by the plant mix of conventional
generators. In portfolio 4, the emissions reduced by the higher proportion of renewable
generation are more than offset by emissions from the carbon-intense, coal-based genera-
tion. Portfolio 3 has a greater import share and therefore lower emission reductions than
gas-based portfolio 2. Portfolio 5, with a 42 % share of renewable generation, may
achieve a CO, reduction of almost 25 % over portfolio 1.

Additionally, in all scenarios small reductions in the GB power system are achieved.
Thus, emission reductions in the All Island power system are not offset by emission in-
creases in the GB system.
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Figure 3-32: Percentage change in CO, emissions relative to Portfolio 1
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Network reinforcements and network connections

The analysis of required network reinforcements and network connections in section
3.5.3 revealed a substantial requirement for the construction of new lines both at distribu-
tion and transmission level. The requirement is driven mainly by the development of
wind and other variable renewable energy. For both network connections and reinforce-
ments the visual impacts and the impact on the surroundings can be very diverse. The
evaluation of these effects is beyond the scope of the study and will require, in addition
to detailed case-by-case analyses, consideration of the broader planning implications of
generation portfolios with large amounts of wind energy.

3.6.2 Long-term security of supply

The composition of generation units in the portfolios has a significant impact on the
amount of conventional fuels employed.
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38 Baseload gas and Midmerit gas are aggregated
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Figure 3-33 shows the annual fuel consumption by the all island power system of those
fuels that, for the most part, have to be imported. It can clearly be seen that the total
amount of imported fuels declines with increasing shares of renewable generation. How-
ever, the effect is relatively small comparing Portfolio 1 (renewable energy share of 16%)
with Portfolio 2-4 (27% renewable energy share). Portfolio 5 (renewable energy share of
42%) shows a more dramatic decrease of required imports of fuels. Comparing portfolios
2-4, the impact of higher shares of coal fired units replacing gas baseload units is indi-
cated.

As the study assumes two large electricity interconnections with the GB power system,
the analysis needs to include the consideration of exports and imports to and from the all
islands power system. As Figure 3-34 depicts, the reduced fuel imports are not offset by
increased electricity imports; rather the opposite appears to occur. Electricity imports are
reduced with increased renewable energy penetration and lead to a net-export in the ex-
treme case of portfolio 6. Note that the results for portfolio 6 are included for illustrative
purposes only, given the challenges that this portfolio posed as discussed in Section 2.8.

TWhg,

Electricity Imports

Portfolio 1 Portfolio 2 Portfolio 3 Portfolio 4 Portfolio 5 Portfolio| 6

Electricity Exports

Figure 3-34: Annual net electricity exports and imports to the all island power

system
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Since the gas import capacity is limited by available transmission pipelines and the
capacity of terminals to handle Liquefied Natural Gas, the maximum required daily
capacity is analysed. Figure 3-35 shows that the maximum demand does not differ
significantly between the portfolios. Existing variations have to be evaluated in the
perspective of the snapshot character of the study. With the limited period covered by the
simulation, the particular day of maximum gas import and the associated import volume
per portfolio is subject to possibly arbitrary coincidences in the input data. Therefore no
robust relationship between the amount of renewables employed and the maximum daily
gas demand can be derived from this exercise. Portfolio 4 has the lowest gas capacity
requirement, which is expected given the high share of coal-fired units.
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Figure 3-35: Maximum daily gas demand of the All Island system (baseloadgas

and midmeritgas)

Three main conclusions can be drawn with respect to long-term security of supply:

e In portfolios 1 to 5, the all island power system will rely on net electricity im-
ports from the GB system.

e The application of high amounts of RE (Portfolio 5, 42 % renewable based elec-
tricity) leads to a significant decrease in the dependency on fuel imports of the all
island power system. Additionally, the electricity imports from the GB system
are reduced.

e There is no significant relationship between the amount of renewable generation
employed and the maximum daily gas demand.
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3.6.3 Additional costs to society

The key cost and benefit categories discussed up to this point are aggregated and illus-
trated in Figure 3-36 for the first five portfolios. This figure depicts the annual CO, emis-
sions, thus illustrating the reduction achieved in portfolios 2, 3 and 5. But most of all, the
figure provides an aggregation of the costs to society considered in the study in millions
of euros for the year 2020 for the five portfolios. It has to be pointed out that the given
cost figures do not reflect expected electricity prices but rather indicate the relative rela-
tionship between the elements of the costs of generation investigated in this study in the
different scenarios.

The additional cost to society is defined as the sum of the operating costs of the power
system and varies with the generation portfolios. The costs are additional to the invest-
ment costs of existing conventional generators and existing and base case transmission
asset costs. These costs include:

e The operational costs of generation consisting of the fuel costs and the cost of
CO,, including fuel and CO2 costs incurred in start up, as discussed in section
3.3 and illustrated in Figure 3-10;

e The charges for the net imports over the interconnector as discussed in section
3.5.2;

e The total annual investment costs for all renewable generation, existing and new,
as identified in section 3.4.2;

e Investment in new conventional generation as described in section 3.3.2. Under
market rules these costs would typically be covered by revenues from energy
markets (infra marginal rents) as well as by those from ancillary services and ca-
pacity payments where in place.

e The annual investment in network reinforcements as discussed in section 3.4.3.

The following costs were excluded from the analysis:

e the historic investment costs of existing conventional generation as well
as for the existing transmission assets. As these cost components apply
identically to all portfolios it does not compromise a comparison be-
tween the portfolios.

e variable maintenance costs

These additional costs will need to be recovered within the price of electricity charged to
end users.
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Figure 3-36: Additional societal costs for electricity provision, renewable en-
ergy share in total demand and annual CO, emissions associated

with electricity provision

The impact of the portfolios studied on the prices charged to end customers cannot be de-
termined as the study of markets was out of scope for this study. However, this study
identified differences arising in certain price components that make up the final price
charged to end users on their electricity bills, the following of which are included in the
analysis:

e clectricity wholesale prices (section 3.1.3);

e transmission use-of-system charges (L-component directly, G-component indi-
rectly via generators) due to the network reinforcement (section 3.5.3);

e cost of ancillary services included in the use of-system charges (not discussed in
detail) , and

e support payments for renewable generators (see section 3.4.4).
The following components of the electricity price have not been included in the analysis:
e distribution charges, and

e capacity payments for generators.
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The information presented in Figure 3-37 is based on the same cost information as that
used in Figure 3-36. Figure 3-37 displays these costs in €/ MWh based on annual electric-
ity consumption of the all island system to illustrate the order of magnitude of the change
of the cost components examined. It shows that the total cost to end users varies by at
most 7% between the highest cost and lowest cost portfolios. Thus the presented results
indicate that the difference in cost between the highest cost and the lowest cost portfolios
are low.
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Figure 3-37: Overview of portfolios 1 to 5 indicating specific additional socie-

tal costs for electricity provision

Figure 3-38 includes a breakdown of annual investment costs for renewable generation
shown in Figure 3-37, by costs covered by revenue and costs requiring a support mecha-
nism. The revenue share depends on the electricity price level in the respective portfolio
(see Figure 3-4). It becomes obvious, that a great share of the required investment cost
can be recovered from revenues on the electricity market as part of the electricity whole-
sale prices. This is due to the fact that the levelised cost of renewable generation is in
many cases close to the cost of conventional generation.
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Figure 3-38: Financing of the investment cost for renewable generators

It was explained in section 3.3.4 that within the assumed methodology conventional gen-
eration also requires payments additional to system marginal costs. The calculation of
those payments is clearly outside the scope of this study. Depending on the electricity
market design renewable generators may be able to benefit from those payments as well.
This applies especially for firm renewable baseload capacity such as biomass plants.
Hence, required support payments can be further reduced.

On the other hand, the study assumed an ideal support mechanism without windfall prof-
its arising to renewable generators as explained in section 3.4.4. In reality, support
mechanisms can over compensate relative to costs incurred. Both of the above effects
have an impact on the required share of support, the impacts being in opposing direc-
tions.

Given the above mentioned limitations of the analysis it can be seen that the order of
magnitude of additional support for renewables ranges between €2.3 and €7.9 /MWh to-
tal energy supplied or, if applied to the MWh of renewable generation only, from €9.6 to
€19.0/MWh.
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4

Recommendations for further work

Although the All Island Grid Study covered the most important aspects of the integration
of high shares of renewables in the power system, further research is necessary, to cover
implications of high penetration scenarios in greater detail. This future work has to im-
prove understanding of

e technical issues related to the planning, design and operation of power systems
and its components,

e cconomical and regulative issues in relation to market design as well as

e the fundamentals of the renewable resource base and its behaviour from a power
systems perspective.

Dynamic power system studies

The methodology of the All Island Renewable Grid Study allows conclusions regarding
the feasibility and limitations of portfolios with high penetration of renewable based and
dispersed generation technologies only to a very limited extent. Further analysis allowing
insight into the interaction of the generators and the network under steady state condi-
tions as well as in case of system disturbances are an inevitable precondition for further
system planning and ex ante policy evaluation.

Further research should not only focus on the feasibility of a portfolio itself but should
also provide information regarding the likelihood and economic impact of critical situa-
tions, allowing an evaluation and comparison of corrective measures. Curtailment of
wind power and its economic impact is one of the key aspects to be covered by such
studies. For that reason, dynamic studies should not be restricted to singular cases (winter
peak, summer night valley, etc) but cover a specified operational area applying appropri-
ate probabilistic concepts.

Strategic network planning, design and operation and application of innovative
technologies

The required additional network reinforcements to take account of the need to provide for
network outages for maintenance or other work have to be identified and prioritised. The
impacts of the studied generation portfolios on the design and development of the distri-
bution networks and the associated costs should be studied more in detail. In order to fa-
cilitate the necessary network development, the cost allocation options need to be ex-
plored. There is a need to concurrently review network planning standards and network
access contracts in the context of the greater range of operational characteristics of the
individual plant types in the future generation mix. Additional network studies are re-
quired to identify measures and investment which may be required to address the effects
on the network of a high renewable energy penetration that were not comprehensively
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studied in work stream 3 (reactive power, voltage rise, stability, fault level, quality of
supply, etc.)

Technological concepts that serve to optimise both yield from wind generation and net-
work investments have been discussed elsewhere in relation to wind energy, but are not
yet common practice in the power industry. Examples are dynamic line ratings, rewiring
of existing lines with high temperature conductors or DC (underground) transmission.
The potential benefits of these technologies are not only the cost savings associated with
reduced network reinforcement but in many cases the significant acceleration of the pos-
sible implementation of renewable energy capacities. Technology assessments containing
cost benefit analysis may help to identify promising near and long term options for accel-
erated and cost efficient integration of renewable based and dispersed generation capacity
and should allow integration of these concepts in the abovementioned studies.

Long-term wind power time series

There is still potential to improve existing methodologies to synthesize wind power time
series. Uncertainties of the performance of the total wind farm population distributed
across the island directly translate to uncertainties in the dispatch model and economic
output data. Accurate, representative long-term wind (power) time series reflecting the
geographical dispersion of the generation plant still have to be validated. All available
data sources (monitoring data from wind farms, wind measurements as well as weather
models, etc.) and their combinations should be considered. Findings should inform future
research in wind forecasting.

Optimisation of the plant mix and scheduling at higher penetrations and generation
adequacy

Further analysis should be carried out on the results of this study, or on data from other
sources, on the optimal plant mix and on the specific plant performance required (max.
aggregate up and down ramping over various time intervals, max replacement reserve be-
ing provided by off-line plants, min capacity that must be capable of frequent stops and
starts etc.) with a view to refining plant portfolio requirements. Any additional costs, for
example increased operation and maintenance costs, associated with altered operational
regimes should be identified and quantified.

Paradigms for generation scheduling and dispatch in a system with a very high penetra-
tion of variable, non-dispatchable renewable generation should be investigated.

Appropriate measures of generation adequacy in a system with high penetration of re-
newable electricity generation need to be developed. These should allow comparison of
portfolios and thus definition of appropriate adequacy standards of generation adequacy.
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Co-combustion

The possibilities for co-combustion of biomass in conventional generation units was as-
sessed in work stream 1 but not carried throughout the study. Thus, the implications of
including co-combustion into generation portfolios should be assessed.

Electricity market design

As an increased variability of the net load requires power plants to react more flexible,
market mechanisms become more important to guarantee an efficient dispatch. As re-
serve requirements increase with increased variable renewables the design of reserves
market has an increased importance. The fact that the marginal values of reserves are
very low compared to system marginal electricity prices emphasises the requirement of
an efficient design of the ancillary service market to avoid windfall profits. Hence, mar-
ket design options need to be examined with a special focus on the reserve requirements
of wind energy penetrations as in portfolios 2-5.

Further work is required on the development of electricity markets to encourage invest-
ment in the appropriate plant. The impact of different renewable electricity support
mechanisms and of the interaction between the two existing support mechanisms on the
island, requires detailed study. This work should progress to research on the design of
support mechanisms to optimally facilitate the growth in renewable electricity genera-
tion. Consideration needs to be given to the question of revenue adequacy for existing
non-renewable generation and to the financial impact of changes to the operating regime
of conventional plant.

Gas market implications

Changes in the use of gas resources in the various generation scenarios has implications
for the gas market which have not been addressed, but which might influence the cost of
gas and possibly the necessary gas infrastructure. In particular the impact on the gas in-
terconnector flows with G.B. should be investigated further.

Demand-side management and storage

Based on the dispatch information generated within work stream 2B the economic viabil-
ity of demand-side measures can be evaluated for different portfolios to assess informa-
tion about their potential for a further cost reduction in the different scenarios. Further
investigation and validation of the study results regarding the operation of pumped stor-
age, in scenarios with high penetration of variable renewable generation, may be appro-
priate.
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5 Conclusions

The All Island Grid Study was an ambitious and far reaching study. The stakeholder im-
plications of various scenarios for future shares of renewable energies and conventional
generation of the all island power system were considered. The analysis included an ex-
tensive assessment of resources, power system operation and required network upgrades.

The benefits of increased shares of renewable energy

Based on the parameters used in the study, investment in renewable energy technology
allows meeting up to 42% (portfolio 5) of the all island electricity demand with renew-
able generation in 2020. In turn, this allows a 25% reduction in CO, emissions associated
with power generation and a 28% reduction in gas imports for electricity generation
when compared to a 16% renewable energy share (portfolio 1) which may be used as a
reference case in the study. Additional total costs are estimated to be about €216 million
in the year 2020 when compared with portfolio 1. This represents a 7% difference in the
additional costs included in the study to achieve a 25% reduction in CO, emissions. This
is equivalent to additional specific costs of about €4 per MWh generated in all of Ireland
in 2020, compared to the first portfolio with a 16% renewable share. These are significant
results illustrating that for a relatively small additional cost for society, large CO, and se-
curity of supply benefits could be achieved.

However, there are uncertainties with some risk that the additional cost could be signifi-
cantly higher (see below).

The more moderate portfolios investigated allow a renewable energy share in electricity
demand of 27%, a reduction of CO, emissions related to the electricity sector up to 10%
and a 15% reduction of gas imports against additional specific costs of about €2 per
MWh compared to the reference case. As an exception, the portfolio substantially relying
on new coal plants ends up with an increase of CO, emissions.

The uncertainties associated with these portfolios are lower.

The overall result is relatively robust with respect to the price of gas and carbon, with the
reasonable assumption that these are correlated.

Challenges and supportive action required

In order to achieve this very high level of renewable energy penetration in the range from
about 30% to more than 40% of total demand and in order to deliver the related benefits,
the following complementary actions, which may imply additional costs, are essential:

e The transmission network development required is extensive. Though the cost re-
lated to reinforcement are in acceptable ranges (0.8...1.2 €/ MWh), the develop-
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ments will require considerable resources to be deployed by the transmission
owners and operators, in addition to the work necessary to implement the east-
west and north-south interconnectors, and other extensive transmission infra-
structure development required to accommodate non-renewable generation and
growth in demand. As existence of sufficient transmission capacity is a precondi-
tion for planning and development of any new generation capacity, successful
and timely development of the infrastructure is a precondition for implementing
the portfolios envisaged in the study. The lead times for the individual transmis-
sion reinforcements envisaged will be considerable — in many cases 7-10 years.
Therefore work on identifying the detailed scope and timing of the transmission
reinforcements and their subsequent implementation must commence without de-
lay.

Though not within the scope of the study, the results indicate that the challenges
related to the development of the distribution networks connecting renewable
generation are at least as ambitious. To connect wind to the transmission net-
work, 4000 — 5500 km of new lines need to be built. This number may change
substantially when transmission voltages and/or connection points are changed
during a detailed planning process.

The assumed 1000MW of interconnector capacity must be available to be used as
envisaged in the study. This includes flexible dispatch and participation in re-
serve markets. The costs associated with the incremental S00MW of interconnec-
tor capacity have not been included in this analysis nor have the cost of technol-
ogy upgrades potentially required for the existing interconnector.

The installation of complementary, i.e. flexibly dispatchable plant must be effec-
tively incentivised so as to maintain adequate levels of system security. From the
current perspective, such plant will be dominated by non-renewable options for
technical and economical reasons.

With increasing electricity supply from renewable plant, revenues for certain
non-renewable generation technologies from electricity markets and capacity fac-
tors of respective units tend to decrease. Nevertheless, availability of these gen-
eration capacities is essential for maintaining generation adequacy. Mechanisms
such as capacity payments and/or ancillary service payments will be required to
supplement the energy market income of all generators and ensure that they can
earn sufficient revenue to remain in business. Analysis of any support mecha-
nisms for renewable generators is needed.
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Cautions

The benefits of renewable electricity generation may be lower than estimated and some
associated costs are likely to be higher than estimated by this study. There is a risk that,
due to the limitations of the models used, in particular the instantaneous amount of wind
under dynamic conditions, the extent of curtailment of renewable generation, especially
wind, at times of low demand has been underestimated significantly. The effect of such
an underestimate is to overstate the CO,, fuel usage and cost benefits of renewable gen-
eration and to underestimate the cost of renewable support payments required. The net-
work model in work stream 3 did not account for the need for maintenance, which will
have the effect of increasing reinforcement costs and/or curtailing wind. The model for
evaluating the cost of support assumed a perfectly efficient support mechanism. In prac-
tice there are certain inefficiencies inherent in support mechanisms and thus the results
may underestimate the costs associated with the support required.

Characteristics of generation portfolios and their components

e Wind energy is by far the cheapest renewable energy source for electricity gen-
eration. Some wind farms are able to compete economically with conventional
plants.

e Evaluating the different portfolios with respect to optimal plant mix, a mixture of
new gas-based conventional generation (single and combined cycle) seems to be
superior to new coal plants with respect to both, costs and CO, emissions.

e  Within the assumptions and limitations of the methodologies applied, the exam-
ined portfolio with 8 GW of wind installed is not a feasible option. Both the dis-
patch and network study showed severe reliability problems. Given the fact, that
the methodology of the study did not reflect all issues and most likely further op-
erational restrictions apply, such a portfolio has to be considered more or less
speculative.

In summary, the Study indicates the potential to achieve significant environmental and
fuel security benefits for little additional cost to society and thus to electricity customers.
The limitations of the study may mean that, on further analysis it is found that the bene-
fits are not as great as indicated and the costs are higher. Finally, the benefits will not be
achieved without the complementary actions listed above being addressed.
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