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local network congestion this is known as a
‘constraint’.  Collectively,  curtailment  and

Abstract

The All-island power system, representing the
electrical grids of the Republic of Ireland and
Northern Ireland, has a target of supplying 37% of
electricity with wind power by 2020. This presents
a considerable integration challenge, in particular
associated with the increasing number of periods
when there is too much wind power and not enough
demand on the system, requiring wind power to be
turned off or ‘curtailed’.

The authors previously estimated potential
curtailment on the All-island system in 2020 using
a novel model. The model was validated using
actual wind output and curtailment data from 2011,
and produced results for 2020 indicating
curtailment levels ranging from 5.6% to 8.5% -
consistent with previously published estimates.

This paper expands the previously published model
to include: simulation of dispatch of conventional
generation based on merit order; a representation of
variable prices within a wholesale electricity
market; and the operation of electrical energy
storage within the system. The model is used to
estimate the installed wind capacity required to
supply 37% of electrical demand and the potential
for storage to reduce the capacity required to meet
this target. Finally, the model has been adapted to
MS Excel and made available to download for free.

1. Introduction

A challenge of integrating high penetrations of
wind power is managing periods when system
demand is low and there is too much wind
generation. When this occurs at the national level,
it can be necessary to turn down, or ‘curtail” wind
power. When wind power is turned down due to

constraints are known as ‘dispatch down’ of wind
power [1].

Studies concerned with accommodating large
penetrations of renewables and decarbonising
power systems show the need to avoid curtailment,
by making use of excess wind power, for example
by charging electrical energy storage systems [2-5].

Wind curtailment already occurs on the power
system of the Republic of Ireland and Northern
Ireland (the “All-island” power system). 2.2% of
total available wind output (119 GWh) was
dispatched down in 2011, with an estimated 80%
due to curtailment [1]. In 2012, dispatch down was
2.1% [6].

In 2013, 16% of the All-island electricity demand
was supplied by 2395 MW of wind power [7].
Going forward, the All-island system has a target
for 40% of electricity to be generated by
renewables by 2020 [8,9] with 37% expected to be
met by wind power — the highest target within the
EU. The installed wind capacity required to meet
this target depends on how much wind power is
curtailed, so there is an interest in estimating future
levels of curtailment, as well as investigating
measures to reduce it.

There are numerous studies that estimate potential
curtailment on the 2020 All-island system. These
can be differentiated between the early studies that
assumed pre-recession demand growth estimates
which found curtailment not to be an issue in 2020
[10-13], and the later study by Mc Marrigle et al.
that used post-recession demand growth estimates
and which found the potential for curtailment in
2020 to be considerable [14].

The authors have previously contributed to this
literature [15] by estimating potential curtailment
on the All-island system with results consistent
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with those of Mc Garrigle et al. This paper builds
on this work by estimating the installed wind
capacity required to meet the 37% demand target.
Furthermore, the paper extends the model to
estimate the potential impact of electrical energy
storage on reducing curtailment. Finally, the model
has been adapted to MS Excel and made available
as a free open-source model for download [16].

2. Description of the model

The model developed for the authors’ previous
paper [15] consists of a component to estimate
aggregated hourly wind output based on hourly
wind speed data from 51 grid nodes around the
island, and a component to estimate curtailment
based on hourly wind power output and demand
data and a set of curtailment rules based on the
published rules that govern which conventional
generators need to be kept on-line for system
security reasons.

The model presented here is an enhanced version of
the previous one. In particular, to estimate the
potential for electrical energy storage to reduce
curtailment, a wholesale electricity market is
modelled to provide a price signal for the storage to
respond to. The market is modelled using a
simplified representation of a supply mix where
generation is dispatched in the following merit
order: wind, baseload, mid-merit, peaking plant.
Market prices are estimated based on assumed
marginal costs of generation. Prices are lowest
when wind power is being curtailed and highest
when peaking plant is used. Note this is not
intended to provide an accurate simulation of the
supply-mix and dispatch of the All-island power
system and single electricity market. It is used
simply to provide a price signal with an appropriate
shape such that the storage system operates in a
manner that increases its profits, while also
achieving a reduction in curtailment. The following
describes the model calculations in detail.

2.1. Wind power and demand

The four years of hourly demand data and national
wind power capacity factors that were calculated in
the previous paper [15] for the years 2009 through
to 2012 are re-used here. To estimate 2020 values,
the installed wind capacity and demand are scaled
up appropriately (17% in the case of the demand).
All data and results are all-island values.

The net demand Py, is calculated from the system
demand (Pp) and wind output (P,,) as:

Pyet = Pp — Py 1)

2.2. Curtailment

Curtailment is estimated based on two curtailment
rules. The first rule estimates curtailment based on
the requirement to ensure minimum levels of
synchronous generation. The second rule estimates
curtailment based on the requirement to limit the
system non-synchronous penetration. In the model,
the curtailment required for the two rules are
calculated separately, and the actual curtailment in
any one time step is taken as the maximum of the
two. The rules are fully described in the previous
paper [15], while the following focusses on their
implementation.

For rule 1, the required minimum synchronous
generation (Pyinsyngen) 1S 2503 MW, 2258 MW,
and 2416 MW for week daytime, weekend
daytime, and night-time respectively, multiplied by
a partial load factor A of 50%. Curtailment required
for rule 1 (P;y.+1) is calculated as:

PCurtl = maX(O' PMinSynGen - PNet) (2)

For rule 2, the system non-synchronous penetration
(B) is defined as [14]:

_ Pw+Pimp
B= Pp+PExp (3)
Where Py, and Pg,, are interconnector imports
and exports respectively. Imports are not included
in the model, so the curtailment required for rule 2
(Peyrez) is calculated using the system non-
synchronous penetration limit S, ;,, as:

Peurez = max(0, Py — Brim [PD + PExp]) (4)

Interconnectors can be used to reduce curtailment
by exporting power to interconnected neighbouring
power systems [11]. 1 GW of interconnection is
expected between the All-island and GB power
systems in 2020 [14]. The model takes into account
the potential use of interconnectors to reduce
curtailment as follows. The curtailment required for
rule 1 can be reduced to the level (Pcyre1ime) DY
exporting power on the interconnector (Pgy;,;) up to
a limit set by its capacity (P,;)-

PExpl = min(Pcyre1 Prne) (5)

Peurttint = Pourer — PExp1 (6)

Similarly, curtailment required for rule 2 can be
reduced to the level Py, e given exported power

PEpo-
Peypz = min(Peyrez2/Brim» Pne) (7)
Peurtzme = max(0, Py — Brim [PD + PEpo]) (8)

The relationship between the system non-
synchronous penetration and interconnection
exports are accounted for in equations (8) and (9).



Note that this was not accounted for in the previous
paper. The impact of this is described in the results.

The actual amounts of curtailment (P.,..) and
export (Pgy;) required is given as the maximum of
the two rules:

Peyre = maX(PCurtl,Int' PCurtZ,Int) 9)

Peyp = maX(PExplt PEpo) (10)

2.3. Dispatch of generation
The modified net demand Py, ane: 1S Calculated as:
Pyoaner = Pp + PExp - (PW - PCurt) (11)

The modified net demand is met by the supply mix
shown in Table 1. The method for dispatching
generation and modelling the wholesale electricity
market is based on work by Griinewald [17], who
developed a model of the GB wholesale electricity
market to estimate the commercial viability of
electrical energy storage on the GB power system
with high penetrations of wind power. A capacity
margin is specified such that the total capacity
thermal plant (baseload, mid-merit and peaking)
exceeds the peak demand by 20%.

Generation | Share of | Merit | Marginal
type conventional order | cost, s
generation (%) | (g) (E/kWh)
Wind Specified by |1 0
user
Baseload 15% 2 8
Mid-merit | 55% 3 20
Peaking 30% 4 100

Table 1 — supply mix, merit order and marginal
costs used in the model.

2.4. Wholesale electricity market

The wholesale electricity price II is estimated
depending on the current merit-order position. If
wind is being curtailed:

_a(PW_PCurt)
M=n,x[l+xXe Pw (12)
Else if peaking plant are generating:

_.(C9~Pg
H=7'Tg><[1+K><ea( Cg )] (13)
Otherwise:

_ Tg+1~Tg Pg
M=, x [1 — Cg] (14)

Where 7z, C, and P; are the marginal cost of
generation, installed capacity and power output of
the plant in the current merit-order. ¥ and «

provide the price curve with an appropriate shape.
Similar to [17] a value of 50 was chosen for x and
5 for a. Table 1 shows the marginal costs that were
used.

2.5. Operation of storage

The control strategy for the storage system is based
on work by Barton et al. on modelling storage
within the FESA system balancing model for GB
[18,19]. The main difference is that here price is
used as the control signal for storage while in
FESA net demand is used as the control signal.

Broadly, the objective of the storage control
strategy is that the rate of charge or discharge of the
storage depends on its state of charge, as well as
the relative prices in the wholesale electricity
market.

In particular, the storage is charged or discharged
depending on the price in hour t (r,) and the 24-
hour average price (7;). As illustrated by the x-axis
in Figure 1, the storage discharges when m, is
greater than 7., and charges when m, is smaller
than ;.

ey — Ty
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Charge Discharge
€price = 1.75 €price = 0.25
0 » T — T
Charge Discharge
€price = 0.25 €price = 1.75

Figure 1 — Relationship between price, decision to
charge or discharge, and price scaling factor.

The rate of charge or discharge (Ps,,-) depends on
its rated power capacity (Prareq): discharge
efficiency (np;s), a price scaling factor (€p,c.) and
storage state of charge scaling factor (egq¢)-

Psior =

{ min(Prateqr €price€soc Pratea) 1f e < ¢
max(—NpisPratear —€price€socPratea) 1f T > T,

(15)

Figure 1 illustrates the relationship between the
price and the price scaling factor along the y-axis.
The 24-hour average price 7, is compared with the
average of i, over future i number of hours (7.,;).

i =

— Zn
T[f+i = % (16)

When 7, ; is greater than 7, discharging is scaled
down and charging scaled up. When 7,; is smaller
than 7, discharging is scaled up and charging
scaled down. Factors of 1.75 and 0.25 are used here



for scaling up and down respectively, and i is 8
hours.

Figure 2 illustrates the relationship between state of
charge (Egoc) and the state of charge scaling factor
(€soc), Where Egpg:oq 1S the rated storage energy
capacity. The scaling factor increases linearly with
state of charge when discharging and decreases
linearly with state of charge when charging. The
relationship is calibrated such that the storage tends
towards a state of half charge.
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Figure 2 — Relationship between state of charge and
state of charge scaling factor.

The net energy flow to the storage (Es;,,) depends
on the net power flow (Pg;,,), charging efficiency
(nchar) @and discharging efficiency (1p;s)-

7'](,'harl:).s‘tor If PStor >0
EStor -

P .
—SL if Pgror < 0
NDis

(17)

3. Results

Figure 3 shows mean curtailment results with
500 MW of interconnection for the 4 years of data.
Whiskers extend to show differences between the
results published in the previous paper [15]. The
results presented here show higher levels of
curtailment ~ for  system non-synchronous
penetration limits of 50% and 60%, with negligible
differences for 75%. As discussed previously, this
is because the effect of interconnection on system
non-synchronous penetration was not accounted for
previously. The All-island system non-synchronous
penetration limit is 50% at present, with a limit of
75% expected to be technically feasible in 2020
[20]. A SNSP limit of 75% is used in the results
that follow.

Figure 4 shows the amount of demand met by wind
against installed wind capacity given 500 MW
interconnection, 75% SNSP and no storage. Values
shown are the mean for the 4 years data with
whiskers extending to values for the maximum and
minimum years. The target of 37% is indicated for

clarity. On average over the four years of data,
which had a mean wind capacity factor of 27.6%,
the target is met by just under 7.5 GW of installed
wind capacity. For the year with lowest wind
output (2010, capacity factor 23.31%) the results
indicate a requirement for over 9 GW of installed
wind capacity. The year with highest wind output
(2009, capacity factor 31.46%) requires just over
6 GW.

Curtailment with 500 MW interconnector
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Figure 3 — Curtailment results with 500 MW of
interconnection.
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Figure 4 — Percentage demand met by wind with
500 MW interconnector, 75% SNSP and no
storage.



Figure 5 shows the effect of storage on the
reduction in installed wind capacity required to
meet the 37% target. Values are shown with and
without 500 MW of interconnection and, as above,
are mean values with whiskers showing maximum
and minimum reductions. The storage is
characterised by a duration of 8 hours, 100% depth
of discharge, and a round trip efficiency of 85%.
On average, 500 MW of storage displaces 266 MW
of wind power with no interconnection, and
129 MW with 500 MW of interconnection.
Diminishing returns apply: adding an additional
500 MW of storage to the above displaces an
additional 106 MW and 53 MW of wind power
respectively.

2]
[=]
[=]

P

[

=]
T

to supply 37% of demand (MW)
w F Y
(<] (=3
o o
T

[

[=]

=]
T

3 250 -

200 --
————

180 --

wind

100 --

c 50[ -

0 250 500 750 1000
& Storage (MW)

=== No interconnector

= ® = 500MW interconnector

Figure 5 — Effect of storage on reduction in
installed wind capacity required to meet 37% of
demand. Storage duration is 8 hours, SNSP 75%.

4. Discussion and conclusions

McGarrigle et al. estimated 6262 MW of installed
wind capacity would be required to meet 37% of
demand [14], for a ‘low’ offshore scenario (25
MW) which is comparable to the scenario used
here (we assume no offshore wind capacity). While
this is within the range of 6 GW to 9 GW presented
here, it is considerably lower than the mean of
nearly 7.5 GW. One possible explanation is that
McGarrigle et al. assume 950 MW of
interconnection with GB, while 500 MW is used
here. Furthermore it should be noted that
McGarrigle et al. use a mixed integer unit
commitment and economic dispatch model which
is more sophisticated than the model used here;
discrepancies between the two models should be
expected.

It is the ambition of the authors to continue
developing the model, for example by calibrating
the dispatch of generation and wholesale electricity
market so that they are more representative of the
All-island system. Nonetheless, the model already
serves as a tool for exploring methods of reducing
curtailment on the All-island system; this paper has
presented an initial example that illustrates some of
the capability of the model.

The model has been developed in MS Excel and
made available to download for free [16]. This is to
encourage and support further research on this
subject, promote transparency and scrutiny of
research methods, and ultimately allow for
improved versions of the model in future. Feedback
is welcome and comments can be sent to the
corresponding author.
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