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Assessment of Power System Flexibility: A
High-Level Approach

Eamonn LannoyeStudent Member IEEEDamian Flynn,Senior Member IEEEMark O’Malley, Fellow IEEE

Abstract—The targeted growth of variable generation capacity A new issue for IPPs and regulators, charged with maintain-
in many power systems has led to concern that future systems ing the reliability of a system, is to assess the needs oftasys
may have insufficient flexibility to meet ramps in variable q,a g the integration of variable generation. The intrdiduc
generation (VG) production and system demand. This paper f VG h terial i ' th f f
introduces a high-level flexibility assessment methodolgg for o ,may ave a material impact on the Opera.'on 0
use by those involved in planning, and with little experiene of an IPP’s assets through changed market rules and increased
the integration of large quantities of variable generation This cycling requirements [5]. While some systems have built up
is proposed as a first step in assessing the future needs of agxperience of system operation with significant penetnatio
system. Comparison is drawn between the proposed high-lelve of variable generation (e.g. Denmark, Ireland, Portugdis

flexibility assessment and a more detailed flexibility assement. L . .
The insufficient ramp resource expectation (IRRE) highlighs BPA, ERCOT), many systems lack such insight into cycling

those time horizons in which the system may have insufficient ahd ramping requirements of their generation assets. There
flexibility to meet changes in the net load. The methodologysi is a risk, therefore, that potential investment options rbhay
demonstrated on a test system from which high-level conclisns  ynsuitable for operation in generation portfolios with Hig
may be drawn. A number of other insights are also offered by - ,anetrations of VG, and may become redundant as operational
the proposed methodology, including the distributions of he size . - LT .

of the deficit, and surplus, of ramping capability. practices or ramping mitigation strategies evolve. _

As experience with the operation of VG has increased,
considerable effort has been directed towards charaictgriz
the consequent increase in the variability of net demand [6]
Prevailing environmental conditions have an effect on thre ¢

|. INTRODUCTION relation between VG and system load; since VG has priority
In response to environmental, economic and security of suispatch status in many countries, the remaining generatio
ply concerns regarding the dominance of fossil fuels usagemust meet the net load, where the net load is defined as
the energy mix of many countries, significant growth has be#re system demand not met by variable generation. Current
witnessed in the amount of installed wind and solar germratiresearch is focusing on quantifying the variability of thet n
capacity [1], [2]. With the advent of policy initiatives du@s load, since net load ramps must be met by conventional,
the EU renewables directive [3], renewable portfolio stmdd dispatchable resources. The insight provided by such sisaly
[4] and other national policies, electrical power systemes ais valuable to system operators, generation plant marurfact
undergoing a period of substantial physical change. Thigtis ers, IPPs and regulators alike and may help to determine the
against a context of recent regulatory change to the operatramping and cycling which future generation, interconioect
of electricity markets, through market liberalization ihet and electricity storage resources may be required to meet.
European countries, experiencing strong growth in vagiabl With the data and experience acquired to date, planning
generation (VG). entities have begun the process of identifying the physical
A consequence of liberalization is that independent powand institutional changes which will be required by high
producers (IPP) have now become responsible for investmgenetrations of VG in a power system [7], [8]. Since generati
in generation, as national vertically integrated utiftiare units are not the only option for managing variability, gyst
unbundled. Market participants face challenges in idgimgf operators and regulators have sought new methods to deter-
the needs of the system in years to come, and assessingkthemige whether current infrastructure and policies will sfi
associated with the forecast requirements. In many systeasd to identify the least cost portfolio which meets the new
long-term demand projections have proven to be inaccunater¢quirements of a system.
the face of economic turbulence, with a corresponding emee  An example of the evolution of operations with increased
in investment risk. VG penetration is the development of new methods to calcu-
. . . _late the optimal amount of operating reserve. While sufficie
This work was conducted in the Electricity Research Cerithelversity . .
College Dublin, Ireland, which is supported by the Comnaissior Energy reserve has been tradltlonally carried to meet system deman
Regulation, Bord Gais Energy, Bord na Moéna Energy, Cyloonttdls, forecast errors and generation or transmission outages in a
EirGrid, Electric Ireland, EPRI, ESB International, ESBtierks, Gaelectric, system, newer methods have been developed to include the
Intel, SSE Renewables, UTRC and Viridian Power & Energy.
E. Lannoye, D. Flynn and M. O'Malley are with the School of @ieal, €ffect of VG forecast errors [9], [10]. However, these melho

Electronic and Communications Engineering, Universityll&e Dublin, do not measure a system’s ability to provide the reserve in
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[8], [11], [12]. Flexibility is the ability of a system to usés and energy storage might perform in reality. The results may
resources to meet changes in the net load, and so is considése show the impact of a change of operational policy such
ably different from the capacity adequacy of a system. Whikes the unit commitment procedure or reserve requirement.
the latter is a function of the amount of capacity availatile, However, integration studies require extensive data aed ar
forced outage rate of each resource and the system demaodnputationally intensive in nature. Therefore, the nundie
system flexibility is affected by many additional factorack sensitivities carried out may be limited and the operationa
as the generation portfolio, the availability and ramp rafte limits of a system may not be reached. This has led to the
resources, the magnitude and frequency of net load ramgsyelopment of long-term planning metrics to determine the
the predictability of net load variations, interconnentito flexibility of a system.
other systems, the presence of energy storage, demand sid@ne such metric is the insufficient ramping resource expec-
resources (DSR), the market arrangements in place andreeseéation (IRRE), which has been developed as a flexibility metr
provision strategies [8], [12], [13]. for the long-term planning time frame [13]. The IRRE is the
Furthermore, a system’s requirement for flexibility chamgexpected number of times in a given period that a system
depending on the time horizon studied, where a time horizavill not be able to meet changes in the net load. In order
is defined as the duration of a net load change. For exampleparecognize the many factors affecting flexibility, the IRR
system will have a smaller requirement for flexibility ovet@ requires the production time series of all flexible resosirce
minute time horizon when compared to a change in net loéelg. generators, DSR, energy storage, interconnectiom) i
lasting 12 hours, as Figure 1 shows based on wind data in 8ystem. The methodology presented in [13] requires the sim-
Ireland during May 2011. The resources available to providgation of system operation using computationally inteasi
flexibility to a system are also dependent on the time horizamit commitment. Once the availability and production of
to be studied. For example, an offline unit may be able #ach resource is known, a distribution of the probability of
come online and commence production in 6 hours, but notflexibility available in the system is calculated, from winic
a 30 minute time horizon. Since the relationship between ttiee probability of insufficient flexibility to meet each ramp
net load ramp magnitude and the time horizon is non-lineds, determined. The IRRE, calculated in this way, depends on
separate analyses are required for individual time hoszm considerable offline data gathering and computationayaisl
results for one time horizon cannot be linearly scaled terinfand is not suitable for high-level aims. A high-level metbbd
results in another. ogy to determine the IRRE, with no requirement for intensive
production cost simulation, is presented in this paper lwhic

1250

would be more suitable for policy makers and system opesator
§ 10 just commencing the VG integration process.
g This paper seeks to determine the flexibility of a system
E 30 without resorting to full production cost modeling. The tgys
E 0 flexibility will be measured using a high-level IRRE algadirit,
‘E 0 T - S outlined in_ Section II. Section Il describes the test syste
g 250 Time hterval hours) to be studied and presents the results of the analysis for the
§ s test system. Section IV discusses these results and thefurt
g 7% developments to the proposed methodology, and Section V
& 1000 concludes.
-1250 ——Max +ve May —Max -ve 5th Percentile 95th Percentile II M ETHODOLOGY
Fig. 1. Wind ramp mangitudes as a function of the time interiraland, A high-level methodology to quantify the flexibility of
May 2011 a generation portfolio is sought, in order to eliminate the

Two systems with the same net load profile and installegeed for computationally intensive production cost sirtiota
generation capacity, but with differing technology mixe#l w However, the unused capacity available at any observation
manage the variability of the net load to a different extenin time is dependent on the state of each resource in a
Nuclear and coal units tend to operate in base load conditi®ystem. Without detailed simulation of a system, assumptio
for long periods and cannot change their output quicklgbout the operation of each unit are required. The assumptio
compared to a open cycle gas turbine. A system with a greaitermade in this paper that system resources are operated
number of flexible resources should be able to integrate \&&cording to a merit order dispatch, whereby the load is
more successfully. met at each observation in time by dispatching units based

In order to determine a system’s ability to meet changes the incremental marginal energy cost from each resource
in net load, VG integration studies have been carried out &t maximum output. Since the process is non-chronological,
many systems worldwide [14]-[17]. These integration stadiramp rate constraints, start-up costs and forecast errers a
typically involve the simulation of the behavior of a systemexcluded from commitment decisions.
for a number of scenarios, in a production cost model. UsingFurthermore, the impact of transmission network constsain
time series data for load, VG production, fuel prices anahd institutional procedures on the availability of flektli
generator availability, integration studies have demmatst from a system’s resources are not included, as a result of
how different portfolios of generation, interconnecti@SR the merit operation assumption. However, the purpose of thi



paper is only to provide a high-level insight into the fleliti changes in net load coincident with each net load level are
of a system before more detailed studies are carried out. noted. If the system makes provision for reserve, the target
amount of reserve required for the time horizon under sayuti
A. Generation flexibility assessment method is added to the NLDC, effectively increasing the net demand.
. . . . Using the merit order and the net load duration curve, the
Using a merit order to estimate the production of all re-

sources, the amount of flexibility available at each obgerma production levels for each resource are then calculatedait e
in a net ,Ioad time series can be calculated for a system Whlol%servation in the NLDC, as shown for a simple three unit
y ' stem in Figure 2. This is achieved by sequentially adding

g%ne thl?hne bneur%(t))rgrpi:‘we??oézeinnzt Ic;‘;? Jv?]rgﬁsacg'g;dn?nﬁegch resource, according to the merit order, until the raet is
inufiiciont. available floxiblity is then counted to gueeth TEL Unit 3 is the most expensive, unit 1 is the cheapest to run
vy 9 and all units are assumed to have a minimum stable output of

insufficient ramping resource expectation for a given MW. Point A in Figure 2 represents the net load level which

i MERIT i
horizon ( RRE; ). While net load changes can be bo“&an be met by unit 1 operating at maximum capacity. At net

u_pward and downward, upward fI_exibiIity is examined exclqbgd levels between points A and B, unit 2 is also required.
sively here. Downward changes in net load can be manag t'net load levels higher than point B, all units are required

by down ramping of units, curtailment of VG or an mcreaslg] order to meet the net load. The grey regions in the graph

in exports or consumption. hence, the system operator Eth()lll’gicralte the amount of unused capacity for each online unit a

always have an option available to deal with decreasing "ch net load level, which represents the amount of upwards

Ioaq, whereas the same opt_lons are not gqaranteed.to.ﬂ %bility each unit could provide before ramp rate conistts
available for the upward ramping case. A detailed desoripti are included

of the methodology is given in the sections that follow.

B. Data requirements

The system flexibility assessment method requires informa-
tion on the resources which provide flexibility to the system
and on the system demand and VG production which require
flexibility. A time series of system demand and variable
generation coincident in time, at the resolution of the $esal
time horizon to be examined, is required. Details requiaed f
generation units include the capacity, minimum stable aitp
ramp rate, start-up time, forced outage rate and the energy
price at maximum output for each resource. Finally, therxese Time
targets for regulation and contingencies should also bevkno
In order to fully understand the challenge each power systdif- 2. Net load duration curve
faces a number of time horizons are chosen to be studiedA final adjustment is required to prevent operation of units
based on the availability of data, or significant operatitinge  pelow their minimum stable output level (MSO). When a unit
horizons, such as the start up time of a dominant generatignscheduled to operate below its MSO, production for the

NET LOAD (MW)

type or a forecast horizon. next most expensive online unit is reduced by the difference
between the MSO and the scheduled output of the generator
C. Including operations on the margin. Correspondingly, the output of the geneiiator

The first part of the process is to calculate the ﬂexibilit;'/ncreased o its MSO.

available from the individual flexible resources. By ordeyri
the resources according to increasing full load marginatop. Available flexibility

of energy from each resource, the merit order supply functio With the production schedule for each resource, Figure 2,

for energy can be calculated [18]. The changes in net logd - :
ramps (NLR) are then calculated for each observation in tg—ue flexibility available from each generator can be calada

e ) o i
net load time series (equation 1). or each observation. The amount of flexibility availablerfr

an online resource is the maximum increase in power output,
for a given time horizon, from that resource, limited by the
NLR;; = NLR;; — NLR; (1) difference between its rated capacity and its initial piigtun
level at each observation. This is the grey shaded area in
Figure 2. Ramp rate constraints are then applied to the dnuse
1<t<|NL| capacity for each unit. The constrained available flexibili

. o ) . F;, from online units is given by the following equation:
wheret is the observation in the net load time seriess

the time horizon andN L| is the length of the net load time

series. The net load is then sorted in order of decreasing net Fiir" = Online . x min(RR, + i, o
load, resulting in the net load duration curve (NLDC) and the RatedCapacity, — Production; )



where t is the observation in the NLDC, i is the timecarried out if the initial results suggest that the systeny ma
horizon, r is the index of resourcesRR is the ramp rate have insufficient flexibility.
of each unitr, andOnline is the boolean online variable for In order to achieve more realistic dispatches, a hybrid
each resource. Flexibility can be provided from an offliregest merit order dispatch economic dispatch is applied. Meeor
if the resource can successfully synchronize and commemigpatch commits all units which are at maximum production
production within the chosen time horizon. In the exampléelow the given net load level, as demonstrated in Figure 4.
provided the time horizon is sufficiently long, unit 3 mayThe remaining net load not met by resources at full produc-
provide flexibility from an online state at all net load leveltion is met by resources determined by economic dispatch.
below point B. The amount of flexibility available from offén Economic dispatch will minimize the total cost of meeting

resources is given by: the remaining load, allowing out-of-merit operation forcka
unit. Depending on the marginal costs of units 2 and 3 in
t?ifrfline — min(RR, * (i — StartTime,), the example system, unit 3 may be dispatched to meet the

(3) remaining net load at levels just above point A in Figure 4.
Using the improved production time series, the flexibilitgrh
each unit is calculated at each point in the net load duration

Vi > StartTime, curve as before_. Thg hybrid_ methpdology_prpduces a more

realistic production time series, without significant loss

The online and offline available ﬂEXIblmy for each reS(erCSimpncity and without heavy Computationa| burden.
are added together to form the available flexibility series f

a system. The flexibility available at each observation i th
NLDC for the example in Figure 2 is shown in Figure 3. The
only flexibility available at point A in Figure 3, correspand

to the same point in Figure 2, is from the offline units 2 and
3. Between points A and B, flexibility may be provided from
unit 2, which is online, and unit 3, which is offline.

RatedCapacity,) * (1 — Onliney )

Unit 3 online — merit order decision

Unit 2 online — merit order decision

Remaining net load met by economic dispatch

NET LOAD (MW)

Online Flexibility - Unit 1

Unit 1 online — merit order
decision

Online flexibility - Unit 2 = o151 R T AT 22

Time
Offline flexibility - Unit 3

Total Flexibility (MW)

Fig. 4. Hybrid dispatch methodology

Time (hr)

Fig. 3. Available flexibility series E. FIeXIbIIIty deficit

The merit order approximation of the production time series Having determined the complete series of the system's
for each resource assumes that the marginal cost is the ofgilable flexibility, the ability of a system to meet upward
consideration when dispatching resources. Consequeatly,changes in net load may be calculated. The net ramping
more expensive units tend to be smaller, merit order operatiesource deficit seried), ;, can be calculated by subtracting
tends to maximize the amount of flexibility from online upitsthe available flexibility from the net load ramp time series,
while fast-starting units remain offline and, depending loa t EQuation 4.
time horizon studied, may provide flexibility from an offline
State.. . . . Dt,i _ NLRt’i . (FtOinline + Ftoifflin(i) (4)

Unit commitment solutions consider many factors such as ’ '
the forecast demand in the following periods and the start-u From the net ramping resource deficit series, a number of
times and costs, and the ramp rates of each resource. Comgetrics can be calculated to characterize the flexibilityaof
quently, fast-starting, expensive resources may be dispdt System. Positive observations in this series indicateogeri
out-of-merit for short periods to avoid the start-up of agtar when the net load ramp is larger than the flexibility avaigbl
resource only required for a short period. This reduces thath Where the number of positive observations in the net ramping
online and offline flexibility available compared to meritdler resource deficit series is comparable to the IRRE outlined in
operation. Therefore, the merit order methodology willdém [13].
overstate the flexibility of a system unless the productioret ~ In order to account for the outage of individual units,
series are altered to more closely mirror operational mact the IRRE%ERIT/HYBRID is calculated again with each
Since non-chronological, merit order commitment minimsizeresource removed from the portfolio in turn. Therefore, the
system costs for each interval, the result may be sub optiM&ERE%ERIT/HYBRID calculation for each time horizon,
in reality. Therefore, the results of such an assessment mreepeated? + 1 times whereR is the number of resources,
only indicative for initial screening applications. Moretdiled r, in a system. When the IRRE is calculated with the loss of
studies using constrained unit commitment should then beesource, the overall values for the IRRE tend to be higher

4



for most time horizons since fewer resources are availabledecreasing to 1.84 hours per year when 50 MW of wind power
provide flexibility. For the three unit system here, coneatr generation is included. When 100 MW of wind generation
outages of two or more resources are not considered givenincluded the LOLE is reduced further to 1.04 hours per
the low probability of occurrence. However, the methodoiear. The peak system demand reaches 392 MW during the
ogy can be extended to include the loss of two or mokeinter months. The IRRE is calculated using the merit order
resources, where the probability of such events occursng(i RRE}}*//T) and hybrid (RRE/Y P") methodologies
non-negligible. The sum of the weighted IRRE values for eadbr all time horizons between 15 minutes and 24 hour in 15
time horizon and with each portfolio of resources results iminute steps.
the final IRREMERIT/HYBRID Each scenario is weighted

by the probablllty of the outage event occurring divided g t

sum of the probabilities of the events considered, as falow

TABLE |
TEST SYSTEM UNIT DATA

Unit 1 2 3 4 5 6
Cocff Max. Capacity (MW) 150 | 150 | 100 | 75 | 75 50
IRREMethod — [RREG, ., 1 Min. Capacity (MW) 60 | 50 | 50 | 40 | 30 10
Final,t T Coeffi + TR Coef for Ramp Rate (MW/min)) | 2 2 4 4 6 10
o r=1 ’ (5) Start-up Time (hr) 18 18 6 6 4 0.017
=k Coef far Forced Outage Rate 0.03 | 0.03 | 0.02 | 0.02 | 0.02 | 0.015
+ Z TRRENo unit 1.t 7~=1é No Load Cost €) 500 | 500 | 400 | 400 | 300 | 100
et oeffi+>,—1 Coef fa, Marginal Cost €) 20 | 20 | 30 | 30 | 40 50
r=R Four principal analyses of the flexibility of the
Coeffi = H 1 - FOR, (6) test system are available from the resulting data: the
r=1 IRREMFRIT/HYBRID - the  distributions of net deficit
=R and net surplus of flexibility available and the temporal
Coef fo, = FOR H 1—-FOR @) distribution of the periods of insufficient ramping resasc
2,r — T - g
J=1,j7#r

The IRRE%ERIT/HYBRID can then be normalized byA. Insuﬁ|C|enL§2TTp;§f;:?;ce Expectation

division of the number of upward ramps in each time horizon, The IRRE, for the test system with 50
for the time series studied. MW of wind generation is shown in Figure 5 below using
Furthermore, analysis of the distribution of the magnitudeoth the merit order and hybrid dispatch methods presented
of the flexibility deficits provide an insight into the semsty in Section Il. As anticipated, theRREMERIT values, given
of the calculated IRRE to a change in the system’s flexib#& a percentage of upward ramps, are lower for the merit
resources. When the mean and standard deviation of @éer only dispatch over all time periods when compared
flexibility shortfall are small relative to the magnitude e to the IRRE[YBRID from the hybrid methodology and
net load ramps, it may be inferred that a small improvemethte IRRECOMPLEX values calculated using the detailed
in the capability of a systems’ resources, or in operatlonﬂﬂethOdO'Ogy proposed in [13], due to the additional fleiipil
practices, may result in a greatly improved performancefroavailable. Units with long start-up times (units 1 to 4) akely
the system. to be online and units with short start-up times (units 5 & 6)
Analysis of extreme deficits of ramping may highlighmay provide flexibility from an offline state. Two peak values
those rare events which are likely to pose serious threat® evident in Figure 5 at the 4 and 6 hour time horizons
to the system. Furthermore, by analyzing the net rampimgich correspond to the start-up times of unit, 3 & 4 and 5
resource deficit time series, the corresponding obsengtio respectively. For time horizons less than 4.25 hours only on
the NLDC provide an insight into the net load levels whennit may provide flexibility from an offline state.
the system is least able to manage increasing net load, e.g.
morning rise. Given the particular properties of the system
the most challenging periods may arise during times of peak 14
net demand, or during the low net load periods, when fewer
offline or online resources are available, respectively.

16

12

=
o

=50 MW -HYBRID

IIl. TESTSYSTEM 50 MW - COMPLEX

Analysis of the flexibility of an inflexible, six unit test
system with 600 MW of generation capacity was carried out.
Summary details of each resource in the system are shown in
Table I. Furthermore, an installed capacity of 50 MW, and . —

100 MW, of wind power generation, with a 34% capacity 0 4 8 12 16 20 24
factor, are also included. System demand and wind are based Time Horizon (hours)

on the 2009 wind and load from the Republic of Irelandig. 5. IRRE calculated according to the merit order, hylaii complex
system. The LOLE for this system is 3.04 hours per yeangthodologies

(=)

—50 MW - MERIT ORDER

EN

IRRE (%of Upward Ramps)
©




When compared to theRRE[ M PLEX it is seen that the = Flexiilty Defcit  —CDF of Fiexbiity Defici '
IRRE resulting from the merit order dispatch underestimate 3

the inflexibility of the system, while the hybrid method over
states the inflexibility. In reality, system operators ddes
the forecasted net load when dispatching units, whereas the
hybrid methodology optimizes the dispatch for each penod i
isolation, reducing the available online flexibility. Givehe
conservative nature of power system reliability calcolas, ‘ 02
the IRRE using the hybrid method is considered in the
following sections. o ||||,|. o

When an additional 50 MW of wind generation is included, o 10 2 bty De oy s
the IRRE[TY BRID and IRRECPMPEEX values are seen
to increase in line with the additional net load variabilityrig. 7.  Relative frequency and cumulative probability isttion of
associated with increased VG capacity. Figure 6 highlightexipility deficit
the increase in thé RRETY PRID values resulting from the
hybrid dispatch, as well as theRREZCMPLEX from the
detailed unit commitment solution. While the absolute ealu

Relative Frequency (%9
N

"

the IRRECPMPLEX Dye to the potentially large error intro-

do not coincide, the results from each method increase ced by th_e hybrid non-chronological_dispatch method;_alog
similar amounts for all time periods. For example. the pedR€ SyStém is unprepared for changes in net load, even gthes
IRRECOMPLEX \alye at the 4 hour time horizon increase&an largely be forecast in reality, e.g. daily morning rise.

5

by 2%, while the peakl RRE[YPRIP value at the same
time horizon increases by 2.5% when the additional wind. Surplus Flexibility

generation is added. A similar analysis can be carried out for periods when
surplus flexibility is available, Figure 8. If the averageus
flexibility is close to zero, the system may be susceptible to
a shortfall of flexibility given slightly changed circumsizes.

-~ 50 MW - COMPLEX While the mean flexibility surplus of 84.11 MW across 4 hour

time horizons is high and the distribution is asymmetric in

favor of periods with a surplus of flexibility larger than the

mean, there remains 42 hours per year when there is a surplus

of less than 5 MW and 272 hours when the surplus is less

than 20 MW. Given the error profile evident from analysis of

the flexibility deficit, this demonstrates the potential lens

this system may experience, and highlights the need for more

- . ; - - detailed/ RRECOMPLEX "or other, studies to be carried out.
0 4 8 12 16 20 24 ’

Time Horizon (hours)

10 —50 MW - HYBRID
--- 100 MW - COMPLEX

—100 MW - HYBRID

IRRE (%oof Upward Ramps)
®

7

= Surplus Flexibility — ——CDF of Surplus Flexibility

Fig. 6. IRRE with 50 MW and 100 MW of wind generation

0.8

04
|| .
40 160

120 1

o

B. Deficit of Flexibility

N

Analysis of those periods of insufficient flexibility, for a
given portfolio and time horizon, reveals the sensitivitfy o
the system to a potential change in the system’s flexible
resources. Figure 7 shows the relative frequency distabut
100

w

Relative frequency (%9

N

and cumulative density function of the flexibility deficitrfo ! I—I—I—I'”
the 4 hour time horizon when 50 MW of wind generation is 0
installed. The system assumes that all units are 100% leliab
The 4 hour time horizon is chosen since it indicates the peak
IRREtHZ_YBRID value, Figure 5. The distribution has a meaﬁig._S'.' Relative frequency and cumulative probability wlsttion of surplus
deficit value of 19.73 MW and a standard deviation of 11.9“?XIbIIIty

MWince the mean value is large relative to the size of S

the maximum net load ramps and the distribution is brodd Teémporal distribution

(standard deviation is 66% of the mean), a small increaseThe net load levels at which deficits occur most frequently
in the flexibility of the resources or a minor change to thean also provide insight into the flexibility needs of a sgste
operation of the system will not have a large impact oWhile the net load is more likely to decrease at high net load
the IRRE. This is commensurate with the error between thevels, it can be seen that ramps during periods of high net
IRRE[YBRID calculated with the hybrid methodology andoad do contribute to the periods of insufficient flexibility

0 20 40 80

60
Surplus Flexibility (MW)
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the 4 hour time horizon, Figure 9. More significantly, chasmgever simulation methodologies, since many different sdesa
in net load when the net load is between 280 and 315 M@énsidering different VG production, system demand prsfile
represent the majority of the number of periods of insuffitie resource outages and generation profiles can be quickigdarr
flexibility. This arises from a combination of changes in natut. This is beneficial for system planning, since the rasmlt
load when unit 2 is close to maximum production, and thgortfolios can then be examined with more detailed intégnat
economic dispatch of the remaining net load when both unjifanning. IRRE values may be compared between systems
1 and 2 are at maximum production. which have similar characteristics, enabling the comparis
For net load levels between 300 and 314, the least castthe flexibility of the system in question a system which
solution is to dispatch units 1, 2 and 6, rather than unit &ay already have successfully integrated higher levels®f V
Since unit 6 has a smaller capacity than unit 3, this has theThe distributions of flexibility deficit and surplus enable

effect of reducing the available online flexibility. insight into the IRRE values determined and the sensitivity
of the result to operational practices, transmission cairgs
400 of the system, etc. Future research will seek to charaeteriz

) the sensitivity and reliability of the IRRE result to opéoatl
LT practices and system constraints.

The assessment methodology can be effectively demon-
strated with the example system shown in section Ill, even
though it is a small system, given the challenge the religtive
few units face when meeting the changing net load. While the
number of units in the system, and the number of units online
are certainly factors in determining the flexibility of a s,
as the size of the power system increases, the magnitude of th
2 & " P - - . % variability of the net load increases in tandem. Furtheemnor

Flexibility Deficit (MW ) the amount of reserve carried by a large system may be a
: . . o - smaller proportion of the net load than for a smaller system.
Fig. 9. Net load during periods of insufficient flexibility . . . o
. . . This has the effect of reducing the online flexibility.
_ Furthermore, no other units are capable of coming online ., yhormare, the example system consisted of generators
n Iess_than 4 hours, leaving no backu_p offlme ﬂex'b'“t)./'eThexclusively, whereas many systems include other flexible re
f"‘”a'y?'_s of tho;e_ _net load Ie\_/els_, contrlbut_ln_g o the pesyoﬁ sources such as interconnection, energy storage devices or
msuff!ment flexibility can assist in determining the raati of DSR. The operation of pumped storage or DSR may be
the d|spgtches used in ”Qgggﬂdg" and the effect of mOde“EQtermined by the system operator to maximize the benefit
assumptions on theRRE; outcomes. to system operation. Therefore, it is assumed that the dgree
flexibility from those resources is available at all periods
IV. DiscussIoN Interconnectors can be treated as generators in the calcu-

The analysis methods proposed in this paper provide thdadon of the merit order curve. The position of each inter-
involved with planning with a good insight into the flexiyi connector in the merit order is based on an estimated cost of
needs of a system with the minimal acceptable data requiegrergy in the connecting system relative to the marginal cos
ments and modeling effort. Assessment of a complicatefl each resource in the system. The energy which is exported
concept such as the flexibility of a power system with higler required for pumping is added to the net load duration
level methods may be misleading if too much reliance turve at the lowest net load hours. The energy required for
placed on the results. A large variation in the absoluteasluconsumption of interconnectors, storage or DSR is assumed
of theIRRE%ERIT/HYBRID exists between both the resultso be equal to the energy expended by the storage facility in
from the merit order only and the hybrid dispatch and thmeeting the production schedule calculated in a first imat
IRREFPMPLEX determined using extensive production cogdivided by the round trip efficiency of a storage resource,
simulation dispatches. The dispatch that the hybrid methodif applicable). The system is assumed to export over each
ogy proves implies that the flexibility available is incideh interconnector at net load levels below the position of the
rather than deliberately determined. A potential solui®to interconnector in the merit order. With the updated NLDC,
use the flexibility available in any given time horizon to meehe production levels of each unit are recalculated.
upward net load ramps in shorter time horizons, i.e. deereas Rules governing the operation of interconnection to other
the net load ramp size relative to the resources availablepgower systems are different to those for storage and DSR.
balance the assumption that all ramps cannot be forecast. Depending on the technology type, the ability of intercon-

The potential value of thé RRE[?Y BRID calculated using nection to provide flexibility differs. However, regardtesf
the hybrid methodology used above is that those rampitite possible ramp rates associated with those technologies
horizons which a system will have most difficulty satisfyingystems which are connected agree on operational limits
are highlighted. Furthermore, the effect of increasing \&B for each interconnector. The amount of flexibility avaikbl
etrations can be seen using the IRRE, which can then quanfiigm each interconnector is the agreed ramp rate limit for
the effect of proposals to meet the increased variabilihe T each time horizon subject to the power transfer across each
methodology presented in this paper has a distinct advantagterconnector (e.g. an agreement may be in place that 50




MW of reserve is always available over an interconnector i)
either direction).

An additional issue which certain systems may face is ver£/5]
low net demand levels, when inertial or other constraints
prevent operators from taking conventional units offline, ol€l
a fleet of resources with long start-up times and/or high MSO
levels. In this case an analysis of the downwards flexibility
of a system may be useful. The methodology proposed above
may be adapted to consider downwards ramping events.

While the methodology presented in this paper is signifi-
cantly less complicated than the methodology used to detdf!
mine the IRREZCMPLEX the are still relatively detailed
for public policy purposes. Further development is reqlire
to synthesize the insight available into intuitive statatse [°]
about the details of the system. If integrated into a larger
qualitative and quantitative flexibility assessment toible [10]
hybrid methodology presented in this paper may provide
critical insight into the time horizons of most concern ahd t ,;
effect of changes to resources or the net load, when coup‘ed

with a qualitative understanding of a given system. 12

V. CONCLUSION [13]

A question asked in many systems around the world is
whether market designs should reward the flexibility offerd'*!
by generators. System regulators are concerned that withou
sufficient financial incentive, IPPs may not construct sigfic  [15]
generation capacity or other resources to meet the erWibiI'hG]
required by the system. In reality, few system operatore hav
accurately determined the flexibility of their existing ®m,
making it difficult to assess the impact of a change to tH&']
resource portfolio or operational practices.

The insufficient ramp resource expectation, as determinigél
by the methodologies presented in this paper, offers a high-
level insight into the flexibility of a system. This enables
further assessment of a range of portfolio options. Whil¢
further analysis is required to determine the robustnesheof
IRRE{TY PRIV value proposed anBRRE{ M PEEX values
determined by detailed analysis, the methodology predent:
allows IPPs and regulators to quickly determine potentiall
problematic time horizons, and prepare appropriate measu
to meet perceived flexibility problems, before carrying ou
detailed integration studies. :

Furthermore, analysis of the surplus or deficit of flexifilit
and analysis of net load during periods of insufficient flexi
bility enable an understanding of why and when a need fc
flexibility arises, allowing opportunities for specific nseaes
to be readily identified to alleviate potential flexibilityeficits
in the future.

REFERENCES

[1] European Photovoltaic Association, “Global Market ©ak for Photo-
voltaics Until 2015, May 2011. [Online]. Available: httfwvww.epia.
org/publications/photovoltaic-publications-globakrket- outlook.html
Global Wind Energy  Council, “Global Wind Up-
date:  Annual Market Update 2010, 2010. [Online].
Available: http://www.gwec.net/fileadmin/images/Pablions/GWEC
annual market update 2010 -_2nd_edition_April_2011.pdf

European Council, “Directive 2009/28/EC of the Europe@arliment
and of the Council on the Promotion of Use of Energy from
Renewable Sources,” 2009. [Online]. Available: httpw/&x.europa.
eu/LexUriServ/LexUriServ.do?uri=0J:L:2009:140:001@32:en:PDF

(2]

(3]

State of California, “Senate Bill No. 1078,” 2002. [Omd]. Available:
http://www.energy.ca.gov/portfolio/documents/docmtiséSB1078.PDF
N. Troy, E. Denny, and M. O'Malley, “Base-load cycling @ansystem
with significant wind penetration,IEEE Trans. Power Systvol. 25,
no. 2, pp. 1088 —1097, may 2010.

H. Holttinen, J. Kiviluoma, A. Estanqueiret al, “Variability of load
and net load in case of large scale distributed wind power,10th
International Workshop on large-Scale Integration of Wikadwer into
Power Systems as well as on Transmission Networks for @&4ahmd
Power Plants

1 Integration of Variable Generation Task ForcAccomodating High

Levels of Variable Generation Princeton, NJ: NERC, 2009. [Online].
Available: http://www.nerc.com/files/IVGTHReport 041609.pdf

J. Adams, M. O'Malley, K. Hansoret al, Flexibility Requirements
and Potential Metrics for Variable Generation: Implicatie for System
Planning Studies Princeton, NJ: NERC, 2010. [Online]. Available:
http://www.nerc.com/files/IVGTETask 1_4_Final.pdf

J. Morales, A. Conejo, and J. Perez-Ruiz, “Economic &aon of
reserves in power systems with high penetration of wind pSWEEE
Trans. Power Systvol. 24, no. 2, pp. 900 — 910, May 2009.

R. Doherty and M. O’Malley, “New approach to quantifysezve
demand in systems with significant installed wind capdci&EE Trans.
Power Syst.vol. 20, no. 2, pp. 587 — 595, May 2005.

E. Lannoye, M. Milligan, J. Adamst al, “Integration of variable
generation: capacity value and evaluation of flexibilityy” Proc. IEEE
Power and Energy Society General Meetiddinneapolis, USA, 2010.
Harnessing Variable Renewables — A Guide to the Balancingjl&ime
International Energy Agency, 2010.

E. Lannoye, D. Flynn, and M. O’Malley, “Evaluation of wer system
flexibility,” IEEE Trans. Power Syst., 2011n press

All Island Renewable Grid Study - Workstream 2Adigh Level
Assessment of Suitable Generation Portfolios for the #liFd System
in 202Q 2006. [Online]. Available: http://www.dcmnr.gov.ie

EnerNex Corp.,Eastern Wind Integration and Transmission Study
National Renewable Energy Laboratory, 2010.

NREL, Western Wind and Solar Integration Studyational Renewable
Energy Laboratory, 2010. [Online]. Available: http://wwel.gov/
wind/systemsintegration/pdfs/2010/wwsiisal_report.pdf

Deutsche Energie Agentur GmbRJanning of the Grid Integration of
Wind Energy in Germany Onshore and Offshore up to the Yea®.202
Deutsche Energie Agentur GmbH, 2005.

S. Stoft, Power System Economics: Designing Markets for Electricity
Wiley - IEEE Press, 2002.

Eamonn Lannoye (S'08) received a B.E (Hons.)

degree in Mechanical Engineering from University
College Dublin, Ireland in 2009. He joined the
Electricity Research Centre in UCD as a doctoral
student. His research is concerned with the flexibility
of power systems with high penetrations of variable
generation.

Damian Flynn (SM’11) is a senior lecturer in
power engineering at University College Dublin. His
research interests involve an investigation of the
effects of embedded generation sources, especially
renewables, on the operation of power systems. He
is also interested in advanced modeling and control
techniques applied to power plant.

Mark O’Malley (F'07) received B.E. and Ph.D.
degrees from University College Dublin in 1983 and
1987, respectively. He is the professor of Electrical
Engineering in University College Dublin and is
director of the Electricity Research Centre with
research interests in power systems, control theory
and biomedical engineering. He is a member of the
Royal Irish Academy.



