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Evaluation of Power System Flexibility

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

Abstract—As the penetration of variable renewable generation than a well interconnected power system, containing many
increases in power systems worldwide, planning for the effés generation units which can start up and ramp quickly. An
of variability will become more important. Traditional cap acity emerging challenge in power system planning is to evaluate

adequacy planning techniques have been supplemented with . L .
integration studies, which have been carried out in power sstems the ability of an existing system to successfully integrate

with high targets for renewable generation. These have high targeted penetration of VG, and thus to plan future podfoli
lighted the increased variability that a system may experiace in  [2]. This paper will highlight the need to evaluate flexityili

the future. As system generation planning techniques evodvwith  in generation planning, examine current planning prastice

the challenge of integrating variable generation, the flexility and propose an adaptation of existing reliability techagu
of a system to manage periods of high variability needs to be A
to measure flexibility.

assessed. The insufficient ramping resource expectationRRRE) . X . .
metric is proposed to measure power system flexibility for us in High penetrations of wind power generation have been
long-term planning, and is derived from traditional generation recorded in systems around the world, most notably in Den-

adequacy metrics. Compared to existing generation adequuc mark, Ireland, Portugal and Spain [3]. During February 2008
metrics, flexibility assessment is more data intensive. A fiability a large net load ramp event in the ERCOT power system

metric can identify the time intervals over which a system is . .
most likely to face a shortage of flexible resources, and can highlighted the potential threat that ramp events pose wzepo

measure the relative impact of changing operational poli@s and System frequency stability [4]. To date, few if any methods
the addition of flexible resources. The flexibility of a test gstem exist to determine the degree to which a system is flexible in

with increasi_ng _penetrati_ons of _variable_ generation is assssed. g long-term planning context [5]. Organizations such as the
The results highlight the time horizons of increased and deeased  North American Electric Reliability Cooperation [1], [6hé
risk associated with the integration of VG. . .
the International Energy Agency] have undertaken studies
_Index Terms—power system modeling, power system planning, to develop long-term planning aids in order to understaed th
wind power generation, solar power generation, hydro power gftect of operational policies at high penetrations of VG. A
generation the same time as increasing penetrations of variable geéorera
are redefining the requirement for flexibility, the deployrhe
. INTRODUCTION of demand side resources offers a new source of flexibility.
Generation portfolios are changing significantly in manforeseeing a potential deficit in fast responding resources
power systems worldwide. Concern for the environment aggénerator manufacturers are striving to develop more flexib
energy security, as well as rising fuel prices, have led tgeneration units, with higher ramp rates and lower minimum
significant, sustained growth of wind and solar electricityeneration levels [7]. Therefore, understanding systexibfle
generation capacity worldwide. Variable generation (MBh ity will become increasingly important in a planning corttex
as wind, solar, hydro and tidal, can be defined as thoseSystem load forecasting has removed much of the uncer-
resources whose output is dependent on the prevailing erginty around ramping requirements related to system 18jd [
ronmental conditions. The difficulty posed by the integmati resulting in the planning assumption that system operatms
of these variable resources into existing power systemiss/arpredict peak load hours and prepare their generation ressur
according to the production and scale of the variable resuraccordingly. In systems where the ramping requirements can
its correlation with system load, and the flexibility of thebe forecast well in advance (i.e. with sufficient time to fgrin
power system in question [1]. Flexibility is defined here aslant online), system flexibility may not be as critical to
the ability of a system to deploy its resources to respord system planner. For example, where the daily morning
to changes in net load, where net load is defined as thise dominates the requirement for flexibility over all time
remaining system load not served by variable generatidworizons, current planning practices are likely to suffice.
Hence, an isolated power system containing mostly gewmerati Since the construction of a new generation facility has a
units with long start up times and low ramp rates will finanulti-year lead time, traditional long-term planning isjuéred
it more difficult to successfully integrate variable geriera to ensure the future reliability of power systems. This task

_ , . _ normally carried out for long time horizons (e.g. 20 years
This work was conducted in the Electricity Research Cerithaiversity head li | basis. b ith |
College Dublin, Ireland, which is supported by the Comnaissior Energy anea ) ona ro_ _'ng annua _aS'Sv y either regu ators_esyst
Regulation, Bord Gais Energy, Bord na Ména Energy, Cyloont®ls, operators or utilities, depending on the system [9]. Gdimra

EirGrid, EPRI, ESB International, ESB Power Generation BB$etworks, adequacy studies have addressed the question of how much
Gaelectric, Intel, SSE Renewables, UTRC and Viridian.
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acteristics that capacity should possess are key tasks dballenges have arisen in establishing the contributiothé¢o

regulatory bodies, who look to ensure that market desiggeneration capacity adequacy of a system by the integration

deliver in the long run, or for vertically integrated uids, of VG [17]. Hence, new long-term planning methods which

ensuring the suitability of a planned plant portfolio beforincorporate variable generation and variable generatioe-f

more detailed engineering and operational analyses aredarcasts have been developed, leading to the development of VG

out. Investors and plant manufacturers also have an interesintegration studies.

the cycling requirements experienced by potential investis
Section Il presents an overview of traditional generatio . .

adequacy techniques and the recent development of iritagralg' Integration studies

studies for VG. Section Ill proposes an extension of currentIntegration studies have been carried out for many power

planning to incorporate flexibility into the long-term plkiing systems pursuing a high penetration of variable generation

process. Section 1V illustrates the method on a test system 411], [12], [18]-[20]. These studies have tended to focus on

Section V discusses some of the challenges presented by uthderstanding how VG will impact on the daily operation of

assessment of flexibility, while Section VI concludes. a power system and the transmission reinforcement required
by employing production cost models [21]. Unit commitment
Il. GENERATION PLANNING and economic dispatch models use synchronized forecast and

Generation planning studies have developed as the targe"i‘gglal system demand anq varlable. generation, and .tyymcall
simulate year long, or multi-year periods of the operatiba o

penetration of variable generation in power systems has in

creased. Traditional reliability metrics have been supgleted power_system. Similar to tra_dltlonal generatl_on or ”"’?M“
by variable generation integration studies. The inclusién capacity adequacy calculations, these studies requiretarsy

onerational practices is a developing trend in lond-ter load forecast for the study year and individual capacit@s f
b b ping 9 ; .the generation portfolio. However, these methods alsoirequ

;trfgeglsa{]eq'nﬁblﬁ?fgg to an additional stage in the plagni greater detail on the generation units, in_cluding heasratad
' forecast VG output at the same resolution as the system load
data.

A. Capacity adequacy planning Integration studies have also required enhanced simalatio

Generation adequacy metrics, such as loss of load expeetad modeling tools. The adaptation of unit commitment to a
tion (LOLE) [13], [14], the expected energy not served (EENStochastic [22] and rolling framework, and the inclusion of
or well-being analysis [15] are standard measures by whichW& forecasts [23] can provide an insight into how systems
planned portfolio is evaluated and have served industry wehight operate under high VG penetrations. Operating reserv
to date. These methods make some general assumptions:ighgpically planned for on a day ahead basis, to ensure that
primary assumption being that load shedding will only occuhe planned quantities match the generation resourcealleai
during times of insufficient capacity, either of generatimn [24]. In many systems the amount of fast acting operating
of transmission. Secondly, in order to consider the capacieserve required has been determined by the loss of thestarge
adequacy including VG, a probabilistic model is availatde f unit (LLU) or a similar deterministic criterion, where no VG
the output of these generators which may, or may not, k&ists. Current practice favors probabilistic methodq [Rer
combined with a Monte Carlo simulation [14]. traditional deterministic methods [26], which try to cdke

The methods may include a reserve criterion by whidhe ‘right’ amount of operating reserve for a power system.
operational constraints are included. Deterministicecid Similarly, a system of evaluating flexibility in the operial
such as fixed capacity reserve levels are based on heuristicee frame has been developed based on the adequacy of
and are simple to implement, and subsequently many poweserves [27]. No long term planning metric exists, however
systems employ deterministic criteria exclusively in ledegm to evaluate the overall system flexibility.
planning studies [16]. The capacity margin can be set inThe use of integration studies has required an identifinatio
planning studies using deterministic metrics such as tbedd of the reserve requirements for VG. Soder [28], Datyal.
largest unit (LLU), or probabilistic methods such as an LOLE29], and more recently, Dohertgt al. [30] and Morales
target. Well-being analysis considers both probabilisticd et al. [31] have developed probabilistic methodologies to
deterministic criteria in assessing the adequacy of a pldnrdetermine the optimal amount of operational reserve requir
system’s resources, and results in a set of indices whialmnen wind generation is included in the energy mix. These
describe the system’s adequacy as one of three outcommethods determine a system’s ability to meet uncertainty
healthy, marginal or at risk [15]. in the net load forecast error in a short term operations

System load and VG forecast errors and the outage mfnning context. Soder [28], for example, uses a concépt o
generation resources are the main causes of unpredidigte horizons, tailored to reserve category definitionshia t
ramping events. With the development of high penetratiohDRDEL system, to calculate, ex-ante, the requirements for
of VG, significant uncertainty surrounds the future rampingeserve in each category as a function of the derived stdndar
requirements of a system. Additionally, peak net load fastc deviation of unpredicted changes in wind and system load. Th
ing is dependent on variable generation forecasts, patbnti result is a determination of the amount of reserve required
challenging the assumption that a system operator will hai® meet a certain percentage of the unpredicted changes
sufficient forewarning to prepare generation resourcemllyi in net load. However, the ability of a system to meet the



total requirements of both predicted and unpredicted reed locommitment and economic dispatch, to evaluate a range of
changes remain unaddressed. Integration studies havéeddogeliability metrics for a system. Various capacity expansi
such methodologies within the production cost simulatiomptions can be evaluated using this method. However, it is
to ensure that some additional reserve is provided for thestricted to generation outages, and system load and VG
additional variability caused by increased VG. The inauasif forecast errors, rather than identifying how well a system c
a reserve target will alter the production time series ofaier cope with the overall variability of the net load.
generation resources. A new planning metric is required to measure the flexibility
In contrast to the above, the flexibility metric proposed inf a system, in the same way as the LOLE measures the
this paper measures the ability of a system to use its ressurcapacity adequacy of a power system, with deference to
to meet both predicted and unpredicted net load changes. Bperational constraints. An overall understanding of hasil w
flexibility of a system is dependent on how the system & system can manage predicted and unpredicted changes in
operated: if a system provides a large amount of reserve atthk net load over a wide variety of time horizons will ensure
times, that system is better able to meet changes in net lottht the results from long-term generation planning are@isbb
Two identical systems, operated to meet the same net loadhen VG is integrated into a power system. Current planning
but employing different reserve quantification method@sg methodologies, such as in [32], produce portfolios with- suf
will result in different values for the system flexibility dar ficient flexibility implicitly in a context of low penetratios
the proposed metric. of variable generation. However, an explicit understagdin
Integration studies require extensive data and computatiof, and planning for, the challenges posed by the flexibility
to produce indicative results of future power system opereequired by high penetrations of VG is missing from long term
tion and are dependent on a proposed generation portfglianning methodologies. A useful system flexibility metric
and transmission network, which is in turn dependent onshould try to achieve the following:
capacity adequacy study. Therefore, portfolio develogn®n 1) Quantify the ability of a system to respond to short-term
an iterative process in order to produce the least cost aptim changes in system load, VG, and generation unit outages
generation portfolio. The inclusion of a system flexibility in a long-term planning context.
assessment stage, before proceeding with integratiofestud ) Minimize data requirements and computational effort,
may expedite the planning process by identifying the charac ~ while appropriately considering the operational con-
teristics of resources which are required by a system, Bigur  straints of a system.
1. 3) Remain independent of reserve definitions to ensure
applicability across power systems.

System Data | ] )
The metric should complement capacity adequacy calcula-

v
Capacity Adequacy L | Increase tions and system operation simulation at the planning stage
(LOLE/EUE) | . Capacity | The inclusion of such a metric would ensure that planned
If necessary systems meet the dual objectives of possessing both safficie
vy capacity to meet system load, and sufficient ability to meet
System Flexibilty | | Increase | | short-term net load changes. Here we propose a metric by
Assessment Flexibility . o . .
p : which system flexibility can be assessed, which can be inte-
e grated with existing planning techniques, as proposedgorei
Production Cost If system is unreliable in operation 1. This metric includes the ability to assess the flexibiofy
Simulation a system over an extended time period, and to consider the
e — . contribution made by all elements of the power system to
| Generation Portfolio meeting predicted and unpredicted net load changes.

Fig. 1. Generation planning scenario development
IIl. METHODOLOGY

C. Long-Term Planning for Flexibility When measuring the generation capacity adequacy of a
Key tasks for long-term planning currently include systerpower system, the system load is the requirement which a
load forecasting, VG forecasting, establishing plannedwles system’s generation must meet. However, system load and VG
and construction of resources, capacity expansion stagids may both set the requirement for flexibility and may contiéu
adequacy calculations. Planning for the secure operationto the provision of flexibility concurrently. Therefore, asti
a system has traditionally been left to generation investastep towards developing a flexibility metric is to identifose
and system operators, since the assumption is made that cgleenents which require flexibility (e.g. system load, VG and
sufficient capacity exists the system can be operated hglialgeneration outages) and the resources available to provide
A developing trend in planning for VG is the consideration diexibility to a system [6]. The time series of changes in
flexibility in the generation planning process [1]. net load is taken as a system’s requirement for flexibility,
Leite da Silvaet al. [5] approach the flexibility prob- since it represents the combined requirement for flexjbilit
lem from a long-term planning of operating reserves cofrom both system load and VG. While generation outages
text, employing sequential Monte Carlo simulation of systeaffect the flexibility of a system, the amount of flexibility
load, wind output, and hydro generation, combined with uréivailable is reduced during periods of generation outages.



1

Conventional generation is the main existing provider of Input production, system load and wind time seriesstep
flexibility to a system but may be supplemented by curtailimen v
of VG, interconnection to other power systems, energy gtora Select time horizons of interest s,e,,z\

or demand side resources (DSR), depending on the specific r—==—=—=-—-—-—- s \
circumstances of the system. The flexibility of a power syste | Calculate net load ramps time series __sup 3}
is dependent on the operational policies of a system operato | - v . |
. . Separate positive and negative net load ramps g, 4‘l

and, consequently, is dependent on the state of each gienerat i ; |
resource. i 7 i
Unlik neration ad lanning. the time horizon con i i| Select resource production levels at observations of |; |

. € genera 0 adequacy p_a g, the . eno 0 .CO B | net load ramping in the direction studied = g¢ep 5] !
sidered plays an important part in the evaluation of flekipbil | |
Any Change |n System |Oad |S ral’e|y mOhOtOI’]IC for |Ong | Calculate available flexible resource Steps‘g i
periods. Therefore, it is important to understand the sy'ste | FOREACHRESOURCE |||
flexibility over a range of time horizons, as data permitse Th i ' v il
time horizon is defined as the duration of the net load change, | Add a;’a"ab"«:‘f'ex'b"'ty Calculate the |
i.e. 15 minute, 1 hour or 12 hour changes, as distinct from an | | | Series for each resource » available flexibility | |1
. . . . . . ) . I to form available system distribution (AFD |
observation, which is a single value in a given time series. | flexibility series step7 istribution ( sre,?s !
The direction of the changes in net load is an additional i s |
consideration for flexibility. The magnitude and frequency || | Calculate IRRP from the AFD for each observation i
of occurrence of net load changes, and resources available | in the net load ramp time series  sipg ||
to meet upward and downward changes are asymmetric. For i I |
example,l resources at maximum output can only assist when | Sum IRRP values g, 4 IRRE ¢ 1 i
net load is decreasing, while offline resources may be able to | |
come online during periods of increasing net load. i FOR EACH DIRECTION FOR EACH TIME HORZON |
|

—oT——————————— ___ __ __ _____ )

A. FIeXIbIIIty Metric Fig. 2. IRRE calculation algorithm
In order to remain consistent with current long-term plan-
ning metrics, it is desirable to expand or adapt existing

planning concepts to consider flexibility. The most appiater sessment method outlined in Figure 1. Separate analyses are

thlz';lnngorrgtl-:‘terf Ecttr;(:icljcr)fzfoafl Isasieerﬁgegggﬁi?’ \;\éh'rzgfmsterequired to determine the acceptable value of the IRRE for
P b Y Y WS system and the appropriate actions to be taken, should

load. By adapting the LOLE methodology, a similar expecta- : . i i
tion can be calculated for a system’s inability to provide th(i‘he system possess insufficient flexibility. The followiigete

required flexibility. Calculation of the LOLE can be brokensec'[IonS desgrlllt)e tge :ata ?relpqratlo?, :]he developmehe of
down into two separate processes [14]. First, a resourcemo%?source model and the calculation of the IRRE.
is built, called the capacity outage probability table (QQP
which employs unit characteristics (e.g. unit size andddrc B- Data Preparation
outage probabilities) to develop a probabilistic disttibn of In order to calculate a system'’s flexibility, operationaach
the unavailable generation capacity. From this distrdoutthe acteristics are required for each generator, which is irtrash
loss of load expectation can be calculated by summing tteethe LOLE which only requires knowledge of a resource’s
probabilities that there will be insufficient capacity to ehe rated output and forced outage rate. Each flexible resaurce’
each observation in the system load time series. energy production time series, which may be a historical or
The insufficient ramping resource expectation (IRRE) simulated time series, and the time series of the avaitgbili
the expected number of observations when a power systefneach resource are required. The production time series
cannot cope with the changes in net load, predicted or unpfer each resource is required since the flexibility ava#aiol
dicted. Calculation of the IRRE follows a similar structuresither direction is limited by the maximum rated output and
to the LOLE, however, rather than forming a distributiorurrent production for upward flexibility, and between eumntr
of the unavailable generation capacity, a distribution e# t production and the offline state for downward flexibility; as
available flexible resources is formed for each directiod asuming sufficiently long time horizons to reach these linitg
time horizon. Secondly, as with the LOLE calculation, themploying a production time series, the operator’s adtyersi
probability that the system has insufficient ramp resouatesto risk from forecast errors is included in the resources’
each observation, over each time horizon and direction, areailability to ramp. Each resource’s maximum and minimum
calculated from the available flexibility distributiod¢ D), rated output, start up time, ramp up and down rate, forced
from which the overall metric is computed. Calculation of thoutage probability and production levels are required.
IRRE for all selected time horizons provides an understagndi  The time horizons studied may be chosen based on criteria
of the ability of a system’s resources to meet the varigbilisuch as the magnitude of ramping events or the frequency of
requirements of its net load. The IRRE can be calculated imacurrence of monotonic ramps in each time horizon. Chosen
sequence of steps as illustrated in Figure 2. time horizons may also coincide with the start up times of

This metric fulfils the role of a System Flexibility As-



a common generation technology (e.g. combined cycle gamduction time series are required to directly model the
turbine) in a system, or an important operational time framtheoretical maximum amount of flexibility each resource may
such as a forecast horizon. The net load ramping time sariepiovide, prior to the application of technical constraifesy.
then calculated for each time horizon, and separated inbo tvamp rate constraints).
time series of increasing and decreasing net load rampss(ste 1) Resource Flexibility: Starting with a resource’s active
2 - 4, Figure 2). The net load ramp time serfé& Rz; ,,_, for power production time series observations during incregsi
time intervali, at observatiort, can be calculated as follows:or separately decreasing, net load, the availability oft tha
resource to provide flexibility in either direction can bd-ca
culated (step 6, Figure 2). Determining the flexibility of a

NLRy;=NLi — NLt— (1) resource is best explained by a notional 100 MW natural gas
1<t<|NL|—i (2) unit scheduled at 15 minute resolution, whose output over a
NLR;; + =NLR;; VNLR;;>0 (3) 24 hour period is shown in Figure 3. The unit has an upward

and downward maximum ramp rate of 4 MW/min. and a
minimum generation level of 40 MW. Figure 3 shows the unit’s
where| N L| is the number of observations in the net load timproduction, with the shaded areas representing the upwatd a
series. Only net load observations in the direction of theER downward 15 minute flexibility available from the unit at bac
being calculated are required in each case. observation in time.

The resource model employed in the evaluation of the IRRE
in either direction is calculated using the production tsedes 100 1
at times of net load ramping in either direction, as show 9 1
in step 5 of Figure 2. Therefore, the resources’ dispatch 3o - — Unit Production
are separated depending on the direction of net load ramp
at each instance in time, which ensures that any correlati
between the available flexibility in a system and net loadpsm
is accounted for.

NLR;;_ = NLRy; VYNLR,;<0

70 1
60 A
50 A

Unit Production (MW)

Upward Downwardﬂ / \

C. Resource Models Flexibility Flexibility |

Formulation of a resource model for system flexibility ;| \
begins with a model for each resource. For an LOLE cé / \f \
CUIation’ and depending on the level Of detall reqUired’ 00:00 03:()() 06:00 ()9:.0() 12:()0 15;()0 18:0() 21:00
generator can be modeled as being in oneVoktates, with Time (hr)
the simplest model including two states: the outage ang full o ) o ) )
available states. Capacity adequacy techniques assumhehag'a?y' sériolzlex'blmy available from example unit in 15 minsteluring a one
availability of a resource is an independent random vagiabl

Since the flexibility of a system is determined by both the Calculation of the available upward+) flexibility
physical attributes of a system’s resources and the operatffleztu,i,+), for a resource:, over horizoni, at observation
of those resources, the resources cannot be deemed to bé #- the net load ramp time series, at maximum production
dependent and the temporal correlation between the flayibil(’rodarax,,u), or while on outage, is trivial, since the
of resources must be preserved. Therefore, a multi-statiemgesource cannot offer any upward flexibility. When a reseurc
of a resource’s flexibility is unsuitable here, since such df offline it cannot provide any flexibility, unless the stag
approach assumes independence between the ava||ab|||t)}ﬁll'@ﬁ, Sus for that resource is less than the considered time
resources. However, the addition of each resource’s timesse horizon, and it has sufficient time to reach minimum stable
of available flexibility to form a system flexibility time ses Production. If the unit can meet this start up criterion, the
results in a resource model which appropriately accounts fePward flexibility is the upward ramp rat&R,, 1, multiplied
the interdependence between resources. by the remaining time once the start up time is subtracted fro

The flexibility available from each resource can be obtaind@e time horizon. This is shown in Figure 3, where the unit
at each instance by examining historical or simulated prBas a3 minute startup time and so can reach an output of 48
duction time series. Since the flexibility of a unit is hegvil MW in 15 minutes from an offline state. Upward flexibility is
dependent on the operational state of each resource, loRgunded by the maximum production capacity of the resource.
term planning would now directly consider the bounds on tHer part load production, the upward ramp rate, the maximum
availability of flexibility arising from operational constints. and minimum stable production levelS¢n s ax 1N, May
An operator’s decision to prOVide regu|ation and Contingen be blndlng constraints on the available erXIbIIIty EqDaEi 4
reserve for predicted changes in net load and the posgibifi 6 summarize the upward flexibility available from eachtuni
of net load forecast errors, respectively, is reflected ia tit each observation in the production time series when tfie un
dispatches of each unit. Therefore, the ability to meet the available.Online, ,, is the binary online variable for each
flexibility required by unpredictability and variabilitynithe resource.
net load is considered in a single stage. As a consequence, Flex; .+ = RRy + * (i — (1 — Onlines ) * Sy,) (4)

5



] -
s.it. Prody, + Flexy it < Genypraxu

5
Prody ,, + Flexy i+ € R\(0,Genarrn,u) 6) %7

=

As with upward flexibility, calculation of the downward'_fgo‘6 ]
flexibility on outage is trivial, since the resource canncﬁ%o‘4 |
decrease its output. At maximum or part load production, ti 02 1
available flexibility is constrained by the downward ramfera  °

0 20 40 60 80 100 120

and by the minimum stable production level. Figure 3 demo (a) Upward Flexibility (MW)
strates that the minimum generation constraint on downwe 1 -

flexibility is active between 18:00 and 21:00. Upward an g . |
downward flexibility should be calculated for each unit an £

. ) ) 0.6 1
for all chosen time horizons. Equations 7 to 9 summari: &

the downward flexibility available from each unit at eacl£ " |
observation in the time series. 02 1

Flex, i — = RR,,— xi* Online, 7 0 ' 10 60 <0

0 20
b) D d Flexibility (MW
s.it. 0 < Prody, — Flex i — (8) (b) Downward Flexibility (MW)

Prodyy — Flexi i, € R\(0, Genaprrn ) ©) Fig. 4. AFDi5min.(X) in (@) upward and (b) downward directions

The above logic can be extended to include resources which
can consume as well as produce power, or which have ra@f Figure 2, provides the means by which the probability
rates as a function of resource output. Once the flexibiligf insufficient ramping resources can be calculated at each
available from each resource is calculated, a system widkservation in the time series. In order to exclude thosescas
resource model can be created. when just enough flexibility is available in theF'D; |, (X),

2) System Flexibility: Addition of the individual re- the netload ramps must be reduced to a value just below the
source time series results in a system flexibility time seri@et load ramp value. In this case the magnitude of each net
(Flexy sy sTeM,i,+/—) Which maintains the temporal depenioad ramp is reduced by 1 MW. Therefore, the insufficient
dency between generators, arising from unit commitment aramping resource probabilityy R R P) at each observation,
economic dispatch decisions. for each time horizoni, is:

100 120

Flezusysrontie/- = 2 Flettuin- Q0 IRRP,., = AFD,., (NLR,, -1 (1)

The available flexibility distribution AFD; , (X)) is WhereNLR,; ., is the net load ramp at observationn
the empirical discrete cumulative distribution functiohtoe €ither direction (step 9, Figure 2). The sum of th& RP
flexibility available, X, which is calculated from the systemvalues over the entire time seri€k, ,_, for each direction,
flexibility time series, from Equation 10, using the Kaplantesults in the insufficient ramping resource expectatian, a
Meier estimator of cumulative density functions (step gufe Shown in Equation 12:

2) [33]. This fulfils the same role as the capacity outage

prok_)ability table, used in the calculation of LOLE. Figure 4 IRRE, ,,_ = Z IRRP,; ,,_ (12)
outlines the AF' D15pin.+(X) and AF Dispmin. — (X) for a ’ o
system comprised of two units, identical in type and schedul ) ) i )
to the example unit in Figure 3, for a one year time series. ASSUMINg notional 15 minute upward_ramps during a 4 _hour
The AFDz‘,Jr/f(X) indicates the probability thak MW, or perlod of 45 MW_/lS min., 60 MW/15 min., 115 MW/15 min.
less, of flexible resource will be available during théime @nd 5 MW/15 min. the/ RRE5min. 1 can be calculated for
horizon. the two resource example using the upwaB D15,y 4+ N

Since the resources in Figure 4 remain offline for a signif-igure 4(a), as:
icant proportion of the time, but can start quickly, therais
low probability that there will be less than 96 MW upwards;prp, . 1/ . = AFDys (45— 1)+ AFDys (60 — 1)
flexibility available in 15 minutes at any time, but a high ' +AFD7 (115 - 1) +AFD (5-1)
probability that there will be insufficient downward flexiby. 15+ 15+
Having obtained the respectivéF'D; |, (X) they can then = 0.0429 + 0.0429 + 0.8395 + 0.0294
be compared to the net load ramps for each direction and time = 0.9547 15 minute periods/4 hr
horizon before calculating the IRRE.

Vt€T+/,

Therefore, this hypothetical system consisting of two peak
) ing gas resources cannot meet the upward changes in the net
D. IRRE calculation load with anI RRE15 arin. +, Of 0.9752 observations in these
The probability of insufficient flexibility being availabl® four hours. This would represent a very high probabilityttha
a system operator at each point in time is the cumulatiiee system will face a shortage of upward flexibility. Addlitt
probability that the system will not be able to provide thally, should the net load ramps have occurred consecutively
amount of ramping required by the net load change at ththe system load would have increased by 220 MW, exceeding
point in time. TheAF D; , ,_(X) function, calculated in step the 200 MW installed capacity. This highlights the impodan



of calculating the system flexibility over a number of timgrovided for in scenario (C) tends to increase the number of
horizons, such as 1 and 4 hours in this case. The same exeroigine resources, and therefore, the flexibility availahléhis

can be carried out for the downward ramping direction and tlseenario. This results in the lowesRRFE, across all time
results added to give thERRF15m:,., Since the upward and horizons. Intuitively, the outage of resources with no rese

downward values are independent of each other. provision, in scenario (B), will result in the higheBRRE
values, given that the system will have fewer means by which
IV. TESTSYSTEM it can provide flexibility when resources become unavadabl
The flexibility of a six unit test system is assessed here o
using the IRRE method. The unit characteristics and costs @ . ®)
summarized in Table I. This system is designed so that the *]4 -Noouags A ——No outages
is sufficient generation capacity, but it is deliberatelgkiag B --Nomsee [/ A o B - Noreserve
flexibility. The test system has an LOLE of 3.04 hours peryeiz ;| ¢ —geerne € —Reserve

and a capacity margin of 34.6%. When 50 MW of wind, witt
a 31% capacity factor, is included the LOLE decreases to 1.
hours per year. The 50 MW of wind generation represents
energy penetration of 5.75%. With the addition of a furth@r 5%
MW of wind generation, 11.5% of the energy required by th
system is met by wind generation. 1

e
=3
=N

E (% upwa

=)
=3
r

IRRE (% upward ramps)

0.02

TABLE |
TEST SYSTEM UNIT DATA

0 1 2 3 4 5 4 8 12 16 20 24

Time Horizon (hours)

Unit 1 2 3 4 5 6
M?X- Capacity g\'/\l/lv\\//\l) 150 | 150 | 100 15 s io Fig. 5. Upward IRRE test system results with 50 MW of wind. Huale
in. Capacity (MW) 60 | 50 | 50 0 | 30 0 on the vertical axis changes between the (a) 0 and 5 and (b}l 24rour
Ramp Rate (MW/min.) 2 2 4 4 6 10 timescales
Ramp Rate (MW/min.) 2 2 4 4 6 10 . — .
Start-up Time (hr) 18 | 18 6 6 4 | 0017 Figure 5 shows distinct peaks occurring at the 4 and 6 hour

Forced Outage Rate 0.03 | 0.03 | 0.02| 0.02| 0.02| 0.015 time horizons, since the system operator may only call upon
Start Up Cost (000€) 20 | 20 | 15 | 15 | 10 5 : : 4 .

No Load Cost €) 500 | 500 | 400 | 400 | 300 | 100 ©ON€ resource (un_lt 6) to provide flexibility from an offllne.
Marginal Cost €) 20 20 30 30 40 50  State for time horizons less than 4 hours, and only two units

for time horizons less than 6 hours (units 5 & 6). These peaks
System load and wind power time series are based on gruld pose a serious threat to the operation of the systedn, an
2009 Republic of Ireland system load and wind generaticma””ers could draw the conclusion that additional ressirc
data at 15 minute time resolution. The system load data witould be targeted at providing flexibility to reduce these
scaled to give a peak demand of 392 MW. Mixed integer uR€ak/RRE, values. Between 6 and 24 hours, thRRE
commitment and dispatch was solved using Plexos and {rcreases from a peak of 0.1% for the 6 hour time horizon to
Xpress-MP solver, to obtain 15 minute resolution productid)% for all time horizons between 6.25 and 24 hours, when 60
time series for each unit. Wind and load were assumed to W&V of reserve is provided, scenario (C).
perfectly forecasted, but this is not a necessary conditioen ~ The contrast between scenario (A), when no outages occur,
measuring the IRRE. and scenario (B), when outages occur, provides insight into
So that the effect of 50 MW of variable generation, resourdéat might happen if imperfect forecasts of net load are used
properties and operational practices on a system’s fléyibil Introducing unexpected changes in net load will increas®aR
can be demonstrated clearly three scenarios are conside¥a#Hes further, since the risk of having insufficient flektpiis
The flexibility of the system is evaluated when: (A) no outagdncreased. However, the consumption of flexibility by gerer
occur, (B) outages may occur but no reserve is provided, aff@n outages contributes to the higik RE,. values in scenario
(C) when 60 MW of reserve is included in the unit com(B), which is alleviated by the possible commitment of units
mitment. In order to demonstrate the effect of increasing V&O0r 4 in time horizons greater than 6 hours.
penetration, a scenario including 100 MW of wind capacity is
also examined.

B. Results: Additional wind generation

- A further 50 MW of wind is added to the system to give a
A. Results: Upward flexibility total of 100 MW of wind generation installed. The commonly
System flexibility is calculated for all time horizons fromanticipated outcome is that an increase in net load vaitabil
15 minutes to 24 hours in 15 minute steps, Figure 5. Thell result in higher/RRE, ,_ results, while the generation
IRRE is given as a percentage of the number of upward rammgsources displaced by VG may provide additional flexipilit
for that time horizon, during the study period. In generallhe standard deviation of net load in the original case i942.
the system has sufficient upward flexibility for time horigsonMW, compared to a new standard deviation of 45.81 MW,
greater than 6 hours as units 3 - 6 may provide flexibilitwhile the average net load decreases from 256.40 MW in the
from an offline position. As expected, the 60 MW of reserveriginal case to 240.76 MW when 100 MW wind capacity



is installed. Since the extra wind generation is displa@ng occur during the 11.75 hour and the 19.75 hour time horizons,
additional 5.75% of energy, the decrease in average net laagresenting the flexibility required by the additional 50\MM
contributes to a lower LOLE of 1.29 hours per year, and maf wind generation. The unit commitment and dispatch will
increase the flexibility available from individual unitsivgn require less units online, and results in the cheapest units
their lower average production. However, the flexibilityyma(units 1 & 2) remaining online. These units have relatively
decrease over shorter time horizons if mid merit units, Whidigh minimum generation levels, resulting in the poterfibal

historically operated on the margin, are forced offline andadequate availability of downward flexibility. TheERRFE_
cannot provide flexibility from an offline state.

is zero for time periods between 15 minutes and 5 hours
Figure 6 shows thd RRFE, values for the 50 MW and since the magnitude of net load changes are small and there is

100 MW wind generation cases. It can be seen that for timaéways sufficient down flexibility to meet the largest dowmgva
horizons less than 3.75 hours, th& RE., is slightly lower changes in these horizons.
for the 100 MW wind generation case, given an increased

availability of online flexibility. If the wind generation d&s
a capacity factor of 31%, the additional 50 MW of wind
will reduce the net load by 15 MW on average which will boons N
result in reduced output from generators, and consequer_ , \
increased flexibility. Between 3.75 and 6 hours highRR . ? h \
values are observed for the 100 MW scenario, as the effe¢g 000 , \
of greater variability, with increased wind capacity oftse
the increased availability of flexibility. This result higghts  =o. ,
the balance between the effects of increasing variabilitg dg

to wind generation and the corresponding increased SYSt™ ,'I
flexibility. Beyond 6 hours, the system possesses sufficie o " ) \
flexibility to manage all ramping for either wind generatior

case, since the flexibility requirement of the demand dotema * : - . ;s -
that of wind generation.

Time Horizon (hours)

0.001

16 20 24

0.7 0.005 Fig. 7. Downward IRRE test system results with 50 MW and 100 MWV

® o) wind generation capacity

06 vons The 11.75 hour horizon represents the difference between
the daily peak load in early morning and the midnight valley.

Similarly, the 19.75 hour horizon represents the diffeeenc

between the peak load on a Friday evening and the lower

weekend load. The peakRRE_ of 0.0009% occurs at the

11.75 hour time horizon (Figure 7), indicating that the eyrst

is unlikely to face a significant threat from decreasing net

0001 /\ load. In comparison, thd RRE, for the system at the 4
hour time horizon reaches 0.05% of upward ramps per year

/ , for scenario (C) (Figure 5), significantly greater than the

0 1 2 3 4 5

4 8 12 16 20 24

maximum/RRE_, and represents the most challenging time
Time Horizon (hours) interval for system flexibility.
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O
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0.002
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IRRE (% upward ramps)
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Fig. 6. Upward IRRE test system results for 50 MW and 100 MW afdv
generation. The scale on the vertical axis changes betweelfa) O and 5

V. DISCUSSION
and (b) 4 and 24 hour t'mescales_ - Expansion of an existing generation portfolio currently
C. Results: Downward flexibility

results from a system level optimization, drawing on the
The downward flexibility is calculated for the system wittsystem load forecast, capital, fuel and operational costs a

both 50 MW and 100 MW of wind generation capacity anthe existing generation capacity [32]. This optimizaticash
60 MW of reserve. It is worth noting that the maximum timéneretofore, guided investment decisions in deliveringnpla
required for the least flexible resources (units 1 and 2) pwrtfolios which contain the necessary capacity to medesys
ramp from maximum output to an offline state is 1 hour 1®ad and the flexibility to respond to changes in system laad o
minutes; therefore, all resources in the test system candeo outages of generating units. While such an optimization may
maximum flexibility beyond this period. Consequently, théake into account transmission constraints, the systemisloa

only remaining driver off RRE_ values is the downward netchosen are non-sequential and only include selected fgeriod
load ramping time series.

when system load is challenging to meet for capacity adgquac
The system is sufficiently flexible to meet the rampingeasons. The provision of flexibility may be implicit to many
requirements of the system with 50 MW of wind generatioplanning processes currently in use, however, the addition

(scenario (C)) over all time horizons, as shown in Figureof. Fflexibility required by an increase of variable generatioaym
the 100 MW wind generation case, the peaks infRE_  require explicit treatment. The new planning process psedo



in this paper is an addition to the production cost and réiigb time shorter than the time horizon are available, in reaity
modules included in [32], to explicitly consider a system’éorecast error may reduce the time available to commit @fflin
flexibility requirements. resources. Therefore, in systems where significant net load
While this paper presents the IRRE algorithm in its mogbrecast uncertainty is present, it may be advisable toycarr
essential form, a number of system or technology specifict a sensitivity analysis by measuring the flexibility ogth
modeling issues may arise. The proposed metric is basagtem when net load changes are met by resources available
on a probabilistic model of the available flexible resourcem time horizons less than the study time horizon, e.g. the
which assumes independence between the net load charnB&E of a system when resources available in 3 hours or less
time series and the available flexibility time series. In stegn  are used to meet 4 hour net load changes.
whose resources are dominated by conventional genertit®mn, Further research is required to assess the validity of IRRE
temporal correlation between changes in net load and the xalues calculated with limited availability of data. Sianilto
load itself tends to be both negative and small (e.g. averaifpe calculation of indices such as the capacity value of wind
correlation coefficient of~0.11 for the Republic of Ireland many years of data may be required so that IRRE values
system in 2009). Given the dominance of the system loadnverge to a stable result. Results in [17] and [34] suggest
profile in dictating the requirement for flexibility, it falvs that high resolution and multi-year data is required to ectty
that at high net load, downward changes are more likelpjodel the inter-annual changes in wind energy output. This
leading to a negative correlation. While a weak dependeneffect and the effect of generation outages may carry throug
exists between the available flexibility and net load changdo the calculation of the IRRE, although further work is
the IRRE conservatively under estimates a system'’s flatipil required on this matter. However, calculation of the IRRE fo
since at the highest net load levels, most generators waalddhort time horizons depends greatly on the availabilityighh
at high output and available to offer the additional dowrtvaresolution data. This may greatly increase the computaktion
flexibility likely to be required by the system. burden, and result in simplification of the production cost
In practice, the number of periods per year when there risodeling, affecting the accuracy of IRRE values for those
insufficient flexibility is very low and limited insight is gaed time horizons.
by the analysis of the number of such events. The availableThe IRRE has the potential to assist in a variety of planning
flexibility distribution tends to overestimate the infleitily decisions. If a system operator is seeking to increase arast
of a system. ThedF'D is created using data from the entirdlexibility, new metrics can be developed further to deceupl
study period, separating the link between the change in tie effect of a single system resource on the IRRE, which
net load at an observation and the flexibility available &ould then be employed to evaluate the relative merit of
that observation. By calculating the probability of instifint different proposals. For example, wind curtailment couba
flexibility with the annual distribution of available flexllty, be considered as a solution for a system operator faced
some cases where the magnitude of the net load ramp is clegén decreasing net load. A complementary metric could be
to the amount of flexibility available may result in a highdeveloped to measure the expected amount of curtailed wind
probability of insufficient flexibility. Therefore, the vat of energy, given target IRRE values for a power system.
this metric is to highlight those time horizons of most risk, Future development of the IRRE may lead to a valuable
rather than determine the absolute level of risk. assessment tool to aid planners and market participants in
Furthermore, the IRRE methodology is an attempt to me@hoosing the most beneficial type of resource addition to a
sure the flexibility of the overall power system, and nadystem. Depending on the system’s targeted penetratioGof V
exclusively the flexibility of the generation resource. @in the variability characteristics of that VG type and the unde
the flexibility is a function of how the system is operatedying system, a less costly change in operational policy may
the resultant IRRE is a function of the preparedness of thovide more flexibility to the system compared to the additi
system to meet net load variability, predicted and unptedic of a flexible generation unit. The importance of including
Consequently, the ability of a system to forecast changegerationalissues, when little experience with VG exatshe
in net load fundamentally affects the realized flexibilitf olong-term planning stage gives increased confidence ieisyst
a system. The IRRE method makes no explicit distinctioiwbustness as VG is further integrated. The IRRE metric can
between predicted and unpredicted net load changes, siheeused as the system flexibility assessment in a new type of
the system makes provision for unpredicted changes in tle@g-term generation planning, proposed in Figure 1.
net load by assessing and providing for the amount of reserve VI. CONCLUSION
required. Unless the electricity market or system opekator The challenge currently being faced by many power systems
policy is to ignore the possibility of a net load forecastoerr is to plan for secure and reliable operation with the intégra
in the unit commitment, the effect of the system’s provisioaf a high penetration of VG. In response to a need to quantify
for forecast errors is captured. a system'’s ability to meet changes in system load and variabl
Additionally, it is assumed that a system operator coulgeneration, the IRRE metric provides a means of measuring a
employ all resources available in pro-actively managing system’s flexibility over different time horizons and ditiens.
ramping event from the outset of the time horizon. This maghe IRRE potentially offers those involved in planning wéth
not materialize in reality if there is insufficient knowlezglof means to measure a system’s flexibility, to highlight theetim
the duration of the ramp event. Therefore, while it is assiméorizons of net load ramping in which the system is most
that all resources already online and those with a start uplnerable, and a tool to improve portfolio development.



The IRRE was demonstrated on a test system, with tfs@] M. Miligan, E. Ela et al, “Operating reserves and wind power in-

addition of variable generation, to highlight the time lzons

of concern to the successful operation of the system, and EQ@]
impact of increasing VG on system flexibility. It is shown tha

the addition of VG may decrease the IRRE of a system o

certain time horizons, while requiring increased flextiilin

ver
[26]

others. Peakk RRF, values for the test system are seen to

coincide with the start up times of blocks of flexible res@as;,c

[27]

in comparison to thd RRE_, which is seen to be driven by

the

(1]

(2]

(3]

(4]
(5]

magnitude of net load changes.
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