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Abstract

In this paper we review criteria and methods for short-term reiability assessment and
provison underlying current industry practices The basc concluson is that these
gpproaches do not directly provide qudity of service requested by the regulators on
behdf of the consumers. Reasons for this Stuation are complex, and are results of both
regulatory and technicad limitations. In this paper we use Imple examples to illustrate
rationale for this cdlam and its implications. Particular stress is on the criteria (Sandards)
and tools used by a system operator. We illustrate on a smal example what one can and
cannot expect from specific gpproaches.

In the later part of this paper we suggest possible changes in the paradigms between the
provider(s) of relidble service and its users. Under this new paradigm the rdiability
responsibilities are clearly decomposed into rdiability provison by suppliers and wire
companies, with underganding of verifidble rdiability-related products seen by the
customer. We furthermore conjecture that this framework can only be implemented in a
regulatory setup that nurtures performance incentives in one form or the other.

1 I ntroduction

The growing pains of the dectric power industry restructuring are becoming quite visble
to the generd public. These are reflected ether through undesired service interruptions
and/or through highly volatile wholesde dectricity prices[1].

Concerning continuity of service as seen by the customer, we describe mgor changes in
fundamenta principles underlying relicble dectric power service as the industry
restructures. We suggest in this paper that the service interruptions are to a large extent
the reult of a ggnificant lack of regulaory incentives for maintaining and improving
relidbility of a grid and its efficent use. While this is true even in the regulated industry,
the dtuation becomes critical as the evolving dectricity markets require the transmisson
sarvice beyond the conditions for which it was origindly desgned. The implications are



week relations between current operating and planning practices and the reliability seen
by the customers, as wel as inadequate use of potentidly powerful technologies,
software toolsin particular, for implementing adesired level of reigbility.

Furthermore, we could see that the mgority of the current discussons are related with
long-term rdiability issues [2], however in the short-term the market done cannot solve
the reigbility problem.

If there is a shortage, as economic theory shows, the price increases to attract new
suppliers [3]. It is true that enhanced prices attract new entrants in the long run, however,
in the dectric energy indudry there cannot be ingantaneous new entrants. The “market”
cannot produce additiond resources immediately, consequently some load need to be
curtailed.

The object of the above discusson is to dress the importance of guarding agangt
insufficiencies in the shorter time frame. Such dStuaions can creep up on a sysem
without notice. The am of this paper is to study how a System Operator and an 1SO can
ensure adequeacy of supply in the shorter term.

The paper is organized as follows, in Section 2 is presented the practices usudly used by
Sysem Operators in verticdly integrated utility sructure, in Section 3 is anadyzed the
current methods implemented by 1SOs in a redructured dectric energy indudry, in
Section 4 is presented the genera underlying principles for providing reliable service
under industry unbundling, and findly in Section 5 the main conclusions are summarized.

2 Rdiability management under vertically integrated utility
sructure

The operaing and planning practices of a verticaly integrated utility are defined and
coordinated based on the rdiability requirements, or criteria, defined by regulators. These
requirements are implemented usng  “top-down’, or system type criteria (technica
“standards’) with the expectation that if these system type criteria are met, the indices
measured a a customer side would be aso met. The loss of load probability (LOLP) and
the expected vaue of energy not served (EENS) are the typica indices used for
measuring system-wide reiability levd. In this pgper we use LOLP as one single index to
compare the results of operators actions to ther effect on the rdiability as seen by the
customers.

The short-term operating practices for meeting the LOLP for the anticipated (given) load
are generdly based on so called (N-1) security criteria The system operator dispatches
avalable generation to minimize the total operating cost of providing the load in such a
way tha in case any sngle large equipment outage (generator or transmission line) takes
place the load remains unaffected at least for certain duration of time.



The criticd issue to observe here, however, is that there is no direct relation between the
LOLP and the deterministic (N-1) security criterion as currently practiced. We show in
the follow-up example that the amount of reserve needed to meet a pre-specified LOLP
depends on the actud energy dispatch, even when there is sufficient generation reserve
because the ability of the transmisson sysem to ddiver these reserves heavily depends
on the likdy datus of the sysem. The inability to deliver could be caused ether by so-
cdled “congedion”, i.e. ingbility to deiver power even when the trangmisson sysem is
intact, or by the transmisson line outages.

As a consequence, like it or not, current industry practices are not designed to guarantee a
pre-specified LOLP needed on the customer dde. This is true even in the smplest
technicd setup when “congestion” refers to the steady State problems in delivering red
power, while voltage and stability congtraints are not accounted for.

2.1 What does a System Operator do to assess short-term reiability?

The compose problem of energy dispaich and reserve alocation for the eectric energy
industry coud be formulated as a single optima control problem, where the scarce
resources need to be adjusted optimaly in a period of time in order to supply the
requirements and subject to a set of congtraints'.

For this optimization problem, the performance criterion is to minimize, over a period of
time, the cost of the sum of energy dispatch and reserve dlocetion.

Mina (Ci (Pgi )"' Ci (R1 )) N

Pg,R i
Thisminimization cost function is congtrained by the following requirements:

a. Energy
The energy dispatch needs to be equal to the energy demand?.

a Pg, =4 Pd, )

The generation needs to be into technica limits.
Pg™ £ Pg; £ Pg™ )

The active power flow that responds to the Kirchoff’'s law is function of the network
topology, generation dispatch, and energy demand, is condrained to an upper limit,
which could be defined by the line thermd limit or by stability reasons for ingtance.

R :é H, (Pg, - Pd,)£F™ 4

! The analysis is done for a specific snapshot “t”. The time index “t” is not included in the mathematical
formulation for simplicity only.

2 The ohmic losses are not modeled in this study though they play an important rolein the electric studies.



b. Reliability-reserve

However, some variables are inherently random, especidly the energy demand and the
avalability of the sysem components. Uncertainty in the energy demand means that it
changes continudly in time Uncertainty in the equipment avalability means that it is
impossible to have a sysem without falures. So, on the top of the basic energy problem,
the system needs to have generation reserve to offset this randomness. On the one hand,
short-term energy demand deviations are conddered into the usudly caled frequency
control poblem [4]. On the other hand, equipment failures are consdered into the reserve
for contingency problem [5].

The amount of generation reserve needs to be enough to fulfils the system reserve
requirements, which is generdly defined as the maximum in between a percentage of the
pesk energy demand and the maximum generation dispaiched. In developed systems,
where the pesk demand is severd times the capacity of the biggest generator dispatched,
the rdiability requirement is smplified to a percentage of the pesk demand; though in
rdaivdy smdl sydems, this resarve requirement is gmplified to the maximum
generation dispatched only.

4 R 3 Rreg= max} x%a Pd;, max{Pgi}g (5)
: L

The maximum and minimum generdtion capacity reserve is limited by both unit excess
capacities and thelr respective maximum pick up rates.

R™ ER £R™ (6)

c. Link reserve-energy

Due to the fact that both energy and reserve are complementary products, it is
fundamenta to incorporate these coupling condraints in the optimization process in order
to reach an optimal tradeoff between provision of energy and reserve by aresource.

Pg; + R £ Pg™ 0

2.1.1 Example 1

The man objective of this example is to illudrate criteria and methods underlying
operating practices for providing reiable sarvice by the verticaly integrated utilities. This
example concerns methods used by the sysem operators of the EHV transmisson
system. Assuch it isrdevant only for religbility assessment at the wholesale levd.

Here we condder a smdl fictitious eectric power sysem shown in Figure 1 as a test
sysgem. The system in study has eight lines, three energy demands, and five generators.
The generator production cost function is linear or equivaently constant margnd cost of
production. The units have both maximum and minimum capacity limits, and the reserve
limits are defined as the difference between the unit capacities minus the generation
digpaiched. The energy demand is consdered indastic and the transmisson lines have a
defined capacity limit in both directions.



The utility has knowledge on avalability of each transmisson line connecting buses i and
J. For purposes of numerica illudretions, say thet each line has availability vij =0.99, or
probability of falure 1 - v; = Pr(F);=0.01. The utility also knows the operating cost
functions of itsfive generators.

For the sysem in study depicted in Figure 1, and by inspection is ease to see that the
energy demand located on bus 6 experiments 1 MW of deficit in case of outage of line
16, and the energy demand located on bus 8 experiments 10 MW of deficit in case of
outage of line 48. Assuming that each line has the same probability of falure equd to
0.01 and assuming only single line contingencies, the rdiability benchmark is:

The demand experiments deficit only when Lig or Lag is out, the amount of deficit is
Deficit = 1 MW + 10 MW = 11 MW, and the probability of deficit is LOLP = 2*0.01* (1-
0.01)"7 = 0.0186.

1.2 $/MWh
0-100MW

C
100 MW “‘E'f 200MW | 3.5$/MWh

101 MW _O 0 - 150MW
<+
I3
€
200 MW 200 MW
5 $/MWh 70 MW
0 - 200MW
] ¢
60 MW
200MW

3.2$/MWh
120 MW 0-100MW
< | |
200 MW 200 MW <
2

1.5 $/MWh
0-100MW

Figure 1. Power sysem example

For this case, the energy dispatch that minimizes the generation codts results:
Pgr = 0 MW, Pg, = 100 MW, Pg; = 82 MW, Pg, =9 MW, and Pgs = 100 MW.

To define the reserve capecity limit for the units, it is used the relation R™ = P - Py,
which considers that energy and reserve are complementary resources. As aresullt,
R™ =200 MW, R"®* =0 MW, R"* = 18 MW, Ry"® = 141 MW, and Rs"®* = 0 MW.



The reserve requirement is defined asin equation (5)°:
Rreq = max {10% 291 MW, max{0 MW, 100 MW, 82 MW, 9 MW, 100 MW}} = 100
MW

The resarve dlocation that minimizes the reserve cods reaults:
RiR=0OMW,R=0MW, R =18 MW, Ry =82 MW, and Rs =0 MW.

Findly, it is necesssty to Imulae the operation of the sysem for different sngle
contingency scenarios, and see for which case the system experiments deficit, its amount,
and the probability of thisevent (LOLP).

Under this sgtup, and with the reserve dlocation previoudy cdculated the system
experiments deficit when any of the following lines are out of sarvice Lig, Li7, Loz, Loy,
L4s, Or Lse.

The magnitude of the tota deficit is Deficit = 1 MW + 1 MW + (10.69 MW + 10.31
MW) + (60.68 MW + 60.32 MW) + 10 MW + (10.54 MW + 10.46 MW) = 175 MW.

And the probability of having deficit is caculated as the sum of the probability of the
scenarios with scarcity: LOLP = 6*0.01* (1-0.01)"7 = 0.0559.

If we compare the results with the reliability benchmark, it is easy to see tha the reserve
alocation procedure used by system operators results in a worse rdiability Stuation.
Clearly this criterion does not guarantee a pre-specified reiability leve. Furthermore, the
capacity reserved cannot guarantee that its availability on the bus that is needed because
transmission equations are not properly modeled in the reserve alocation procedure.

3 Rdiability management by Independent System
Operators(1SOs)

Over the past severd years we have witnessed a drong effort to enforce the existing
industry practices for ensuring reliable operation by the Independent System Operators
(1SOs) as thee evolve. Some variaions concerning the actual amount of reserve
required, and the mechanisms for its implementation have been subject of mgor debates.
The implementation of the required reserve is through so-caled dngle settlement system,
or through a multi settlement system. However, the entire debate misses the issues
pointed out in our example, namey the conceptud impossbility of meding a rdiability
level desired when using types of criteria and software methods currently used.

We illudrate in the follow-up example that, much the same way as a syslem operator in
today’s verticdly integrated utility is not cgpable of delivering a pre-specified rdigble
sarvice to a user, because of the limitations of criteria and methods used, this problem

3 10% is used only for purpose of the example, however it is in between the values usually used in real
systems|[6].



only gets enhanced as an 1SO attempts to do the same. The problem becomes more
difficult in addition to the problems illusrated above, by the fact that the rdiability
reserve gets dispatched through a narket, without adjusting the amount of reserve needed
to the conditions of the energy market and the transmission status.

3.1 What doesan I SO do to assess short-term reliability?

In generd, in a redructured eectric energy industry both the energy supply and the
sysem reiability are implemented in a market based (energy market and reserve market

respectively).

The energy market

In the markets for energy currently operating worldwide, generators explicitly bid prices
a which they ae willing to supply energy. The dedre of privatdy owned generation
companies to maintain and attract shareholders implies that they will attempt to exploit
any potentid profit-making opportunities through their bidding behavior. The 1SO
dlocates the resources in order to supply the indastic demand* while considering
generation capacity limits and line capacity limits’.

Mina c,(Pg) (8)
(o] 1

Subject to:

a Pg, =a Pd, (9)
Pg™ £ Pg; £ Pg™ (10)
F :é- H; (Pg, - Pd,)£F™ (11)

Therdiability-reserve market

In andogous way, the resarve maket assesses the rdiability of the dectric energy
indugtry, where participants explicitly bid prices a which they ae willing to supply
capacity reserve. The generators (or equivadently interruptible demand) will atempt to
exploit any potentid profit-making opportunities through their bidding behavior.

So, the reserve market is implemented in two gteps, the first one is to define the systems
reserve requirement, and the second one is to dlocate the reserve. The I1SO usudly
defines resarve requirement (MW) in a unilaera way [7], then dlocates these
requirements to participants that submit reserve bids economicaly subject to the unit

capacity limits.

Mina C(R) (12)

* There are some attempts to model the elasticity of the energy demand in terms of demand bids[8]

® The analysis is done for a specific snapshot “t”. The time index “t” is not included in the mathematical
formulation for smplicity.



Subject to:

& R ® Rreq= max| x%a Pd;, max{Pgi}g (13)

|
R™ £R £R™ (14)
3.1.1 Example 2:

The 1SO in the current eectric energy indudry deds with two different markets, the first
one is the energy market where the ISO’'s gad is to accommodate the energy transactions
for norma operation conditions, and the second one is the resarve market where the
ISO’'s god is to asses sysem rdiability buying reserve from generators that bid for this
purpose as presented in the previous section.

For the same system in study, Figure 2, and by inspection is ease to see that the energy
demand located on bus 6 experiments 1 MW of deficit in case of outage of line 16, and
the energy demand located on bus 8 experiments 10 MW of deficit in case of outage of
line 48. Aswuming that each line has the same probability of falure equa to 0.01 and
assuming only single line contingencies, the rdiability benchmark is

The demand experiments deficit only when Lig or Lag iS out, the amount of defict is
Deficit = 1 MW + 10 MW = 11 MW, and the probebility of deficit is LOLP = 2*0.01* (1-
0.01)"7 = 0.0186.
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Figure 2: Test system 0 1oomw



In this case, the energy market is cleared asfollows:
Pg. = 0 MW, Pg, = 100 MW, Pgs = 82 MW, Pgy = 9 MW, and Pgs = 100 MW.

In this example is assumed that dl generators participate in both energy and reserve
markets, 0 to define the reserve capacity limit for the units is used the following
coupling equation R™ = Pi™® - Py, and as a result we obtain R™® = 200 MW, R™ =
0 MW, R™™ =18 MW, Ry = 141 MW, and Rs"® = 0 MW.

The ISO defines reserve requirement as in equation (13)°:
Rreg = max {10% 291 MW, max{0 MW, 100 MW, 82 MW, 9 MW, 100 MW}} = 100
MW

Then, the I1SO receives reserve bids from generators and dlocates the reserve such that
the reserve requirement is satisfied at the minimum cost (bid-based), resulting:
Ri=82MW,R,=0MW, Rs=18 MW, R, =0 MW, and Rs = 0 MW.

Ladly, it is necessxy to dmulate the operation of the system for different sngle
contingency scenarios, and see for which case the system experiments deficit, its amount,
and the probability of this event (LOLP).

Under this framework, and with this reserve dlocation, the system experiments deficit
when any of the following lines are out of service Lig, L27, Las, Or Las.

The totd amount of deficit is Deficit = 1 MW + (195 MW + 195 MW) + 1 MW + 10
MW =51 MW.

The probability of having deficit is cdculated as the sum of the probability of the
scenarios with scarcity: LOLP = 4*0.01* (1-0.01)"7 = 0.0373.

If we compare with the benchmark, it is easy to see that the procedure used by the 1SOs
results in an inferior rdiability gStuaion. The only incduson of resarve bids does not
imply thet the rdigbility problem of the dectric energy indusry is solved, because the
entire debate misses the issues pointed out in the examples previoudy introduced, namely
the conceptud impossbility of megting a rdiability level desred when usng types of
criteria and methods currently used.

4  Underlying principlesfor providing reliable service under
industry unbundling

It is important to recognize that the entire industry is undergoing functiond and corporate
unbundling and that it is no longer redidic to expect that risks associated with religble
service would necessarily be borne by one entity, and not by the other. In order to address

® 10% is used only for purpose of the example, however it is in between the values usually used in real
systems|[6].



this important turning point, it would hep to assess the gpproach on the rdiability
savices by different busness, ranging from power suppliers, through wire (transmisson
and/or digtribution) providers and, finadly, the cusomers.

It has become imminent that each entity will have its own business objectives, both short-
term as well as long-term. Not al of these decentralized objectives will be conssent with
the objectives of the verticdly integrated utility in which decisons ae made in a
coordinated way under the assumption that generdtion, transmisson and digtribution are
al owned and managed by the Sngle entity.

We point out that it is extremdy hdpful to think of rdiability primarily as a risk taking
and management process snce one deds with the problem of ensuring uninterrupted
savice despite unexpected changes [9]. Accordingly, risk management is the
quantification of potentid failure and needs the answers to the following three issues:

#1 What can go wrong within a sysem?
#2 How likely isthe failure to happen?
#3 What will be caused by the failure as a consequence?

The magor point here is to understand that the assessment of risk involves both
probability and consegquences.

In the verticdly integrated utilities these uncertainties are caused by the unpredictable
demand deviations and by the equipment outages. In an unbundled indudry the
uncertainties come from incomplete information about other parts of the industry aso.
For example, it is wdl known that it is very difficult to plan a new power plant without
knowing plans for trangmisson enhancements, and the other way around. Similar
concerns arise in light of shorter-term operations planning for meeting adesired LOLP.

Paticularly difficult aspect of the industry unbundling concerns dependence of risk
management on the indudry dructure in place. For example, in a verticadly integrated
indugtry the risk is seen by the customer, who is not guaranteed to be ddivered a pre-
Specified sarvice qudity, as shown in the above examples.

In an industry dructure characterized by a full corporate unbundling of generation,
transmisson and didribution, responshilities for risk taking have to be clealy defined
through a type of contractud agreements between entities. This requires first of al
definition of rdiability-related products for which there are sdlers and buyers. In this
environment the technicd “gandards’ are replaced by the contractuad expectations. In a
rare case that the contracts are breached, there ought to be a wel understood penalty
mechaniam.
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5 Conclusions

It can be concluded based on Examples 1 and 2 above that in order to define the amount
and the dlocation of reserve for ensuring a pre-specified levd of rdiability, it is
necessay to condder explicitly the trangmisson capecity equations such that the
reigbility reguirement is fulfilled. Solving this problem reguires determining @ the
amount of adequate rdiability reserve, and b) the dlocation of adequate reserve, in order
for the users to obtain reiable reserve as specified according to a pre-agreed rdiability
index.

Moreover, the criteria and software methods for determining totd amount of reiability
reserve by a sysem operator in the verticdly integrated utilities were never desgned to
be universd and to apply unconditiondlly to an arbitrary system. In this sense, none of the
rules, or technica “standards’, could be used for guaranteed reliability as requested by a
customer and/or regulator in the new industry. Utilities have made efforts over time to do
their best and develop rules most gpplicable to their particular systems, within the generd
guiddines of udng type of criteria illugrated in this paper. In particular it is illudrated
here that the availability of generation reserve (adequacy) will not ensure that this reserve
gets ddivered to the users under certain contingencies. This is mainly because often when
an dtempt is made to deliver reserve under transmisson contingency, a transmisson grid
becomes a bottleneck, often at some other path.

Generdly, the ability to meet a required reserve at a user Sde strongly depends on the
levd of load, energy dispaich made to meet this load under norma operations, capacity
of the tranamisson grid and the reiability of the tranamisson lines. Technicd Standards,
such as mantaning maximum cgpacity of the largest power plant and dike are only
capable of guaranteeing adequacy of tota supply, at best.

We dress that the regulatory rules for verticdly integrated utilities have dways been
biased toward capitd investments and not toward the most effective technology choice.
Today's indudry tariffs based on guaranteed rate of return on capita investment offer
effectivdly no incentives for advanced software developments of the type needed to
overcome reliability issues illugrated in this paper. This has been a mgor obstacle to
progressin the eectric power industry when compared to many other industries.

Furthermore, based on the illudrations in Example 2, we suggest that there is no red
reason to believe that an 1SO could do any better or worse than a system operator as seen
by the customers. Both a sysem operator and an 1SO are usng sSmilar criteria for
determining amounts of reserve required and the software tools for their dlocation. While
there are some differences depending on the type of reserve implementation (bundled
with energy vs. unbundled, separate reserve market) and on the type of settlement
sysems in place, we suggest tha tools that account explicitly for transmisson condrants
and line failures are not used by either system operators or 1SOs. Because of this, an 1ISO
does not ded with the basic problem pointed in this paper ether.
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We suggest that the regulators need to take the leading role in supporting new paradigms
for implementing religbility under compstition. It is no longer prudent to expect the
remnants of utilities of the past to take dl the risks created by energy markets. Reliability
goes hand in hand with risk and needs business and regulatory sructures which reward
risk taking financidly. The imbaance with respect to risk teking among competitive
suppliers, system providers and consumers  cannot co-exig  in a sudainable way. As
long as suppliers willing to take risks can make profit on this, the sysem providers ought
to be encouraged to be the same and, in addition, be rewarded for doing it. Only then will
sysem providers engage into developing technologica tools necessary for making most
out of the exigting (wire) resources.

It is, furthermore, suggested that the reliability provison by different entities ought to
have financid incentives, much in the same way as supply and demand  currently have
in the  dectricity markets. We further suggest that market-based provision of reliable
srvice may be the only guarantee that reigbility related risks would be handled
adequatdly. This cdls for caeful devdopment of markets for this purpose
Performance- based regulation is a must for reliable service in the future.

In this paper we redrict our anadyss to the basic issues of Steady date problems in
delivering available generation to the users without consdering voltage related problems
and assuming no dynamic problems. All data used in the examples are hypotheticd and
do not reflect industry practices.
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