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Abstract—The primary objective of any electric utility company in a single electric utility, as was the case in the vertically
in the new competitive environment would be to increase the integrated utility structure.
market value of the services it provides with the right amount In order to appreciate the reliability issues arising in the

of reliability, and at the same time, lower its costs for operation, t electri indust . tit i
maintenance, and construction of new facilities in order to provide PréSent electric power indaustry environment, 1t IS necessary

lower rates for customers. The electric utility company will strive  t0 recognize the many faces and actions that are shaping the
to achieve this objective via many different means, one of which is environment [1]. The deregulation legislations establish the

to defer the capital distribution facility requirements in favor of  many new entities to facilitate system operations and market
a distributed generation (DG) solution by an independent power 1, tions independent of owners of facilities. In the new com-

producer (IPP) to meet the growing customer load demand. In this titi . i tion i | tural
case, the distribution capital investment deferral credit received PEUUVE ENVIroNMent, power generaton IS no longer a natura

by the IPP will be dependent on the incremental system reliability monopoly. Generation expansion will be decided by the market
improvement rendered by the DG solution. In other words, the forces and new players such as independent power producers
size, location and the reliability of the DG will be based on the (IPPs) and cogenerators will make their presence felt in the
comparable incremental reliability provided by the distribution generation arena

solution under considerations. This paper presents a reliability A t il inalv d di t d
model for determining the DG equivalence to a distribution S customers will increasingly demand lower rates an

facility for use in distribution system planning studies in the new higher reliability in the new competitive environment, the chal-
competitive environment. lenging task of a electric utility company will be to minimize

Index Terms—DPistributed generation (DG), distribution capital the capital investments an.d. operation and maintenance _EXpen'
deferral, generation equivalence, independent power producer ditures to hold down electricity rates. If, however, the cost s cut
(IPP), reliability. too far, it may jeopardize the system’s ability to supply reliable
power to its customers. The movement toward deregulation will
therefore introduce a wide range of reliability issues that will
require system reliability criteria and tools that can incorporate

T PRESENT, the electric power industry is undergoinghe residual risks and uncertainties in distribution system
considerable change with respect to structure, operatigianning and operating. Probabilistic techniques offer a rational
and regulation [1]-[3]. The various electric utility acts introresponse to these conflicting new requirements. This paper
duced in different countries have initiated the restructuringresents a probabilistic reliability based distribution system
process and the traditional vertically integrated utility strugxpansion and investment model to satisfy increasing customer
ture consisting of generation, transmission and distributieiemands of lower rates and higher service reliability in the
functions has been dismantled. Instead, distinct generatigompetitive market. Reference [4] presents a similar Monte
transmission, and distribution companies have been establisliggllo simulation-based probabilistic approach to determining
in which each company performs a single function in the overgleneration equivalence to a transmission facility.
electricity supply task. As a result, the overall responsibility of
serving the individual customer needs does no longer reside

I. INTRODUCTION

Il. PROBLEM DEFINITION

Paper ICPSD-IAS 29-01, presented at the 2002 Industry Applications So-Distribution system reliability is an important issue in system
ciety Annual Meeting, Pittsburgh, PA, October 13-18, and approved for publijanning and operating. In the past, electric utilities were contin-
cation in the IEEE RANSACTIONS ONINDUSTRY APPLICATIONS by the Power v addi faciliti hei . d .
Systems Engineering Committee of the IEEE Industry Applications SocielfOUSIY adding more facilities to their systems in order to saﬂ_sfy
Manuscript submitted for review October 15, 2002 and released for publicatitihe increasing customer load requirements. An electric utility
Jure 19,2003. . company traditionally has relied on a set of deterministic criteria
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become extremely difficult for distribution companies to ratio- Sub B
nalizelca.pita! expenditurgs on.the basis of deterministig criterie oL " .

The distribution companies will be forced to look for different -7 s";‘l‘:csh‘fﬁ;‘:::“';“:; hour .

means to avert the risk of over investment in the system in prc Repair time = 4 hours H

viding competitive rates and acceptable reliability levels to cus E

tomers. As load increases, the distribution system has to be e g

panded to satisfy increased customer load requirements. F Sub A |ggSmies \ 6 miles \3 miles \2 miles \ 2 miles| \ 3 miles y 4 miles
example, due to the increased load growth to a specific are o l E'l E‘l El l@ E'l l
of a distribution system, the local area distribution network is

deemed to be inadequate and requires expansion. The distrit A B c D E F G

tion system planners would come up with a number of local are Average Load (kW) 482 350 2108 3785 2469 2067 395
A . : S Peak Load (kW) 626 545 2737 4916 3206 2634 513

distribution improvement solutions such as adding a distribution

feeder, adding a reactive compensation to the area or addingga1. Distribution radial network configuration showing peak and average

distribution substation to meet the growing customer loads. Tleeds at each load point.

cost of capital will be added to the rate base and will be reflected

on the electricity rgtes. . o amount of the capital deferral credit received by the IPP would
_In order to remain competitive, the elgctrlc u_t|I|ty company)e negotiated between the electric utility company and the IPP
will look for ways to reducg costs and still provide the ac_cepB—ased on the size of the generator, the amount of must-run ca-
able level of reliability required by the customers. As mentioneg, «i from the unit to satisfy distribution requirements, and the
earll_er, smaller and enwronm_entally fnepdher dlst.rlbuted 9eltomparable reliability improvement to the area where the gen-

tribution system [5]. DG can be installed at utility or at customgf,, so|ytions using a small illustrative distribution system.
sites. DG technologies include conventional and nonconven-

tional energy technologies such as diesel engine driven generﬁ\]- | LLUSTRATIVE DISTRUBUTION SYSTEM CONEIGURATION
tors, wind turbines, fuel cells, and microturbines. Recent tech- "
nical advances have significantly reduced the cost of DG and CHARACTERISTICS
could eventually compete with gas turbines. Reference [6] in-The basic objective of the paper is to present a reliability
dicates that a generator selling into the real-time market couttbdel to determine DG equivalence to a distribution facility in
have made more than $3068/MWh during just 5 h on July 2an attempt to improve the distribution system reliability while
and would have made more than twice as much money if it coutteeting increasing customer load requirements. This paper con-
have earned the real-time price on the days when the real-timiéers a simple illustrative distribution system loading condi-
price averaged more than $35/MWh. Reference [7] indicatdens and needed reinforcements. The load of the distribution
that in the next 10 to 15 years DG could capture 10%—15% sfstem is supplied by two 13-kV distribution feeder circuits as
new generating capacity in the U.S. The growing demand fshown in Fig. 1.
power could reach 60 000—-120 000 MW of generation over theThe 13-kV feeder from Substation A and Substation B are
next 10-15 years of which DG will be an increasing comp@perated as radial feeders but they can be interconnected by a
nent. This could amount to 6000-12 000 MW of DG over 10-Iformally open tie point. The disconnects, lateral distributors,
years of DG. Reference [8] presents a probabilistic area investep-down transformers, fuses, and the alternate supply are as-
ment model for the determination of whether or not DG is asumed to be 100% available in the analysis to illustrate the re-
economic option in the overall distribution system expansidiability model.
planning. The load factor for the service areais assumed to be 77%. The
Reference [9] states that many DG technologies are expecheading conditions at each load point are shown in Fig. 1. The
to see 25%-40% decreases in capital costs and 10%—15%ypieak rating for the 13 kV feeders from Substation A and Substa-
creases in efficiency. In addition, [9] predicts that over the netibn B are 12.00 and 10.5 MVA at a power factor of 0.90 lagging.
ten years, DG will emerge worldwide in many different shapéghe 13-kV feeder failure rate is assumed to be 2.0 failures per
and sizes, possibly accounting for 8%—14% of all additions. 100 mi per year. In order to evaluate the load point reliability
In light of the above discussions, one prudent investment devels of the distribution system, it is essential to have working
cision by the electric utility company in the competitive markdtnowledge base of the operation of the feeder circuits and their
would be to issue a request for proposal of DG addition by aperational constraints. The feeders can supply their respective
IPP to mitigate the distribution deficiency in the system. In thi®ads when operated radially. For a line section outage on either
case, the distribution requirements can be met by a generatieeder, the healthy feeder can not supply the entire load of the
solution and significant savings through capital deferral by tHaulted feeder due to the fact that the feeders are thermally lim-
electric utility company can be achieved, thus enabling the coited. In this case, if both feeders are operated radially and are tied
pany to hold the line on rates. The IPP would receive incentivbgough a normally open tie switch, then any line section outage
in the form of capital deferral credit from the electric utilitycan be manually isolated and the load on the remaining line sec-
company for replacing a distribution facility requirement. Thdons must be evaluated as to whether portions of the load can
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subc| |sube proposals, the electric utility company would identify the min-
) . imum capacity of the unit based on the incremental reliability
m-* Switching e o4 pour provided by the distribution solution. The following section de-
Repair time = 4 hours 1; % scribes the probabilistic reliability technique for determining
S ° the equivalent capacity for a distributed generating unit(s) that
l S\L o would replace the requirements of the third feeder from the Sub-
6 miles \ 6 miles |3 miles \ 2 miles | \2 miles \ 3 miles | 4 miles .
SubAIm l El E‘lgm l @l @l l station C to the area.
V. RELIABILITY ASSESSMENTMODEL
A B ¢ D E F G
Average Load (kW) 482 350 2108 3785 2469 2067 395 Reliability analyses of power systems are conventionally

PeakLoad (kW) 626 545 2737 4916 3206 2634 513 4,0 py ysing either the analytical method based on the

Fig. 2. Distribution radial network configuration showing a third feeder frongzomlngenc_y enumeration approach or _Monte Carlo Slmu!atlon'
Substation C to the area. The analytical approach based on contingency enumeration can
identify low voltage and voltage collapse problems in addition
Sub B to thermal overloads. The enumeration method however cannot
model a wide range of operating conditions and is therefore
subject to different simplifying assumptions. Monte Carlo sim-
ulation, on the contrary, is capable of modeling the full range
of operating conditions. One disadvantage of this model is that
computer resource limitations limit the solution precision to dc
6 miles | 6 miles \3 miles \ 2 miles _\2 miles \ | \ 3 miles \ 4 miles

-Im l @l @l sml $@l @l l power flow problems. In this case, the simulated performance

[@- " Line section number
Switching time = 1 hour
Repair time = 4 hours

/O 16 miles

N/O

Sub A

indexes reflect only system overload problems. The important
g ~ but extreme low-probability transmission outages as well as
A B C (0D (nE F G
a a low voltage and voltage collapse problems cannot be modeled
Average Load (kW) 482 350 2108 Q3785 Q2469 2067 395 . .
Peak Load (kW) 626 545 2737 4916 3206 2634 513  in this method.
General Reliability’s DISREL [10] program is utilized in
Fig. 3. Distribution radial network configuration showing two DG additionghjg paper in determining DG equivalence to the third feeder
atload points D and E. addition to the area shown in Fig. 1. The program is designed

to aid electric utility and industrial/commercial customers with

'?he mtlf[arrup:edf, "Z" sr:e(:he_md what Ioadslcan t:e eni_rg'zedffrrgr@dictive reliability assessment of a distribution network.
€ alternate feeder. In this case example, only portions of tpg,, customer-responsive utility would address reliability

Ioa_lfis dDd and tE fc andbel'su.pt)ptl_led from the ?rllt?énfat'\&e f?ederproblems by selecting project alternatives that have the highest
0 address the feeder imitation ISSU€S, a third feeder rom gl 5 ang external benefits. Customers may be willing to

adj_ace_nt Substation_C _to the area has been evaluate_d. The feg Sfe the costs when approached with quantifiable plans. In
rating is 12.0 MVA, similar to the feeder from Substation A. Thg ;i it can assist in developing reliability guidelines and

Iengtht_of th?ttr?ir? fe(T(?jngbl:_mi as ?how!: .in Fig. 2. Ir(]jrt]r?rr:]t ervice-based pricing by quantifying the system reliability.
?pedra |ofn ° Se g)(f[at. 'SX N g)gszsteltﬁ, : ga.sl,lsgmeﬁ I ad SREL computes a set of reliability indexes including SAIFI,
eeders from substation A and substation B Will be OTi-oadeg, i) - Agp|, load/energy curtailed, and the cost of outages

_by t_ransferrmg loads D and E to the third feec_jer. For_ S'mpl'c'_%ased on the component outage data and the cost of interruption
!t will be assumed that the duration t_o repair any line sectiq 5 customer. The program models time-sequenced switching
IS an average of 4'0 h and the duration to perfo.rm the NEC&Rtions taken by an operator/repair person following an outage.
sary isolation, swnchm_g, and load trgnsfer activities to be F'can also be used to guantify benefits of automating distribu-
averagel Oft 1d0 h'd Itr;] this p:;per, F““"I'p'e dcontl_lr;getnc%{ outtsgﬁgn systems, feeder reconfiguration, and to compare various
areé negiected and the emphasis IS placed on Iilustrating eégfnpeting projects using cost of outages and utility benefits.

liability-based determination of DG equivalence to a distribl,||=ypical outage data for major components and the cost of

tion facility. Before proceeding with this third feeder solutioqnterruption data for different types of customer are s supplied
to solve the capacity problem, the prudent decision by the el%’th the DISREL program

tric utility company would be to seek alternative proposals for
DG or other solutions which adequately expand the distributi%n
capacity in the area. In this case, the capital cost of the third
feeder could be avoided or deferred, thereby holding the line onThe program computes a set of reliability indexes that have
customer rates. The DG solution is illustrated in Fig. 3. been recommended in various publications [1]-[3]. Some of the
Although the DG solution is the expensive solution compatead point indexes computed are as follows:
to the distribution solution, it has the side benefit of providing 1) frequency of load interruptions (occurrences per year);
much needed voltage control, and the cost borne by the IPP2) duration of load interruptions (hours per occurrence);
would be much less, as the IPP would receive the distribution 3) duration of load interruptions (hours per year);
capacity deferral credit, which is a percentage of the annual rev-4) frequency of customer interruptions (customer interrup-
enue requirements of the distribution solution. In the request for  tions per year);

Reliability Indexes
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TABLE |
DISTRIBUTION NETWORK GENERATION AND FEEDER RELIABILITY DATA
Component Failure Repair time, Switching time, Stuck
rate hours minutes probability
occ/year
Substation A 0.02 4.0 60.0
Substation B 0.02 4.0 60.0
Substation C 0.02 4.0 60.0
DGI1 atD 5.00 50.0 60.0
DG2 atE 5.00 50.0 60.0
Section 1 0.12 4.0 60.0
Section 2 0.12 4.0 60.0
Section 3 0.06 4.0 60.0
Section 4 0.04 4.0 60.0
Section 5 0.04 40 60.0
Section 6 0.06 4.0 60.0
Section 7 0.08 4.0 60.0
Third feeder 0.32 4.0 60.0
Sub A breaker 0.0036 12.0 60.0 0.01
Sub B breaker 0.0036 12.0 60.0 0.01
Sub C breaker 0.0036 12.0 60.0 0.01

5) duration of customer interruptions (customer hours p&. Equivalent DG Reinforcement Alternative

year); , o
6) Expected Unsupplied Energy (EUE) in kilowatthours per In order to compute the amount of DG capacity providing the
year): reliability enhancement identical to that of the 13-kV feeder,

a range of capacities from 1 to 6 MW were considered in the
tudies. The assumed reliability data for the distributed genera-
dis used in the studies are shown in Table I.

_ _The reliability index chosen based on which to determine

1) System Average Interrupt!on Frequ_ency Index (SAIFI)’the size of the equivalent generator(s) is Expected Energy Not

2) System Average Interruption Du_ratlon Index (SAIDI); Served (EENS). EENS adds the dimension of magnitude in

3) (Ccl.'lo'\sltlc:):”)r?er Average Interruption  Frequency lndel?érms of the energy curtailed and is expressed in kilowatthours
' . A ] per year. The computed EENS indexes for the existing con-

4) Average Serv!ce Avallat_)lllty _Index (ASAI); ) figuration, the distribution reinforcement, and different DG

5) Average S_erwce Unavailability Index (ASUI); reinforcements are summarized in Table II.

6) EUE (in kilowatthours per year); . -

7) expected outage cost in dollars ($). The cpmpute.d EENS results presented in Tat_)le .I! indicate

that adding a third feeder greatly improves the reliability of the

B. Reliability Data existing system. The EENS reduces to almost one-fourth when
third feeder is added. In order to get the same reduction in

BiNs by adding DGs, a number of combinations were consid-
ed. Results are presented for adding DGs of various sizes. One

&-MW DG or two smaller 3-MW DGs yield almost similar reli-

a}bility improvement of distribution reinforcement to the distri-

bution system. However, it is preferred to connect two smaller
units as they will provide higher reliability. The difference in

EENS is more pronounced if higher level outages are also con-

The study begins by constructing the existing system wittidered. In this example, the location of the unit is not making
the added third feeder from Substation C to the area servedany difference to reliability, but in real life it is important to in-
the distribution system shown in Fig. 1 and then computing tledude location of the unit in comparing various options.
reliability of the area. The second step is to determine the sizeThe probabilistic method presented in the paper permits to
of a distributed generator or combination of smaller distributédentify the best location for the units in the local area and the
units by adding to the existing system that would provide thminimum output requirements of the distributed generator(s)
similar reliability level for the area. depending on the area load and system conditions. The com-

As mentioned earlier, the distribution reinforcement to thgutation of the reliability based equivalent DG capacity to re-
area considered is a 17-mi-long 13-kV feeder from Substatipface a distribution reinforcement requirements would provide

C to the area of concern served by the distribution system shoimportant input to economic feasibility studies performed by the

in Fig. 1. The assumed reliability data for this feeder used in thieP willing to penetrate into the new generation market. It is a

simulation are shown in Table I. well-known fact that smaller, distributed and environmentally

7) expected outage cost in dollars.

DISREL also computes indexes for the system under stu
A list of system indexes is as follows:

The input data and assumptions used to assess the reliab@
improvements by the distribution solution and the size of t
distributed generator alternative providing the equivalent reli
bility enhancement to the distribution system shown in Fig.
are presented in Table I.

V. DISCUSSION OFRESULTS
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TABLE I

EENS ReSULTS FOREXISTING CONFIGURATION, THIRD FEEDERADDITION, AND DG REINFORCEMENTS FOR THEDISTRIBUTION NETWORK CONSIDERED

EENS, kWh per year

Existing | Distribution Distributed Generation Reinforcement
Distributio Feeder
n Reinforcem | One 1 MW | One 2 MW One 3 MW One 6 One 6 MW
Configurati ent DGat“D” | DG at“D” DG at “D” MW DG | DG at “E”
on and one 1 and one 2 and one3 at “D”
Third MWDGat | MWDGat | MW DG at
Feeder “E” “E” &(E))
Addition
17,416 4,660 11,426 6,639 4,628 4,630 4,630

friendly distributed generators hold much promise in the gener-[7]
ation of future electric energy as opposed to large and central-

Strategic Market Assessment of Distributed Resoureest. Power
Res. Inst., Palo Alto, CA, Dec. 1995.

ized coal and nuclear fired units. In addition. smaller units are[ Applications Guide: Distribution Capacity Planning with Distributed
: ! ResourcesElect. Power Res. Inst., Palo Alto, CA, Jan. 2000.

more suited to replace distribution capacity requirements as il-{9] J.-L. Poirier, “Domestic and international markets for distributed gener-
lustrated in this paper. More over, the smaller units have the eco-  ation,” in Proc. Distributed Generation ConDenver, CO, Sept. 1999,

ic ad p iving distributi ital deferral credi CD-ROM.
nomic advantage of receiving distribution capital deferral credity o pjstribution RELiability (DISREL) Users Guid&eneral Reliability,
by replacing distribution requirements.

San Diego, CA, 1999.
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