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A b i s  submitted in confonnity with the requirements for the De- of Masta of 

Applied Science, Gtaduate Department of Electncai and Cornputer Engineering, in 

the University of Toronto 

The thesis deah with the allocation of transmission costs among the customers based 

on its extent of use. 

Presently the electncity system in Ontario is king resûuctured and the transmission 

system becomes and independent entity thet have to recover the costs it incun through 

traasmission pnces. 

The Image Domain Algoritbm was the method proposecl and pariially developed for 

allocatïng cwts and a cornputer pmgnun was mitten to apply this method to the Ontario's 

system. A cornparison of tbis 8ppfoach with other methods useâ worldmde to do this 

allocation is also presented, finding that this mahod is more clear and seems to be féat for all 

of the agents involved in the electncity market. 
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INTRODUCTION 

The Ontario's electncity systcm is going to foiIow the tendency of open access 

market that ôas been implemented around the world during the last few y e a ~  Thus, in the 

year 2000 the Ontario's electricity induotry starts a process of estabtishing a new structure, 

which will dow competition imda this new wheme. That pmess wili have a transitionai 

period of 18 months. 

Under this scheme, competition will be pfacfised in the generation sector. Because the 

transmission system is considerrd to k a nenFial monopoly, it must be iegulated to guarantee 

this savice will be pmvided eveniy to aU the customers and therefore to prornote the 

economical efficiency of the whole system. 

Regdation in the transmission system should cover the following issues: 

0 transmission expansion plamiing, 

co~ection of new agents, 

tariffstnrcnue and f a .  

Uder this f'ramework, the transmission wst charged to the customers becornes an Unportant 

parameter kcausc it can be considered the control variable in the electricity system. This 

vatiabk would give the proper signals to o w a s ~  of g ~ t o r s  to taLe decisions about 

location, type and time for mstslliag tbcu ni ts ;  beyond tbat, it would k one of the key 

panmacnr h a î  would c l e h  the efkiency of the medret. 

Duchg the ttansitional period of the market, "Po-e stamp" trcmsmission picing wiN be 

employed. The trmsmission f- wwld include a chiirge to -ver imcmental congestion 



costs' and the cost of transmission losses. Atta that period, a locational price wdd be 

a p p M  foreach network asset and it wouîd depend on the m a q ï d  wst at this point. 

As one aitemative to postage stamp pricing, Ontario Hydro Service Company (OHSC)' has 

to define a charge to the customers (initially loads), thaî wili k appiied during the 

ttansitional @od, to recover the mats mentioned above, a f k  bnng approved by the Onttario 

Energy ~oard). This charge would k b a d  on the usage of the traiismission system by each 

customer. 

A mathematicai method that could be utilized by OHSC, for defïning customer contributions 

to the use of transmission assets and evenhially to charge costs to these users, is addressed in 

this thesis. 

The following topics are studied in this thesis: 

p~cip les  and background of transmission pricing, 

methods for allocathg contributions, 

a general method to compute shareà costs, 

numerid exemple of allocation. 

The structure aad content of this thesis is presented klow. 

The second Chapter gives a generd background of the trammission pncing issue not oniy 

h m  the techaical point of view but aiso h m  en economical perspective. It also shows 

some examples of the approaches tbat have been or will be adopted elsewhere to deal with 

the ailocation of costs. 

The third Chspter focuses briefly on the economic point of view proposhg a method to 

wmpute individual costs of transmission asas. 

Chapter four avers in deâaii two methods to cornpute contributions of h.aiismision 

customers (loads or genetators) to üne flows basecl on usage of itldividual transmission 



assets. The first one called Image Domain was pertially developed for this thesis to be used 

by OHSC and the second one, the VPX approeoh, is the method that is being d in 

Victoria, A u t d i a  

The fifth Chapter develops an example using the principles given in the third aud forth 

Chapters and gives a comparison of the d t s  obtained with the two methodologies. 

Chapter six desd'bes the work carried out for OHSC using the huge Domain mabod. 

Finally, Chapter seven presents the conciusions of this work and possible ways to overcome 

some shortcomings that the method developed is likely to present. 

Several papers on this subject were reviewed to tind out the tendencies and experiences 

around the world. A brief description of some of them, which are directly related to the topic 

of this thesis, is presented below. 

1. Evaluation of Transmission Network Capacity Use for Wheeling T d o m .  D 

Sbinnohammadi, P R Gribik, E T K Law, J H hrIailhowski. R E O'tIonneL IEEE 

Transactions on Power Systems, Vol4. No. 4. October 1989. [3] 

This paper describes the MW-Mile method to compute mmsmission capacity use. It 

demonstrates that this mahod is more reflective of the usage ofthe transmission network 

in allocating the transmission cost than the postage stamp method. 

Cost of Wheeling Methodologies. H H Happ, EEE Trunsactiom on Power @stems, V 

9, N 1, pp 147-156, Feb 1994. [4] 

This paper presents the following four basic methods to compute mnsxnission embedded 

costs, Rolled In, Contract Path, Bouaday Flow sod Line by Lint (M\kw-mile) method. It 

also gives a description of two long run incremental cast methods and the short run 

marghl cost method. The main shortcomings found with emkdded cost methods, the 

principle of which are similar to the rnethod developed by this thesis, is that they do not 

consider fuhrn expansions and they do not take into account changes in productbn costs 

d u c t o r e q u i r r d c h a n g e s i n ~  



3. Allodon of Ttaasmission F i  Charges: An ûverview. J W W g o n  Lima Escola 

Fedcral de Engenharia de Itajuba. B d .  [SI 

This paper describes =me methods to allocate transmission fixeci wsts such as MW-mile 

o, Mdulus 0, Zao Counterflow (ZCM) and Dominant Flow @FM) method, 

which are based on the extent of use of the transmission assets. The Zero Counterflow 

Method has tbe same principle as the methods addnssed by this thesis in which 

customers who contribute with negative fIow do not pay any charge. It also makes a 

cornpaison of those methods findiig thaî the ZCM and the DFM give propa signals to 

the CUSfOmer to reduœ their flow h u g h  the transmission system. It also shows thet the 

ZCM could lead to a grrat variation of the charge for a slight change of the flow. 

4. nie Long Tarn Impact of Transmission Pricing. J W Marangon Lima. Federai School of 

Engineering at Itajuba. E J de Oliveira. Electricai Engineering Depsrtment. Federal 

University at Juiz de For a BraPI. [6] 

This papa adâresses some topics about the effect of the transmission pricing methods on 

system costs in the new environment where generation is treated as an open market and 

transmission as a monopoly. It considers Long Tem Margid Cost (LTMC), Short Run 

Marginal Cost (STMC) and embedded cost methods like postage stamp (PS), module 

method (MM) and dominant flow methoâ @FM). Since the LRMC is dificult to 

caldate, the challenge is to design allocation des,  which promotes the least deviation 

h m  the ophimiPd total cost. This paper stress the necessity of trying good 

approximations of LTMC that take into account the dynamic aspects, regdation 

constrahts and system charactetistics. 

5. ûpen Ac- and Nenivodc Services - A Global Approach. Anthony S. Cook, Brisbane, 

Awtdia, Hyde M. M d .  SchsiucEBdy, New York. Power Technologies, Inc. [7] 

This papa presents some metbods for developing the long run mugicd cost of 

musmission and for pricing stead-by and topup eleehicity supply. The LRMC is 

obtaineà b a d  on the cme of cosîs of past rad plsaacd transmission imrestments versus 



m e ,  where the apgroach to measuing tmsmbsion usage ia a simpIifScation of the 

"MW-&en method. 

6. Revenue Reconciied optimum Ricing of Trniismission Semices. BLPP Pema a d  ED 

Farma BJ Cory. lEEE Trmractioonr on Power &stem, Vol. 1 1, NO. 3, August 1996. 

Pl 
This paper desctibes a methodology for evaiuating an optimal set of transmission plces, 

to be chmged for use of a system on a time of use bais  and those circuit 

@ces are applied as ncxM prices in proportion to the power injected anci extracted h m  

each no&. 

The methd pcesented in this thesis is aiso based on the extent of use of the triinsmission 

system as some of the methods given by th refmnces [5] and [6], but the appmach used was 

dif f i t .  This approech bas not ken  used mywhere before. 



2. METWORK COSTS FOR THE EHV TRANSMISSION NETWORK 

As long as transmission is vertically integrated with generation, the separate prichg 

of ~ s s i o n  is not a concem, since there is no need to unbundle costs. The system is 

optunised with findiag the minimal total cost that already includes transmission costs. 

Besides, in most integrated systems, the knowledge of cost is used to minimize the total cost 

of building and operating generation and tmmission, not to set prices. 

However, as we move to wmpetition, the transmission system is usuaiiy unbundled firom 

genenttion, and wiU u d y  be operated by a "ûansmission system operator". Themfore, 

transmission pnces become more important for the operator to charge for its services. 

The product provideci by a transmission system is a transport service: the movement of 

electricity, h m  one named point on the network to anothet, at the request of a system user. 

This p d u c t  is supplied using a variety of inputs as lines, towem, cables and otha hardware, 

and also a cange of andary savices sudi  as ceactive power (voltage control) and resewe 

generation (fkquency control). 

The fmt part of this cbapm pmvides a brief beckground about transmission pricing 

considerhg objectives, costs and charging. Then it describes a general method u d  for 

chetgirig ûanssnission senices anâ finally it descti'bes some asperri of the rrgulstion Md the 

chergiag cost m&od thaî is M y  b k applied to the trsnsmission system of Onttario. 



The most commonly quoted objectives of tntnsmission pricing unda an open acceru 

market are listed below: 

This objective cequires plices to give the comct signals in four key srras: location of new 

grneration and d e d ;  use of the network by systmi users; opaation of the network by the 

transmission systmi operator, and development of the network, 

Revenue sufficiencv 

Fot any transmission compmy, this objective is paramout. Transmission cornpaies have 

M e  or no interest in teLing on rislr, which means that they are d y  concerned with 

ncovaing dl the costs incurred in building and operating the network. 

Efficient remdation 

Since most of the transmission system operators are naturai monopcilies, they need to be 

regulated. Efficient regdation should encourage minimumcost operations by means which 

keep intemention of the operator to a minimum. 

There are some other objectives for transmission prices such as stable prices a cornmitment 

to provide equitabie terms for access, and other socid objectives wbich akct prices. 

2.3 The Cost of Transmission Service 

Each individuai usa of the systwi requins a slightly Merent d c e ,  since they 
, 

specifL différent points of entry anci exit, Metent time periods wben savice is needed, and 

Mecent qwntities of energy îo be moveâ in each perioà. The costïng rnethoâology must 

therefore de-, as fat as possiile, the service offered to each electricity usa of tbe system 

and identify the cost imposed by the use of the system. 

Roviding ~ * s s i o n  savices may involve the foliowhg CO-: 



building -ty (inc1iiding tecovery of sunl costs); 

 loss ses; and 

congestion 

Transmission aetworks are large capital-intensive investments a d  requin fwd 

assets that are essentiaily immovable or not re-amketable. Ona they are placed in service 

the canyiiig charges for eansmission hdbtmtm ilemaia essentially constant, even if usage 

of the system varies copsidaably, This is what is meant by "sunk costs". 

Marginal costs an al l  costs, present and future, hposed on the system by an 

increment of use. 

Skort-run ~ h a t  cost (SMIC) 

This is the cost of i n d g  output to meet an inaement in demsnd when the system 

capacity is fixed. In a transmission system the short-nm margiDal wsts are the ener8y costs 

of losses md constraints. 

In the short ru, the transmission costs consist of energy costs. Additionai energy flows over 

a network change total physical losses. The cost of the incremental losses is a shoa-nm cost 

of üansmission. The additionai flow may also tighten constraias on the system, causing 

some generators to k ôacked off, whiie more expensive generation is dispatched to match 

the demand. The net cost of these adjustments to dispatch is another short-run cost of 

transmission. 

An elecîricity system suffiers fbm t h e  major types of coIIstraints: thamal limiîs, voltage 

ümits and stability limits, which may cause the systmi to inmase the generation cost. This 

drives a d g e  between the merginal cost of gaieration on either side of the consüaht that 

exceeds the value of margiaal Iw losses. 



The wst of building new capacity m d y  reflects the wonornies of d e  which 

seem to be present ia most imstment projecta Iftlme en economies of d e ,  spot priciag 

of transmission will not recover the cost of the link. 

Economic theory says that efficient prices should be set at marginal cost to giw a correct 

signai of wammption to the usa. Unforhmately, in transmission systems where that are 

commoa costs caused by economies of d e ,  marginal costs are d y  substantidy lower 

than the average costs d the menues h m  pncing al1 requests for service at marghl cost 

wiil mt recover the total cost of providing the service. Therefore, if prices are set at this 

level, the network o w m  wiil not recova total costs of new investment and evenWy the 

business would not be viable. 

The g e n d  d e  for efncient investment is that total incremental revenues should k high 

enough to cover total incmnental costs. This will discourage investments that customers 

jointly would not be willing to pay for. The associatecl pricing policy is: îo set @ces to 

individual customm no lower than the marginal cost of serving each cuitorner and no higher 

than their wiliingness to pay; and to enme that total menues h m  all customers are not 

lower than total costs. 

For example, the tecbaology may have a cost function of the fomc 

Total cost ofexpension by x d t s  = k + bx, 

where k includes the cost of establishing planning permission d rights of way, H g  

contractors, and layuig d o m  the basic foundatiom for providing a transmission h i c ,  end 

b represents the steel, aluminium and other mataials tequited to carry 1 MW over the route 

conceilried. 

The marginal cost of expansion is b, but it is mt rational to make the investment, unless 

customem are wiiiing to pay the wmmon cost, C, as well. 



Providing it is rational to make the investmeaL the gaieral pricing policy is to ensure that the 

cost of k is allocateâ to customers in a way tbrd does not distort the hvestment decision, by 

loading common CO& ont0 the eustomers most willing to kar them. 

Because of the high ri& involved in relying on JIUU@MI costs, most reguhtofs prefer to 

impose a pricing system which is closely Linkcd to sctual cost incund, rather than the short 

nm value in the marlcet. In mauy systems, -ore, regdators and regulated alike prefer to 

set prîtes equal to the accumulateci sunL cost bx(l + r): where r is the interest rate or 

discourit rate and t is the timt lag between the t h e  when the capacity was created and now, 

mther than short-m marginal costs. In a ri* environment, the @ce might fd as low as 

the short run marginal cost of using the capacity at which level they would fail to rewup the 

accumulated cost of construction, 

The following sections describe specific methods for ckging suak costs, new investment 

cost, losses and congestion costs and how those cos@ can k refiected in the total 

transmission plices. 

Sunk corn, which exist no matter how netwodr users cespond to the pricing signais, 

could be recoverecl also thugh additional charges. 

The principle of marginal cost pricing leads to the conclusion that the sunk CO- or residual 

revenue of the network (capital cost plus the unavoidable maintenance costs) should be 

ncovered through a lump sum that doesn't distort the locational and congestion signals that 

exist or are king crrated in most ofthe electrid markets. 

On the other b d ,  the beneficiery pays principIe, establiabes that if a pason knefits fiom 

using the network then that pason sbould pay an approprhte proportion of the cost. 

However, economic theory explaias that the most efficient pricing mechanian provides 

ma@A cost signais to users and then recovers the sunk wsts in the least distorthg way 

witb a speciai charge. 

T m o n  companies need to awrr tbat they are able to recova ail the costs of Iong- 

temi invcstmaits, even îhough f h r e  dmiand fm transmission q m & y  nmaias highly 

miaaein, The foliowing are the most popilat methods.. 



---- 
Transmission wmpanies can m w v a  ihùr sunL costs via a n n d  tsriffs, by spreading th- 

over a captive market. 

Every system user couid agne to jmy the fbli cost of investment carriecl out on their bebalf, 

and in ntum they would -ive a long-tenn right to use any capacity aeated by their 

investment . 

Charges paid when quitting a connection are another way of ensuring that system usas pay 

off the fbii cost of facilities built for their benefit. 

Marginal costs bave been found to k inappropriate signals for new investments. 

The planning of new investment in the network must Eakc into account requimnents of both 

grneration and deaiand. New invesûnent will also benefit both sides: customers tbrough 

improved system reliability and security; and new or existing generators h u g h  reduced 

losses or a lower level of constraints. These costs shodd be paid by those who ûenefit fnnn 

the new investment in orda to promote efficient locational decisions. 

Thae are two mein options for detenaining the appropriate share of the wsts of new 

investment to k met by gcnera!ors a d  customers: comection charges for generators and 

share of benefits to the demand and supply sides rrspcctively as a result of a specific 

investment. 

Connection charges incluûe the short nui ma@al wsts and additional signals for those 

citcumstaaces where short nm marginal costs wilî not provide an effective si@. 

The altanative is to establish a fhmework ta identify the s k  of benefits to generators and 

customers respectvely as a result of a specific new investment in the network. 



There are in g e n d  two ways to incorporate losm costs in trammission pricing: 

charge users for the actual, nal tirne marginal losses imposed by their usage; or 

charge users a fked kWh prie for transmitting energy o v a  the network. 

Real time pricing of losses wiU encourage efficient uw of the network, but is difficult to 

impiement on a transparent and non diSctirninatory basis. On the other hand, a fked price 

may or may not reflect the acbial cost of losses very accurately. 

Congestion costs shouid be ~flected in the terms of transmission costs, to avoid 

excess of demand for transmission services over congested parts of the netwok 

The consüajnt costs can be reflected in transmission concracts in three different ways: 

by withdrawing transmission capacity accordhg to some agreed protocol when 

co&ts occur, so that system users must adj- their trades in energy, 

0 by cherging an explicit "bottleneck fee" for each kWh that crosses a coastrauit, so that 

system users pay more for scarce capacity, 

0 by including an ailowance for the costs of redispatch in kW payment for transmission 

capacity. 

This thesis discusses a methodology for computing the docation of sunk costs and new 

investment costs among usas. 

2.5 A Genml Appmach to Charging Tmnsmkrion Piiws to Recover Network 

ûnce traMmission costs are defineci, they must be m o v d  tbrough charges applied 

to network users, such as the Distniution Busiaesacs, large EHV Customers and gemmtors. 

The design of uùs economicaily efficient pncing structure for transmisson must k 

consistent with the requirement to n#mr sunk costs in en equitabIe lllanner. 



This descri'bes a g d  method fm cornputhg and chaqhg trammission fees. 

A g e n d  mathod for charghg the use of the EHV transmission network can k summanPd 

as follows: 

1. The owna of the îmsmhion Company charges tbe opaating Company for provision of 

tbe sàarsd network as a whde (the Ndnirork C h q e ) .  

2. The operating Company charges distributors, generators and any EHV customers for use 

of the sherrd transmission network (Ckarges burd en usage of the nctniio~k)). 

3. The owner of the transmission Company charges distributors and generators directiy for 

dedicated connection assets such as power station switchyards and load supplyhg 

taminal station ûansformers ( E w  and E*II Chmges, respectively). 

Figure 2.1 shows the manner in which the charges could k tmmcteà between the parties 

based on a scheme adopteâ in Victoria [l]. 
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Figure 2.1. Tramadon of Network Charges 

The Network Charge could k se@ into two components: 

the total charge to apply to sherrd netwotlr assets which shouid be r e w v d  on a 

locational basis h u g h  the Locational Cornpirait of the Network Charge; and 

O a cornmon service charge wbich avers the costs which it is not appropriate to m v e r  on 

a 1-od basis, e.g.: Reactive planî, sdministration, non operationai land holdings etc. 



The i d o n a l  component of the Netwodc Charge wuld be allOc(ifed to usas on a cost 

reflective basis using one of severai possiile algoiitbms. Two of those algoritnms are 

Cornmon Service Costs are those costs not appropriate to recover on a lOC8fionaI 

M s .  T&pe wsts include the asset nlated wsts which do not provide a locational service 

togaher with a number of administrative and overhead costs. 

There can be identitled four wmponents of the Common Service Costs. 

1. The non locationai based costs associated with the netwotk assets including: 

provision of reactive contiol plant (capacitors, static Var compensators and 

synchronous compensaton); 

commUILications equipment; 

non operational land holdings; 

0 spare plant and equipment; aad 

0 Iiriministration and overheads assoçiated with the network. 

2. Network related wsts including the foilowing: 

ncovery of the costs of control centres and control equipment owned by the operating 

Company; 

0 network opefations by the operating Company; 

network design ovaheads; 

additional wsts associated with nsk, for example thmugh iaeuraace premiums; and 

working capitai tequirrmaits for network fits. 

3. Any net settiements which would be payable by or to the opaating company to or by 

network orniers in other juiisdictions reflecting the application of the cost allocation 

process to parts of the trasmusion network klonging to the outside utilites, and 



4. Any under or over ncovery of revenue which d t e d  to the operating company in the 

p * o u s  year h m  application of the usage based charges are included in the cornmon 

service charges in the foiiowïng y d .  

The common service cosis can k recovaed, where applicable, h m  users using a postage 

stamp charges. The network nlated cos& incl& also burance premiums for "operathg 

company" risk. 

These connection charges are appiied to those usas who d i d y  benefit fiom assets 

that are installed. 

2.6 Allodng Transmission Co& in Ontario (OHSCP 

This section describes the possible methods for allocating traasmission costs which 

would be applied in Ontario afkr the open access market starts opereting ". 
Fmm ûntario Hydro Service Company's perspective, there are two possible ways to biii end- 

use (-) customers of L o d  Distribution Companies (LDCS)' for t r e a s m i h  services 

through a network charge: 

1. End Use (Retail) Option: The transmission services provider could set the charges for aU 

retail customers, in accordance with an Ontario Energy Board ( o ~ ~ ) ~ - a p p r o M d  method, 

and the LM: would simply collect this charge on khalf of the provider- 

2. Wholesale Option: The LDC could pay an OEB-regulated charge to thc transmission 

services provider at the wholesale level (îhe trarismissionl distribution interfi)  and then 

m v e r  these wsts h m  its customers, imda a separate OEB-apved mthod 

On the other hancl, the inctemental costs of  congestion and transmission losses wodd k paid 

initially by alI load c13Sfomers in Ontario uadn an avaaging method- A f k  18 months a 



Locational Marginal Ricing scheme wouid k i n t r o d d  in which the aiagy piiece at any 

location on the integrated ectwork wouid depend on the margllial cost of delivering the 

en- at that location. 

The foiiowing subsections &scribe the appîication of die transmission charges indepeadently 

of how the custornets w d d  be billed. 

It can be generaiiy stated that those who use and benefit h m  transmission façilities 

(assets) should pay for than. Inappropriate allocation of transmission service wsts wouid 

unfairly SM the buiden of pmviding these savices to those that do not use or benefit h m  

them. Che customer gtoup shouid not be requireâ to subsib  auother. 

As a fkst step, aii trammission senice costs could be allocated into one of t h  categories: 

networksmice, 

iine connection service, and 

ttansformation connection service. 

These categories may be allocated in a locational basis. This wouid help to identify which 

customers use and benefit h m  the facilities neeàed to provide the respective services, so that 

theu costs cm k appropnately assessed. The overail Network Charge shouid bc set by the 

allowable menue appmved by the regulator entity. 

This section discusses various methods for detennining how the costs of the three service 

categories could be E l y  aüocated. The options incluâe: 

1. Customers could k assesseà charges on the basis of which delivery points supply thek 

load, with common transmission-related costs assessed on d load customets. 



Generators COU be assessed charges fot assets used to d e b  their output to the 

commonly-shatcd network. The costs'of the wmmon network assets wuid then be 

assigned to ail genemtots d o r  all load customecs. 

Transxnission service pools would grwp tmdssion assets by f h d o a  AU 

~ s s i o n  costs would k allocated to one of these pools and paid for by generators 

andlor load customers. 

The major componeats of the total transmission revenue requinment are option, 

maiatenance, and administration CO-; depreciation; interest expenses; regdateci net incorne; 

and incorne taxes. 

Any menue nqiiirrments associateci with pmviding trarrsmission setvices must be allocateâ 

in such a manm that (a) only the costs associated with the provision of the transmission 

&ce are collected h m  the transmission users; and (b) the coirresponding charges are 

coiiected oniy h m  those using the spccifïc savices, if such services can be iâentified 

distinctly . 
Aliowtlbnrndwdb 

For the purpose of assigning the responsiiiiity for the transmission costs, transmission 

assets and their associateà menue requirements can be docated among the users of the 

traasmission system in several ways. The following biefly d e d b e  some of the allocation 

methods that can be useâ, e i k  individuaiiy or in combination with o k  methods: 

1. Eah delivery point h m  which load is supplied cm k assigned a share of the 

transmission assets that are u t i l i d  to supply the 1 4 ,  based on forecast or actuai load 

and generation patterns. The load CUSfOmers could then be asscapcd charges on the basis 

of the assets used to supply their deiivery points. Common îransmission-related costs 

could k assigned to aU load customas. 

2. Each generator cm be assigneci a share of the tmmmhion assets that are utüusd to csy 

powa h m  that gennstor to the network or w d y  shend assets or, if apphble, to 

the delivery points h m  whrr the l d  is suppîied. GeneraSom could then be rsses3ed 

lmmsmission charges on the b i s  of the assets ubüipd to catry theh output. Common 

costs may k assigneci to all genenûofs d a r  aii I d  customrs. 



The above methods, or thsg variations, csn k used to develop more spatial (for example, 

MOI~S. An appropriate &are of the total transnission menue quifernent can then be 

allcmted to these pools. The loaâ customer a d o r  generators can then be 

iesponsibility for the costs allocated to these pools. 

The following steps ouuine one possible appmach to allocating the transmission revenue 

requirements to three pools or Scnnce categories. 

1. Transmission assets and their Net Book Value (NBV)s may be allocated to one of the 

thme service pools: 

a Network Service Assets would inclipde the lines and stations owned by OHSC that are 

fulnlling the role of interata transmission interconnecton within Ontario and with 

neighboring utilities. These wouid comprise ail the extra-high voltage (500 kV) lines 

and stations, most of the 230 kV and 115 kV luies, and the 230 kV stations that are 

not dedicated to the use of specinc kneficiaries. 

These fxiiities connect large generating stations and major lod centers to each 0 t h .  

Any assets used for system operation, such as the Transmisrion Opclations 

Management Center (TOMC) in Etobicoke and major capacitor banks used to provide 

voltage support would also be classified as Network Assets. 

Althouph new intercomection may be f inand through the 'Luser-pay" ptinciple, it 

may be appropriate tbat existing interco~ections be deemed to be sharrd by dl, 

especl*aUy since they were buiit by the former Ontario Hydro to p d d e  economic and 

reliabüity knefits for the province. 

The Tdonnat ion Comection S d c e  would include ail OHSC-owned 

transfomation (delïvery point) stations that Link DCCs and LDCs to the 

sy-• 



a The Line Connedon Service wuid include alî 0HSC~wned lines and intennediate 

stations used to CO- the above mted transEommtion stations to the transmission 

netwodc. 

The NBV of the traasmission business assets that cannot be directly ailoeated to the chne 

service pools would be ailocatcd to these pools as a proportion of the Net Book Value of the 

assets that have been directly allocated as above. 

Depreciation cos$ for those assets specifically allocat#i to cach savice category would 

be allocated M y  to that category. The depreciation cost for any unullocuted assets 

wodd k allocated to the tbne s e ~ c e  categories as a proportion of the total Net Book 

Value of those assets that are specifidy aiiocated. 

The reguiatod net incorne, incorne taxes and interest charges would be aiiocated to the 

three s e ~ c e  categories as a proportion of the Net Book Value of the assets allocated to 

each comsponding s e ~ c e  category. 

Service Level Agreements and o t k  processes wodd be developed, to be used in 

conjunction with the exïsting Uniform System of Accounts used to track OM&A costs. 

The goal is to sccurately dmte  transmission-nlateâ O M M  costs to each of the 

specific service caîegories of Network Pool, Line Corinection Pool and Tdormation 

COM&O~ P0d. 

The process of allocating costs to raie pools wi i i  be a manuai process, based on an after- 

the-fat anaiysis and reconciliation of costs. 

The component of the t h  categories of service in Ontario, which could k 

recovered in a locational basis is ailocateâ to customas by means of a usage reflective 

algorithm. 

At pmsent, load customers pay dI those Network Pool savices charges and if applicable, the 

existing Line Connection and T d o d o n  Connection Pool charges, as is the case in most 

jWiSdid011~ @hbO~g h t e 0 .  

This section discusscs î&e implications of shü?ing aü or part of the cost of tmnsmhion 

&ces to (3ntario generators* OHSC's position b that thW shouid mt  bippn in the case of 
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Wrjsting tr0)~~111ismon network assets. The min reasons for this conclusion an that this cost 

shiff wouid: 

r make Ontario genemtors less competitive compared to those outsjâe Ontario; 

distort the MO=-d energy market kcaoise %idcien", fixecl ûamnission wsts 

wouid k included in the price of enagy; 

nsult in some customers p a . g  uLlf.ititIy higher traiismission costs than othas 

The issue of whetha or not generators should p y  d t i n g  comection service charges is 

mlatively more complicated, sina a decision on this matter could impact Merently the 

generators that are aPsessed these charges and those generators that may not be tequired to 

pay these charges. 

A concem that bears on this issue is that genefEitors UIst do not pay transmission charges 

wouid not have any price signals or incentives with respect to siting new generating plants or 

new transmission investments that may be required. This concem may be addresseci 

somewhat by the f a t  that the new investment des recommended by the MDC provide for 

assessing costs to the beneficiaries. Thus, O ~ K R  of specific genemtors wouid bave to pay 

for part or ail of any new transmission invesûnents that are deemed to benefit them. 

if generators wne to pay some of the transmigqion charges, it wouid duce the transmission 

charges dirrctiy assessed on load cwtomers. However, in this case, the generators wouid 

inelude some or all of the transmission costs they pay in their en- prices. Therefore, there 

may not ôe a one--ne ôenefit for load customers if generators were assigneâ the 

responsiiility for transmission costs. 

To ensure that domestic generators compete on a Ievel playing field with out-of-province 

generators, one option would k to not have Ontario generators pay Network Pool savice 

charges. It may be appropriate and fiiv however, to docate some charges to genemtors using 

the conneetion faiüties, especially fnmi the viewpoint of other genei.ators that do not use 

Line Connection services. 

The costs of OHSC's Sbated Fumions and Senrices wodd be allocated to the 

Tmsmission brisiness on the basis of= 



1) Causality, where possi'bie; and 

2) Benefits, where no causai relationship can be ideatified or provided, This allacation takes 

into account the concem of UIlfairness as a d t  of cost-shiffing f b n  non-transmission 

and non-regdateci activities to the reguiated trsasmissi - .  on business. 

The S h d  Functiom and Services costs wouid then k aiiocated among the thne service 

pools (Network, Liae Connection, and Transfodon Comection) as a proportion of the 

NBV of the assets alloc8fed to these pools. 

OHSC Shared Functions and Savices comprise: Coprate Office, Finance, Human 

Resources, Corporate Relations, Information Management, Planning & Dmlopment, Health 
# 

and Safety and Year 2000 Office. 

26.5 Exit C h a m  

In the open access market, some customers wouid prefcr to discomect from the 

haiismission system and take generation h m  a local distribution Company in order to avoid 

paying amlr cost This could k even more expensive for the whole system than the previous 

connection, even though this customer pays a lower cbarge. 

An exit charge may be crrated to discourage ciildomers to disconnect from the transmission 

system and to pay those sunk costs which would not be recovered due to the disconnection. 



3 ALLOCATION OF COSTS ON A LOCAT IONAL BASlS 

3.1 Introduction 

A lOC8tional basis allocation ta w h  Taminal Station which supplies load to the DB's 

and EHV customers or to each generator, may use one of the methods that reflect the usage 

of the network by these customers, available for this purpose. This allocation can usually be 

basxi on the use made of the traiismiksion network by each Tenninal Station over the peak of 

the period of maximum demand in the previous year and the cost associated with individu81 

network elements which axe requirrd to provide the service. The allocations convey the cost 

of providing network service to each Terminal Station (primat.ily asset related) based on an 

asset cost assignment method appropriate for each Company. 

Even though, most of the current electrical markets distriiute the Locational Component of 

the Network Charge just among loads, the methodology discusseâ hem covers docation to 

loads and generators. The introduction of a nmi access market for charging generators for 

use of the transmission netwo& wouid duce  the share of charges paid by loeds. 

In o h  to docate the costs 8ssociated with the usage of a particultir transmission fsility to 

the customers, the cost of each nrility nccds to be determinai ntst. This is fo110wed by 

splitting this cost between astomers. These two issues are briefly discussed in the remainder 

of this C m C  A more detaiied &scription of the mious algorithm inttoduced in this 

ChapterisgiveninChaptas4to6. 



The usage based cost aliocation method is an asset based pcess. To stert with the 

process of docation it is necessary to &termine the muai revenue which is requinxi to k 

eamed h m  each individuai netwodr asset to cover the costs of ptovihg, opera- 

maintaining and p l d g  the sherrd EHV traasmission network. 

In Victoria, Ausûaiia for example the cost allocation is carrieci out based on a nominal 

optimised networkl* consistent with the valuation of the system assets" [Il. The cost for 

each individuai asset in the optimised shared network is detennined by allocc~ting îhe 

Locational Component of the Network Charge to individual assets pro-rata with their gross 

replacement value in the optimised netwotk valution. 

The cost allocation is a nodal b a d  method aud therefore requires aii of the costs to k 

attriiuted to the branches between nodes on the EKV network. Thus the station termination 

costs are allocated to the lines so that the cost of a ''üansmission line" includes: 

0 the cost of the he;  

0 the cost of the circuit breakers at either a d  of the line"; 

0 Main system tie Wormers, such as those between two EHV voltage levels are treated 

as lines. 

Using this approach aü station costs are allocated to lines (and tie transformer@ except for 

d v e  plants and associated switchgear. These costs are recovered through rhe cornmon 

savice charges. 

In the Ontario Systern, the cost allocation may k also a n d  bascd methd requving aii the 

costs to be attnbuteâ to the branches bdween wdes on the EHV network. In this each 



asset cost wouid be assigned to one of the categories mentioned 

tsrrnsmission network, t raos fo~on  connection or lim c o d o n .  

in the last chapta: 

3.3 Cost Alocrtion 

The cost docation pmcess involves allocating the individuai network costs 

85SOCiated with each station to those participants who use them. 

The cost allocation methoch addressed in this thesis are load fiow based methods. The 

foliowing sections give a g e d  explanation of the methd used in Victoria [Il and an 

altemative method proposed for the Orirerio system, developed as a part of this thesis. 

The cost ailocation requires detailed load flow anaiysis of the systan and its 

operation. The costs are aiiocated for each netwoik element as described above, and the use 

of the network elementS by each participant is calculateci by the allocation methoci which 

determines the s h  of each element used by each load. 

In ordei to determine this, it is necessuy to define the generaîion sounx which supplies each 

load point Once this is defineà, the actual fiows on individual elements in the network 

d t i n g  h m  bansfer of power fimm the desigaated group of gaierators to each load poht 

can k detennined by network analysis techniques. The share of each network ekment used 

by a particdm load is then simply the flow on the element d t i n g  h m  the supply to this 

load expnssed as a ratio of the totai use made by aü loads in the system. 

The generation source for each Ioad is denned using the "electrical distance" as a measure of 

the capability of a generator to supply each load point. Using this approach a greatet 

proportion of l d  at a particular location is deemd to k supplied by genefEIfOtS which are 

elcctrically close  th^ those which are elecûicaily mwte. In electncal engineering 

terminology the "electrical distance" is measund by the itnpedauce, end this can d y  k 

detetmined through a stanâd aigineaing dculation d e d  thc 'Yauit level caldation". 

The use of the netwodc element by each generator can k calculated by an analogous 

ailocaiion method which dctermiacs tht shsn ofeach elaamt used by each generator. 



The use ma& of the network by particuler loeds or generabrs wi i i  vsry depeisding on the 

operathg coaditoris on the network. For this raison a numkr of opetating conditions 

should be examineâ with d i f f i t  I d  and g a r d o n  patterns. SinCe the intention is to 

obgin prias which provide appropriate signais for investmenî in the network, the cost 

allocation is &ed out ushg ectual load and generation data for a rrccat period of high 

danand, using hours with datively hi& network loaciing. 

The following steps are amiecl out once for aii opaating conditions: 

1. Attn'bute network costs to network elements. 

2. Determine the fa& contribution matrix to aliocate generation to loads. 

The foiiowing steps are cairied out for each of the operating conditions being considend. 

3. Detennine constrained allocation of actual generation to loads. 

4. Calculate line flow contriiutions of each l o d  

5. Calculate relative utilisation by each load of each netwodc element. 

The steps below are cairicd out when ali operating conditions are compIete. 

6. Detennine the s b  of each network element required by each load. 

7. Allocate network costs to each load. 

A detaiieù explmation of these steps is given in chapter 4. 

3 3  OnCirio 8yitrni (OHSC) 

Some methods to allocate cost ammg users have been studied and one of them called 

"Image Domain" has been partially dmloped for this thesis and appiied to OHSC system. 

Similady to the VPX method, the Image Domain algorithm is bascd on the use each 

customer of the transmission system &es of each transmission asset. 

The algorithm uses the concept of the i'ge dbnrarn of a braach and proportionai spIit of 

power flow bmed on Ioad flow studies for a given tradiqg interval. The aigorithm can smt 



h m  any braach wbich does not bave to be the one wnnected to a source node. The 

aigorithm can cornpute both contribution of power generated to flow in each traiismission 

line and the use of every lint by each Id 

The following summa&es the steps of the p.oces9: 

1. Attn'bute nenivork costs to network elements. 

For each opaating condition: 

2. Daamine the share of each network element requited by each load or by each generator. 

After ai l  operating conditions have been considered*. 

3. Allocate network costs to each Ioad. 

A detailed explanation of these steps is also given in chapter 4. 

3.4 Opedng Condition8 for Cost Allocation 

Because these methods are basecl on AC load flow results, the obtained ailocation 

comsponâs to a snapshot of the system operation. In otder to cover the most critical 

scenarîos, it is necessary to analyse Mirent operathg conditions of the system and h d  an 

average allocation. 

The operating conditions to be useâ for the cost docation process could be defincd as 

foilows: 

a load and generation conditions to be actual operating conditions ficm the pmious 

fiaanciai year; 

a opemihg conditions include a pmentage (%) of hours with highest maximum âemand 

ova the most recent period of high demand; 

a the @od chosen bmdly corresponds to the times at which hi@ &man& drive network 

expansions. 



Cost re-aliocations are required on a periodic h i s  to include additionai network 

investment since the previous period Md to capture any significant variations in use of the 

systan (perhaps in tesponse to the pricing signais). This teallocation process ean in itself 

provide some pncing signals, howrwr it is important that these do not distort the basic 

pricing signsis pmvided ttwugh the pricing structure. 

It is pmposed that the cost mallocation k &cd out using a cycle consistent with the 

proposed regdatory review period. In between the cost allocations, ali prices would be 

d e d  to reflect the cumnt revenue nquirements of the elecüicai cornpaies to k rrcovered 

through transmission prices. 

The re-allocation process in Ontario has not been studied yet. 



COST ALLOCATION METHODS BASED ON USAGE 

4.1 Introduction 

Severai methads have been studied and developeâ for this thesis to cairy out the 

allocation of the individual asset costs among the loads or the generators using the netwotk. 

This chapter covers the detailed description of the image domain algorîthm which was 

partially developed for this thesis, as well as the VPX algorithm which is the method usd by 

the Victoria Power Exchange in Austraüa It also d e s d i s  b M y  the UMIST approach that 

is baseci on the same assumptions as the image domain with some variations. 

4.2 The Image Domain Algorithm 

The Image Domain algorithm ha9 been developed for deteminhg asset utiiization in 

a transmission system. For the purpose of this developmeat, the assets are defined as high 

voltage transmission lks,  powa Wonners aad seleetcd high voltage buses. 

The etn is to produce tables &O* the relative Utilkation S b  of (riidividuaî) 

Tranemission Assets (USTA) for each load and each generator of the transmission system. 

The pmposed aigorithm cornputes USTA in the followhg steps: 

1. A t b i b u t e ~ ~ t o ~ ~  



This section dresses only the second step of the USTA praceclure. 

4.2.1 Concepts 

The algorithm uses the concept of the image domoin of a b c h  end a split of power 

fiow basecl on Kirchoff's law and a pmportionaüty principle. Since a dved  l d  flow is 

used as a basis of the computations, no impedances are required. The impedances of the lines 

and transfomm as weli as network codons are already refiected in the power flows in 

the system elements. 

The flow on a h e  c m  be attributed to loads oniy, generatots only or loads and generators. 

Dependhg of the policy defined by the electrical system regulator, one of these approaches is 

chosen. The cumnt algorithm can caicuiate ôoth contribution of power generated to the flow 

in each transmission üne and the use ofevety iîne by each 1d Additonaiiy, the p d w e  

caa determine the contribution of each generator to every 1 4 .  

This d o n  consider two algorithms to address these approaches: 

load contribution to iine flow, 

r generator contribution to h e  flow, 

An image domain of a given line includes di the branches comeeted to the sending 

bust3 of this Line that contribute to the flow in this line. A line can also have a delivery point 

or a generator in its image domah. This happens when the I d  at this delivery point or a 

genet8for contn'butes to the flow in this line. To illustrate this concept, consider a single bus 

ofa larger netwotk shown Ui Figures 4.1 and 4.2. 
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Figure 4.1. lllusûation of the concept of image domah for loads 

Figum 4.2. Illusûation of the concept of image domain for generstors 

Refemiig to Figure 4.1, iine 1 is in the image domain of iine 3 since the flow in line 1 

conûiiutes to the flow in h e  3. Sunilarly, line 2 is in the image domain of line 3. ûn the 

other hand, iine 3 is not in the domain of line I because line 1 is ïip streamn h m  line 3. 

Also, Ioad L is in the image domain of h e s  1 and 2 but not in the image domain o f  lim 3. A 

formai definition is given later in this section. 

Considering now contribution of gcaemtors to iine fIows and r e f d g  to Figure 4.2, 

we obsem tbat h e  1 is in the image domain of lines 2 and 3 since flow in iine 1 contributes 

totheflowsinlines2and3. Ontbeotha~he3isnotintbedomeinofline 1 because 

A major part of the losd conmiution algorithm involves deteunination of the proportion of 

ttuflowinagiveniineL t h a t ~ a n k ~ b u t e d  t o t h  flow ialineK"up stream" ofiine L. 
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A s m e  that both lines are connected to the same bus i and the flow in line K is towads bus i 

whiie the f i  ow in line L is away h m  that bus (in otbn words, iine K is in the image domain 

of line L). Computation of diis contriiution wiii utiliP the foiiowing propportonali@ 

assumption [2]: 

This assumption pmvides the basis of a recursive algorithm for detennining the contribution 

of each load to the flow in each line. A brief discussion of the implication of this asmmption 

is pmented in Appendix A The concept of the proposed attribution method can be 

explained by referring to the system in Figure 4.1. 

For example, for the 60 MW flowhg in line 3, it is necessary to caldate how many MW 

corne h m  line 1 and how many h m  line 2. On the basis of the pmposed algoritbm, one 

third of the fîow in line 1; tbat is 33 MW, goes to supply iine 3 and one third from line 2; that 

is 27 MW, also goes to supply üne 3. This means, that 67 MW of the flow in iine 1 go to 

supply the load or, in other words, the load contributes 67% of the flow in îine 1. 

A more d d e d  description of the aigorithm together with numerical example is given in the 

followhg sections. The algorithm can start h m  any bmch and the starting bmch  need not 

k one connected to a source (geaeratot) node. 

By anaiogy, the genemtor contriiution aigorithm consists in the determinstion of the 

proportion of the flow in a given üne K that can contribute to the flow in lhe L "dom 

strrsm" of üne In this case, computation of this contribution will k based on the 

following proprtiolt4Iity assmption: 



This is the sssimiption usod in the algorithm which daamiaes the contribution of each 

generator to the flow in each line. The concept of the proposed attr'bution method cm k 

explaineci by teferring to the system in Figure 42. 

For example, for th 80 M W  fiowing in ihe 3, it is nec- to calculate the quantity ofMW 

that wme h m  generator G. On the ôasis of the proposeâ algorithm, 44.44% of the flow in 

b s  2 a d  3, that nprrsent 53.33 MW and 35.52 MW respectively, are die contribution of 

the generetor G. 

The flowchart of the algorithm is shown in Figure 4.3. The input data detennines power flow 

in each lhe (hm the begianing and h m  thesend) and the stmtwe of the transmission 

system. 
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Figure 4.3. M*n fkw chrt of the image domain algorithm 



4.22 Lord wnûlkition 00 llne flow 

We wiU consider aîi breachcs with the direction of the flow taken into accouut (a 

bmch is a line or bansfonna). To Aiaha illustrate the meanhg of the concepts introduced 

in this chapter, let us coasider a smaiî test systan shown in Figure 4.4. The line fiows are 

ob- h m  an ac load flow solution aid the positive directions of powe flows an show 

in the figure. A cornpiete load fïow solution is presented in Table 1. The first step of the 

algorithm is to detemùne the image domain of each h e  as illustrateâ below. The data are 

given in the per unit system. 

Figure 4.4. The test syatcm (Image Doinain) 



Table 4.1. L a d  flou sdution for thu system shown in Figure 4.4 

Wng k# (bus 1) powir grmntlari mquimâ 8 0.7ûl p.& 2 output 12 p.u. 

Budline 

1 
2 
3 
4 
5 
6 
7 
8 
9 

To daamine the image domain of a bcanch, we wiil need to examine the fiows in al1 lines 

comected to the sending end of this bmch. The complete algorithm for the determination of 

image domah is as foiîows: 

vabgm 

Do ibresch bus i 
find the lines wnnecteâ to bus i 
end Do 
Do for each line L c o n n w  between buses i and j 

if power flow is h m  Bus-ito Busjaien 

Bus i 

1 
2 
1 
3 
3 
1 
2 
4 
5 

Magn- in p.u. 

1 -05000 
1 ,05000 
1 .O3059 
1.02870 
1.02588 
t .O2508 - - 

- 

DO (br ea& ~im K a w i ~  to BUS-i 
if the Ikw in line K is towards Bus-ithen 

Line K b in the lina domain of line L 
endif 

end Do 
If BusJ b a kad bus thon the load is in the domain of lin8 L 

Angk in radians 

0.00000 
0-12686 
-0.0801 1 
4.07284 
-0.09934 
-0.1 1530 - - 

- 

Do Br each line K connsdsd to B u i j  
if the k w  in line K Q  tpwarâr BusJhun 

Une K is in the domain of line L 
endif 

end Do 
If Bus-i is a bad bus then thb bad ia in the domsin of line L 

Bus j 

3 
4 
2 
4 
5 
3 
4 
5 
6 

An application of this aigorithm gîves the d t s  shown in Tabie 4.2. For a given colunm L, 

drowswithnoapn,Va1uesidcntirythtliiusinthtdomslliofüneL. Thetableisradas 

P ~ f b w l i a m  
bus Cto j 

(P.u.) 
0.489 
0.350 
-0.277 
-0.060 
0.1 72 
0.489 
0.358 
0.230 
0.200 

Bus jto i 
(pu)  

4.401 
-0.345 
0.284 
0.060 
-0-171 
-0.481 
-0.345 
-0,229 
-0.200 



foiIom. For a given column L and row & the number repnseiits the maximum fîow in iine 

LthatcoddbeamibutedtotheffowinIwK ThisvaiueisequaltotheflowLilimLtaken 

h m  the load flow table. The ecaial attribution is cornputeci later and this table is useâ only 

to identifjr line domains and check the upper values of the contnhtions. 

For example, the iast row c o ~ f e ~ ~ ~ n d i n g  to Line 9 has aîi zaoes since Line 9 das not 

contribute to power flow in any other line "dom strrem". Line 9 supplies only load L6 

quai to 02 p.u Line 8 and Line 5 can contn'bute to flow in Line 9; tbaefore in the rom 

corresponding to these lines thm is a number equal to 0.2 in the column of Line 9. This 

means that Line 8 (and Line 5) can have maximum contribution to Line 9 flow equal to 02 

(this is the fiow in Line 9). Similady, Line 1, Line 6 and Line 4 contriiute only to the flow 

in Line 5. 

Table 4.2. Image domain of different branches 

The procedure for liae domain dculation is explainad klow with refance to the simple 

transmission system show in Figure 4.4. 



Whai üne domains are detamined, the next step is to caldate the percentage of power 

flowing in a given Lins that can be attri'buted to the fiow in each üm in its domain. The 

foiiowing algorithm accomplishes tbis fimction. 

Let, L k the Liae whose s h  fiom the domain liae K is under masideration; 

Line L is connected between buses i and j snd power is flowing h m  Bus i toj; 

Line K is connectecl between buses i and k 

. 
The flow out of the bus i F," = CIl'&,(+pLDI (1) 

n i d  

The flow into bus i minus flow in line K 

Contriiution of line K to the flow in line L CL ( K )  = - 

4 is the power flow from bus i to m 

m c: N is the set of buses connected to bus i and flow is h m  bus i to 

m 

! F N  is the set of buses connectai to bus i and flow is h m  bus q to i 

P h  is the load connected to bus i 

PG~ is the generation at bus i 

CL (K) is the percent contribution of line K towatds the flow of iine L 

A simpler, but equivalent fom of ecpation (3) is also avaüable (see equation (Al) in 

Appendix A). The pioof of this algorithm can also k found in Appendix A. 

For the exemple system, the contribution ofthe fiow in üae 1 towards the flow of iine 5 is 

computed as foîiows: 

The flow out of bus 3 



Ushg the abow procedure, the contribution &tors of all  lines for the srunple system me 

calculated and presented in Table 4.3. 

For example, 5W or (O J p.uJ of power flow in Line 8 is conûfbuting to power flow in L h  

9, while the rest supplies load LS. The flow in Line 1 (similarly to Line 6 and L h e  4) 

supplies Line 5 in 16.86% (or 0.1686 in P.u.), whiie the rest of power flow in these lines 

supplies load L3 connected to Bus 3. This load que ls  to 0.85 pou. and it is relatively large in 

cornparison with the flow in Line 5 (0.172 in p.u-). Therefore, the mjority of power fIows in 

Lines 1, 6 and 4 goes to q p l y  Id W. The flow in lim 1 used to supply loed L3 is 

caicdated as l-O.l686=0.83 14 in p.u. 

Table 43. Line dependence on domain 

4.2.2.3 Contribution d krdr to lina flow 

AIta the image domains of the branches are determined, the next stcp of the 

algorithm i s  to fjnci the conttiiution of the loads for those branches for which only the loaà in 

its domain detemhs the flow. The algorithm for this step is as foilows: 



For the sample test system, only h e  9 bes di zeroes in its row (see Table 4.3) and a I d  bus 

(Joad L6) in its domain (see Table 42). Hence, the contribution h m  load L6 to the fiow for 

this branch is 1W/o. 

Next, wntributions of Io& to 0 t h  Lim flows are daemwlcd using the proportio~ty 

sssumption. The procedure is straightforward once the l k  domain wntriibution table is 

created (in our example, Table 4.3). From this table we can determine the contniution each 

line malces to supply the load in its domain. This contribution is obtained by subtracting aii 

conttiiutioas this line makes to o k  line flows from one per unit (or form its flow if the 

fiows are given in MW). 

For example, load L3 is in the domain of line 1. From Table 4.3 we see that line 1 

contriiutes 0.1686 to the h w  in line 5, hence, the contriiution to the load L3 is quel to 1 - 
O. 1682 = 0.83 18. 

To detetmine the contribution of load LDk to the flow in line L that does not have load LDA 

in its domain we prrnead in stages. For example, to ampute the contribution of load L5 to 

the flow in line 1, we nrst cornpute the contribution of L5 to the flow in h e  5. This 

contribution is equal to 1 - 0.5 = 0.5 (hm Table 4.3). Next, we multiply this value by the 

contribution of b e  1 to the flow in line 5 (equai to 0.1682 - h m  Table 4.3) and m obtain: 

Cl (LS) = 0.5 O. 1682 = 0.0841 

The procedure can be formalized as follows. Let I d  LDk be connected to bus i and we want 

to fbd a conm%ution of l;DA to the flow in line L. Let us assume that load LDk is not in the 

domain of h e  L. Using consecutive searches of the domains, we establish paths 1,2, . ..g, 
that lead h m  I d  LDk to line L. Let lines L,+ ,L %,..., Lm, belong to a path n with 

numbeting starring fiom bus i towarâs îine L. The requind contribution is obtaiaed b m  the 



K c NL is a set of lines that have iine L,,, in thek domains. 

Ch (LMk+, ) is a contribuhoon to the flow in line L, by line LM&+, 

A pmf of tbis procedure is given in Appendix A. 

To iiiustrate this algorithm, consider the contribution of loaà L5 to the flow in line 3. Thae 

are two paths that lead h m  load LS to iine 3; namely: path 2 = (5, l), andparh 2 = (5,6). 

Line 5 is in the domain of line 9 only. Applying equstion (4), we have 

= (0.1682 -0.5 + 0.1682 0.5)*(1- 0.5) = 0.0841 

The resuits of the caicuiation for aii lines and ali delivery points are s h o w  in Table 4.4. 

Tabk 4.4. USTA tabk for the smpk system 

The àemnhtion of load contri%utions in MW can k obtsiaed by multiplying the metrix 

presented in Tabie 4.4 by Id dues În MW. 



4.2.3 Genambr contribution to lin@ fi- 

The aigontbm to computc contn'butions ofgenerators to ILie flows is iîiustrated using 

the same test system show in Figure 4.4 and the load flow m d t s  presented in the Table 4.1. 

The comp1ete aigorithm for the determination of image domain is as foiiows: 

find the lin88 and number of Iines conriectsd to bus i 
end Do 
Da Ibr each line L 

if panrsr fkw is from B u ~ i  to Bus   th en 
Do for eacti line K connecteci to Bus-i 

if the fkw is towards Bus-i for line K then 
tine K is under line domain Ibr line L 

endii 
end Do 
If Bus-iis a W bus then Generator Bus-i is under line dornain Ibr line L 

el# 
Do for each line K connetaâ to Busj  

if the fbw k towards Busj for line K then 
Line K is under line dornain for line L 

endif 
md Do 
If Bus J* is a W bus then Gonerator Bus, is under line domain k r  line L 

endii 
end Do 

An application of this algorithm gives the d t s  shown in Table 4.5. For a given mw L and 

colimin K, the numkr represents the maximm flow in line K that wdd contribute to the 

fhw in üne L. This value is quai to the flow in iine Ktaken froxn the load flow table. This 

table also defines the geaaator that belongs to the image domah of L. The value repcesents 

the maximum flow in L which c m  k attricbuîed to that generator and corresponds to iîs 

gaiciation in pet unit. 

The actual at tn ion  is cornputeci latcr and this table is used ody to identir). lim domains 

anà check the uppa dues of the contributiom. 

For exampIe, the flow in Line 1 ceii k attriiuted to the b w  in Line 3 and the output of 

gcaeraitOr G1. According to table 4.5, tint 3 can bave a maximum contribution b Line 1 



flow equnl to 0.284 a d  generator G1 caa have a maximum contti%ution to Line 1 flow quai 

to 0.694. 

Table 4.5. Imaae domah ofdWmnt branches 

4239  Une âopmâonco on donuin 

Men line domains are detemineci and gciuretors are assigned to the domain, the 

next step is to calculate for a given line the contnautons to its flow as the percentage of 

power flowhg in each iine of its domain. Tbt following algorithm accomplishes this 

hction. 

Let, L k the Lim whose share h m  the domain line K is under consideration; 

Line L is conuected ktwcen buses i and j and power is flowing h m  Bus i toj; 

Line K is connecteci between buses i and k 

Calculate, 
The flow out of the bus i minus flow in Une L ~ m = ~ I ~ , A I + ~ ~ - ~ N  (5) 

ItN 

The flow into bus i 

Contributicon of line K to the flow in iine L c,(K) = - "KI -- $1 
l py l  

mcN is the set of buses connecbd to bus r' and flow is fiom bus i to m 



! F N  is the set of b w  connected to bus i and fîow is h m  bus q to f 

P m  is the load connected to bus i 

p~i is the generation at bus i 

CL (0 is the contribution of line KtoWlVClS the flow of line L. 

For the example systan, the contribution of the flow in line 2 towads the flow of liae 4 is 

computed as follows: 

The flow out of bus 4 

~4~ = C 1% 1 + Put = Pd3 + + PD4 - Pro = 0.060 + 0.23 + O M O  - 0.060 = 0.630 
m d  

The flow into bus 4 

= I P ~  1 + PG, = IP' 1 + [P, 1 + IP,, 1 = 0.345 + 0.345 + 0.000 = 0.690 
QcN 

Contri'bution of Liae 2 to the fiow in line 4 

Using the above equations and procedure, the dependmce of dl the lines for the example 

case are calculateci and presented in Table 4.6. 

Table 4.6. Dependence of lines on th& line domain 
unw 

1 

Line 
1 
2 
3 
4 
6 

I 

6 
7 
8 
9 

D o ~ ~ w c ~  ~n Iliw 
1 

0.00 
0.00 
0.00 
0.00 
0.471 
0.00 
0.00 
0.00 
0.00 

2 
0.00 
0.00 
0.00 
0.50 
0.00 
0.W 
0.00 
0.50 
0.00 

3 
0.2835 
0.00 
0.00 
0.00 
0.00 

0.2835 
0.00 
0.00 
0.00 

4 

0.00 
0.00 
0.00 
0.00 

0.0519 
0+00 
0.00 
0.00 
0.00 

5 
0.00 
0.00 
0.00 
0.00 
0.W 
0.00 
0.00 
0.00 

0.4271 

6 
0.00 
0.00 
0.00 
0.00 
0.471 
0.00 
0.00 
0.00 
0.00 

7 
0.00 
0.66 
0.00 
0.50 
0.00 
0.00 
0.00 
0.50 
0.00 

8 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.5729 

O 
I 

0.00 
0.00 
0.00 
0.00 
O . W 1  
0.00 
0.00 
0.00 

3 

0.00 



AAa the imagedomains of the branches an determhî, the next step o f h  

algorithm is to find the contn'bution of the generators to those branches for which only the 

genmtor in its domain detcmiims the fiow. The algorithm for this step is as follows: 

For the example test system, as can be seen h m  Tabie 4.5, genet51for 2 is in the image 

domain of lines 2,3 and 7 and hence the contribution to the b e  flows for these branches are 

1 W h  h m  generator 2. 

To detemine the contri'bution of generator G& to the flow in liae L that does not have 

generator Gk in its domain we proceeâ in stages. For example, to cornpute the contribution 

of generator G2 to the flow in liue 1, we muitiply the dependence of  flow in lhe 1 on fîow in 

Line 3 by the dependence of flow in line 3 on generator 2, and we obtain: 

C, (G2) = 0-2835 1 = 0.2835 

The procedure can be genedized as follows. Let generator Gk be connectai to bus i and we 

want to fïnd a dependence of flow in Iw L on generator Gk. Let us assume that genetator Gk 

is not in the domain of üne L. Using consecutive searches of the domains, we estabiish paths 

1,2, ..-g, that lead nwi generator Gk to line L. Let lines Ln,, LN2 ,..., Lm# belong to a path n 

with numbering starting fiam bus i towards line L. The requirrd contri'bution is obtained 

nOm the foîlowhg expression. 

k b m  2 to n, is a set of lines diat do not have Gkin th& domains, 

I isthtiinewhichhasGkinitsdomain_ 



L ) is a oontri'butioon ofthe Iuie L, to the fiow in iine LRk, 
=&+l( 8 

To illustrate this algorith, masider the depcidaice of the flow in iine 5 on the generator 2. 

3 = (2,4) and path 4 = (7,4). Applying quation (8), we have 

From the dependence of lines on their line domain, the contribution h m  the generators can 

be found. It shouid be noted that this step has to be npeated until the sum of the 

contriion becomes lûû%. The complete algorithm for this step is shown below: 

The resulîs am presented in Table 4.7. 



4.3 The VPX Algodthm 

The VPX (Victoria Power Exchange, [Il) algorithm was developcd for the Ausûaiian 

system to detsmiw transmission asset shariag by various customers. 

The algorithm consis& of the foiiowiog steps: 

Bus 10 Bus 20 

1 tine s 

Bus 50 

Bus 30 Bus 40 

Figure 45. The sample test system 



Table 4.9, Geuerator Information 

L 

B u W m  
L 

1 O I i  
2W2 
3Ol3 
4W4 
50/5 
8 

4.3.1 Fauk Contribution htdx 

The calculation of the use of the aetwork by each load requkes the source of 

generation for each load to be identified. This requires an assumption to be made since in 

elecûical networks it is not possible to identify the source of generation wfuch supplies a 

particular 10ad. The power generated by generatots are f d  into a "pool9' h m  which loads 

draw supply, with flows b a d  on physical laws. It is not possible for the output of a 

generator to k sent to a particular load, and it is not possible to determine a unique 

allocation, 

The VPX methoci uses the electrical distance as m e a d  by the hpedaace between each 

ld and generator as the rneasute of the extent to which each generator supplies each l d .  

The prraicr the elcctncal distance between a grnerator and load the less power that generator 

is assumed to nipply that Id. Thenfore, tâe docation of generation to loaâ is ma& in 

inversely proportion to the electrical distance (impedance) between them. 

The VPX methd uses staadsrd classicai M t  level analysis to &termine the impcdance 

betwen gentmitors anâ loi&. The generatot to loaâ allocation is d e d  out accordhg to 

relative M t  wntn'butions by each geaentot to a 3 phase Mt a each load point. 

Busi 

I O  
10 
30 

Bus/ 

, 20 
30 
4 0 '  

volhp 
Magnitudehp.~. 

1 m000 
1 .O5000 
1 ,OW58 
1 .O2879 

1L 

Angkinrsdians 

0.00000 
4.1431 1 
4,07330 

- P o w w l k w ~  
knibj 

(p.u*) 
763 
276 
321 

-0.08726 20 50 53.1 
- 

20 40 -17.3 - 40 48.6 

Busjtoi 
(p.0.) 
-736 
-271 
-316 
-621 
17.4 

-47-9 



A single fault Ievel study is d e d  out for the network under conditions of maximum system 

demand and with ail generaf~rs in service, with their output d o d y  scaled to meet the 

Ioaâing mphment, This d y s i s  différs b m  classical fadt d y s i s  in that the genemtor 

irnpedance &' or c') is mt wd, a value of ~ n ,  is set. This is valid since the results of 

the M t  anaiysis are applied to the generaîion "sent out" at each bus. Gemator ixnpedance is 

Mlevant, the network components king the ody indicator of electricai distance. 

This single fadt Ievel study is used to determine the base allocation maeix. For simplicity 

this d y s i s  is not repea&l for each operating s c d o ,  but is used to construct a generation 

to load allocation which recognises the constraints on generator output ad loading levels for 

each of the opemting conditions to be studied. 

For this example the transfomm impedance used for the cdculation of faut contributions is 

4%, 3.64% and 8% respectively for gaierators 1 ,2  and 3. The base fault level contnion 

maûk for this example is then: 

This ma& shows the contribution ftom generators on busbars 10,30 and 50 (columns in the 

ma&) to Ioads at busbars 20,30,40 and 50 (rom in the matrix). It shows for example that 

for load at bus 30,30.6% is suppliexi h m  genemtor on bus 10,56.1% hm tdgenerator on 

bus 30 and 13.3% h m  the grnerator on busbar 50. 

It is then necessary to establish a constreiiscd generator to load allocation using this base 

matrix. This requires that actuai g m t i o n  and load for the perticuiar operating condition 

king coasideced are nratched in the allocation. 

This section shows in daail how the comtrabd gcmaior îo I d  a i i d o n  mstrix is 

determined fitom the base fimit lemi contniidion mtck obtained in the last section as weil as 

fiom the gawraiion and I d g  conditions. 



Ihc first step is to deQmine the docation of tosses between the germators. Thse losses are 

assumed to be shered among generators on a pro-tata basis with genemtor output. The total 

system losses are caiculated as the M'i between g e d o n  and loaà as 392 MW for 

this loadiiig condition. 

This resuits in the following generation outputs taking into account losses in order to allow 

wmputation of the consttained generator to load aiiOC8tion without the inclusion of losses: 
GCIICRSO~ 1 1039.2*(1-39.245392) = 10 127 MW 

Genmmr 2 300*(1-3921539.2) = 29235 MW 

Gtllemtoc 3 2ûû*(I-39213392) = 194N MW 

The calcuiation of the constrained generator to load allocation ma& h m  the base fault level 

allocation proceeds as foliows: 

Stop 1 Tho h o  inftbr k multipikd by the l d i n g  which rppiies to #ch row. Thk shows 

whm gomanoOn wwld k diradad if thrm mn no mtrküonr on gmmtor 
ou(put 

in this case the fht row of the fault contn'bution ma& is muitiplied by the l d  at bus 20, 

Le. 7ûûMW. The result is 

The totals in genexation are 539.9305 MW, 595.7455 MW and 364.324 M W  respectively. 

Since these totais exceed the avaiiable genemtion for generatom 2 and 3 the matrix is d e d  

to provide a match for the most overloaded geneTafOr. In this case the maximum output of 

generator 2 is 292.35 (following adjutment for losses) so that the requirement is a factor of 

2.038 above its avaiiable output. Copwqutmly the whole of the above mstnx is d e d  by 

this factor to yield the following rnatrix. 

145.118 123.764 74.6312 
37.530 68.835 16.318 
41.032 56.668 24.982 
41.282 43.084 62.854 



The complete output of 292.35 for geaeratot 2 is allocated whüt 264.960 MW is aiiocated for 

genemtor 1 and 178385 M W  is allocaîed for generator 3. The loads aiiocated by this pess are 

343.51 1 MW, 122.682'122.682 ad 147.219 MW respedvely. 

The allocation made in this p a s  is taken b r n  the poass and the tesiduais are allocafed in 

the next pass. 

Stop2 PirrZbtMkdoritbynmovi~tlrtul~rllotcbdgmrnloifmmthrkirhull 

a l m e  

The basic fauit allocation matrix is modified by iaserting zero's in the columa for generator 2. 

Each mw is then scaled so tbat it totals 1 .O000 as follows: 

The column for grnerator 2 is zcroed. 

The rows are scaled so that each one totals 1.0000 

F m  the f b t  pass the rrmainllig load to be aüocated is 

L W  f 35ô.4892 MW 
Laad 2 127.3176 MW 
L d 3  127-3176 MW 
b a d #  152.7811 MW 
Oeneration remahhg to k aiiocatcd is: 

Gmemtw f 747.7401 MW 
Generafor 3 i6.1154 MM/ 



The docation of the above miduais pocceds as kfon with a h  mw of the rnodified fault 

alIocation matsx multiplied by the tes1*dU81108dMg to give the foliowing matrix. 

0.0 121.0718 
88.7354 0.0 38.5822 
79,1367 0.0 48.1 81 O 1 60.5660 0.0 922151 

This resuits in a total gemtion requinment of 463.1554 MW from gcnaatDr 1 and 

300.0501 MW h m  generator 3. Since generator 3 has only 16.1 154 MW remaining to be 

aüocated the matrix is scaled by 16.1 1541300.0501 or 0.0537 to fùlly allocate the remairing 

output h m  generator 3. This resuits in the foliowhg: 

12.6440 0.0 6.50270 
4.7659 0,O 2.0722 
4.2504 0.0 2.5878 
3.2529 0-0 4.0528 

This provides a allocation of generation to load and now the output of generatoc 3 is 

M y  allocated; 178.78 MW in the nrst paps and 16.12 MW in the second. An additional 

24-91 32 MW of generator 1 output has ken aüocated while additionai loads of 19.1467 MW, 

6.8381 MW, 6.8381 MW and 8.2057 MW have been aiiocated for Loads 1 to 4 respectively. 

As kfore the l o d  and genemtion nmaining to k ailocated can be calculateci by subtracting 

those docated in ibis step h m  those remahhg to k allmted at the start of the step, is.: 

L a d  1 356.4892 - 19.14669 = 337.3425 MW 

L a d  2 127.3176 - 6.83810 = 120.4795 MW 

Load 3 127.3176 - 6.83810 = 120.4795 MW 

Load 4 152.781 1 - 8.20572 = 144.5754 MW 

8bp 3 Alkccbkn of b i n i n g  Omntkn 

The only nmaining generation to k allocated is 722.8269 MW which by &finition must 

match the total l d  nmeiniilg to be a l l d  Consequently the nmniniag aiîocation in 



The total generation to loaà allocation is now caiculated by addirig t o g e k  the allocations 

made at each of the above passes. This caa bt done in matrix fom to provide the following 

A check meais that the totai allocated load anà generation achieved by adding rows and 

columns rrspectively matches the requirements excludiiig the losses. 

This generation to load allocation matrix is useâ for the allocation of CO- for the piuticular 

operating scenario (as shown in this chapter). The caiculation of a new constrained 

generation to load allocation mtrix is necessary for each openithg condition king 

considered in the cost allocation. 

4.3.3 Lino Flow contributions of mch lard 

The Sensitivity Ma& is detennined for the system h m  loadfiow analysis, and can 

be f o d  h m  the Jacobian. Note that in the formation of the sensitivity rnatrix the line to 

and from bus is defined so that the staiidiiig lim flow is in the positive dirrction. 



The quantites are odereà as lines 1 to 6 as the mws with busbars 10 to 50 as the columns 

with bus 10 as the swing. The physical intefpretation of the marcix is thet each element is the 

change in flow that would occur for the particuiar network element for an increment of 

edditionai load or genemtion at each point supplied h m  the swing bus. For example A(3J) 

= A(line 30-40, bus 30) = -0.284 which is the change in tlow that would occur on line #3 if a 

smaii inmment of load (say 1 MW) wes supplied h m  grnerator 1 (on bus 10) to the Id on 

bus 30 (Le. distn'butor 4). Th negative sign indiaites that the change in flow is in the 

opposite direction to the standing flow on the line. 

This caîcuiation is carried out for d power only. 

The sensitivity matrix shows the increment of loading that wüi occur on each line as a 

d t  of a load change and a conespondhg gentration change. The l d  allocation or 

participation matrix can be formed for each l d  point by rnultiplying the sensitivity mattix 

by the constraiaed genmtion to load ailocation where îhis matrix includes th l d  

change for the speciacd busbar and the generation change as determineci âom the generation 

to load allocation. 

The physical inkqmtation of this ptOC6dure is that a load inmement is made ai the spccined 

load bus. The output of each generator is incremented in accordance with the g m t o t  to 

Load allocation &enninecl above to supply the load increase. The flow on each iine is 

caidated to detamine the increment of  flow which mdts h m  this additionai Ioediiig. 



* 
This is inhezently weighted by the total load to fomi a flow component attriiuted to each line 

to supply the particulat load. 

The idonnation quired is the sensitivity niritrix, and a maûix which iacludes the 

loading to be imposeû on the network and its generation source. This latta meaix is f o d  

h m  the generation to load allocation matrix and the system load idionnation. 

It is important to cecognise that the generation to load allocation detemhed above 

spccificdy excluâed losses nMn the docation. The physical intetpretatioa of the genaation 

to load docatioa is that it provides the change in generation for each generator quired to 

meet the Lod change r e f d  to the l d  point In order to determine the change in ihe 

flows it is ne- to determine the actual generation change at the generator busbar, which 

is necessary to match the specified generation cornponent at the load bus. 

This will be different to the extent that the additional flow will resdt in aàditional network 

losses. The generator will be required to provide suffiCient additional output to meet the 

specified load increase plus a d l  component to cover the additional network lossesl'. 

The system equation allows the loading increase et a Id bus to be r e f d  to any genmtor 

bus. The system equation is: 

Taking supply to Load 3 on Bus 40 as an example the constrained generation to load 

docation matrix inditates that of the 250 MW of load, 27.57 MW is attributeâ to Generator 3 

at Bus 50. The system equation can k expressed as: 

Consequently the Generatot 3 output is inaeagcd by 

and this would provide the appmpriatc temi for inclusion in the Id sensitivity matny. 



This m o M d  matrix is as foliows: 

The flow on each network element can now be d m  for each laad by mulbiplyhg the 

seasitivity ma- (which has dimension no. of network elements by the no. o f  busbers) by the 

system loading ma& Consequentiy the fidi system l d g  ma* is a square matrix 

dimemioned to the number of busbars and is ~re8ted by f i h g  out the above matrix to 

include busbars where there is no I d  and generation and including the loads to be included 

in the aaalysis at the relevant busbar. 

The component of flow on each network element resulting h m  the loading at each bus can 

be detennined by muitiplying the sensitivity matrk [A] by the above system loeding matrix 

[LI to fomi the participation matrix [Pl. 

Then the participation mamatrix is fomed as: 

where [A] was defined above. 



The iast step in the formation of the participation matiix for the particular opaating condition 

is to set any of the line flow components which are in the oppsitt direction to the standing 

flow on the network element to zero. This aisuns that ody the flow components thaî 

in- the flow on the network element are included in the shariag of costs. This is justifid 

since flow components which act to off-1d network elements WU not contribute to the neeà 

for theù augmentation." 

The cost allocation for the SM EHV network requires that a numkr of scenarios be 

considereâ to ensure that al1 critical opetating modes of the system are considd. This 

results in a different participation matrix for each opefating condition. These are accumdated 

over the operating conditions considemi, for example the flow cornpomnts srr summed for 

al1 operating c0nditi0n.s'~. 

The nnal participation matrur obtained der accumulation of dl operstirig conditions is then 

nomialiseâ so that the total for each line is unity therefore enswing allocation of d the wsts 

(Le. each mw of the normaiised matrix auns to 1 . 0 ) .  Considering ody the single 

operating condition for this example the nonnalised participation matrix may k written. 



4.4 The UMlsf Approach 

The algorithm presented in [3], refemd to as the UMST algorithm in this section, 

also uses the pmportio~.ty assumption but Mers in one signifiant point fiom the 

algorithm pnsented h m .  In order to explain the difference, we d l  Mefly review the 

W S T  algorithm. 

In the UMIST appioach, ai l  buses are gtouped into disjoint sets called commons. A common 

is a set of contiguous buses supplied by the same generators. Unconnecteci sets of buses 

suppiid by the same generatocs are treated as separate commons. A bus, therefose, belongs 

to one and only one common. 

For example, the system in Figure 4.4 is composai of two commoas. Common one is 

composeci of buses 2 and 4 that are supplied by generator G2 whereas common 2 includes 

buses 1,3,5 and 6 îhatare supplied by both generators. 

Afkr the buses are pupal  into wmrnons, the links are identifiecl ktween die commons. In 

our example, there is one lirJr between the two commons. This link is wrnposed of lines 3,4 

and 8. The flows in these ünes are taken at the teceiving end and are, thetefore, equai to 

0.277,0.06 snd 0.229 p.u, nspectively. 

Now the contribution of each geaerator to the load and the flow into a cornmon can k 

established as a proportion of the genetator output flowing in the W. Thus, the 

wntniution of grnerator G2 to the Id in cornmon 2 is quai to 

3 (0.277 + 0.06 + 0.229) 11.2 = 0.472. The lod in cornmon 2 is composai of t h e  



components U L5 and L6 and is quel to 1.25 p.& Thaefore, G2 supplies 0.59 pou. of the 

Id in these buses, 

A c&al assumption in the UMIST method sbûes that the pmportiodty pnaciple applies 

not only to the common taken as a whole, but also to each bus load and to each braaeh flow 

taken indepenûently widiin the cornmon. 

Taking agah example in Figure 4.4 , generator G2 supplies 47.2% of the load at bus 3 and 

the same proportion of the ioad at buses 5 and 6. Therefore, G2 supplies 0.472 0.85 = 0.40 

p.u at bus 3 and 0.094 p.u. of the load at buses 5 and 6. 

On the other band, in the USTA approach generator G2 would supply 0.24 peu of load et bus 

3 and 0.14 peu of load at buses 5 and 6. To explain this difference let us consider the load at 

bus 3. Generator G2 would contriiute only the part of its output flowing in lines 3 and 4 to 

the supply of load 3. These flows constitute (0.06 + 0.277) 11 2 = 0.28 1, or 28.1% of its 

output. Therefore, the contribution of G2 to load L3 is equal to 0.281 -0.85 = 0.239 peu. 

Similmly, generatot G2 contributes 47.2% of its output to supply loads 5 and 6; that is, it 

supplies 0.094 p.u. of the load at these buses. 

The ciifference in both appmaches is now apparent, In the UMIST algorithm, al1 three lines 

out of common 1; that is, lines 3.4 and 8 are deemed to supply L3. Whereas in the USTA 

algorithm, only liws 3 and 4 h m  common 1 wodd supply diis load. Considering the 

perticular load flow s c e d o  studied in this example, it seems that the USTA results are more 

reasonable. 



S ALLOCATION OF COSTS TO NETWORK COS1 CATEGORIES 

The general ptocess to aüocate total cost to network assets was describeci in Chapter 

3. This chapter focuses on detaiis of the computations and iliustrates them usllig the sample 

test system shown in Figure 5.1 with the cost data taken h m  [Il. Finaüy, a cornparison of 

the two ailocation methods, Image Domain algorithm and VPX method, descll'bed in Chapter 

4 is d e .  

S.2 Detemination of Individual Asset Co- 

Initially it is necessary to distn'bute assets in cost categories to determine the costs 

which apply in each of the caîegories, and to detemine the annuai costs for individu1 assets 

in the transmission network, 

In orda to illustrate the concepts Bus 10 and Bus 20 of the simple test system in Figure 4.5 

is considered in more detail. The sinde line diagram for each station is shown in Figure 5.1 

below. 



Figure 5.1. Categorization of Netwoik Assets 

This figure illustrates the ~anner in which network assets are puped into 

appropriate cost categories. This diagram of two of the stations in the nehvodk fùüy d d b e s  

the concepts for most situations. 

The followiag describes each of the asset categories and shows how the network costs are 

detived in each case. The letters nfa to those in the shaded sections of Figure 5.1. 

The generator entry charges for Bus 10 incluâe only the dedicateâ EHV circuit brcalras 

roquirrd to comrcct the generator into the powa station switchyard. The generator 

aansfonnen are assumed to k owned by the power station O-. Entry charges are not 

consi&d fuithCr in this example since they are aot part of the scope of this chapter. 



0 Tmmmlufon Lim trom Bu8 10 to Bus 30 

This lint is pert of the shend EHV networkr As pviously noted the allocation of tk 

sbafed network wsts involves detciminiag the flow hposed on each ekment by upers of the 

nccwo& and shering the costs acwrdingiy. 

IhU approach means that the costs of aii  shsrrd netwotk assets have to be qmsented 

between nodes. Therefore, di relevant station costs have to be allocated to k s .  

Tbis is achieved by inclirding those station assets involved in tetminatiag and switching the 

line at each end in such a way that al1 station costs are c o v d .  In this case the cost of the 

line h m  Bus 10 to Bus 30 iacludes one and a haifcircuit breakers ( k m  the standard break= 

and a haif arrangement) at Bus 10 d a s d g  simiiar tenninstion at Bus 30 would also be 

allocafed another one and a hnlf circuit breakers at the other end. Assuming an individual 

cost of $1.5 million per b d a ,  this provides a total switchgear cost of $4.5 million. 

Transmission lines are o h n  valued baaeâ on standd asset values. Assuming the line fiom 

Bus 10 to Bus 30 is 75 km long with a standard price of $720 000 per km, the total value of 

this line is: 

RepIaœmentVslue(Busl0 - Bur30)=75 x 720,000 +4,5W.Oûû=$5û.5million 

Assuming the annuai cost fiadon of Io?+?+, this line would be included in the cost allocation 

with an annual cost of $5,8SO,OOO. 

C Tmnsmiuion Linm F m  Bus 10 to Bus 20 

The assets in the shacieû area C are dm attributeû to transmission lines. In this case there 

are the equivdent of 9 EH' circuit breakers with a totai replacement cost of $13.500,000. 

Assuming the Lines are each 50 bn in length with a standard replacement value of $720,000 

per km, the total replacement value of these assets is $121 -5 million corresponding to an 

annual cost of $12.15 million, 

As for tht above iines the replacement value used in the cost allocation for this iine 

includcs 3 EHV circuit breakers (àralra and a haîfamangement at each end). The line is 100 

km long so that the replacement cost is $76.5 million for an annuai charge of $7.65 millioa 



E Comn#nSwlcr(RmtlvePbnt) 

The capacitor bank is chged against wmmon SeMce. The total cost for the assets hae  

is $4.0 miilion for the capacitor bank and $2.25 miliion for the one and a halfcircuit breakers 

associateà with switching. This gives a totai replacement cost of $6.25 million for an annual 

charge of $625,Oûû. 

F E X k ~  

Category F shows aii the comection assets for supply to Load 1. The total assets shown 

here are 4% EHV circuit breakers, 14 LV circuit breakers and 3 transfonners. 

No fbther consideration is given in this thesis. 

The total replacement values of the assets included in the optimised network can be 

detennined by aââing the individuai replacement asset values as show in Table 5.1. The 

total is $574.9 million. 

Table 5.1. Network Element Costs" 

5.4 Tnnsmirrion Use of &yrt«n Chugr, 

For this example the foilowing annuai charges aad co~ is  are wnsidered: 



Common &wiœ Cocnponrnt dth. N- Ch-: $10.00 mlllkn p.; 

Oponting Compmy NWumrk RoIrGa C m :  S6.W mHlfon pi; 

The totai Locational Component of the Network Charge is to k recovd  fiam both 

losds and generatom. Uitimately each genetator WU pay for h n  access to the symm 

through Use of Systan charges. The revenue obtained h m  the sale of fh access wiii be 

subtracted h m  the Locational Component of the N-k Charge in setting the total 

Locational Component of the Netsvotk Charge to k recovd  h m  load points. 

In this example it is assumed that half of the Locational Compent of the Network Charge is 

recovend h m  generators leaving the other ha& or $28 745 000 to be recoveied fmm loads18. 

This is aiîocated on a pro-rata basis between ail network elements to give the annuai revenue 

requind to k recovered from each individual element. The resuit of this allocation is show 

in Table 5.2. 

Table 5.2. Mesheâ network element annual costs for alIocation to loads 

L 

Une 
, Numkr 

1 
2 
3 
4 
O 
6 

5.5 Share of erch n m i k  dement nquind by each lord 

The cost of the individuai network element to be met by l d  is shared on a pmrata 

basis with the average tlow compnent that each load hes imposed on the element for the 

operaîing conditions considemi. 



To detamine the allocated netwodc costs for each load point of the sample test using VPX 

method, the transpose of the participation matrix, defimi in section 4.34. is muitipiied by the 

cost vector as follows: 

[cost ) 

When multiplieci this yields the foiiowing charges: 

Sunilarly, the allocated network costs using the image domain algorithm are coxnputed as 

Which yields the foliowhg results. 



5.6 Compuhon of Image Domain and VPX methods for walwtron of 

tmnsmlrrion use by loads and gmmton 

The system example show in Figure 4.5, is used to camp the two main 

methodologies addressed in this thesis: Image Domain Aigorithm end VPX method. 

Contributions obtained applying VPX methd are those that correspond to the matRx 

[Pl in section 4.3.4 and are presented in the following taôle. The contributions obtained 

applying image domain algorithm are also show in this table. 

Table 5.3. Contributions of loads to flow in lines 

The differences in the results are due to the fact that the VPX method uses fault 

Lino 

1 
2 

anaiysis to detennine the impeâance ôetween generators and loads and eventually to compute 

contributions. This fadt analysis is Cameci out independently for each load point which 

d e s  al1 genetators contribute to the "faut'' according to their electrid distance to that 

specisc load, neglecting the otha loads. In the Image Domain algorithm, on the otha hanà, 

only those generators conmibute to the flow in a given ihe that have a positive flow path 

from the genaator bus towads the line. 

1 

This situation can be explaiaed in Figures 5.2 and 5.3 by analyzhg contri'butiooris made by 

load 2 to the flows in various lines. 

Image 
0.929 
0.041 

2 
VPX 
0.629 
0,109 

Image 
0.000 
0.438 

VPX 
0.055 
0.433 

3 
Image 
0.000 
0.434 

4 
VPX 
0.120 
0.284 

Image 
0.070 
0.087 

VPX 
0-t96 
0.174 



Let us wdder bus 30 to which load 2 is connecteci. In the Image Domain algorithm oniy 

the flow in iine 2 contributes to the load at this bus because the flow in iine 3 (the other iine 

connecteà to bus 30) is awy h m  this bus. 

In the W X  algorithm, on the otha band, not only line 2 but also iines 1 and 4 wouid supply 

the load et bus 30. This is because the electrical distance dcuiations mgnize tbat thae are 

rdatively low impeâance paths to bus 30 through h e s  1,s and 3 and trou& hes 1,4,6 and . 

3. Howwer, ünes 3,s and 6 are neglected as lines üiat contribute to the flow to load 2 due to 

its flow is negative. Thasfore, for the purpose of aîlocating trsnsmission costs. the load 2 is 

not be charged for the use of those Liaes because this load is deCrrashg their flow. 

In my opinion, the VPX approach is much more âifficult to justify compared with the Image 

Figuce 52. Contributions to loaâ 2 with image domain algorithm 

Figure 5.3. Contrt'butiolls to I d  2 with VPX m&od 

66 



The alloceted network costs for each load point are simnnenPd in Table 5.4, 

assuming one unique methdology for wmputing individual asset costs for both algorithms. 

Table 5.4. Allocated Costs 

As c m  be observed h m  table 5.4, the costs allocated to loads 1 and 2 with the image 

domsin algorithm are higher than those obtained with VPX method, and the costs allocated to 

loads 3 and 4 are lower. 

In g e n d ,  costs allocated to a given load increase when more lines foed this load. This is 

gewrally the case with the VPX algorithm as can be observed h m  Table SA. 

The biggest difference is seen in the allocated costs for load 2. This is because when image 

domain is appiied only line 2 is contributing to the l d  . when VPX rnethod is useâ 

ali lines contribute to the Y a W  in the I d  point 2 and those with positive flows towerds bus 

30 are a s d  to contribute to this load (lines 1,2 and 4). In this example, the additionai 

two lines, line 1 and 4 have very substantial asset values (S6M and $SM, nspectively) as 

compareci with the asset value of lime 2 (S2.9M). 

Such a large diffetence of 31.95% could cause important ecooomical eff- whai 

considerhg as big electrical system as Ontario's. 

By ContraPt, load 3 allocation cost is 9.71% lown ushg VPX method. This is mainly 

because of d e r  contri'butions (0284 pu aad 0.353 pu) hes 2 and 3 make to l d  3, 

rrspectively whai VPX is applied insted of0.4336 and 0.7714 pu when image algoritbm is 

d. Those lower contniutions of lines 2 and 3 to l d  3 with the VPX metbod are due ta 

DHhmnce 
(96) I 

5.1 1 

Lord 

1 

Image 
Algonthm 

9.486 

VPXMathoû 

9.971 



the fsct thet lines 1 and 4 are also f d g  load 3. The contributions of ünes 2 aad 3 are large 

enough to negate contributions of Lincs 1 and 4 in the VPX appmach thaî are not presait in 

the Image Domain algorithm. 

Figure 5.4. Contributions to Id 3 with image domain algorithm 

Figure 5.5. ContributtCons to load 3 with VPX methd 

bides ,  the VPX method considers the e f f i  of inmementai changes in bus power 

injections and their incrementaî effect on netwotk fiows. 

The image domain approach, on the otha han& is not an inmental method; that is, it does 

not say enything about wbaî would change ifa small change were introâuced in one of the 

variables. hstead, it provides a rigomus auci accrrnite cherenaization of the flows and 

injections for a specific system condition. There is, therefore a n o k  cause of diffetence 

among the results. 



Thet is why them is no contraciiction whn the image domain method shows that a particuitw 

injection does not contribute to the flow in some lines whiie sensitivities indicate that a 

change in this iqjection wodd have an efféct on all îine flows. Bes*cks its simplicity and 

transparency, the proposed method bas therefoce the added advantage that its results are 

independent of the arbitrary choice of a siack bus. 

Both methods relay on certain assumptions and the validity of these assumptions can be 

forceMy defended by the proponents of both approaches* We cannot say that one method is 

ôettu t h  the other. Out choice wili depend on the acceptance criteria of the aswmiptions 

and the ease of implementation of the method selected However, it is expected that both 

methods would give similar mults for a large system with possible significant différences in 

small M e t s  of the network. 

However, îhe charges obtaineà with any of tbese methods should not be used as the sole 

signal for taking investment decisions for generation or transmission expansion because they 

do not reflect the level of que  capacity in the existing system. It is appropriate to use 

locational marginal cost as a complementary method to give these signals and to charge for 

losses and congestion in the ûansmission system* 



6 SAMPLE CALCULATIONS AND SOFTWARE DESCRIPTION 

Based on the discussion in Chapter 5, the h g e  Domain algorithm was found more 

trsiisparnit and more easily applied. Therefore, it was selected for the shdies of the ûntario 

transmission system. 

This chapter presents the necessary information for carrying out the allocations of 

transmission costs based on usage for the OHSC system. At the & the main fatures of the 

cornputer program dmloped for this purpose are discussod. 

6.2 System Data 

The following is the input data requireâ for carrying out the contribution compdations. 

0 Load flow raw data me. 

0 Load flow d t s  table for each scenario. 

0 List of al1 load buses with nonzero loads in the load flow. 

List of branches in the I d  flow file with nonzero flows in at least one direction. 

0 Table with opepihg deSignations and o d p  iaformaiion for al1 as sa^. 

Besiâes, there is otha data which mira be consîdered to ampute allocation wsts of asset 

cliiegone~ rcc~rd~~g to che t e ~ e t i o a  



Tdat ion table h m  load flow raw data bus numbers to deliveqr point names. 

Tmlation table of asset id information to loaâ fîow bcanch deSignation table. 

The input data for this table is the load flow raw da& file. A sample of this list i s  

shown in the table 6.1. 

Tabk 6.1. Sampk table of loads 

In the load fiow case studied, there are 705 load points. 

The data in this table is taken h m  load flow raw data file and Ioad flow redt file* A 

sample of this list is shown in the table 6.2. 

For the puipose of the image domain algorithm, the asset rating, mistance and -tance 

columns are not necesmy, because those parameters are taken imo account in the load flow 

computation. Those columns are considered for o f f h g  a wmplete iafommtion of the 

system. 



Table 6.2. Sample table of branches 



The üst of input data contsined in tabk 6.3 was used for getting operathg 

desigrutions and owaas for al1 the branches. 

Table 63. Samnle table of other inbut dntn 

- - 

'~niwi 113~ '  1953 02 I < ~ ~ ~ ~ o ~ ~ c o s  
1 

MT-= 1 DESTEC ENGINEERING 
Tmns 1 HM5 5133 02 ûeck#2 TS TM2 ITNAM 

1 44SS11 GENCO 
I 

! 
SS11 'GENCO 1 

Tniw 1 6900 6819) 11 B w  NGS A SSlI ;GENCO 
Tram [ 6QûO 68201 1 1 Bruce NGS A SS11 iGENCO 

I 1 

Accoiding to one of the possible policies to cecova trammission costs proposed 

5555 
5555 

Tmns 
Tram 

fot the Ontario elecûicity market, OHSC wouid charge each deiivery point, which is the 

6105 
6108 

point ofsupply to the customer, or group of customers âom the transmission system, in 

10 
10 

Tranr 1 5402 
Tram 1 9358 
Tmns f 344 

proportion to their use of the transmission assets. 

The input chta described in îhe sections above is useci to wmpute the contriion of each 

- - 1 I F 

6308 
9825 
906 

loaà point to flow in ünes, as descri- in Chapter 4. 

Kitchener Ml= 

Beck GS #l 
AvemrThundr ûay 
Chats Falls GS 

10 
10 
10 

Once these contributions are computed, a separate table (sample Table 6.4) is nqwd to 

( MO küTCHENERIMUKlT 1 
Tl0 [GENCO 
Tl0 !AVENOR 
Tl0 GENCO 

translate the loaâ point n m k t  to the âelivery point name. 

-1 

~~~ Tl0 \KITCHENER WllMOT 



TabIe 6.4. Sample tmslatioir table h m  the I d  pomt number to the delivery point name 

390 1 6103 IKbhenerMTSlirl 1 197 1 

6 2 5  Trbk with mut id numbors 

425 
864 
55 
410 
56 
61 8 

As was mentioned in Chapter 2, the most lilcely policy to thare transmission wsts 

among customers in Ontario would k through three types of pools: network assets, 

transformation comection and line comection. 

Two different types of asset identification tables were used to assign each asset to one of 

these pools. One table contained asset ids for the transmission iines and the other 

identification of branches at substations. 

In about 8W of the cases, each branch has a unique asset id numkr. In the rrmaining 

20% of the cases there are more than one asset id. 

For some transmission üne assets, up to four different asset id numkts are 

assignai to the branches. In those cases, aîî asset id numbers were e n t d  in the nnal 

table. 

6220 
9714 
766 

6175 
ni 
8830 

1 

Niagarson-aie-lk DS 
Nomnda Hemb CTS 

276 
2?7 

ûverbrook TS l 2M 
P a k m  TS 
PembrooûeTS 
Whbfidi Falls DS 

296 
299 
404 



Table 65. Sample table of Line Asset iDs 

I 
t t 
! 14 1 ôes Joachim 75 1 Minden TS 1 

1 
! 14 1 Dm Joachim TS 1 Minden TS 164491 1 

1 

61 Chats Falk TS 
71 Chats Falla TS 

53806 
58692 

4 

64491 i 

! 8 1 3 ' b  ~ o a c h i m l ~  'M~IUMTS 

South h m h  TS 
Havekck TS 
Marine JCT l 8 i 

I 1 1 

I 13 
I 

f 13 

For station assets, up to thne diffkmnt asset id numbets, one for each type of pool, could 

be associateci with this branch because these stations are serving a dual or triple d e .  For 

example, Manby TS has part of the station as "Network" with one asset number, one part 

is %ne Connectionw (it just.transforms voltage for sub-h.aiismission distniution to other 

load serving stations) with an asset n u m k  for thet part, md one part is "Station 

Connection" (it serves the load right off Manby) with an asset numkr for that part. 

Table 6.6. Sample table of Station Asset IDs 

50783 
76065 J 

54933 l 'Chats Falis TS 
ûes Joachim TS 

i 646 I Man& TS I Manby TS 1 

ûttw Clssk JCT 164401 I 

Dm Joachim TS 

Minden TS 1 53806 1 
Minden TS 1 58602 t 1 

Minden TS ,64491 ! 

l 1 S'ûes Joachim TS 

648'~anby TS 'Man& TS 
4 

649 Manbv TS Manbv TS 

Mincfen TS 

I 15 

I 

65ô ~ r n b ;  TS h n b ;  TS 
I 

651 Manby TS Manby TS 
654 Manby TS Manby TS 
655 Manby TS Manby TS 
656 Manby TS Manby TS 

Des Joachim TS 1 Minden TS 

Des Joachim TS 

651 Manby TS Manby TS 
658 Manby TS Manby TS 

15 Des Joachim TS 

L 

659'Manby TS '~urby TS 
660 Manbv TS Manbv TS 



N=Networhsset 
LC = Line corindon asset 
SC = Station connection asset 

The a h  wris to produce a table showhg the relative Utilization S b m  of 

(Individual) Ttansmission Assets (USTA) for each delivery point of the transmission 

system owned by OHSC. The algorithm used for the cornputetion of USTA coefficients 

was the Image Domah, discussed in detail in the Cbapter 4. 

Four load flow scenarios for the year 2000 m m  used Ïn  this study: Witer, Spring, 

Summer and Fdl and the comsponding four USTA tables wae produceci. The 

transmission network was the same for al1 the cases and only loads and dispatchd 

generation were M e m i t .  There are 413 deiivery points off the îransmission system, 

which comprises 2838 TNAM assag used for the delivery of elecbricity. 

The USTA tables are composed of two parts. The first part contellis asset information 

and the second the usage d c i e n t s .  ûniy some of the columns with USTA coefficients 

are shown for demontmation purposes. 

The table below shows sample enûies in the USTA table. Thnc different cases were 

selecteâ for ilIustration. 

The fht five lines ~present Hawthorne TS branches with three transfonners. AU the 

branches have two identical asset ids. 

Branch dumber 6 bas a unique asset id. Branches 7 to 9 rrp~scnt four b. AU foui 

have the same asset id No. 1 . The middle three lines have a second asset id. 

The percentage split columns are based on flows for branches 1 to 5 and b d  on Iengths 

for branches 7 to 10. 
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niae are two possiible apjmaches to assigrhg the asset identification to the 

components in the second category of station asseto. 

In one case, the multiple asset id nimibers wuld k trraied the same way as multiple asset 

ids assigrml to lines (this a p p m h  is nfiected in table 5.1). 

In motha appmscb, a sin& asset id number could k assignecl to each station brench. in 

otda to assign a unique asset numba for each bmch at a substation, an d y s i s  of each 

case should be conducted by dtawing a diagram based on the load flow coanectivity 

information. The aim of the analysis would be to *e whether the asset cm be 

classified as a part of the netwotir, station cornecfion or a line connection. In generd, 

one could assume that the EHV kV branches that are portions of a substation are part of 

the "Netwotk" and the associated branches would k assigned the Asset Number that is 

classified as "NN". nie 230/115 kV stepdown tradonners would be classified as "Line 

Connections" and the associated branches would be assigned the Asset Numkr that is 

classified as "LC". Finally, the part of the station that supplies load (for example 230/44 

kV or 1 15 144 kV) or to those branches that step d o m  to the lowest voltage in the station 

(i.e. from 1 15 kV or 230 kV to 44 kV, for example), wouid be assigned the Asset Number 

that is classified as "SC", 

At this stage of the project a decision was made to produce the USTA tables with 

four asset id columas reflecting all the information obtained h m  OHSC. 

ûnce the asset id colimui has kai filied in, the subasset id and the pmentage of asset 

columns were fWed in as foliows. 

a If two or more branches rrpnsenting transmission üaeJ have the same asset id (or, in 

the case of multiple asset id desipaaiions. aU the ids are the me). the subasset id 

designations were assigned as consecutive numbers. The percentage of use is besed 

on the length of the conesponding ünes. 

O Etwo or more hanches belonging to a substation (e.g., traasfomers) bave the same 

asset id, the subesst id designations m as consecuîive numbers and the 



percentage of subasset is basai on the pacaitage of the loading. Note that since 

these percentages are dependait on the load fiow case snidied, the paraitages can be 

somewhat d i f f i t  for different load flow scenarios. 

The following table iîiustratcs how the cost allocation could be wmputed in a 

general case with multiple asset id numbers. 



Table 6.8. Example of computation of cost allocation with multiple asset id numbcrs 

un@ 

AnatlD 
d l  Id-2 Id-3 Id-4 

Lmgth 

Sub-nnt K) 
Sub-Id 1 Sub-Id 2 Sub-Id 3 Sub-Id 4 



For example, th cost &Ocafiton for line A is obtRined as foilows. 

The nRt percentage values of subsssrrP are equal to: 

The cost allocation is theu obtained as: 

AlZmcation(A) = 4 x 0.437 + 5 x 0.46667 = 4.08333 

Similar computations are performd for station branches ~ 6 t h  the length replaced by 

flows. 

The finsl step is to allocate those costs in the last whunn of the table 6.8, among the 

delivery points accordhg to the contributions fwtors. 

The software developeù for implementing image domain algorithm is described in 

the Figure 6.1 below. 
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7 CONCLUSIONS 

In this thesis, a presentation of the transmission pricing background was made, 

including the economical principles for cbarging for transmission services and a mahod for 

computing the individuai wsts of trammission assets. 

The image domain and the VPX mahod were applied on an d test network, 

hding out that the choice of the method to lx applied will depend on the acceptance criteria 

of the assumptions and the ease of implementation of the method selected. 

The image domain method was selected because its justification is more trampuent 

and easia to understand by the u m  that have to pay for the transmission service. Besides it 

bas the added advantage that its d t s  are independent of the aitbitrary choice of a slack bus. 

A computer program was wtiîten to impkment the usage domain method. The 

algorithm can be modifieci to calculate the following additional quantities. 

O Generator contributions to power flow. 

O Contribution of genemtors to loads. 

Contriiution of loads to pwer losses. 

Contribution of generators to potver losses. 

It'was applied in the Chtario system to à e h  the contri'bution of loads to the fiow in 

the iines duting the transition @od ofthe nm market stnictun. A kief description of the 



input and output files aud the proceàure to obtein the contributions of the delivery points, or 

group of loeQ of the system, is also presented. 

nie charges obtaiaed with this metbod should mt k used as the only signai for 

taking investmnt decisions fot gaieration or transmission expansion because they do not 

nflect the level of span capacity in the existing system. It is appropriate to use locationai 

marginal cost as a complementary method to give these signais and to charge for losses and 

congestion in the traasmission systan. 

This algorithm can be applied to any elecüicity system and it can be used not ody for 

allocating congestion and losses costs but also for p l d g  tùture investments. 
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APPENDiX A Mathematical conridemtions for the image doniain method 

The calculation of the use of the network by each Lod requires the source of generation 

for each load to k identifiede This requins an 85sumption to be made since in eleceical 

networks is not possible to identify the source of generation that supplies a particular l d .  

The proportionality jdcat ion is that it appears more reasonable than any other 

possible assumption. nKse 0 t h  possible ~issumptions would imply that at a given bus, the 

power traceable to other loads is dispmportionateiy transmitted through this bus h m  other 

generators. Considering rhat the bus is reached by a fixeci set of generators that have a flow 

path towards this bus, these assumptions do not seem to have any masonable physical hasis. 

The propodonality assumption leads to the following fùndamental resuits. 

The contribution of power fiow in lhe K (carryhg power to a node) to power flow in 

line L (carrying power out off the node) is equal to a ratio ofpower fiow in line L to a sum of 

power flows out off this nde. Thus. denoting this contri'bution by C ' ,  we have 

whae N is the nmber of lines conaeeted to dW nade with power fiows out of the nde. 



Let flows into a node are ~b,P~,...P~ cud the flows out of this node aie 

v , P ; * ,  ... Pr . Let us d e a o ~ ~ ~ t i o n o f t h e f l o w ~ ~ n t t i b u t e d  by iineKtowards the 

flow hto the node, by F,(K). Thus, 

where the last equaiity follows h m  KCL. 

From the assumption of proportionality, flow in line K contributes the same f'raction to 

the outfiow of the node. Thus, the fiow in line L attributed to the flow in Line K, denoted by 

P, (K) , is qua1 to 

P'. PL" 
P, (K) = F,(K). PF = , = P;. Pi? 

ZpI z cm 

Hence, 

Conttiiution of h e  K carrying power to a node to power flow in al1 Liaes L (carrying 

pomroutoffthisn&)isequaito 1.0p.u 



A domain of a i d  is a set of lines that have the flow conûibuting to this load. A 

subdornain of the load Li to the ihe L is a subset of the domain of load Li such that ai i  paths in 

this subdomain t emiisiate at line Le 

A domain of a load contains al1 possible paths between buses in the system aad this 

load so that a flow cm k traceci between a given bus and the load. A subdomain of load Li 

and i h e  L contains ali possible paths between this load and the receiving bus of h e  L that are 

a subset of the domain of load Li. 

The concepts introduced so far cm now be weà to prove the foliowing theorem 

fiinbenal to the pmposed algorithm. 

Let paths 1,2, ..., p, kloag to the subdornain of load Li to line L (load Li is comected 

to bus I) .  Let Lines Ln, ,Ln2 ,...,Lflm klong to a path n with numbeiing staaing h m  bus i 

towards liw L. The contn'bution of l od  Li to the flow in lïne L is obtaind h m  the foiiowhg 

expression. 

K c N L  

Wh- 

K c NZ is a set of lines that have line L, in th& domaias 

c t., (t ab., ) is acontri'buîion to thtnow in iine L, by iïne L,,+, 



The procedure is built rrounively. We will sEait with iine 4 comected to bus i. 

From the definition of îhe image domain of this line, the contriiutioa of l d  LI ta îhe flow in 

this h e  is equal to 

Consider now iipr 4. This Iinc is the image domain of L, and it contntbutes 

Ch ( L ~  ) of its flow towards the flow in line t, . ~ h k f o r e ,  the contriion of load Li to 

the flow in L, i i  equaî to ch (LI) = (ch, )chi ( ~ i )  = ) (I - cL, (K)) 
K M  

Thtough mathematid induction the contribution of load Li to the flow in Lm is 

obtained as 

Summing now over al1 paths, the equation (A2) is obtained. 




