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Optimal Electricity Transmission Pricing in a
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Abstract— In last two decades, electricity markets have
significantly restructured in both developed and developing
countries. This restructuring introduced competition both
wholesale and, in some cases, in the retail segments of the
electric power industry. A common element of electricity
restructuring isthe unbundling of generation and transmission,
with the latter being opened for use by all eligible market
participants under the open access regime. Transmission
pricing in open access regime is one of the active area of
research. In developing countries, transmission pricing is
mainly addressing theissue of recovering embedded cost or past
investment and optimal allocation of variable cost at different
nodesover thegrid. Pricing methods should capabletotrandate
transmission cost into tariffs to enable competition, lead to
economic efficiency, enable the grid owner to recover his cost
and moretransparent to market participants while maintaining
supply security and reliability of the system.

Thisstudy aimsat (1) motivationsfor electricity transmission
pricing, (2) formulating AC-DC OPF based embedded and
nodal pricing (3) computing pricesfor |EEE 30-Bus system and
real transmission network of India. Study finally concluded that
proposed methodology are more suitable for developing
countries to fulfill their objectives of developing wholesale
electricity market.

Index Terms— AC-DC OPF, Embedded cost, Nodal pricing,
Transmission pricing

. INTRODUCTION

In last two decades, electricity markets have significantly
restructured in both developed and developing countries.
This restructuring introduced competition in both wholesale
and, in some cases, in the retail segments of the electric
power industry. The primary reason for introducing
competition in the developed countries (e.g. North America
and Western Europe) is to improve techno-economic
efficiency. For fast developing countries (e.g. China and
India), is to introduce competition and to attract private
investment, thereby relieving the government in funding the
electric sector’s growth that is crucial to economic
development [1].

A common element of electricity restructuring is the
unbundling of generation and transmission, with the latter
being opened for use by all eligible market participants under
the so-called open access regime. This has greatly
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transformed the traditional power industry and introduced
many new challenges in all aspects of generation,
transmission and system operation. In recent years, the
electric power industry has entered in an increasingly
competitive environment under which it becomes more
realistic to improve economics and reliability of power
systems by enlisting market forces. In developing countries,
the trend of electricity market is heading towards
Transmission Open Access (TOA) whereby transmission
providers will be required to offer the basic transmission
service (operational and/or ancillary services) and pricing.

In coming years, power consumption in developing
countries have expected to more than double compared to 35
to 40 percent increase in developed countries. Besides, many
developing countries are facing the problems of transmission
congestions, infrastructure investment especially in
transmission and distribution segment due to inadequate
investments incurred in the past. To reduce the gap between
transmission capacity and power demand, trend is now to
adopt HVDC transmission system in the existing AC
networksto gain advantages of the investment. Thistrend has
therefore needed to address in formulating transmission
pricing scheme.

In developing country likein India, the Electricity Act (EA)
2003 has implemented to undertake comprehensive market
reforms in the electricity sector. TOA and National Tariff
Policy by Ministry of Power, Government of India (Gol)
seeksto achieve the objectivesto devel op efficient wholesale
electricity markets. The proposed pricing scheme can be
more suitable for similar devel oping countries.

After this introduction, section 2 provides rationale of the
present work of electricity transmission pricing. Section 3
explains the objectives and need of modeling transmission
pricing. Section 4 formulates AC-DC OPF based
transmission fixed embedded cost methods and variable
pricing in terms of optimal nodal pricing methodology. In
section 5, transmission pricing methods have simulated and
numerical results are presented for modified |EEE-30 Bus
system and for real transmission network of India. Finally,
the conclusion is presented in section 6.

Il. RATIONALEFORELECTRICITY
TRANSMISSION PRICING

The electricity transmission pricing literature studies have
reviewed as a background of the present work but with no
intention to cover al the published work. [2] introduced the
concept of embedded capital costs of marginal cost principle.
[3] worked out wheeling rates. The sensitivities to losses,
congtraints, load levels, amount of power wheeled and
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revenue reconciliation etc., were examined on power system.
[4] presented cost of transmission transaction by evaluating
components like operating cost, opportunity cost,
reinforcement cost, existing system cost, embedded cost,
incremental cost and marginal cost to make correct economic
decisions. [5] introduced load flow method for allocating the
cost of transmission capacity. Embedded, incremental and
marginal cost of transmission capacity are also defined and
compared. [6] computed cost of wheeling methodol ogies and
suggested the computational procedures and for Postage
Stamp, Contract path, Boundary flow and MW-Mile methods
of embedded cost. [7] derived a new method from the
MW:-Mile rule has been used to allocate transmission capital
cost. The embedded cost methods were compared and the
economic issue and the impact on the system expansion
planning of such allocation were discussed. [8] introduced a
novel analytical approach to alocate transaction costs. It
employed a sensitivity index and line utilization factors to
determine the incremental power flow on aline with respect
to the power generation at all buses. Method is applicable to
the multiple wheeling participants. [9] alocated the
embedded cost of simultaneous bilateral transactions under
deregulated environment of power system. The methods like
Postage Stamp, Contact path, Boundary Flow, MW-Mile,
MVA-Mile were numerically tested over South African
power system. [10] presented atransmission pricing based on
voltage angle alocation. It used aDC power flow to compute
voltage angle decomposition and the primary solution is
corrected in  different iterations of  decoupled
Newton-Raphson power flow. The contribution of each
contract on power flow of each transmission lineis computed
by voltage angle decomposition. [11] developed nodal price
model by describing the meaning and numerical properties of
the generation and transmission components based on “slack
bus” and “system lambda”. [12] an OPF have used for the
decomposition of nodal pricesto perform the operation of the
Poolco model. Results have derived using the decomposition
of the Lagrangian multipliers corresponding to power
balance equations into components of generation, losses and
system congestion. It also demonstrated the sensitivity of the
congestion constraints due to generation and losses. [13]
introduced the concept of nodal priceinto power systemsand
provided the foundation and starting point for most
successive research. [15] presented an integrated nodal
pricing model by modifying existing Newton OPF by Interior
Point algorithms. It included derivation of optimal nodal
specific real-time prices and the method to decompose it into
generation, loss, and ancillary services such as spinning
reserve, voltage control and security control. [16] presented a
detailed description and components of nodal prices i.e.
generation, transmission congestion, voltage limitations and
other constraints. [17] discussed the pricing of marginal
transmission network losses in the Locational Marginal
Pricing (LMP) deployed in the 1ISO New England standard
market design. Study achieved market-clearing results by
introducing loss distribution factors to balance explicitly the
consumed losses in the lossless DC power system. The
distributed market slack references have also discussed. [18]
provided explicit formulas to calculate components of LMPs
i.e. reference price, congestion price, and loss price based on
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the single-slack power-flow formulation. [19] presented an
approach for the allocation of transmission network costs by
controlling the electricity nodal prices. It introduced
generation and nodal injection penalties into the economic
dispatch to create nodal price differences that recover the
reguired transmission revenue from the resulting congestion
rent. [20] presented electricity price forecasting techniques,
can be useful at different time horizons for electricity price
forecasting in LMP nodal markets. Fuzzy inference system,
least-squares estimation, and the combination of both have
proposed to improve the short-term forecasting performance.
[21] provided an iterative DCOPF-based algorithm to
calculate LMPs and to analyze the sensitivity of LMP with
respect to the system load.

1. TRANSMISSION PRICING OBJECTIVES
AND NEED OF MODELLING NODAL
PRICES

A. Pricing Objectives
Economic efficiency - A good transmission pricing
system has to give correct incentives and improve
economic efficiency of to the market participants. It
should encourage an efficient use of the existing network,
encourage investmentsin network expansion, encourage
an efficient location of new generation units etc.
Price Transparency and Non-discrimination- The
transparency of pricing is a key in a restructured
electricity markets. The prices should be
non-discriminating to identical clients buying electricity
at the same location on a grid and at the same time
should also pay the same price.
Cost coverage- transmission pricing should design to
fully recover the transmission owner’s costs (including a
profit), efficient allocation of scarce (congested)
transmission capacity, efficient allocation of the costs of
transmission losses etc., and it should be based on
marginal cost principle.

B. Need of Modeling Prices

In the restructured electricity markets, due to competition
between the power generating companies and also the
reductions in regulation and government price setting have
led to wholesale electricity nodal prices becoming much
more volatile. This further resulted electricity market
participants facing increased risk, both in terms of volumes of
electricity they can produce and sell, and the prices they will
receive for their outputs. To facilitate market participants
with respect to operations, risk management, and investment,
need is to accurately model nodal price behaviour. Aside
from generators, investors and consumers, regulatory bodies,
also require models of nodal prices in order to study market
behaviour. Also often forecast and models of nodal pricesare
required for many different applications in the operation of
electricity markets. For example, in short-run, generating
companies have to make decisions regarding unit
commitment for efficient and profitable dispatched of their
generators. These decisions are often required hours or days
in advance, they require forecast of future nodal prices in
order to determine profitability. In the medium term,
generating companies whose plants need periodic
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maintenance require nodal price forecast in order to
determine the time to take their plants offline that will have
the least impact on their profit levels. In the longer term,
potential investors in new or existing power plants also need
forecasts of nodal prices in order to determine the potential
profitability of (and return on) their investment. Many other
industries use and pay for electricity as an important input in
their operations, and they also require forecasts of nodal
prices in order to determine their own profitability. In many
markets around the world, these users are able to purchase
contracts for electricity at afixed price over a specified time
period. The valuation of such financial derivatives requires
estimation of both the likely levels and volatility of nodal
prices in order to determine what that fixed price should be,
aswell asfair price for the contract itself.

IV. PROBLEM FORMULATION: ELECTRICITY
TRANSMISSION PRICING

C. AC System Equations
Let P=(pl,.....,pn) and Q = (q1,.....,gn) for n bus system,
where p; and g; be active and reactive power demands of bus-i
respectively. The variablesin power system operation to be X
= (Xg,...-.Xm), i.€. real and imaginary bus voltages. Then the
operational problem of a power system for given load (P, Q)
can be formulated as OPF problem,
Minimize f (X, P, Q) for X
D

)
TX,P,Q <0 (3

Where S (X) = (si(X, P, Q)....... Sa(X, P, Q) and T (X)
= (tu(X, P, Q),....... ,to(X, P, Q)" haven, and n, equations
respectively, and are column vectors. Here AT represents the
transpose of vector A.
f (X, P, Q) isascalar, short term operating cost, such as fuel
cost. The generator cost function fij(Pg) in $¥MWh is

considered to have cost characteristics represented by,

Subjectto S(X, P, Q) = 0

NG,
f =4 a PG +bj Pgi + ¢
i=1

(4)

Where, Pg; isthe real power output; &, bj and ¢
represents the cost coefficient of the i generator,
NG represents the generation buses,

The constraints to be satisfied during optimization are,
(1) Vector of equality constraint such as power flow balance
(i.e. Kirchoff’slaws) has represented by,

S(X,P,Q =0 or
PG =Pp*Ppc*PL ad Qg =Qp+Qpc+Q
)
Where suffix D represents the demand, G is the generation,
DC represents dc terminal and L isthe transmission loss.
(2) Thevector of inequality constraints includes all variables
and function limits, such as upper and lower bounds of
transmission lines, generation outputs, stability and security
limits may be represented as,

TX,P,Q <0 or
(6)

(i) The maximum and minimum real and reactive power
outputs of the generating sources have given by,

POINE pgi £ P (i1 Gg)
and QF"£Qg £QE” (i1 Gg) ©)
Where, P(”;‘ii”,Pgi""x are the minimum and maximum rea

power outputs of the generators and Qgiin,Qg‘iaX are the
minimum and maximum reactive power outputs.

(i) Voltage limits (Min/Max) signals the system bus voltages
to remain within a narrow range. It is denoted by the
following constraints,

VM ENENVT (=1, Ne) (8

Where, Ny represents number of buses.

(iii) Power flow limitsis the transmission line’s thermal or
stability limits capable of transmitting maximum power
(MVA) flow through the lines and it is expressed by the
following constraints,

PTINE ps £PT™  (f=1,..., Noele) 9)

Where, Noele represents number of transmission lines
connected to grid. Then, operating conditions of a combined
ac-dc electric power system may described by the vector,

X =[d,V, X, Xd]! (10)

Where, d and V are the vectors of the phases and
magnitude of the phasor bus voltages, x. is the vector of
control varisblesand x4 isthe vector of dc variables.

D. DC System Equations

The following relationship is for the dc variables. Using
the per unit system [14], the average value of the dc voltage
of aconverter connected to bus ‘i’ is

Vi =aiVicosai- Il d
(11)

Where, a; is the gating delay angle for rectifier operation
or the extinction advance angle for inverter operation; r is
the commutation resistance, and g; is the converter
transformer tap setting. By assuming alossless converter, the
equation of the dc voltage written as,

Vi =ajVicos |
(12)

Where, j | = & - &, and ]

fundamental line current lags the line-to-neutral source

voltage. Thereal power flowingin or out of the dc network at
terminal ‘i’ may expressed as,

is the angle by which the

Pgi =Vilicosj ; or Pg =Vl (13
The reactive power flow into the dc termina is
Qg =Vilisinj ; or Qg =V;al;sinj (14)

The equations (13) - (14) can substituted into the equation
(5) to form part of the equality constraints. Based on these
relationships, the operating condition of the dc system can
describe by the vector,

Xq=[Vd,ld,acosa,j ]t (15)

The dc currents and voltages have related by the dc
network equations. In an AC case, areference busis specified
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for each separate dc system; usually the bus of the voltage
controlling dc terminal operating under constant voltage (or
constant angle) control is chosen as the reference bus for that
dc network equation.

Equations (1) — (3) are an OPF problem for the demand (P,
Q). Many approaches that can be used to get an optimal
solution such as linear programming, Newton method,
quadratic programming, nonlinear programming, interior
point method, artificial intelligence (i.e. artificial neura
network, fuzzy logic, genetic agorithm, evolutionary
programming, ant colony and particle swarn optimization etc.)
methods [16], [22].

E.  Electricity Fixed/Embedded Price

The transmission pricing is in fact the recovery of
transmission costs, which include the embedded investment,
the running costs incurred on a continuing basis, and the
ongoing investment for future expansion or reinforcement [6].
The embedded cost methods allocate the embedded capital
costs and the average annual maintenance and operation costs
of existing facilitiesto a particular transmission service. Asa
part of fixed cost, many embedded cost methodologies i.e.
Postage Stamp, Contract Path, Boundary Flow, MW-Mile
and MV A- Mile have been presented in literature[6], [ 7], [9],
[10]. Due to wide popularity and techno-economic
advantages, Postage Stamp, OPF based MW-Mile and
MV A-mile methods are formulated as follows,

Postage Stamp Pricing

It assumes that the entire transmission system is used,
irrespective of the actua facilities that carry the transmission
service. Itisaflat per kW charge for network access within a
particular zone, based on average system cost. It is calcul ated
by summing up al transmission cost divided by system peak
demand [9]. The cost C of the transaction P,, is calculated as:

C (Postage Stamp) -_Pw . C
T Ppeak 8760
(16)
Where, C is the tota transmission Annual Revenue

Requirement (ARR); C = SiC; . Pyea is the maximum active
load of the complete transmission system

MW-MilePricing

In this, the embedded transmission charges are assigned to
the customer based mile distance between injection and
receipt and the magnitude of transmitted power [9]. Two OPF
need to execute i.e. with and without each transaction, yield
the changesin MW flowsin al transmission lines. Thecost C
of the transaction is calculated as:

C(MW -Mile)T =
8760%_ (Sf (Dl\/le)TLf )
17)
Where: DMW; = ¥YDMW; (with transaction T) ¥2 YDMW;

(without transaction T) ¥5 L isthelength of transmission line

Use of transmission resources is best measured by
monitoring both real and reactive power. The cost C of the
transaction is calculated as:

C & (DMVAQT L

C(MVA -Mile)T =
( al 8760S (S (DMVAQTY)

(18)

Where: DMV A; = YDMV A¢ (with transaction T) ¥z YDMV A¢
(without transaction T) %3 L¢ isthelength of transmission line
f; (DMVAf)7Lf) is the MVA flows in facility f due to
transaction T.

F. Electricity Variable/ Nodal Price

Nodal pricing is a method to determine market clearing
prices for severa locations on the transmission grid called
nodes. Each node represents a physical location on the
transmission system including generators and loads. The
price at each node reflects the locational value of energy,
which includes the cost of the energy and the cost of
delivering it.

In this formulation, the real and reactive power prices at bus
“i'is the Lagrangian multiplier value of the equality and
in-equality constraints. These values have calculated by
solving the first order condition of the Lagrangian, partial
derivatives of the Lagrangian with respect to every variable
concerned. Therefore the Lagrangian function (or system
cost) of equation (1) - (3) defined as,

N
L(X,1,r,P,Q) = _g;{iai P2 +bj Pai+j +

=
iTé:l_ls! pi( Ppi - Pai +PDCi + PLi) +ii%‘_B| qi(QDi - QGi +QDCi + QLi)

+ ,é r B (Pg]iin' PGi)+‘Aa r pui(PGi' PgiaX)+
il GB il GB

8 rg;(QG"- Qa)* & 1a;(Qg- Q)
il GB i GB

* Ervder - Brvitul- s

NB . NB
arqi@™- Qi)"'_équm(qrqimax)
1= =
N(gele min N(gele max
+ & rPg(PF"-Pi)* & 1 Pri(Psi-Py)
i=1 i=1
(19)
Where, ‘1’ and ‘u’ are the lower and upper limits;, A=
Az, oeennn An) is the vector of Lagrange multipliers
concerning the equality constraints; p = (p, .......... Pn) are

the Lagrange multipliers concerning to the inequality
congtraints. Then at an optimal solution (X,!| ,r)and for a

set of given (P, Q) , the nodal price of real and reactive power

for each busis expressed below for i = 1,........,n.
P pi :—1“'()(’I r.PQ = EH E+r E

' ﬂpi ﬂpi ﬂpi ﬂpi
(20)

ML PQ T TS, T

f; (DMW;}1Ls} is the MW flows in facility f due to P i | —+r —
transaction T. Tai o T Tg
(21)
MVA- Mile method
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Here p ,; and p; are active and reactive nodal prices at
bus ‘i, respectively. The difference i.e. p pi ~Pp,j and
(pgi - Pgj ) represents active and reactive power

transmission charges from bus-j to bus-i. Equation (20) can
be view as the system marginal cost created by an increment
of real power load at busi . The above formulations have
simulated in MATLAB programming using the ‘fmincon’
function. An advantage of it is that the constraints can be
directly evaluated as functions of the state variables which
can be separate modul es reducing programming compl exity.

V. PROBLEM SIMULATION AND NUMERICAL
RESULTS

A. Modified IEEE 30 Bus system

The given scheme has simulated for modified IEEE
30-Bus system as shownin Fig. A1-Appendix. A HVDC link
is connected between bus 1 and bus 30. The ratings of the
converter at these buses are 1.0 Per Unit (PU). Table
A1-Appendix shows the upper and lower bounds (real power)
for generators G1, G2, G13, G22, G23 and G27 and their fuel

cost functions expressed as (fj =g P& +bj PG +¢) in

($MWh). The Real and Reactive power demand is shown in
Table A2-Appendix. The upper and lower bounds (reactive
power) for all generatorsareintherangeof - 0.5£ Qg £05.

The voltage values for all buses have bounded between 0.95
and 1.05. All valuesin PU.

Assuming ARR of 1 Billion Dallar, the fixed embedded
pricesfor two simultaneous bilateral transactionsis shown in
Table |. Postage Stamp prices are calculated without OPF,
whereas MW-Mile and MVA-Mile prices are obtained by
executing two OPF. The Postage Stamp pricesare same at all
location on grid. MW-Mile and MVA-Mile prices are
comparative and these are based on amount of MW power
and distance of injection and receipt of power. MVA-mile
considered the effect of reactive power associated with the
transaction.

Table |: Transmission Embedded Price

Transaction | Erom | To Transmission Price ($MWh)
(MW) Bus | Bus | PS8 | \iwimile | MVA-Mile
stamp
110 1 | 28 | 245 252.84 25431
100 2 | 6 | 245 281.26 279.30

The transmission variable prices are ssimulated with nodal
pricing methodology. Fig.1 and Table Il shows bus voltage
behaviour and electricity nodal prices with and without
simultaneous bilateral Transactions (Tr.) respectively. The
voltages at several buses without transaction are improved
one. The electricity nodal prices obtained at al buses are
lower compared with simultaneous bilateral transactions.

Tablell: Electricity Nodal Prices and V oltage Behaviour

Bus Nodal Price ($MWh) Bus Nodal Price ($MWh)
No. Without With Tr No. Without With Tr
Tr. ) Tr. )

1 19.85 19.89 16 20.34 20.37

2 19.82 19.86 17 20.26 20.29
3 20.09 20.13 18 20.61 20.65
4 20.15 20.18 19 20.64 20.67
5 21.30 21.47 20 20.52 20.55
6 20.21 20.25 21 19.77 19.78
7 20.75 20.84 22 19.58 19.58
8 20.22 20.26 23 20.03 20.06
9 20.14 20.18 24 19.89 19.91
10 20.11 20.14 25 19.54 19.55
11 20.14 20.18 26 19.47 19.47
12 20.30 20.34 27 19.38 19.39
13 20.30 20.34 28 20.21 20.25
14 20.57 20.62 29 19.55 19.61
15 20.42 20.45 30 19.54 19.63
|EEE-30 BUS System: Bus Vol ltage Behaviour
—— Without Transaction —— With Transaction

1.06
1.04

S 1.02

E 0.98
0.96
0.94 +—+—t—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—t+—+—+—+—+—+—+—+—+—+

123 456 7 8 910111213 1ABlLlE; %‘%.17 18 19 20 21 22 23 24 25 26 27 28 29 30

Fig.1: Bus Voltage Behaviour

B. Indian Electricity Market: An overview

India's electricity sector has grown to 143,061 MW as on
31* March 2008 with a compound annual growth rate of
8-9%. This sector is been characterized by shortage of supply
vis-a-vis demand. In order to improve its performances, Gol
have been initiating electricity sector restructuring since
1991. The EA 2003 is been brought to facilitate private
investments to envisages competition in electricity market,
protection of consumer’sinterests and provision of power for
all.

On the electricity transmission front, the National grid in the
country is characterized by interconnection between Western,
Northern, and North-Eastern regions of India, whereas
Southern region is operating in asynchronous mode. Each
one has number of constituent sub grids formed by state and
private utility networks. All these sub grids and networks
have connected to form a 400 kV national grid. The
constituent systems have their own generation in additional
to generation by central government undertakingsin different
parts of the country and feeds power in the grid at different
locations. The Central and State Transmission Utility (STU)
is responsible for the national and regiona transmission
system development and is also providing Open Access on
it's inter and intra-state transmission system. To increase
efficiency and competition Central Electricity Regulatory
Commission allowed open access, inter-regional electricity
transmission linkages and implemented Availability Based
Tariff for real time balancing market. To promote power
trading in a free power market, CERC recently setup Indian
Energy Exchange (IEX) for providing price discovery and
price risk management to the electricity generators,
distribution licensees, €electricity traders, consumers and
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other stakeholders. At present, IEX offers day-ahead
contracts whose time line is set in accordance with the
operations of Regional Load Dispatch Centers (RLDCs). IEX
coordinateswith the National L oad Dispatch Centers/RLDCs
and State L DCs for scheduling of traded contracts.

C. Real Transmission Network of India

Maharashtra State Electricity Transmission Company
Limited (MSETCL) isthe largest state transmission utility in
Indiawith 498 EHV substations with transformation capacity
of around 61,500 MVA and EHV lines of around 36,300
Ckm. Further, MSETCL has installed 9000 ABT meters for
proper energy accounting and transmission loss evaluation
purpose. MSETCL is the only state transmission utility in
India which is operating and maintaining +/- 500kV, 1500
MW HVDC hipole line between Chandrapur and Padghe.
This link transfers bulk power from eastern side of
Maharashtrato load centre located in Western Maharashtra.

This study considered areal network of 400 kv MSETCL
shownin Fig. B1-Appendix. It consists of 19 intra-state and 8
inter-state buses. Additional power to fulfill real power
demand is imported from inter-state generators namely
BHILY, KHANDWA, SDSRV, BOISR, BDRVT,
TARAPUR, and SATPR. The generator installed capacity,
upper and lower bounds for generators, fuel cost function for
intra and inter-state  generators  expressed  as

(f; =aj P4 +bj Pgi+¢) in (¥MWh) is given in Table

B1-Appendix. The rea and reactive power peak demand is
shown in Table B2-Appendix. The voltages at all buses have
bounded between 0.95 and 1.05 PU. The operating data for
HVDC link has shown in Table B3-Appendix. CHDPUR
selected as a reference bus. The MSETCL’s expenses as a
part of ARR are shown in Table B4-Appendix.

Thefixed embedded pricesi.e. Postage Stamp, MW-Mileand
MV A-Mile pricesfor two simultaneous bilateral transactions
are shown in Table Ill. Again MW-Mile and MVA-Mile
prices are comparative and these are based on amount of MW
power and distance of injection and receipt of power.

Tablelll: MSETCL: Transmission Embedded Price

Transmission Price
Transacti From To Post (EHMwh)
on (MW) Bus Bus eag MW-M | MVA-
ile Mile
Stamp
110 KORDY AREBD 7693 | 21021 | 21055
100 CHg PU | PA ELY 7693 | 19110 | 191.00

The transmission variable/noda prices with and without
(W/0) simultaneous bilateral transaction (Tr.) are shown in
Table 1V. The bus voltages and noda prices without
simultaneous hilateral transaction are improved compared
with transaction.

Table 1V: Electricity Nodal Price (MWh) at Pesk Load

Voltage (PU) Nodal Price ($/M Wh?
Bus Name Real Reactive

W/o | With W/o With | W/o With

Tr. Tr. Tr. Tr. Tr. Tr.
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CHDPUR 103 | 1.02 | 2290 | 23.15 | 0.00 0.00
KORDY 105 | 1.00 | 2296 | 2269 | 0.00 0.00
BHSWL2 101 | 097 | 2434 | 2941 | 0.39 0.30
ARGBDA4 099 | 096 | 2482 | 2954 | 041 0.47
BBLSR2 101 | 099 | 2487 | 29.01 | 0.30 0.51
DHULE 105 | 1.04 | 25.07 | 29.28 | 0.00 0.15
PADGE 099 | 098 | 2459 | 27.90 | 0.46 0.89
KALWA 099 | 098 | 24.60 | 27.87 | 0.46 0.90
KARGAR 098 | 097 | 2461 | 27.89 | 048 0.93
LONKAND 100 | 099 | 2413 | 26.75 | 0.24 0.58
NGOTNE 099 | 099 | 2544 | 2933 | 0.27 0.53
DABHOL 101 | 1.02 | 26.30 | 30.81 | 0.00 0.07
KOYNA-N 101 | 101 | 26.69 | 3147 | 0.00 0.00
KOYNA-4 101 | 1.01 | 20.94 | 20.94 | 0.00 0.00
KLHPR3 103 | 1.03 | 26.20 | 30.35 | 0.00 0.00
JEJURY 099 | 099 | 2265 | 23.95 | 0.15 0.37
KARAD2 101 | 101 | 26.18 | 30.38 | 0.00 0.00
SOLPR3 100 | 099 | 2542 | 2861 | 0.02 0.38
PARLY?2 103 | 1.01 | 2414 | 26.05 | 0.12 0.69

Fig 2 shows the inter-state power purchase behaviour with
and without given transaction. Lower cost interstate
generator is effectively utilized with two simultaneous
bilateral transactions.

Inter-State Power Purchases
0 Without Transaction @ With Transaction

160

140 4
120 4
.00 4
80 4

o o K

Real Power (PU)

.60 4
0.40 4
0.20 4

0.00 —

BHILY KHNDWA

— T —

TARAPR

DRV BOIR BDRVT SATPR

Bus Name

Fig. 2 Inter-state Power Purchase/lmport Behaviour

VI. CONCLUSION

In this paper an AC-DC OPF based transmission fixed
embedded and variable nodal pricing methodology is
presented. Simulated results show that Postage Stamp,
MW-Mile and MVA-Mile and €electricity nodal pricing is
suitable for rea transmission network in developing
countries including India. These pricing methods can able to
fulfill transmission pricing objectives i.e. economic
efficiency, non-discrimination, transparency and cost
coverage etc., in developing wholesale electricity market in
developing countries.
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APPENDI X Table B1: Generation Capacity, Costs and Peak Demand (P.)
Gen. Generation (PU) Generation cost
BuS' | cap ($IMWh)
Generator ' P Q
Max [ Min [ Max [Min] & | b | ¢
Intra-State Generators
CHDPUR 23 [ 172| 02 | 1.0 | -1.0 | 02| 204 | 102
KORDY 11 | 054 | 02 | 05 | -05| 02 | 224 | 102
DABHOL 12 | 144 | 02 | 01 | -01| 10| 714 | 102
KOYNA-4 | 15 | 019 | 01 | 01 | -01 | 02| 204 | 10.2
Intra-State Generators
BHILY 06 | 01 | 01 |-01|02]369] 102
KHANDW 07 | 02| 05 | -05| 10| 369 | 102
SDSRV 05 | 001| 01 | -01| 10| 776 | 102
BOISR 02 | 001| 01 | -01| 10| 557 | 102
Fig. A1: Modified |EEE 30-bus test system ?EFF:\A/;U 17 102 )01 )-01]02)225]102
Table Al: Real Power and Fuel cost of generator R 04 | 001} 01 }-01)10/ 386 102
LCower Limit | Upper Limit Generetion codt SATPR 02 | 001| 01 | -01| 10| 557 | 102
Bus No. (Real (Redl
(Generator) Power) Power) a b G Table B2: Peak Demand (P,)
1 01 15 014 | 204 | 50 Demand Demand
2 01 15 020 | 193 | 50 Bus Name (PU) Bus Name (PU)
13 0.1 1.0 014 | 204 | 50 P Q P Q
22 0.1 15 020 | 193 | 5.0 CHDPUR 0.32 0.10 NGOTNE 017 | 018
23 0.1 10 014 | 204 | 50 KORDY 0.27 010 | DABHOL 000 | 000
27 o1 15 020 | 193 | 50 BHSWL2 0.22 0.10 KOYNA-N | 005 | 0.0
ARGBD4 0.37 0.21 KOYNA-4 0.00 | 0.00
+i BBLSR2 0.37 0.17 KLHPR3 0.19 0.01
Table A2: Demand (P JqofoHEEE3OBussy§an DHULE 0.35 015 | JEJURY 0.34 | 0.10
Bus Demand Bus Demand Bus Demand PADGE 0.54 0.15 KARAD?2 0.34 0.12
1 0.0+0.0 | 11 0.0-j0.177 | 21 | 0.175+j0.112 KALWA 0.38 0.15 SOLPR3 0.39 0.11
2 0.217+j0.13 | 12 0.112+j0.0 | 22 0.00+j0.00 KARGAR 0.10 0.15 PARLY?2 028 | 001
3 | 0.024+j0.012 | 13 0.00-j0.155 | 23 | 0.032+j0.016 LONKAND 0.55 0.23
4 | 0.076+j0.016 | 14 | 0.062+j0.016 | 24 | 0.087+j0.067 .
) ) e Table B3: 500V CHDPUR-PADGE HVDC Link
5 | 0.942+j0.019 | 15 | 0.082+j0.025 | 25 0.0+j0.0 . :
6 0.0+j00 | 16 | 0.035+j0.018 | 26 | 0.035+j0.023 Particulars | Data Particulars Data
7 | 0.228+0.109 | 17 | 0.090+j0.058 | 27 0.0j0.10 Power Flow 1500 Thyristor Valves 7KV
_ _ _ ) Max. voltage
8 0.300.30 | 18 | 0.032-j0.009 | 28 0.0+j0.0 Rating MW Rated current deO
C
9 0.0+j0.0 | 19 | 0.095+j0.034 | 29 | 0.024+0.009
- - - Converter
10 0.058+j0.0 | 20 | 0.022+j0.007 | 30 0.106+j0.0 : 75
X°mer Resistance ohms
Voltage of each | 500 kV (1-Pole)
k of K : pole 298.6 (2-Pole) 75
(B) A Real Network of 400 kV, MSETCL, India: Reted power of | MVA Metalliz Return %hms
400 KV Network Querview on unit Ohms
SRV HHNTWA HVDC Li
. Ine 12510
BERPOL - Length of line Operation 15
s Bl;r;ber of ;53 KM | CHDPUR-Converter/Rectifier degree
Nominad DC | +500Ky | PADGE Inverter ne
voltage degree

NGOTNE

KOYNad

Fig. B1

Table B4: MSETCL Expenses (Billion Dollar) (2008-09)

: 400 kV MSETCL, India

SN Particulars Net'\?vltljr ks r\éllgt(\)/vla'/k
1 Operations & maintenance expenses 344.96 172.48
1.1 | Employee Expenses 163.17 81.83
1.2 | Administration & General Expenses 26.95 13.72
1.3 | Repair & Maintenance Expenses 155.33 77.42
2 Depreciation and advances 186.2 93.1
3 Interest on Long-term Load Capital 80.36 40.18
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4 Interest on working capital 28.91 14.21
5 Other Interest and Finance Charges 19.6 10.29
6 | Other Expenses 0.49 0.343
7 Income Tax 53.9 26.95
8 Contribution to contingency
reserves 24.5 12.25
Total Expenses 738.92 368.48
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