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ABSTRACT 

 In this paper a new market Based approach for transmission expansion planning in deregulated 

power systems is presented. Restructuring and deregulation has exposed transmission planner to new 

objectives and uncertainties. Therefore, new criteria and approaches are needed for transmission planning 

in deregulated environments. In this paper we introduced a new method for computing the Locational 

Marginal Prices and new market-based criteria for transmission expansion planning in deregulated 

environments. The presented approach is applied to Southern Region (SR) 48-bus Indian System. 

KEYWORDS : Competitive electric market, Transmission expansion planning, Uncertainty, Scenario techniques, 

power transmission planning, price profile, risk analysis, uncertainty.  

INTRODUCTION 

Transmission system is one of the major components of the electric power industry. If the 

electric loads increases, transmission expansion planning should be increased timely and proper way to 

facilitate and promote competition. Restructuring and deregulation of the power industry have changed 

the aims of transmission expansion planning and increased the uncertainties. Due to these changes, new 

approaches and criteria are needed for transmission expansion planning in deregulated power systems.  

Transmission expansion planning approaches can be classified into: 

• Non-deterministic approaches, and 

• Deterministic.  

In non-deterministic approaches the expansion plan is designed for all possible cases which may 

occur in future with considering the occurrence probability of them.  

In deterministic approaches the expansion plan is designed only for the worst cases of the 

system without considering the probability of occurrence (degree of occurrence) of them.  

Hence, Non-deterministic approaches are able to take into account the past experience and 

future expectations. 
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Nondeterministic approaches can be classified in: 

• Static, and 

• Dynamic approaches. 

Non-deterministic Transmission Expansion Planning Approaches 

Uncertainties can be classified in two categories: 

• Random, and 

• Non-random uncertainties. 

Random uncertainties are deviation of those parameters which are repeatable and have a known 

probability distribution. Hence, their statistics can be derived from the past observations. Uncertainty in 

load is in this category. 

Non-random uncertainties are evolution of parameters which are not repeatable and hence their 

statistics cannot be derived from the past observations. 

1. Non-deterministic approaches which have been used for transmission expansion 

planning are: 

2. probabilistic load flow, 

3. probabilistic based reliability criteria, 

4. scenario technique, 

5. decision analysis, and 

6. Fuzzy decision making. 

Probabilistic load flow and probabilistic based reliability criteria approaches take into account 

random uncertainties. Scenario technique considers the non-random uncertainties. Decision analysis is a 

proper method for dynamic programming. Fuzzy decision making considers imprecision and vague data. 

Review of the presented approaches and discussion of their advantages and drawbacks helps the 

procedure of presenting new approaches and criteria for transmission planning in deregulated 

environments. State of the art review on transmission expansion planning approaches is presented in this 

paper. 

Transmission expansion planning approaches for: 

• Regulated, and 

• Deregulated power systems. 

The main objective of power system planning in regulated power systems is to meet the demand 

of loads, while maintaining power system reliability. In this environment uncertainty is low. 

Transmission expansion planning is centralized and coordinated with generation expansion planning. 
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Planners have access to the required information for planning. Therefore, planners can design the least 

cost transmission plan based on the certain reliability criteria. 

In deregulated power systems participants take their decisions independently. They change their 

strategies frequently to acquire more information from the market to maximize their benefits. Consumers 

adjust their loads according to the price signals. Availability of independent power producers is 

uncertain. Wheeling powers are time varying and affect the nodal prices of the control areas that they 

pass through. Transmission expansion planning is not coordinated with generation expansion planning. 

Hence, there is not a specified pattern for load and dispatched power in deregulated power systems. Due 

to these uncertainties expansion of transmission networks have been faced with great risks in deregulated 

environments. Therefore, the final plan must be selected after the risk assessment of all solutions. Since 

risk assessment is characteristically based on probabilistic and stochastic methods, probabilistic methods 

should be developed for transmission planning in deregulated power systems. 

TRANSMISSION EXPANSION PLANNING APPROACHES FOR DERE GULATED 

POWER SYSTEMS 

From the viewpoint of transmission planner, there are two major differences between 

transmission expansion planning in regulated and deregulated environments: 

• Objectives of transmission expansion planning in deregulated power systems differ 

   from those of the regulated ones. 

• Uncertainties in deregulated power systems are much more than in regulated ones. 

In this section objectives of transmission expansion planning in deregulated power systems and 

uncertainties in deregulated power systems are discussed. 

OBJECTIVES OF TRANSMISSION EXPANSION PLANNING IN DE REGULATED 

POWER SYSTEMS 

In general, the main objective of transmission expansion planning in deregulated power systems 

is to provide a non-discriminatory competitive environment for all stakeholders, while maintaining 

power system reliability. Specifically, the objective of transmission expansion planning is providing for 

the desires of stakeholders. The desires of stakeholders in transmission expansion are: 

1. Investment cost will be decreased. 

2. The network charges will be decreased. 

3. The risk of investments against all uncertainties will be reduced. 

4. Encouraging and facilitating competition among electric market participants. 

5. Providing non-discriminatory access to cheap generation for all consumers. 

6. Operation cost will be reduced. 
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7. Minimizing the costs of investment and operation. 

8. Increasing the reliability of the network. 

9. The value of the system will be increased. 

10. The flexibility of system operation will be increased. 

11. The environmental impacts will be decreased. and 

UNCERTAINTIES AND VAGUENESS IN DEREGULATED POWER SY STEMS 
 

Development of competitive electric markets has introduced significant uncertainties and 

vagueness in transmission expansion planning. Since methods of modeling random uncertainties, non-

random uncertainties, and vagueness are different, power system uncertainties and vagueness must be 

identified and classified clearly before planning. Sources of random uncertainties in deregulated power 

systems are: 

1. power and bids of independent power producers (IPPs), 

2. generation costs and consequently bid of generators, 

3. Forced outage of generators, lines and other system facilities. 

4. wheeling transactions and power transactions with other areas, and 

5. load, 

6. Sources of non-random uncertainties are: 

7. Market rules. 

8. Generation expansion or closure.  

9. Load expansion or closure. 

10. Installation, closure or replacement of other transmission facilities.  

11. transmission expansion costs, and 

12. There is vagueness in the following data: 

13. occurrence degree of possible future scenarios, 

14. importance degree of stakeholders in decision making , and 

15. Importance degree of planning desires from the viewpoint of different stakeholders. 

Uncertainties in deregulated environments have increased uncertainty in required capacity for 

transmission expansion and consequently increased the risk of fixed cost recovery. Therefore, incentives 

for investing in transmission expansion have reduced and caused a delay on transmission planning.  
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SCENARIO TECHNIQUE 
 

For the planning of any system we can use the Scenario technique and decision analysis. The 

algorithm of transmission expansion planning using scenario techniques is shown below. 

To determine the set of probable future scenarios. 

To determine the occurrence probability or occurrence degree of future scenarios. 

To determine the set of possible solutions (expansion plans). 

To measure the goodness of expansion plans by selecting a cost function. 

To select the final plan. 

The final plan can be selected by using the following methods. 

1. Expected cost method: This method selects the plan that minimizes the expected cost over different 

scenarios i.e.: 

      =   

Where  = expected cost of plan k,                 = occurrence degree of scenario l,                      = 

cost of plan k in scenario l. 

2. Minimax regret method (risk analysis): In risk analysis the best solution is determined by 

minimizing the regret. Regret is a measure of risk. Regret of plan k in scenario l is defined as difference 

between the cost of plan k in scenario l and cost of the optimal plan of scenario l, i.e.: 

 =  -  

Where  = regret of plan k in scenario l,    = cost of the optimal plan of scenario l.    In risk 

analysis the plan that minimizes the maximum weighted regret over all future scenarios is selected as the 

final plan, i.e.: 

      

3. Laplace method: According to this method the plan that minimizes the sum of costs over all scenarios 

is selected as the final plan. 

4. Von Neumann-Morgenstern method: In this method is extremely pessimist and believes that the 

most unfavorable scenario is bound to occur. According to this criterion the plan that minimizes the 

maximum cost over all scenarios is selected as the final plan, i.e.: 

 

Alternatively, an extremely optimist criterion can be also used for selecting the final plan, i.e.: 
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5. Hurwitz method: the plan that minimizes a convex combination of the extremely pessimist solution 

and the extremely optimistic solution is selected as the final plan. 

6. Pareto-optimal method: A plan is Pareto-optimum if it is not dominated by any other plan. Plan X is 

dominated by plan Y if its cost is more than the cost of plan Y in all scenarios. This criterion is suitable 

for eliminating the worst solutions. 

7. Robustness method: A plan is robust in a scenario, if its regret is zero in this scenario. According to 

this criterion, a plan is acceptable if it is robust at least in η% of the scenarios. 

8. β-robustness method: According to this method a plan is acceptable if its over cost with respect to 

the related optimal plan does not exceed β% in each scenario. 

LOCATIONAL MARGINAL PRICES (NODAL PRICE) 
 

A Locational Marginal Price (LMP) is a pricing system for selling and purchasing electric 

energy in deregulated power systems. In the LMP pricing system, all producers sell energy at the price of 

their generator bus and all consumers purchase energy at the price of their load bus. By definition 

locational marginal price (LMP) nodal price is equal to the "cost of supplying next MW of load at a 

specific location, considering generation marginal cost, cost of transmission congestion, and losses". 

LMPs are the Lagrange multipliers or shadow prices of DC power flow constraints. The locational 

marginal price (LMP) is used to determine the price at each transmission bus or node. The locational 

marginal price (LMP) will encourages an efficient use of transmission system by assigning prices to the 

buyers. By using the locational marginal price (LMP), customers can sell and buy energy at the actual 

price of delivering energy at their buses or nodes. 

In addition to the technical criteria, market based criteria is used to achieve the objectives of 

transmission expansion planning in deregulated power systems. In order to calculate and define the 

market based criteria, we need to calculate the Probability Density Functions (PDFs) of variables which 

shows the performance of electric market. These variables should be affected by dynamics of both power 

system and electric market. For assessing the performance of electric markets, we have to calculate the 

PDFs of LMPs. The “probabilistic optimal power flow” or “probabilistic locational marginal prices”, is 

used for calculating the PDFs of LMPs. 

PDFs of LMPs will be affected if sellers can change their bids, sellers can change maximum or 

minimum of their submitted power, buyers change their bids for load curtailment, buyers can change 

maximum or minimum of their submitted power, transmission facilities (generator, transmission line, 

load,…) have forced outage, input or output power to the study area change due to new contracts with 

neighboring areas and wheeling transactions, or there is market power in the network. Hence, PDFs of 

LMPs contain more information about the power system and electric market. By analyzing the PDFs of 

LMPs, the performance of an electric market can be assessed. 
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MARKET BASED CRITERIA 
 

The main objective of transmission expansion planning in deregulated power systems is to 

provide a non-discriminatory competitive environment for all stakeholders, while maintaining power 

system reliability. To achieve this objective, it is needed to define some criteria to measure how 

competitive an electric market is and how much a specific expansion plan improves the competition.  

In a perfect competitive market, which consists of infinity number of producers and consumers, 

the price is determined by interaction of all producers and consumers. In this market each customer 

produces or consumes only a small portion of the market production. Therefore, a producer or a 

consumer can not affect the price alone. Hence, in competitive markets producers and consumers are 

price taker not price maker. In a competitive market there is no discrimination among producers or 

consumers i.e. all producers and consumers sell and buy at the same price. Moreover, in a competitive 

market there is no restriction for consumers to buy from any producer. To have a competitive electric 

market, the above conditions must be satisfied. On the other word, to have a competitive electric market 

all power producers and consumers must sell and buy electric energy at the same price and the power 

transfer restrictions must be alleviated. This means LMPs must be made equal at all buses and 

transmission congestion must be alleviated. Equalizing LMPs provides a nondiscriminatory market and 

alleviating congestion eliminates power transmission constraints. 

In these section two probabilistic criteria, average congestion cost and standard deviation of 

mean of LMP, are proposed to measure how much a specific plan facilitates competition among 

customers. Average congestion cost shows how intensive transmission constraints are and consequently 

shows how competitive electric market is. Standard deviation of mean of LMP shows how mean of LMP 

spreads throughout the network. Therefore, it shows how discriminative and consequently how 

competitive electric market. 

4.1. Average Congestion Cost 

Congestion cost of a line is defined as the opportunity cost of transmitting power through it. 

Consider figure 4.1, line i of a network is depicted in this figure. The end buses of this line numerated 

with i1 and i2.  MW electric power transmits from bus i1 to bus i2 through this line. LMPs of buses 

i1 and i2 are lmpi1 and lmpi2 in $/MWhr. Buying 1 MW electric power from bus i1 costs lmpi1 $/hr and 

buying 1 MW power from bus i2 costs lmpi2 $/hr. Therefore, the opportunity cost of transmitting 1 MW 

electric power from bus i1 to bus i2 is equal to (lmpi2- -lmpi1) $/hr. Thus, congestion cost of line i or the 

opportunity cost of transmitting MW electric power from bus i1 to bus i2 through line i is equal to: 

CC =(lmpi2-lmpi1)  i=1,2,……,                              

Where CC is congestion cost of line i in $/hr 
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is Number of network lines. 

Total congestion cost of the network or the opportunity cost of transmitting power though the 

network is equal to: 

     tcc =   

where tcc is total congestion cost of the network in $/hr. 

It can be proved that the total congestion cost of the network is equal to the sum of payments by 

loads minus sum of receives by generators, i.e.: 

    tcc =   

Where   load at bus i in MW, generation power at bus i in MW, Nb number of network 

buses. 

If there is no congestion in the network, the next MW of each load is supplied by the cheapest 

undispatched generation (marginal generator) and then LMPs of all buses are equal. 

Average of the total network congestion cost after addition of plan k is equal to: 

 =                 average of total 

congestion cost of the network in the presence of plan k in $/hr. 

In the rest of this paper “average congestion cost” is used instead of “average of total congestion 

cost of the network”. 

4.2. Standard Deviation of Mean of Locational Marginal Price 

Standard deviation of mean of LMP in the presence of plan k, where mean is taken over Nr 

samples and standard deviation is taken over Nb buses, is given by: 

=   

Where  is standard deviation of mean of LMP in the presence of plan k in $/MWhr,   

 mean of LMP of bus i over Nr samples in the presence of plan k in $/MWhr, mean of  

over Nb buses in $/MWhr (average LMP of the network),  is equal to: 

 =   
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Standard deviation of mean of LMP in the presence of plan k (  ) indicates how spread out 

the mean of LMP of different buses (  for i=1, 2,…, Nb) are from the average LMP of the network 

(  ). As the standard deviation of mean of LMP decreases, differences among the mean of LMP of 

different buses decrease and the price profile become flatter. Flatter price profile indicates less price 

discrimination.  As flatness of price profile increases, congestion cost decreases. Therefore, as the 

standard deviation of mean of LMP decreases, both transmission constraints and price discrimination 

decrease and hence competition is encouraged. In the same way as the standard deviation of mean of 

LMP increases, competition is discouraged. Therefore, standard deviation of mean of LMP is a proper 

criterion for measuring the competitiveness degree of electric markets. 

 

 
 

Fig.1.-Single line diagram of SR 48-bus system. 
 
MARKET BASED TRANSMISSION EXPANSION PLANNING 

In this approach at first possible strategic scenarios, which may occur in planning horizon, are 

identified. PDFs of LMPs are computed for each scenario using probabilistic optimal load flow. Then 

some expansion plans (candidates) are suggested for transmission expansion by the analysis of electric 

market. Each of the candidates is introduced to the network and the market based criteria are computed 
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for each scenario. The final plan is selected by risk analysis of the solutions. The presented approach can 

be precised in the following steps:  

Identifying the set of possible strategic scenarios. 

Compute the PDFs of LMPs for the existing network in each future scenario. 

Suggesting candidates for transmission expansion by analyzing electric market. 

Computing the market based criteria for each plan in each scenario. 

Selecting the final plan by risk assessment of all expansion plans. 

Computing the capacity of selected expansion plan. 

CASE STUDY: SOTHEREN REGION (SR) 48-BUS INDIAN SYSTEM 

In this section the proposed approach is applied to the SR 48-bus system. Figure 1. shows the 

single line diagram of SR 48-bus system. Characteristics of generators and loads for the peak load of 

planning horizon are given in Tables I and II. It is assumed that the unavailability of each transmission 

line is equal to 0.001. 

Table I. Characteristics Generators 

S.NO 
BUS 
NO 

GENERATOR 
DATA LMP($/MWHR) 

1 1 1300 16.96 
2 2 1550 9.9 
3 15 1600 10.5 
4 16 1100 17.41 
5 18 1800 17.33 
6 19 1500 17.21 
7 20 1650 17.24 
8 24 1200 17.33 
9 25 1600 17.21 
10 30 1550 17.43 
11 33 1750 17.49 
12 36 1550 17.44 
13 37 1750 18.3 
14 40 1500 18.32 
15 41 1450 17.85 
16 42 1250 18.29 
17 43 1600 17.82 
18 46 1550 18.2 
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Table II. Characteristics generators 

 

S.NO 
BUS 
NO 

LOAD 
DATA LMP($/MWHR) 

1 3 350 18.59 
2 4 450 16.66 
3 5 300 17.76 
4 6 250 17.78 
5 7 350 17.38 
6 8 500 16.84 
7 9 250 21.61 
8 10 350 21.73 
9 11 250 21.44 
10 12 300 21.14 
11 13 250 21.7 
12 14 350 17.35 
13 17 450 17.43 
14 21 750 17.51 
15 22 650 17.42 
16 23 350 17.65 
17 26 700 17.41 
18 27 300 18.81 
19 28 650 17.59 
20 31 250 18.74 
21 32 450 17.44 
22 34 950 18.54 
23 35 850 17.85 
24 38 950 18.69 
25 39 822 20.02 
26 44 1150 18.03 
27 45 860 18.62 
28 47 410 18.69 
29 48 400 18.51 

 
 
THERE IS NOT ANY NON-RANDOM UNCERTAINTY 

 
In this case there is only one scenario. Therefore, the minimax regret plan and the optimal plan 

are the same. Transmission planning is performed under the following market based criteria: 

: Standard deviation of mean of LMP (SML). 

 : Standard deviation of mean of LMP weighted with mean of generation power 

(WG). 

: Standard deviation of mean of LMP weighted with mean of load (WD). 
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: Standard deviation of mean of LMP weighted with mean of sum of generation 

power and load (WGD). 

 : Average congestion cost (ACC). 

 : Average load payment (ALP). 

The Values of SML, WG, WD, WGD, ACC, and ALP in different stage of planning for SR 48-

bus system are shown in table III(A-F). If a new line is added to the network, standard deviation of mean 

of LMP reduces from $4.039958/MWhr for the line (5-10) to $2.07781/MWhr for the line (7-24) and 

Average Congetion Cost reduces from $1608.4091/hr to $1037.48/hr are shown in table III.(A). If a new 

line is added to the network, standard deviation of mean of LMP reduces from $5.3723/MWhr for the 

line (32-42) to $2.6901/MWhr for the line (2-4) are shown in table III.(B).If a new line is added to the 

network, standard deviation of mean of LMP reduces from $843.51/MWhr for the line (31-43) to 

$1.2140/MWhr for the line (11-15) are shown in table III.(C).If a new line is added to the network, 

standard deviation of mean of LMP reduces from $9.4147/MWhr for the line (36-38) to $2.0625/MWhr 

for the line (40-44) are shown in table III.(D).If a new line is added to the network, standard deviation of 

mean of LMP reduces from $20.410/MWhr for the line (34-42) to $1.2360/MWhr for the line (11-20) are 

shown in table III.(E).If a new line is added to the network, standard deviation of mean of LMP reduces 

from $2.1315/MWhr for the line (28-36) to $2.0638/MWhr for the line (38-42) are shown in table III.(F). 

 
Table III.(A-F). Values Of SML, WG, WD, WGD, ACC, A nd ALP In Different Stages Of 

Planning 
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THERE IS NON-RANDOM UNCERTAINTY  

In this case it is assumed that the following non-random uncertainties have been identified by 

planners: 

• A generator may be added at bus 9 of the   

  network. 

• An IPP may be added at bus 16 of the    

  network. 

• Load of bus 41 may be change. 

Characteristics new generator, IPP, and load are given in table IV. To take into account these 

non-random uncertainties in transmission expansion planning, the following scenarios are defined: 

Scenario 1: base case (scenario which is shown in tables I and II) 

Scenario 2: base case plus the new  generator 

Scenario 3: base case plus the load change 

Scenario 4: base case plus the IPP 

Scenario 5: base case plus the new generator and load change 

Scenario 6: base case plus the new generator and IPP 

Scenario 7: base case plus the load change and IPP 

Scenario 8: base case plus the new generator, load change, and IPP 
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It is assumed that all above scenarios have the same occurrence degree. SML, WG,WD, WGD, 

ACC, and ALP are used as planning criterion. In other word, SML, WG,WD, WGD, ACC, and ALP are 

used as cost function of risk analysis. 

Table IV. Characteristics New GENERATOR, IPP, and LOAD. 
 

TYPE 
BUS 
NO 

CHANGE IN 
MW 

GENERATOR 9 500 

LOAD 16 1600 

IPP 41 500 

 
It is assumed that all above scenarios have the same occurrence degree. SML, WG, WD, WGD, 

ACC, and ALP are used as planning criterion. In other word, SML, WG, WD, WGD, ACC, and ALP are 

used as cost function of risk analysis. Table V (a-f) shows the values of SML, WG, WD, WGD, ACC, 

and ALP in different scenarios and different stages of planning. (a) Values of SML when different 

criteria are used for planning. (b) Values of WG when different criteria are used for planning. (c) Values 

of WD when different criteria are used for planning. (d) Values of WGD when different criteria are used 

for planning. (e) Values of ACC when different criteria are used for planning. (f) Values of ALP when 

different criteria are used for planning. 
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Fig. 1.(a-f). Values of SML, WG,WD, WGD, ACC, and ALP in different scenarios and different stages 

of planning. There are eight signs over each bar which show the values of criteria in different scenarios. 

In each stage, there are eight bars. (a) Values of SML when different criteria are used for planning. (b) 

Values of WG when different criteria are used for planning. (c) Values of WD when different criteria are 

used for planning. (d) Values of WGD when different criteria are used for planning. (e) Values of ACC 

when different criteria are used for planning. (f) Values of ALP when different criteria are used for 

planning. 

SELECTING OF FINAL PLAN 

By using the minimax regret criterion we have to select the final plan are shown in Table.VI. at 

different stages of planning for each criterion. 
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SELECTING FINAL PLAN 

Table VI.(A-C) Shows the Selecting the Final Plan by Using the Minimax Regret Criterion at 

Different Stages of Planning 

 

 
By comparing the different plans the final plan is (30-34). 

CONCLUSIONS 
 
In this paper, a new probabilistic tool for computing the probability density functions of nodal 

prices was introduced. New market-based criteria were defined for transmission planning in deregulated 

environments. A new approach for transmission expansion planning in deregulated environments using 

the above tool and criteria was presented. All random and nonrandom power system uncertainties are 

considered by this approach and the final plan is selected after risk assessment (minimax regret criterion) 

of all solutions. This approach tries to facilitate competition and provides nondiscriminatory access to 

cheap generation by providing a flat price profile throughout the network. It is value based and considers 

investment cost, operation cost, congestion cost, load curtailment cost, and cost caused by system 

unreliability. The presented approach was applied to Southern Region (SR) 48-Bus Indian System and 

the effectiveness of presented market-based criteria was demonstrated for the single and multiple 

scenario cases. 
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