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Abstract 

 

Overview 

Electricity transmission pricing and transmission grid expansion have received increasing regulatory and 
analytical attention in recent years. Since electricity transmission is a very special service with unusual 
characteristics, such as loop flows, the approaches have been largely tailor-made and not simply taken from 
the general economic literature or from the more specific but still general incentive regulation literature. An 
exception has been Vogelsang (2001), who postulated transmission cost and demand functions with fairly 
general properties and then adapted known regulatory adjustment processes to the electricity transmission 
problem. A concern with this approach has been that the properties of transmission cost and demand 
functions are little known but are suspected to differ from conventional functional forms. The assumed cost 
and demand properties in Vogelsang (2001) may actually not hold for transmission companies (Transcos). 
Loop-flows imply that certain investments in transmission upgrades cause negative network effects on other 
transmission links, so that capacity is multidimensional. Total network capacity might even decrease due to 
the addition of new capacity in certain transmission links. The transmission capacity cost function can be 
discontinuous. There are two disparate approaches to transmission investment: one employs the theory based 
on long-run financial rights (LTFTR) to transmission (merchant approach), while the other is based on the 
incentive-regulation hypothesis (regulatory approach). An independent system operator (ISO) could handle 
the actual dispatch and operational pricing.  The transmission firm is regulated through benchmark or price 
regulation to provide long-term investment incentives while avoiding congestion. In this paper we consider 
the elements that could combine the merchant and regulatory approaches in a setting with price-taking 
electricity generators and loads.  

Methods 

Based on LTFTRs, merchant mechanisms are easiest to understand for incrementally small expansions in 
meshed networks under an ISO environment. The price-cap method seeks to regulate a monopoly Transco. 
The regulatory goal in this paper is an extension of Vogelsang (2001) for meshed projects.  Transmission 
output is redefined in terms of incremental LTFTRs (or total LTFTRs, if a long period is assumed) so as to be 
able to apply the Vogelsang’s incentive mechanism to a meshed network.  For lumpy and large transmission 
projects a fixed part of the tariff plays the role of a complementary charge. The variable part of the tariff is 
based on nodal prices; pricing for the different cost components of transmission is such that they do not 
conflict with each other (fixed costs are allocated so that the variable charges are able to reflect nodal prices); 
variations in fixed charges over time partially counteract the variability of nodal prices giving some price 
insurance to the market participants.  

Results 

We consider two types of price index weights: chained Laspeyres weights and idealized weights. Laspeyres 
weights are easily calculated and have shown good economic properties under well-behaved and stable cost 
and demand conditions. Idealized weights correspond to perfectly predicted quantities and posses strong 
efficiency properties. In our model, idealized weights provide  incentives for marginal cost pricing.  

Regarding transmission cost functions, we explore a series of simplified cases to argue that in a variety of 
circumstances the cost functions could have reasonable economic properties.  The results suggest directions 
for further research to explore the properties of the cost functions and implications for design of practical 
incentive mechanisms and the integration with merchant investment in organized markets with LTFTRs. 

Conclusions 

This paper addresses institutional frameworks, transmission cost and demand functions It is a step in a 
continuing research agenda to extend incentive regulation while maintaining compatibility with operation of 
electricity markets. 

 

Keywords: Electricity transmission, Incentive regulation, Financial transmission rights,  
                        Loop-flow problem. 

JEL codes: D24, L51, L94



   

1 Introduction  

The topic of long-term electricity transmission expansion has received limited attention in the 

economics literature. The analysis of electricity markets often assumes that transmission capacity is 

fixed in contrast with its dynamic nature and interdependence with other electricity subsectors. 

Analysis of incentives for expanding the transmission network is  challenging in part because 

equilibrium in the transmission market has to be coordinated with equilibrium in other markets 

such as the electricity spot market, bilateral contracts, and related ancillary services such as 

capacity reserves markets (see Stoft and Graves 2000; Wilson, 2002). In addition, loop-flows imply 

that certain investments in transmission upgrades cause negative network effects on other 

transmission links, so that capacity is multidimensional.2 Moreover, the transmission capacity 

function can be discontinuous. 

Electricity transmission pricing and transmission grid expansion have received increasing 

regulatory and analytical attention in recent years. For overviews of alternative approaches and 

debates, see Brunekreeft et al. (2005) and Stoft (2006).  Since electricity transmission is a very 

special service with unusual characteristics, the approaches have been largely tailor-made and not 

simply taken from the general economic literature or from the more specific but still general 

incentive regulation literature. An exception has been Vogelsang (2001), who postulated 

transmission cost and demand functions with fairly general properties and then adapted known 

regulatory adjustment processes to the electricity transmission problem. Vogelsang (2001) 

discusses a concern with this approach that the properties of transmission cost and demand 

functions are little known but may differ materially from conventional functional forms. Hence the 

assumed cost and demand properties in Vogelsang (2001) may actually not hold for transmission 

companies (Transcos). 

                                                 
2 Total network capacity might even decrease due to the addition of new capacity in certain transmission 
links.  For an illustration, see Hogan (2002a). 
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The electricity transmission network has attracted additional attention due to power outages 

such as the one of August 14, 2003, in Northeast US which affected more than 20 million 

consumers and six control areas (Ontario, Quebec, Midwest, PJM, New England, and New York), 

and shut down 61,000 MW of generation capacity. Problems with coordination and capacity of 

transmission grids were related to this outage. Similar events in other parts of the world such as 

UK, Italy, Norway, Sweden, Brazil, Argentina, Chile and New Zealand have also awakened the 

interest in the factors that determine investment to assure the reliability of transmission grids. 

Hogan (1992, 2002b) applies nodal prices from the power flow model as well as financial 

transmission rights (FTRs) in order to hedge consumers from variations in such prices. Short run 

congestion of the transmission grid is then priced through the use of differences in nodal prices.   

The FTRs provide a workable system of property rights.  However, there is debate --both in theory 

and practice-- over the way to promote the expansion of the network in the long run. Incentive 

structures proposed to attract investment to the grid range from “merchant” to “regulated”. In 

practice, regulation has typically been used in the UK and Scandinavia, while mixed regulatory and 

merchant mechanisms have been considered in the organized markets such as PJM, New York 

State, New England, and California.3 A mixture of regulation and merchant incentives has been 

tried in Australia (see Littlechild, 2003) and Argentina (Littlechild and Skerk, 2004). 

In practice, most transmission investment  occurs under a planning regime with traditional cost 

of serve regulation which contains a variety of challenges and incentive problems.  Analysis of 

alternative incentive structures for transmission investment is mainly divided into two approaches: 

the long-run financial-transmission-right theory, and the incentive-regulation hypothesis.4 The first 

approach is based on long-term FTR (LTFTR) managed through a variety of allocations and 

auctions by an independent system operator (ISO). Participation of economic agents in auctions is 

                                                 
3 The merchant mechanisms used in Northeast US are a combination of long-term FTRs and planning (see 
Pope, 2002, and Harvey, 2002). No restructured electricity industry in the world has adopted a pure merchant 
approach. 
4 There is a third approach based on the market-power perspective, which derives optimal transmission 
expansion from the market-power structure of generators, and takes into account the conjectures of each 
generator regarding other generators’ marginal costs due to the expansion (Sheffrin and Wolak, 2001, Wolak, 
2000, and California ISO and London Economics International, 2003).  

2 



  

voluntary and therefore this approach is also known as a merchant mechanism. This method deals 

with loop-flow externalities.  For instance,  to proceed with line expansions protects all assigned 

and some unassigned rights while maintaining simultaneous feasibility of the system for new and 

existing FTRs (see Hogan, 2002a, and Kristiansen and Rosellón, 2006).5 Under the approach, 

“merchants” could invest in new transmission capacity and finance their investments through the 

sale of LTFTRs. 

The second approach to transmission expansion relies on regulatory mechanisms for a Transco. 

The transmission firm is regulated through benchmark regulation or price regulation to provide 

long-term investment incentives, while avoiding congestion. Léautier (2000), Grande and 

Wangesteen (2000), and Joskow and Tirole (2002) discuss mechanisms that compare the Transco 

performance with a measure of welfare loss. Another regulatory alternative is a two-part tariff cap 

proposed by Vogelsang (2001) where incentives for investment in expanding the grid derive from 

the rebalancing of the fixed and the variable parts of the tariff. While Vogelsang leaves the 

definition of the output for transmission open, Bushnell and Stoft (1997), and Hogan (2002a, 

2002b) argue that this task is difficult since the physical flow through a meshed transmission 

network is complex and highly interdependent among transactions. However, Vogelsang suggests 

that bilaterals contracts or point-to-point transmission rights may provide for an appropriate 

definition of output.  

In this paper, we consider the merchant and regulatory approaches in the context of price-

taking generators and loads. We would like to extract the best properties of these two mechanisms, 

and allow them to cohabitate in the electricity market in a way that addresses some of the special 

problems of transmission networks without creating a regulatory framework that undermines a 

policy goal of relying more on market choices. Based on LTFTRs, merchant mechanisms are most 

easily understood for incrementally small expansions in meshed networks. A price-cap method 

                                                 
5 Bushnell and Stoft (1997) address this by having the agents responsible for externalities pay back for them. 
They show that when FTRs exactly match dispatch, welfare cannot be reduced through the gaming of certain 
agents. 
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seeks to regulate a monopoly Transco.6 The particular regulatory model pursued in this paper is an 

extension of Vogelsang (2001) for large and lumpy meshed projects. It is designed for Transcos but 

– as in the Vogelsang (2001) discussion – it could also be applied under an ISO institutional 

setting. Transmission output is redefined in terms of incremental LTFTRs (or total LTFTRs, if a 

long period is assumed) so as to be able to apply the Vogelsang’s incentive mechanism to a meshed 

network.  Constructing the output measure and property rights model in terms of FTRs provides the 

regulatory model with a connection to the merchant investment theory. 

As discussed in Vogelsang (2001), the regulatory incentive approach could be difficult to apply 

to meshed networks due to the loop-flow problem.7 The transmission cost function may not be 

well-behaved in the sense that marginal costs could increase and decrease as transmission output 

increases. Such a problem might be theoretically addressed with free disposal, but this is difficult in 

the case of electricity.  

Pérez-Arriaga et al (1995) show that revenues from efficient nodal prices that define short-run 

marginal opportunity costs of transmission recover only approximately 25% of total costs of a 

representative transmission grid.. Therefore, Rubio-Odériz and Pérez-Arriaga (2000) propose that 

revenues from FTRs be complemented with a charge (complementary charge) to recuperate the 

remaining 75% (fixed) costs.8 With both merchant and regulated investments for lumpy and large 

transmission projects, the fixed part of the tariff plays the role of a complementary charge. Our 

model has desirable properties of transmission pricing too: a) The variable part of the tariff is 

related to the efficient nodal prices; b) Pricing for the different cost components of transmission is 

such that they do not conflict with each other: fixed costs are allocated so that the variable charges 

are able to reflect nodal prices, and c) Variations in fixed charges over time partially counteract the 

variability of nodal prices, giving some aggregate price insurance to the market participants.  

                                                 
6 See Vogelsang (2001), and Rosellón (2007). 
7 In fact, as argued by Joskow and Tirole (2005), this problem remains with FTRs and point-to-point 
transmissions in general. Ways to deal with the loop-flow problem under an FTR approach are proposed in 
Hogan (2002a), and Kristiansen and Rosellón (2006). 
8 The “complementary charge” is equivalent to the “license access charge” frequently used in the terminology 
of the United States electricity industry. 
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The plan of the paper is as follows. Section 2 sketches and institutional set up, while section 3 

characterizes transmission output based on point to point transactions or LTFTRs. The further two 

sections successively examine simplified transmission cost and demand functions for such an 

output. Section 6 summarizes a possible sequencing of moves in a model for combined merchant-

regulatory mechanism. We end up in the last section with discussion onthe implications for a 

continuing research agenda. 

2 The institutional setup 

The institutional setup we have in mind for a combined merchant-regulatory model is based on 

ownership of and investment in the transmission grid by a Transco that is regulated under a type of 

price cap scheme. In the first instance, focus on the regulated transmission company and turn later 

to consider the role of merchant investment.  The Transco sells in regular long-term intervals 

LTFTRs to interested parties. The sale guarantees market clearing through an approprriate auction. 

The LTFTRs entitle their owners to receive congestion revenues from the difference in nodal prices 

in real-time markets run by an ISO. Thus, the Transco does not receive any congestion revenues 

directly. However, the buyers of LTFTRs will base their LTFTR purchases on expected congestion 

revenues so that the Transco will receive an amount related to the expected value of congestion 

revenues. In addition, the Transco receives fixed access fees from the loads as users of the grid. 

Thus, if loads pay the fixed fee they end up paying the price of electricity at their nodes plus the 

fixed fee, while the generators receive the electricity price at their nodes. To simplify, we assume 

no fixed fees charged to generators.9  Generators and loads can bid their respective electricity 

supplies and demands, from which real time nodal prices would be determined. Alternatively, they 

can sign bilaterals based on expected transmission congestion charges or based on the acquisition 

of the necessary FTRs.  

                                                 
9 The problem of two-part tariffs under competition between the buyers was first analyzed by Ordover and 
Panzar (1982).  
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The use of FTRs separates the Transco decision from the volatile short term prices and 

congestion rents.  Assuming efficient operation provided by an ISO, the incentives for the Transco 

turn to the incentives for investment.   

There are many approaches to incentive regulation.  The essence of the Vogelsang model is to 

provide a regulated firm with a price-cap type constraints with a “fixed” and “variable” component.  

Given a demand q for the product at price p, and a lump sum payment of F.  The firm faces costs 

c(q). Assuming stable costs and demands, the regulator sets weights  and the regulated firm 

faces a price index constraint:  

wq

1 1t w t t w tp q F p q F− −+ ≤ + . 

The regulated firm’s profit maximization problem becomes: 

( ) ( )( )
,

1 1

. .

t t

t t t t

p F

t w t t w t

Max p q p F c q p

s t

p q F p q F− −

+ −

+ ≤ +
 

 The task of the regulatory design is to specify the output and the weights.  Vogelsang (2001) 

explains how this simple price index constraint can provide good incentives with minimal 

information requirements for the regulator.  The focus on output in terms of FTR provides the 

natural connection to the merchant investment model. 

 The fixed fees are determined, based on the prices for FTRs in such a way that the average of 

fixed fees and FTR does not exceed a pre-specified level. Weights for calculating the averages 

could be (1) last period’s quantities for the types of FTRs and the number of customers for the 

fixed fees (Laspeyres weights), or (2) they could be projected optimal quantities (idealized 

weights).  The general framework implicitly seeks to inherit the efficiency properties of the model 

in Vogelsang (2001): When Laspeyres weights are used, and well-behaved cost and demand 

functions are assumed stationary, transmission capacity converges to optimal capacity and two-part 

Ramsey prices after many periods. The use of idealized weights in Vogelsang (2001, pp. 147-151) 
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grants immediate optimality.  A combined Laspeyres/Paasche weight performs better than 

Laspeyres weight under a linear or concave demand function. 

In order to assess the restrictiveness of these assumptions we illustrate general properties of 

transmission cost functions and demand functions.  

3 Characterization of transmission outputs 

In order to characterize cost and demand functions one needs to define the relevant output variable, 

for which costs and demands shall be determined. In a vertically separated setting, where 

transmission is provided by a stand-alone Transco, the users of the transmission grid are electricity 

generators, who want to deliver electricity to load-serving entities (LSEs), and loads, who want to 

buy electricity from generators (with or without the help of intermediaries). Transmission makes 

these transactions possible so that the main service of Transcos is the delivery of electricity 

between generation nodes and consumption nodes. 

The literature on price cap regulation of Transcos often considers the electricity transmission 

activity as an output (or throughput) process (Vogelsang, 2001). It seeks to derive cost and 

production functions for transmission services, which are abstract throughput constructs that are 

difficult to make operational in a meshed network (Vogelsang, 2006). The generic price-cap model 

assumes that well-behaved transmission demand functions are differentiable and downward 

sloping, and that transmission marginal costs curves cut demands only once. These assumptions are 

unrealistic with loop flows in meshed networks (Bushnell and Stoft, 1997, Hogan, 2002a, and 

Hogan, 2002b). These objections do not demonstrate that the Vogelsang’s mechanism totally fails 

in the presence of loop flows.  Rather, the price-cap incentive behavior has not been analyzed.  

The FTR literature does not consider the electricity transmission activity as a throughput 

process. It rather concentrates on a simultaneously feasible set of “point-to-point” (PTP) financial 

transactions based on rights, obligations and options (Hogan, 2002b). Physical transmission rights 
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are also discussed in the FTR literature.The benefits FTRs over physical rights has been addressed 

in Joskow and Tirole, 2000.10  

In this paper, we consider transmission output as LTFTRs (obligations) that are defined 

between nodes. An LTFTR qij represents the right to collect or the obligation to pay the net 

revenues equivalent to injecting electricity in the amount of q at node i and taking delivery of the 

same amount at node j. The FTR does not specify the path taken between i and j.  The Vogelsang 

price index model depends on the definition of output (here FTRs) with the corresponding cost and 

demand functions for the transmission output. 

4 Transmission cost functions 

In the following, we illustrate stylized transmission cost functions to develop some insight about 

the underlying economic properties. To simplify, the topology of all nodes and links is given, and 

only the capacity of lines can be changed. By a network topology, we mean a set of nodes with 

their locations and a set of lines with associated impedances between these nodes.   This is poor 

approximation of reality but it is sufficient to illustrate some the considerations that must be 

addressed in real electricity networks. 

Many of the potential problems of transmission cost functions alluded to earlier derive from 

loop flows that could lead to negative marginal costs and discontinuities in costs.  For practical 

purposes we distinguish between generation nodes, consumption nodes and intermediate nodes. 

Generation nodes and consumption nodes are naturally given by the set of transmission outputs 

(LTFTRs) The network topology is described by the network incidence matrix (Léautier, 2000, p. 

83). Given the topology there is a set of power transfer distribution factors (PTDF) that govern the 

flows on the individual lines.  For a given network topology we assume that the line capacity is 

                                                 
10 PTP forward obligations have been the primary financial instrument in practice, compared to PTP options 
and flowgate rights. PTP-FTR obligations can be either “balanced” or “unbalanced”. A perfect hedge is 
achieved through a balanced PTP-FTR, while an unbalanced PTP-FTR obligation can be seen as a forward 
sale of energy. See Hogan (2002b) 
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variable so that, at a cost, it can be changed between 0 and ∞. There may be a fixed cost at zero 

capacity.   

4.1 Example: Derivation of total costs and marginal costs 

We analyze grid expansion costs in the seven-bus network example in Hogan (2000, pp. 7-17), 

based on the conventional DC load approximation. Ten lines are connected as shown in figure 1, 

where each line is assumed to have the same impedance (to simplify the illustration). Figure 1 

shows the flows of 100 MWh/h from bus 1 to bus 7, and the implied table of distribution factors. 

Figure 2 illustrates a similar calculation for a transfer of 100 MWh/h from bus 3 to bus 7. What do 

costs look like for this example? Define: 

X = [qij] matrix of balanced point-to-point FTRs  

x = vector of net injections  

k = vector of line capacities 

fi(ki) = cost of building line i with capacity ki 

i = a vector of ones 

H=PTDF matrix 

-Hx=vector of line flows 

There are no losses.  The balanced FTRs ensure that total net injections are zero.  The cost 

function is defined by the minimum costs necessary to produce each level of output, subject to 

feasibility constraints and the relationship between net injections and output. Since FTRs are the 

outputs, we have  
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Figure 1 
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An assumption here is that the costs of lines are separate from each other. This simplification 

can be relaxed. We will argue below that this is not a specific issue of transmission but would be 

similar in any type of network, such as natural gas transportation or telecommunications networks. 

Based on Figures 1 and 2 we take H from Hogan (2000, p. 13): 
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Now, for a given network architecture of active nodes and lines (where we assume that only 

line capacities can be adjusted, but nodes, lines and impedances cannot be changed), H is given and 

thus the equation in (2) is unique and represents the minimum costs.11  

Assume, as in Hogan (2000, pp. 7-17) that only nodes 1 and 3 have generation facilities and 

only node 7 has consumers. Thus, the only valuable FTRs  are q17 and q37. This implies 
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Because a negative quantity is the same as a positive quantity in the other direction, it makes 

sense to assume that for total flow q in a positive direction on a line we have  fk(q) = fk(-q) = fk(|q|). 
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Since we have assumed that the line cost functions are independent of each other and therefore 

simply add up, we can derive most of the properties of the transmission grid cost function by 

looking at an individual line cost function. If f1(k1) were an affine linear function it would also be 

an affine linear function of all the qij. Thus, if fm(k) = am + bm⏐k⏐, then a segment of the piecewise 

cost function would be: 
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11 Thus, the optimal line capacity is a linear combination of the FTRs that we have postulated as outputs. The 
cost of line capacity will likely not exhibit constant returns to scale but rather have some setup costs for 
planning, etc. that are independent of scale so that there will be some scale economies. Scale economies can 
also be expected from the cost of land, poles and other items that increase less than proportionally with 
capacity (by the two-thirds rule). On the other hand, there will be physical limitations to line capacity that 
might lead to diseconomies of scale from some capacity onwards. As a result, the line cost function will be 
nonlinear and have both convex and concave parts.  
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Even if there are no fixed costs for lines, there can be interaction in costs between different 

FTRs. This holds, when the quantities of q17 and q37 change in such a way that a sign change occurs 

for 
17 37 17 37and/or .

2 16 6 48
q q q q−1 3 1 1−  For example, if only q37 increases in the neighbourhood of 

3717 162
qq = 31 the cost curve of line 2 first decreases to zero and then increases, while if both FTRs 

increase in proportion 
3717 162

qq
31 costs of line 2 stay flat at zero. Thus, counterflows can 

introduce nonlinearities in C(X) even if all fm(km) are linear. 

Interaction in costs becomes more widespread if line costs are nonlinear in km, because then 

there will be interactive terms between the qij. However, except if qij have negatively signed 

coefficients, these interactive terms will generally be quite similar to interactive terms in other 

multi-product cost functions. In particular, if fm(km) is in a range where economies of scale prevail, 

then economies of scale will prevail for individual qij and economies of scope will prevail between 

different qij’s. For example, for a line cost function of the form fm(km) = amk – bmk2 (in the range, 

where fm(..) > 0 and fm’ > 0) we get for line 1 2
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371723717237172 qqbqqaqqf −−−=  Thus, there is an interactive term for 

line 1 of the form 371716

3
qq− , which produces economies of scope, and for line 2 of the form 

371716

3
qq+ , which produces diseconomies of scope but cannot overcome the economies of scope 

from the squared terms. 

Similarly, diseconomies of scale are associated with diseconomies of scope, unless the sign of 

the relevant coefficient of H is negative. For example, in case of quadratic line cost functions of the 

form fm(km) = amk2 we get for line 1 2
3717137171 )
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Note that the positive signs in (3a) and (3b) only hold, as long as there are no counterflows on 

thos

ividual lines, they are monotonically increasing functions (in 

the 

5 Transmission demand functions 

The demand for transmission services is derived from the demand for electricity by loads and the 

e lines, while the negative signs in (3b) only holds if there are sufficient counterflows on lines 

2 and 3 (e.g., at zero net injections). 

Since the fi(.) are the costs of ind

positive range, and decreasing functions in the negative range). The marginal costs of FTRs are 

piecewise linear combinations of the marginal costs of all lines. The weights of these linear 

combinations are constant. As a result, marginal costs of FTRs should be well-behaved over some 

range.  

supply of electricity by generators (and possibly by supply and demand by intermediaries). In the 

simplest case of a single line with perfectly competitive generators at one node and competitively 

purchasing loads at the other node the demand for transmission is simply the vertical difference 

between demand by the loads and supply by the generators. However, the simplicity vanishes if 

there are multiple generation and consumption nodes (and imperfect competition). For example, 

transmission demand functions could exhibit discontinuities if one allows for all possible price 
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combinations. This is due to the fact that electricity is a homogeneous good so that consumers will 

move fully from one source (represented by a generation node) to another (represented by another 

generation node) if the second becomes cheaper than the first, including transmission fees. Thus, if 

one sufficiently reduces the transmission fees from the second node, keeping the transmission fees 

from the first node constant, one can always generate a discontinuity in the transmission demands 

from both nodes. Such discontinuities, however, need not bother the Transco, as long as the law of 

one price holds at all nodes. This means that transmission fees fulfill an arbitrage function so that 

electricity at each consumption node costs the same independent of the generation node it comes 

from; and each generation node receives the same for its electricity, independent of which 

consumption node it supplies. Nodal prices calculated ex post by an ISO could have the exact 

market-clearing property. 

How does the Transco get the demand information necessary to optimize investments in 

tran

transmission prices between locations, from i to j ( ), choose   

                                                

smission capacity? Since transmission demands are derived from the electricity demands at 

consumption nodes and the electricity supplies at the generation nodes, their calculation principally 

involves a simultaneous estimation of market equilibria in all electricity markets involved. This 

process can be simplified if generators and loads act perfectly competitively. The Transco would 

have to know the supply functions at the generation nodes and the demand functions at the 

consumption nodes. Assume there are L generation nodes indexed by subscript ‘l’ and M demand 

nodes indexed by subscript ‘m’. Also assume that, at each generation node, generators supply 

electricity competitively and, at each demand node, the ultimate buyers demand electricity 

competitively.12 The demand and supply functions are further all assumed to be independent of 

each other. The Transco knows these supply and demand functions. The Transco can now find the 

set of transmission demand functions for point-to-point transmissions by maximizing total surplus 

net of transmission charges. 

Given an arbitrary set of ( )ijτ τ=

 
12 Even though loads aggregate consumers, they remain price takers for electricity generation and 
transmission services. 
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Max                      

q m ) is the area under the suppl

comp

would be necessary to impose the network constraints in the dispatch framework.  In most markets 

 

ample from Hogan (2000, pp. 7-17), we are only interested in the 

 W({qlm}) = ΣmCSm(qm) - ΣlCl(ql) – ΣlΣmτlmqlm s.t. Σlqlm = qm and Σmqlm = ql                     (4) 

Here CSm( m) is consu er surplus for electricity at node m and Cl(ql y 

curve for electricity at node l. Maximizing w.r.t. all qlm gives lxm first order conditions of the form 

pm – pl = τlm (where pm and pl are the prices at nodes m and l, respectively) By substituting the 

electricity supply and demand functions for the p’s provides lxm equations in lxm unknowns that 

can normally be solved for the qlm’s as functions of the τlm’s.  This yields the vector net demand 

function ( )q τ . This formulation characterizes the demand curve, even though (4) would net be a 

practical utational method with arbitrary prices.  In order to obtain an equilibrium solution it 

this would be unrealistic.  In electricity, it is necessary and therefore common practice.   

 A solution of (4) could be obtained efficiently through the same method as the dispatch. 

Given the supply offers and demand bids, we would replace the fixed transmission prices with the 

characterization of the transmission constraints.  This would be of the form of the standard FTR 

auction.  The resulting differences in nodal prices would be the associated transmission prices. 

5.1 Examples 

Following the above ex

transmission demands for the LTFTRs q17 and q37 with q7 = q17 + q37.  

Example 1: Assume that the (inverse) electricity demand at node 7 is p7 = a – bq7 and that 

(inverse) electricity supply at node 1 is p  = c  + d q , and at node 3 p  = c  + d q q  1 1 1 17 3 3 3 37. We require 17

≥ 0 and q37 ≥ 0. We now want to maximize 

 +−−=
177

 +−
37

~

0

373733

~

0

171711

~

0

7737 )()
qqq

dqqdcdqqd17 ()(),( cdqbqaqqW                                   

373717173717737371717 )( qqqqqqq μμλττ −−−−−−−                             

After eliminating the term with λ by imposing the equa  

order conditions are 

                        (5) 

lity condition 7 17 37q q q= + , the first 
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∂
∂

q
L

μ
                            

Within the regions, where the non-negativity constraints are not binding, the first two f.o.c’s 

give us the two demand functions for FT 17 37

dem

                                                         (6c) 

Rs q  and q . Note that the two FTRs are substitutes in 

and. The demand functions are most easily expressed by differentiating between the ranges 

where quantities are all strictly positive, and where at least one of them is zero. 

In the range where q17 and q37 are both positive we get  

3717331313
17

)()( bdbbccdbcad
q

++−+−−
=

3131 ddbdbd ++
ττ

                                                          (7a)  

and 

3131

1737113131
37

)()(

ddbdbd

bdbbccdbcad
q

++
++−+−−

=
ττ

                                                           (7b) 

In the range of τ17 and τ37 where q37 ≤ 0 we have 

1

171
17

)(

db

ca
q

+
−−

=
τ

                                                                                                                (7c)  

while in the range where q17 ≤ 0 we have 

 
3

373
37

)(

db

ca
q

+
−−= τ

                                                                                                               (7d)  

Note that, except for the kink at the point where the demand for the other FTR becomes zero, 

these are very ordinary

sym

 linear demand functions. The parallel shift due to substitutability is 

metric. 

Example 2: Instead of the smoothly upward-sloping electricity supply function used above, 

electricity generation is often modeled with a stepwise rather than linear supply function. In order 
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to capture this feature we assume in a second example that node 1 has low-cost generation with a 

limited capacity 1q . In contrast, node 3 has high-cost generation with unlimited capacity. Thus, the 

inverse supply curve for node 1 is p1 = c1 for 110 qq ≤≤ , while for node 3 it is p3 = c3 for 

∞≤≤ . We further assume c  < c . These assumptions imply  



30 q 1 3

−−−=
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qq

17 )()()(),(
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 )()( 11717373717173717737371717 qqqqqqqqq −−−−−−−−− γμμλττ                              (8)  

 

fter eliminating the term with λ by imposing the equality condition, the first order conditions A

are 

017171737171
17∂q
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This implies the following inverse demand functions of the two FTRs 

37117 bqbqca −−−=τ                                                                                                      (10a) 17

1737337 bqbqca −−−=τ                                                                                                     (10b) 

for 1170 qq ≤≤  and .  

Note that in this case the direct demand functions have some discontinuities. The principal 

condition is that q17 and q37 can both be positive only if 

∞≤≤ 370 q

337117 cc +=+ ττ . If the r.h.s. is smaller 

than the l.h.s. only 17 he l.h.s. is smaller than the r.h.s. only q37 can be 

pos

q  can be positive and if t

itive. If the equality holds the size of both FTR’s is indeterminate except that q17 is constrained 
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and both have to add up to q7, which itself depends on the sum of marginal generation cost and 

transmission charge.  

To the extent that the inequality 337117 cc +<+ ττ 0
1 3717 =

∂
−=

∂ q
and

q
  holds, we get 

3717 ∂∂ ττ b

and, vice versa, for 337117 cc +>+ ττ  we get 37 17and 0
b

− =  

6 The regulatory model 

37 17

1q q

τ τ
∂ ∂=
∂ ∂

. Where the inequalities

hold the two cross derivatives are zero, while at the equality they are undefined (infinite). 

The regulatory model uses FTRs as the definition of output.  In principle, this simplifies the 

problem for the Transco, and provides a link to the merchant model by employing the critical 

6.1 The sequencing of moves 

In applying Vogelsang (2001) without FTRs the sequence of moves would be 

(1) A pre-existing network and point-to-point transmission prices that the Transco has charged up 

(3) The Transco collects information about generation supply and electricity demand at all 

(5) The Transco sets point-to-point transmission prices. 

output definition.  The regulator then sets a price index constraint using some set of weights.  In 

general the index would be adjusted to reflect productivity and inflation effects.  Here we simplify 

by assuming stable costs and demand conditions, and consider the repeated application of the 

incentive mechanism with a myopic Transco optimizing in each period. 

to the present are in place. 

(2) The regulator sets the regulatory pricing constraint. 

relevant geographical locations (or at each node). 

(4) The Transco invests in grid capacity. 
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(6) Generators and loads sign bilateral electricity contracts and buy point-to-point transmission 

ess supply could hurt the Transco but would not cause any feasibility problems. 

Excess demand could cause feasibility problems (although, together with excess supply for 

other point-to-point relationships the total sum might still be feasible). The Transco could 

then use non-price rationing and sell point-to-point transmission services to bilaterals on a 

first-come-first-serve basis. Regulators could impose penalties, giving the Transco incentives 

to price in such a way that excess demand does not occur (creating excess supply). 

and then calculates nodal prices. Loads (ex post) pay the ISO and generators receive payment 

in such a way that markets always clear. The Transco receives as congestion payments the 

difference between what loads pay and what generators receive. Fixed fees are then calculated 

from the regulatory constraint and are paid by the loads. In this case the Transco does not set 

prices but only makes available capacities.  

 

Under the FTR mechanism described above in the institutional setup of Section 2 the sequence 

would include some extra steps. Corresponding to (1)-(8) it would look: 

(1) 

rmation about generation supply and electricity demand at all 

services. 

(7) There can be excess supply or excess demand for transmission services on a point-to-point 

basis. Exc

(8) The Transco calculates the fixed fee from the regulatory constraint and charges it to the loads. 

Alternatively, moves (5)-(8) could be replaced by:  

(5a)  There is an ISO, who asks for (sequences of) bids from generators and loads at each node 

A pre-existing network and point-to-point transmission prices that the Transco has charged up 

to the present are in place. 

(2) The regulator sets the regulatory pricing constraint. 

(3) The Transco collects info

relevant geographical locations (or at each node). 
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(4) The Transco invests in grid capacity. 

(5) The Transco auctions off point-to-point FTRs, based on the available grid capacity. 

ces of) bids from generators and loads at each node and 

 bids and 

 makes available 

13

Assume a transmission network with several nodes, and an institutional structure of a Transco 

s in order to carry out transmission expansion projects.14 

                                                

(6) There is an ISO, who asks for (sequen

then calculates nodal prices. Loads (ex post) pay the ISO according to their last

generators receive payment of their last bids in such a way that markets always clear. The 

owners of FTRs receive as congestion payments the difference between what loads pay and 

what generators receive. Any excess congestion payments that cannot be allocated to an FTR 

(because less FTRs were sold than the point-to-point transmission available), go to the 

Transco. If FTRs are presented, for which there are no point-to-point “flows” to collect, 

congestion charges from the charges are paid by the Transco (could only happen if capacity is 

less than FTRs were sold, otherwise the congestion charge would be zero.).  

(7) Fixed fees are then calculated from the regulatory constraint, based on congestion charges, 

and are paid by the loads. In this case the Transco does not set prices but only

capacities.   

6.2 A More General Framework 

(combined with an ISO) that sells LTFTR

These projects possibly involve large and lumpy meshed networks. LTFTRs are assumed to be 

point-to-point balanced financial transmission right obligations. There are various established 

 
13 We assume (as in equation 12 below) that the fixed fees go to the Transco. That means the auction only 
yields revenues based on the expected congestion charges. We also assume that the grid investment is 
common knowledge, and that the participants in the auction are well informed about electricity demands and 
generation supplies. Likewise, the auction prices are the prices in the Transco’s optimization problem in 
equation 12 below. 
14 We abstract from the other markets such as the market for bilateral contracts, and the market for capacity 
reserves. 
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agents (generators, Gridcos, marketers, etc.) interested in the transmission grid expansion that do 

not have market power in their respective markets or in “adjacent” markets.15 

There is a sequence of auctions at each period t where participants buy and sell LTFTRs16 (and 

therefore possibly reconfigure the existing FTR allocations), culminating in a real time auction at 

which time all FTRs are cashed out. We assume that no valuable FTRs remain unallocated at each 

t.17 The Transco seeks to maximize expected profits at each auction subject to simultaneous 

feasibility constraints, and a two-part tariff cap constraint.18. We use regulation of the Transco’s 

price structure to promote adequate signals for efficient expansion. The Transco carries out a long-

run intertemporal maximization that also considers recovery of fixed costs. The transmission 

outputs are the incremental LTFTRs between consecutive periods. 

Suppose we define the problem using the least cost solution for the network configuration that 

meets a given demand. Over the domain, where , let 0tqι =

( ) ( ){ }* 1 1 1 1

,
, , , , ,

t t

t t t t t t t t

K H
c q K H Min c K K H H H q K− − − −

∈Κ ∈Η
= .≤

                                                

                                              (11) 

where: 

 
15 Joskow and Tirole (2000) analyze the welfare implications of market power in the markets of financial and 
physical transmission rights. 
16 LTFTRs are sold in each auction for the total length of the periods. 
17 This assumption eliminates the need for proxy awards. Note however that there are always unallocated 
FTRs (e.g. due to change in flows) but not all of them are “valuable”. Hogan (2002a) and Kristiansen and 
Rosellón (2006) assume unallocated capacity and FTRs that permit the ISO to handle negative externalities 
due to an expansion project through proxy awards. 
18 For a joint energy and transmission rights auction, and assuming a fixed transfer matrix, O´Neill et al 
(2002) show that revenue adequacy is met whenever capacity does not decrease over periods. The 
simultaneous feasibility constraints guarantee that all payments required under the LTFTR obligations are 
met whenever capacity in period t+1 (Kt+1) is greater than capacity at period t (Kt).  
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qt = the net injections in period t  (FTRs are derived from : t t
j

j

qτ = ; )
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Kt = available transmission capacity in period t 

Ht = transfer admittance matrix at period t 

tι  = a vector of ones 

Here,   is the cost of going from one configuration to the next.  The cost 

level can also be affected by a change in flows only, even when there is no line capacity expansion 

(note that this is not likely to depend only on the difference in the configuration; e.g., there are 

economies of scale and scope). At each time t, when expansion takes place matrix H will be 

affected due to possible changes in the geometry of the network including changes in 

impedances.

( 1, , ,t t t tc K K H H− )1−

21   

)

                                                

20  Here the output is still defined in terms of incremental FTRs.

For a load-flow model for real power (DC load approximation), the Transco’s profit 

maximization problem is given by:  

                                                        (12) ( ) ( )( 11*1

,
,,)( −−− −+−= tttttttt

Ft

t HKqcNFqqMax
tt

τττπ

subject to 

ttwtttwt NFQNFQ 11 −− +≤+ ττ                                                                             (13) 

 

t

19 'q' refers to net injections of the form qi, while the FTRs are of the form qij. The FTRs form a matrix Q = 
[qij] so that the vector of net injections is q = Qe, where e is a unit vector. Since we are assuming that FTRs 
are point-to/point obligations, we can indistinctively use net injections or FTRs as output (see Hogan, 2002b). 
20 As in O´Neill et al (2002), the constraint on H could alternatively be defined under the assumption of a 

fixed network topology (e.g., t t t t tZ zH q KqH ∀≤≡ ,)(),( ). We chose now the more general approach 

of allowing changes in the geometry of the network due to an expansion project. 
21 See Gribik et al. (2004) for a discussion of separate rights associated with impedances and prices for 
impedances as in O’Neill et al. (2005).   
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where: 

τ t = vector of transmission prices between locations in period t  

Ft = fixed fee in period t 

Nt = number of consumers in period t 

Qw=(qt – qt-1)w 

w = type of weight. 

Equation (12) provides the profit function of a Transco that auctions LTFTRs at each period t. 

Incomes of the Transco are variable ( : income from LTFTRs) and fixed (FtNt: 

income from fixed charges to consumers). The cost c of going from one configuration to the next in 

(1) depends on FTRs, capacity K, and the transfer admittance matrix H.  

))(( 1−− ttt qq ττ

As in Vogelsang (2001), the proposed price cap index (13) is defined on two-part tariffs: a 

variable fee  and a fixed fee F. However, the output is now incremental LTFTRs. The weighted 

number of consumers Nt is assumed to be determined exogenously. Note that period (t-1) basically 

provides prices, quantities and costs that are needed for regulation in the next period. 

tτ

 If the demand and optimized cost functions are differentiable, 22 the first order optimality 

conditions are: 

                                                                               (14) ))(()( 1* −−−=∇−∇ tw
q qqQcq ττ

The analysis of Vogelsang (2001) points to this key relationship in analyzing the incentive 

properties of the regulatory price cap constraints.  In the case of transmission expansion, the 

                                                 

( )( )* 1 1, ,t t tc q K Hτ − −

( ) 0tqι τ =

( )( )* 1 1, ,t t tc q K Hτ − − < ∞

( )( )* 1 1, ,t t tc q K Hτ − −

Hq K=

( )( )* 1 1, ,t t tK Hτ − −

22 The demand function is probably well behaved. The properties of remain an open 

question. Note, that by construction we always have . It is reasonable to assume 

, so there is always a solution. It should be also true that 

 is piecewise partially differentiable in q almost everywhere. In general, it is not 

likely that .  There are many contingency constraints in security constrained dispatch.  In addition, 

the feasible sets of topologies, impedances and capacities is not convex, and the cost function itself is not 

likely to be convex. Hence the optimized cost function c q  could be very complicated. 
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demand and cost functions are only piecewise differentiable, and in general they are not separable.  

However the local properties might in many circumstances be those of well-behaved functions, and 

this can give some insight about the direction of the incentive effects  

6.2.1 Example 

Consider again the example in Hogan (2000, pp. 7-17), we reformulate (12) through (13) as: 

        (12a) ),),(())(())(( 11*1
373737
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Assuming that the constraint is binding, equation (13a) can be substituted into term of 

the objective function. The maximization problem then turns into: 

tt NF
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The two first-order conditions of (15) lead to: 

 
* *

117 37
17 37 17 17 17

17 17 37 17

( ) ( )
t t

t t w t
t t t t

q qc c
Q q q

q q
τ τ

τ τ
−∂ ∂∂ ∂− + − = − +

∂ ∂ ∂ ∂
t                                                       (16a) 

and 

* *
137 17

37 17 37 37 37
37 37 17 37

( ) ( )
t t

t t w t
t t t t

q qc c
Q q q

q q
τ τ

τ τ
−∂ ∂∂ ∂− + − = − +

∂ ∂ ∂ ∂
t                                                      (16b) 

Note that we need to allow for expansion and contraction in order to keep the FTRs on the cost 

function. All costs would then be instantaneous costs. We will initially consider two types of 

weights: chained Laspeyres weights (w = t-1) and idealized weights (w = *). As discussed above, 

Laspeyres weights are easily calculated and have shown nice economic properties under stable cost 

and demand conditions (see Ramírez and Rosellón, 2002). Idealized weights correspond to 

perfectly predicted quantities and posses strong efficiency properties (Laffont and Tirole, 1996). 
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6.2.1.1 Case one: Idealized weights 

If we use idealized weights with and  then we get 1
17

*
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These two necessary are satisfied for prices to equal marginal costs. Under the regulatory constraint 

and a unique solution, idealized weights are sufficient for transmission nodal prices to equal 

marginal costs whenever 
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This does not appear to be a very restrictive condition.23 

6.2.1.2 Case two: Last period’s quantities as weights 

If we use last period’s weights with and , the first order 

conditions imply 
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Note that the right hand side of equations 18a and 18b represents the negative of the growth 

rates of the incremental FTRs. Given the assumption of stationary cost and demand functions 

positive growth in period t is associated with a reduction in price, while negative growth can also 

be associated with a reduction in price as long as qt - qt-1 > 0. We first consider the conditions for a 
 

( )det 0q∇ ≠23 With invertible demand, , 
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positive growth rate. Assume that the cross-derivatives have the same sign. In fact, we would 

normally assume that they are equal to each other so that the integrability conditions hold. This 

would be true in the absence of income effects. Now, if they are complements and if prices are 

above marginal costs the current transmission quantities will exceed last period’s quantities, which 

means that prices have been lowered. If, as in the examples above, the two services are substitutes 

we are only sure to get this effect if the cross effects are smaller than the direct effects. If prices are 

below marginal costs we get the opposite results. So, we get a closer approximation of prices to 

marginal costs unless cross effects are too large. 

Now consider the case of a negative growth rate but still a positive incremental FTR in period 

t. This would hold if 
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Since last period’s incremental FTRs are nonnegative, the conditions for prices to fall are 

actually weaker than those expressed in the previous paragraph; and they are weaker the larger last 

period’s incremental FTRs are. 

In summary, the two cases show that the process is likely to do well with idealized 

weights under fairly general conditions while this is not assured under Laspeyres weights 

7 Merchant Transmission 

The use of FTRs as the output definition links the regulatory model to the basics of merchant 

transmission investment.  In effect merchant investment is like the regulated investment without the 

guarantee of the fixed charge or price index constraint. 
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7.1 Open Entry 

A conceptual step further away from Vogelsang (2001) would be a merchant transmission 

approach based on the same basic regulatory constraint. It would start with an existing grid that 

could be owned by a Transco and add a free-entry feature for grid extensions (including deepening 

investments). Any additional grid capacity added would be entitled to revenues from FTRs on 

additional point-to-point transmissions made possible by this capacity expansion.24  One problem is 

to calculate the additional outputs attributable to new generations of capacity. This is, however, a 

standard problem of the merchant transmission approach. In contrast, the current approach is 

compatible with economies of scale and scope that would be typical for transmission. There 

remains the issue of loop flow if that leads to diseconomies of scope. Under this mechanism, a 

merchant would have an incentive to invest if the congestion revenue to be expected from the 

additional capacity exceeds its cost or if average congestion revenue exceeds average cost of the 

new capacity. If there are no economies of scale for the new capacity one would get to the optimal 

capacity in a single step, whereas the pure Transco approach would only get there half way.  

Joskow and Tirole (2005) critique proposed merchant investment schemes for transmission 

grids to a set of criticisms. An issue of particular importance is that of lumpiness or economies of 

scale. Joskow and Tirole show that merchant investment based on nodal pricing as the investment 

reward could not hope to recover optimal lumpy investment because the nodal prices would fall, as 

a result of the investment and therefore marginal prices could not cover average cost of such 

investment. By using a two-part tariff scheme the above merchant investment approach could, in 

principle, do better than simple linear nodal pricing. 

7.2 Irreversible investments 

If we assume irreversible investments in the sense of pure sunk costs of line capacities (with 

infinite lives), capacities would only be expanded, not contracted. Thus, some transmission demand 

                                                 
24 This requires duplicate calculations of all nodal prices, both with and without that additional capacity. 
Alternatively, flowgate rights could be calculated with the same information. 
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would have to grow in order to induce a change in capacities. This could relate to changes in 

generation supply (e.g., retirement of a generation plant or reduced generation costs at all plants) or 

increased electricity demands. If we assume a system that is currently optimized and there is an 

exogenous shock we would likely require some line expansion, while the resulting system would 

not be optimal compared to one that was originally designed for the new transmission demand. The 

cost of expansion would definitely be positive. We could also look at fluctuating transmission 

demands and capacities that can only be adjusted upwards and only over longer periods. The 

question then would be what the optimal capacity is for coping with peak problems, while 

optimizing capacity utilization the rest of the time. 

8 Conclusion 

In this paper we address regulatory approaches to electricity transmission expansion in a manner 

that is compatible with merchant investment in the context of  price-taking generators and loads. 

The regulatory model is an extension of Vogelsang (2001) for meshed projects. Transmission 

output is defined in terms of incremental LTFTRs for lumpy and large transmission projects. With 

idealized weights, as well as under Laspeyres weights, we are able to identify the conditions for 

marginal cost pricing. This is a step in a research agenda. Principle questions include how to 

practically characterize the piecewise cost functions, incorporate changes in topology and how to 

address the global rather than local optimality properties of the incentives. 
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