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Abstract

In coming years, electric transmission networks will likely be expanded at an unprecedented rate to accom-

modate growth in renewables, while a significant fraction of aging infrastructure will also be replaced. Plans

have already been developed to build a large amount of new transmission in Texas. However, these plans

were developed without formal electric transmission network optimization methods, and the intention is to

socialize the cost of transmission expansion. In addition to the need to adopt formal optimization methods,

there is a pressing need to better relate drivers of transmission expansion to charging of beneficiaries. In this

paper, we use a dual of the integer optimization problem of expanding transmission in order to set prices

that “cover” as much of the total expansion cost as possible using linear prices. The remaining cost, due to

the duality gap, could be socialized. This approach would explicitly price a much larger fraction of the total

costs than current approaches, which often default to socialization, improving incentives for location of new

generation and incremental demand. Basic theory and several small examples will be developed.

Key words: Transmission expansion, cost allocation. JEL Classification codes: D92, H54, L52, L94.

1. Introduction

Electric transmission planning and cost allocation remain problematic issues in the electricity industry [7,

49]. In the context of transmission planning, there have been many decision-support tools and formulations

of “optimal” electricity transmission expansion planning. However, as pointed out in [105], in practice

“electricity regulators engage in transmission expansion planning without a theory-based planning tool,”

and then proceed to allocate the costs of the resulting transmission. For example, the Federal Energy

Regulatory Commission (FERC) has recently promulgated Order 1000 [122], updating earlier orders on cost

allocation and encouraging efficient planning [122, ¶11 and ¶586], but without an underpinning theory of

systematic planning to evaluate efficiency or to support that cost allocation.

Building on existing literature, we postulate the existence and use of a transmission expansion plan-

ning methodology that seeks to maximize the benefits minus the costs of transmission expansion [7]. The

transmission is planned for completion at some future date or over some future time horizon, with require-

ments for that transmission typically derived in part from a forecast of future “economic and demographic
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variables” [52, §2] and from future generation plans. We seek prices that provide a unified approach to

allocating the cost of that transmission capacity that is consistent with the issues driving the need for the

transmission expansion, whether those issues are related to “reliability requirements” for delivery of power to

load, “policy upgrades” for integrating renewables, “economic upgrades” with an explicit willingness-to-pay

for transmission services, or a combination of these or other needs for transmission expansion. Our goal is

to avoid socializing costs where this can be avoided.

In return for paying for this capacity, market participants receive property rights. Our primary focus

will be electricity systems having centralized energy markets and locational marginal prices. In this context,

the natural property rights are financial transmission rights (FTRs), which are claims to congestion rent in

the energy market. For example, an “obligation” FTR between “injection” and “withdrawal” buses provides

a claim to the difference between the locational price at the withdrawal bus minus the locational price at the

injection bus, multiplied by the quantity associated with the FTR [55, 53]. Because of “reliability” mandates,

lumpiness, and economies of scale, some—perhaps most—expansions will cost more than the value in the

energy market of the FTRs produced [91]. Consequently, although we will avoid broad socialization wherever

possible, there will still be a need to compel specific market participants to purchase at least some of the

FTRs.

We do not directly treat the incentives faced by transmission planners to plan efficient augmentation of

the network nor the incentives to builders to minimize construction costs. These issues are significant, and,

for example, [42, 126, 127, 54] treat incentive mechanisms; however, these incentives are beyond the scope

of this paper. Instead, our focus is on developing a unified approach to allocating the cost of transmission

expansion whether that expansion is mandated due to “reliability” or “policy” criteria or is on the basis

of an explicit willingness-to-pay in an auction process. Implicit in this assumption is some mechanism,

possibly analogous to those described in [42, 126, 127, 54], that provides the incentives for a transmission

planner to engage in optimal planning using data derived from efficient transmission construction practices in

order to either minimize the costs of transmission expansion or optimally trade-off the costs of transmission

expansion against the benefits, and also implicit is some mechanism, such as an auction [106, §II.B], to

provide incentives for efficient construction of that plan.

The issue of transmission expansion has assumed greater importance in recent years, motivating this pa-

per. For example, in Europe, North America, and Australia, there is now significant transmission expansion

being contemplated or built [122, ¶2, ¶17, ¶29], after long periods of relatively little electric transmission

system expansion, and a significant amount of existing transmission infrastructure is reaching or is beyond its

service life. Furthermore, the great increase in expectations for integration of renewable resources throughout

the world is prompting plans for significant transmission expansion [13, 118, 82, 120]. Even in countries, such

as Spain, that have so far integrated considerable wind generation resources without the need for significant

transmission expansion, further expansion of renewable capacity is likely to involve transmission expansion.

Increased transmission capacity may involve a combination of development of new transmission corri-

3



dors together with upgrades on existing corridors, potentially using recently developed conductors or other

technologies [11][35, appendix D]. Some of the upgrades will typically address voltage or transient stability

issues; however, the primary focus of this paper is on building transmission to satisfy so-called !−1 thermal

contingency limits under the explicit assumption, articulated in [62], that the total transmission expansion

costs are primarily driven by the need to satisfy thermal contingency limits. This focus is consistent with

the typical ordering of economic significance of these issues. However, as observed in [72, section 7.2][17],

it is important to recognize that resolution of these other issues may require considerable further analysis

and additional transmission upgrades, even if these additional transmission upgrades ultimately form only

a relatively small fraction of the total upgrade costs.

The analysis to satisfy the constraints besides the thermal contingency limits and the additional costs

of equipment or upgrades to satisfy these constraints will not be explicitly treated in this paper. Despite

our general desire to avoid socialization, we argue that these additional costs should be socialized to load or

load serving entities under the assumptions that:

∙ under North American Reliability Corporation standards, many of these constraints are articulated

around deliverability of power to load during extreme, stressed operating conditions involving multiple

outages, and

∙ the additional costs are relatively small compared to the costs of building transmission to satisfy the

thermal contingency limits.

Even putting aside these additional costs, the pricing of transmission system augmentation is complicated

by the lumpiness of transmission expansion. Our approach to this issue will be to follow the work of Gribik,

Hogan, Madrigal, Ring, and others that seeks linear prices that minimize the energy “uplift” in operation

of an electricity market [50, 58, 74, 98]. We will take an analogous approach by defining a suitable dual

problem to the transmission expansion problem that results in the minimum remaining costs of transmission

expansion that are not explicitly priced. As with the costs of satisfying constraints other than the thermal

contingency constraints, we will argue for socialization, or “uplift,” of these remaining costs.

Our approach to transmission prices contrasts with that of, for example, [91, 108, 126, 127, 54, 104,

57, 105] that consider a two-part tariff consisting of, for example, a term reflecting congestion rent plus a

“complementary charge” that recovers the rest of the capital costs. Instead, we explicitly seek to cover as

much of the cost of transmission as possible with a “single-part” tariff and minimize the complementary

charge. In doing so, the resulting single-part prices for new transmission may exceed the value of the FTRs

created by that new transmission [60], necessitating compulsion in the payment for those rights. This will

be the case for what we will define as “reliability” and “policy upgrades.” Nevertheless, we hope that there

are cases where prices that reflect transmission construction costs will be comparable to the payoffs from the

FTRs, allowing for voluntary “economic upgrades.”

In jurisdictions such as ERCOT, transmission expansion costs are effectively all socialized. Although
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there would still be some socialization of costs under the approach described in this paper, the level of

socialization would be, by design, minimized. It will turn out that the key to allocation of costs is an opti-

mization framework for transmission expansion. Even if systematic transmission expansion approaches only

yield modest cost savings compared to ad hoc approaches to transmission planning, systematic optimization

approaches allow for systematic, consistent pricing of transmission that minimizes socialization.

Our focus will be on transmission expansion. However, in the spirit of [85], it may be possible to

include both generation and transmission expansion in the same framework. Moreover, the interaction of

generation and transmission expansion would be better captured if they are both represented in a single

framework and we believe that such a generalization is also possible. Our default assumption is that the

transmission itself is built by a regulated entity; however, “merchant” transmission may also be possible in

this context [67, 54, 71, 60].

Finally, we acknowledge that one of the thorniest issues in transmission expansion is the siting of new

lines, particularly lines that cross jurisdictional boundaries such as state and country borders [112, 14, 15].

We do not treat this issue. Moreover, we do not treat the interaction between planning authorities in different

regions.

The organization of the rest of this paper is as follows. Section 2 provides further context and a literature

survey on various aspects of transmission and generation planning, property rights, and cost allocation.

Section 3 then formulates the transmission expansion and cost allocation problem. Section 4 applies the

formulation to several small examples. Section 5 concludes.

2. Context and literature survey

In this section, we provide context for the formulation and a literature survey, discussing: expansion

planning in Section 2.1, transmission construction costs in Section 2.2, a taxonomy of transmission expansion

in Section 2.3, regulatory institutions in Section 2.4, property rights in Section 2.5, uplift in electricity markets

in Section 2.6, and finally summarize the interaction of upgrades, property rights, and cost allocation in

Section 2.7.

2.1. Expansion planning

2.1.1. Generation

Although the main focus of this paper is on transmission expansion, we will very briefly review generation

expansion in this section (and complement the discussion with a review of joint transmission and generation

expansion in section 2.1.3.) Generation expansion planning has been explored in both the academic literature

and also implemented in commercial tools.

A typical formulation considers the amount of generation capacity to be built for some future year,

assuming a possibly uncertain forecast of electrical demand [28]. Some approaches, such as the “screening

curve,” model generation capacity with a continuous variable [63, 96]. Similarly, linear programming has
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been applied to generation expansion planning [114]. However, because there are both discrete decisions—

including the choice to build or not build a generator—and also continuous decisions—such as the dispatch

of the system—generation expansion is most naturally formulated as a mixed integer problem [28, 52].

Various models have incorporated integer variables and used approaches such as Benders decomposition [44]

to decompose the problem for computational tractability [46, 47]. Because the generation sector may be

imperfectly competitive in restructured electricity markets, the generation expansion literature also includes

models of strategic interaction [78].

There are also a number of commercial implementations of generation expansion planning techniques

that use formal optimization techniques. A review of several of these commercial models appears in [39].

2.1.2. Transmission

As mentioned in Section 1, various formulations for optimizing transmission expansion have appeared

in the literature [68]. Three of the earliest decision-support tools are [64, 31, 90], while one of the earliest

approaches to systematic transmission optimization appears in [125, 124], which formulated the transmission

expansion problem as a linear and as a linear mixed integer program. Subsequently, various optimization

approaches have been described in the literature with the goal of performing systematic transmission ex-

pansion, aiming to either expand the transmission system to meet requirements at least cost, or expand the

transmission system to minimize the cost of expansion minus the benefits of that expansion, or achieve a

related criterion assuming a typically increasing electrical demand forecast over a time horizon [52, 68].1

Similarly to generation expansion planning, because there are both discrete decisions–including the

choice to build or not build a line–and continuous decisions–such as the dispatch of the system–transmission

expansion is also most naturally formulated as a mixed integer problem. Furthermore, although operational

decisions in electricity systems in general involve non-linearities and discrete decisions and some formulations

have incorporated non-linearities [129, 109, 24, 16, 17], it is typical and natural to approximate future oper-

ational decisions in a planning context using either or both linearization and continuous relaxations [52, §4].

Linearization of the power flow equations results in the “DC power flow approximation” [128, section 4.1.4],

although some transmission planning formulations simplify even further to transportation models [103]. In

a model with integer transmission expansion variables and the DC power flow approximation, there is still a

non-linear interaction between the continuous and discrete variables; however, this can be treated using “big

"” approach, which results in a mixed integer linear programming formulation [46, §4.8.4][47, 113, 125, 34, 1].

Consequently, mixed integer linear programming approaches have been used for transmission expansion

planning, as in [125, 45, 46, 47, 110, 5, 1, 29, 24], typically with the transmission expansion modeled by

1References [54, 104, 105] consider incentives to transmission companies to expand transmission towards optimality, given

a fixed level of electrical demand. Although this is an interesting special case, our focus is on the more general situation

where transmission expansion is contemplated to allow for increased demand or for increased supply of, for example, renewable

resources.

6



discrete variables, with all other decisions modeled by continuous variables, and with the objective and all

constraints approximated as linear or affine. As with generation expansion, Benders decomposition [44] is

a natural approach to transmission expansion planning problems since if the “higher” level discrete expan-

sion decisions are fixed then the remaining “lower” level linearized and continuous approximation to the

operations problem is convex. If load shedding is modeled with an explicit “value of lost load” then the

operations problem is always feasible, so only “optimality” cuts need be represented into the “higher” level

problem [88, 46, 47, 89, 101, 102, 19, 43, 95]. Nevertheless, the computational complexity of mixed inte-

ger linear programming, even with decomposition approaches, has prompted various tailored and heuristic

approaches including:

∙ genetic algorithms [107, 40, 59];

∙ simulated annealing [100, 41];

∙ greedy algorithms [18, 37];

∙ the use of sensitivities [76, 69]; and

∙ local search [69, 109, 80, 17].

More recently, the availability of greatly increased computing power and more capable mixed integer

linear programming software has enabled larger scale problems to be solved directly, including fuller consid-

eration of issues such as:

∙ uncertainty of future scenarios [28, 30, 38, 20, 95], including uncertainty in growth of wind generation

capacity or exogenous issues such as carbon policy [123],

∙ optionality [116, 123],

∙ uncertainty and variability of wind production and demand [116, 87], and

∙ strategic interaction in transmission expansion [26, 27].

However, computational complexity remains a significant issue for practical solution of large-scale problems

and there do not appear to be any commercial models available to perform large-scale transmission expansion

planning [39]. The published models typically focus on building transmission to meet static requirements in

an assumed future “test year,” without consideration of the dynamics of expansion over successive years [107].

Moreover, many of the various issues that must be considered in detailed transmission planning, including

thermal contingency constraints on transmission, contingency constraints on generation, deliverability to load

under extreme conditions, and multiple outages, are typically omitted from these formulations. Amongst

these issues, thermal contingency constraints on transmission are necessary, at least, to represent operational

practice under normal conditions and likely drive much of the economically significant decisions [62]. Our

formulation will be capable of representing thermal contingency constraints and we will illustrate this with

one of the examples in Section 4.

7



2.1.3. Transmission and Generation

Transmission expansion interacts with generation expansion in that new transmission can enable de-

velopment of locationally restricted resources, such as renewable resources [13, 118, 120]. Some planning

formulations have considered joint generation and transmission expansion [89, 107, 77]. In the context of

restructured electricity markets, there is typically a separation of the transmission planning role from that of

planning and investment in generation, increasing the uncertainties and decreasing the coordination between

generation and transmission planning [119, 99], and as discussed in Section 2.1.1, the generation sector is

typically imperfectly competitive. Consequently, much of the recent work in joint generation and transmis-

sion expansion has considered the strategic interaction between imperfectly competing generation investors

and the planning of the transmission system [111, 112, 78, 94, 93]. A typical formulation has three levels,

with transmission planning at the “highest” level, generation planning at the “middle level,” and clearing of

the energy market and operations at the “lowest level.” Various approaches include simplifying assumptions

about strategic interaction at one or other of the levels, such as assuming that the energy market is compet-

itive [94, 94], and simplifying the representation of the transmission constraints, such as ignoring thermal

contingency constraints.

2.1.4. Planning in practice

The literature formulating systematic approaches to transmission expansion dates to the 1980s. However,

for various reasons, relatively little new transmission construction took place in industrialized countries in

the 1980s and 1990s. Occasional, sporadic construction of new lines involved relatively few alternatives, and

the detailed focus on the specific driver for an expansion meant that only a handful of related alternative

construction plans were compared at any given time [10]. Since expansion was sporadic, most planning was

on a line by line basis, although a given expansion might include multiple smaller upgrades of existing lines

and associated equipment in addition to the construction of a new line.

Moreover, in the United States, the jurisdictional split between the FERC and state public utility

commissions has resulted in even less new inter-state transmission than intra-state transmission [14, 15].

Particularly in the context of electricity restructuring since the 1990s, most new capital formation in the

electricity industry has been in the generation sector rather than in the transmission and distribution sectors.

Demand growth, the need to replace aging infrastructure, and the desire to integrate remote renewable

resources, has significantly changed this situation beginning at around the turn of the century and accelerat-

ing recently, both in the United States and internationally [57]. For example, in California, transmission is

being expanded to access potential wind resources in the Tehachapi area [35, page 29]. As another example,

in the Electric Reliability Council of Texas (ERCOT), a major transmission expansion has begun in order to

support integration of multiple renewable energy resources in the ERCOT “Competitive Renewable Energy

Zones” (CREZ). The CREZ are generally remote from demand centers so that there are many possible

transmission corridor choices.
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Similarly, in South America, expansion of non-hydro renewables has also increased the pace of transmis-

sion expansion recently [106]. In the case of Brazil, systematic optimization approaches have been applied

to transmission expansion [106, §II.B]. Systematic approaches have also been used in Spain [69, §1].

However, it appears that relatively little new transmission has been planned in the United States

using systematic optimization approaches, despite the several formulations developed over the last two

decades [79, 62]. For example, the “Transmission Economic Assessment Methodology” (TEAM) developed

in California includes modeling of interactions between transmission expansion and generation alternatives,

including strategic behavior [22, chapter 4][4]. It has an explicit framework that considers the benefits of

transmission. However, the TEAM methodology does not apparently involve systematic optimization over

multiple transmission line expansion alternatives.

As another example, although several major alternative plans were compared in the CREZ transmission

optimization study performed by the ERCOT Independent System Operator (ISO) with input from various

parties [118, section II.b], there appears to have been little or no systematic optimization of the choice

of the various detailed transmission elements in the overall plan beyond a trial and error process [118,

page 12]. Nevertheless, the study produced a plan that satisfied the general requirements of deliverability of

wind, involving both initial consideration of the thermal contingency constraints and a subsequent detailed

modeling process that incorporated additional issues, such as voltage and other constraints [72, section 7.2].

As part of the increased pace of transmission construction, there is also a move towards consideration of

multiple coordinated goals in the planning of transmission expansion. For example, the CREZ transmission

study considered accessing multiple regions in West Texas. As another example, the Southwest Power Pool

“balanced portfolio” approach advocates baskets of projects [115]. Given the move to consideration of multi-

ple goals, the concomitant need to consider various possible lines, and the value of also considering multiple

smaller upgrades, current planning practice would benefit from the application of systematic optimization

techniques.

2.1.5. Summary

Despite the lack of adoption of systematic large-scale optimization approaches in practice by transmis-

sion planners, the history of formulations and the recent computational advances in integer programming

suggest that systematic optimization techniques can potentially be applied successfully to solve realistic op-

timal transmission expansion problems, with at least a representation of thermal contingency constraints on

transmission. The need to plan for transmission expansion to satisfy multiple goals, such as deliverability

from multiple renewable resources, suggests that systematic approaches may have considerable benefit com-

pared to ad hoc planning, particularly where a large number of potential transmission paths exist such as in

the case of the ERCOT CREZ transmission expansion.

We will assume that systematic tools are available to perform transmission planning considering, at

least, thermal contingency constraints, but recognize that this is not an innocuous assumption and that

issues such as uncertainties in cost estimates and additional constraints can also complicate the planning
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process. This issue is discussed further in the next section and in Section 3.7. We assume that an independent

entity such as an ISO or Regional Transmission Organization (RTO) performs the transmission planning, but

recognize that this will typically also involve input from market participants. The availability of a systematic

transmission planning tool will be key to cost allocation.2

2.2. Transmission construction costs

2.2.1. Economies of scale and lumpiness of new construction

Transmission services are provided at particular nominal voltage levels. The thermal capacity of the line

depends on the product of its voltage level and its current rating. The thermal capacity of lines increases

faster than linearly with voltage level because higher voltage lines typically also have higher current ratings,

whereas land acquisition and construction costs can increase more slowly. Furthermore, double- or multiple-

circuit construction, where two or more transmission lines share towers and “right-of-way,” is generally

cheaper per unit capacity than single-circuit construction. Consequently, there are economies of scale in the

construction of transmission elements [8, 32, 33]. To take advantage of such economies of scale, typical line

additions are in relatively large “lumps” that are often as large or larger than the capacity of large generators

(1000 MW) and typically much larger than the capacity of wind turbines (2 MW) and of typical wind farms

(100 MW).

2.2.2. Other upgrades

Besides construction of new lines to upgrade capacity, there may be opportunities to upgrade the capacity

of specific elements or add new elements to enable an increase in transmission capacity. These upgrades typi-

cally enable better use of thermal transmission capacity, allowing operation closer to the thermal contingency

limits. Examples of such upgrades include conventional approaches such as reactive compensation [48, 75] as

well as more exotic approaches such as “line tensioning devices” [11][35, appendix D]. In some cases, upgrad-

ing a circuit breaker can provide for operation of an existing transmission line at a higher thermal rating. We

assume that consideration of such upgrades is integrated into the systematic transmission planning process.

2.2.3. Estimates

An essential aspect of systematic transmission expansion planning is the estimation of transmission

construction costs, including issues such as land acquisition costs, transmission line construction costs, sub-

station and equipment costs, and the costs of other upgrades. Recent experience in ERCOT, for example,

indicates that estimates of transmission construction costs made before construction begins can be subject

to considerable error. The ERCOT CREZ transmission optimization study used detailed equipment cost

estimates that did not consider regional variations in land acquisition costs [118, §I.D and table 3]. As

2In some cases, a simplified model of transmission planning might be adequate as a basis for the proposed pricing model.

For example, the “Transmission Network Use of Services” charge in the United Kingdom is based on a simplified transmission

planning model that only considers additions along existing corridors and assumes that transmission is not lumpy [65].
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discussed in [97], these “very preliminary cost estimates” for transmission were around $4.9 billion in 2008

dollars [97, §2.2]. However, the mid-2011 estimate of the project costs had risen to around $6.8 billion [97],

indicating that the preliminary costs considerably underestimated the actual costs in nominal terms and

also in real terms. Reasons for the underestimate include assumptions about availability of shortest path

rights-of-way between the ends of lines that will actually be constructed as longer lines because of siting

difficulties.

Many of the underestimation errors in the CREZ estimates are in principle avoidable, given the large

existing amount of data on costs of transmission as embodied in publicly available data, such as FERC form 1

data in the United States [33]. Although there is considerable regional variability in transmission costs and

between rural and urban construction, and many specific issues that can affect costs, it seems reasonable that

historical costs could be used as a guide to future construction costs, particularly if appropriate construction

contingency allowances are included to avoid systematic biases in estimates, and if historical data is used

to estimate the ratio of the length of built lines to the distance between the ends of lines. Similar data has

been used effectively in the oil and natural gas pipeline industry [23] and historical costs have been used in

Brazil to set “reference costs” for competitive procurement of transmission [106, §II.B]. Indeed, systematic

transmission optimization is not possible without such estimates in advance of construction. In principle,

stochastic programming could be used to represent some of the cost uncertainties.

2.2.4. Efficiency

Other relevant issues include whether or not individual transmission construction projects are carried

out for the lowest construction costs, whether the resulting lines have rated capacities that fully reflect their

capabilities, and whether the regulator can observe these costs and capacities, and compare them to the

costs, capacities, and implications of upgrading other elements in order to adjudicate whether the most

efficient plan has been developed. Incentive structures and performance incentives for transmission firms are

discussed in [70, 12, 54, 105]. An approach that has been used in Brazil is to carry out auctions to procure

construction of proposed transmission lines [106, §II.A].

2.2.5. Summary

The lumpiness of transmission construction means that discrete variables are necessary in an optimization

formulation. The uncertainty of transmission cost estimates means that there is some inherent uncertainty

in the planning process. Moreover, information asymmetries between builders of transmission and the

regulator and the ISO complicate the assessment of costs. We will nevertheless assume that usable estimates

of construction costs are available, including costs of both line and other upgrades, and that there is a

mechanism to provide incentives for efficient planning and construction.
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2.3. Taxonomy of transmission expansion

We will classify transmission upgrades into “reliability,” “policy,” and “economic” upgrades, partly

following the distinctions in [121, 122, 57]. However, we recognize that a particular line may contribute to

several categories of upgrades.

2.3.1. Reliability upgrades

Much transmission construction in the United States has historically been built pursuant to so-called

“reliability requirements” that seek to ensure that the obligation to serve peak demand can be met under a

number of normal and abnormal conditions as specified by the North American Reliability Corporation [81].

Prior to restructuring of the electricity industry, there was typically strong coupling between transmission ex-

pansion plans and generation expansion plans, so that these upgrades could be viewed as providing “reliable”

transmission from generation to demand.

In the period from the beginning of restructuring in the US in the mid 1990s until relatively recently,

however, there has been relatively much less transmission construction than generation construction. Growth

in peak demand has been relatively low, while new generation investment has in part replaced retiring or

moth-balled generation. Consequently, the focus of “reliability upgrades” has presumably shifted from en-

abling the integration of particular generation resources to meet peak demand forecasts to enabling delivery

from the collection of available resources to meet peak demand forecasts that grow slowly from year to

year [118, page 47]. We will reflect this in some of the specific discussion of policy upgrades, by considering

deliverability from a zonal “hub,” rather than from a specific generator, implicitly requiring separate con-

sideration for “inter-regional” transmission upgrades and for new construction to enable delivery to a hub,

to be discussed below under “economic” upgrades. This enables us to focus the design of (and charges for)

reliability upgrades on well-specified and particular parts of the transmission system, but may require some

modifications to the standards for reliability as currently practiced in North America. The optimization

formulation for reliability upgrades will be described in Sections 3.3 to 3.5.

2.3.2. Policy upgrades

Many states have built or have plans to build a significant amount of renewable resources. Wind resources

in particular have tended to be remote from existing demand centers so that increased integration of such

wind resources depends on the construction of inter-regional transmission from wind-rich regions towards

demand centers. Typically, the maximum output of wind resources does not coincide with the peak demand

conditions, so that upgrades will typically not involve the need to increase deliverability to load, but will

instead require upgrades to enable deliverability to a zone or zonal hub in the vicinity of the demand center.

The CREZ transmission construction mentioned in Section 2.2.3 is an example of this type of construc-

tion [118, section III], with most of the transmission upgrades taking place outside of demand centers. The

CREZ transmission is being built to facilitate policy directions in ERCOT to increase renewable energy.
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We will refer to such transmission as “policy upgrades.” Policy upgrades reflect changes in the genera-

tion mix that are mandated by policy decisions. The optimization formulation for policy upgrades will be

described in Sections 3.3 to 3.5.

2.3.3. Economic Upgrades

“Economic upgrades” include upgrades that will allow delivery of lower cost energy to an area that

would otherwise only have available higher cost energy. In particular, this might include “inter-regional”

transmission from a low cost to a high cost region, but could also include deliverability from a new generator

to a zonal hub. We posit that economic upgrades are desired by market participants who have a willingness-

to-pay for these economic upgrades. The upgrades will be requested by market participants through an

auction process [35, appendix C]. The auction formulation will be described in Section 3.6.

2.3.4. Summary

Transmission upgrades may be mandated by reliability or policy criteria or be desired by market par-

ticipants. In Section 3, we will consider how to unify treatment of these upgrades into a single transmission

expansion and pricing framework since several categories of upgrades may be accomplished simultaneously

and should be priced consistently. Moreover, as articulated in [7], reliability upgrades can be interpreted as

a type of economic upgrade where there is a willingness-to-pay for delivery into a load center at a high or

infinite price.

2.4. Regulatory institutions

2.4.1. Regulated investment

For most of the model formulations described in Section 2.1, it is tacitly assumed that the planning is

undertaken by an agent who is motivated to plan in order to minimize the costs or the costs minus benefits

of transmission. In practice, even with the emergence of markets for electricity, the transmission sector

is typically structured as a regulated monopoly, or in the case of interconnected regions, as a collection of

geographical monopolies, and with transmission planning conducted both by system operators and interested

stakeholders, often in conjunction. The continued monopoly status of the transmission and distribution sector

is based on several issues, including the “public goods” nature of electricity supply, the necessity to obtain

rights-of-way for new transmission, and economies of scale in transmission construction, which imply that

competing providers of “parallel” transmission services would be more expensive than a single monopoly

provider.3

In North America, transmission plans that are approved by the regulator are built by the monopoly

transmission provider, the resulting costs added to the “ratebase,” and the investor is awarded a regulated

3Furthermore, to the extent that there are various unpriced benefits of transmission, charging for transmission services in a

“competitive” manner that does not reflect all of these benefits would result in remuneration falling short of costs [91].
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rate-of-return typically based on the ex post construction costs. The rate-of-return in the United States is

often around 9%. Although we will discuss property rights in another context below, transmission providers

can be viewed as receiving a “property right” for building transmission that could be characterized as a

right to a relatively stable income stream in return for providing that transmission for use in the electricity

system.4

As is well-known, the incentives due to rate-of-return regulation are to over-build relative to minimum

requirements [3], exacerbating the concerns over efficient construction described in Section 2.2.4. Particularly

given that returns of 9% currently far exceed typical returns of at-risk investments and of US treasury bonds,

it could be expected that significant transmission over-building would have taken place recently. Ironically,

the expectation and advent of electricity market restructuring in North America was associated with a

prolonged period of relatively little transmission being built, as noted above, and transmission construction

still appears to be below even the levels needed to replace aging infrastructure [2].

As well as the awarded rate-of-return on regulated investments, a related concern is the assumed discount

rate and time horizon for assessing investments. For example, [35, page 16] suggests a much lower “social

discount” rate for evaluating transmission projects.

2.4.2. Cost allocation

The cost of “radial” connections from new generators to the existing transmission network are typically

allocated to those generators because of the clear connection between this type of transmission construction

and its beneficiaries. In addition, when further “network upgrades” are required for deliverability to the

load, “deep network charges” may also be allocated to new generation in some jurisdictions.

Costs of transmission that are not specifically allocated to particular generators are typically allocated

to the retail customers in the franchise area of a regulated transmission monopoly on a “load-weighted

average” or peak load basis to various “customer classes” [49, 7]. That is, a fixed tax per unit energy or

per unit peak load is effectively levied within each customer class, with different classes differentiated on the

basis of delivery voltage and institutional arrangements, and the total tax chosen to recover the regulated

rate-of-return and other approved costs.

In some cases, different criteria are used to allocate the costs rather than a load-weighted average or peak

load basis. For example, criteria such as calculations of the contributions to flows on individual lines [83, 117],

and assessments based on the benefits [115] have been proposed or used to allocate costs.

Our approach to allocating costs will aim at associating the cost allocation to the beneficiaries of the

investment. The next section will discuss benefits assessment.

4An alternative to a fixed rate-of-return is the use of “RPI-X” regulation, where an inflation index is used as a basis for

returns. An alternative to utilizing ex post costs is to auction the right to build transmission lines, as discussed in [106, §II.A].
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2.4.3. Benefits assessment

Recently, the FERC has ordered that costs be allocated based on benefits [122]. If costs and benefits can

be identified then, in principle, there are standard prescriptions for cost allocation such as using the “core” of

the associated game [27] or Aumann-Shapley pricing [61]. Our approach will be somewhat different in that

we will allow for “uplift;” that is, we will continue to allow for a tax to recover some of the transmission costs.

However, we aim to minimize the fraction of costs recovered by such a tax. To do so, it is necessary to identify,

to the extent possible, the relationship between the desired transmission upgrades and the expansion costs

associated with those upgrades, even if the transmission expansion encompasses multiple types of upgrades

or multiple beneficiaries.

Several authors have proposed approaches that involve evaluating the incremental benefit of the addition

of a transmission line, typically by running dispatch models with and without the transmission expansion [42].

In principle, costs can be allocated based on the benefits received, and incentives can be provided for merchant

transmission construction. However, besides the conceptual difficulty of defining the “without” case over

time as multiple upgrades are completed, a serious practical difficulty with such approaches is that evaluating

the counterfactual dispatch costs without the transmission relies on offers to the market that were intended

for the “with” case. That is, the actual offers made after transmission upgrades are completed may not

reveal relevant information about what would have been offered in the counterfactual “without” case, at

least in the case where the addition of the transmission makes a significant change in the prices.

2.4.4. Summary

We will assume that regulatory institutions are in place to motivate efficient planning of the system

and seek to allocate costs to beneficiaries, to the extent possible, according to the drivers of transmission

upgrades. However, we will avoid approaches that require comparison of “with” and “without” transmission

cases to evaluate the benefits.

2.5. Property rights

Well-defined prices for a service or product require a well-defined definition of that service, and well-

defined property rights. This section considers the property rights definition for transmission services.

2.5.1. Financial transmission rights

In restructured electricity markets, rights to transmission are typically based on FTRs. Incremental

FTRs are made possible by incremental transmission construction and such incremental rights have been

proposed as property rights to be conferred on the builders of new capacity [21, 92, 60, 56, 51, 66, 105].

Incremental FTRs confer the right to the congestion rent associated with an increase in point-to-point deliv-

erability of power between “injection” and “withdrawal” buses made possible by the transmission upgrade.

Property rights based on incremental FTRs allocate the congestion rent in a particular way based on
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the increase in point-to-point deliverability.5 When the issues of lumpiness and economies of scale are

significant, however, the building of transmission will typically lead to depressed priced differences between

the injection and withdrawal of lines. Moreover, reliability mandates may require increases in transmission

capacity to allow for deliverability under extreme events that further depress price differences under normal

operation. Historically, estimates of congestion rent have fallen below regulated transmission costs [91, 108].

Consequently, the value of property rights based on FTRs after construction may be below the cost of

construction, despite the transmission having net benefits [57]. In such contexts, it is unlikely that market

participants would choose to pay for transmission construction costs in order to receive FTRs, unless they

can simultaneously acquire contracts to energy at the pre-transmission expansion price. This is exacerbated

by “free-rider” implications since other market participants will then also benefit from the lowered price

difference. In short, it may be in no market participant’s interest to bid for the construction of such

transmission.

Nevertheless, we do not wish to rule out the possibility of cases where the FTRs confer value that covers

the transmission construction costs. A particular case where FTRs may be viable is in connecting a new

generator to a zonal hub, or other trading point. If the trading point is sufficiently liquid then the addition

of the new supply will not significantly change the prices at the trading point. Moreover, the generator

investor can internalize the costs of generator construction and the cost of transmission necessary to deliver

to the trading point. This situation is clearest in a new radial connection to the trading point.

For simplicity, our focus will be on obligation FTRs where the “payoff” from the FTR is negative if the

price at withdrawal bus is lower than at the injection bus. Moreover, we will neglect seasonality of FTRs.

In principle, the formulation could be expand formulation to consider option FTRs and to consider different

seasons.

2.5.2. Compulsion

In cases where lumpiness of transmission construction, non-excludability, and reliability mandates are

likely to lead to significantly depressed values for financial rights after transmission is built, and where forward

energy contracts are insufficient to mitigate this issue, it cannot be expected that market participants will

find it in their interest to receive FTRs in return for the construction cost of transmission upgrades. This is

likely to be the case for both reliability upgrades and policy upgrades and may be an issue in large economic

upgrades as well. We will treat these as cases where exogenous policy dictates the increase in desired transfer

capability, and then seek consistent prices that compulsorily allocate the cost of that capacity. The parties

required to purchase the rights would receive the payoffs from the associated FTRs, but this would not fully

compensate them for the compulsory payments. In the case of reliability upgrades, the load is presumably

5Other rights based on congestion rents include “flowgate rights” [25], where rights to the congestion rent are associated to

lines with binding transmission constraints, and “border flow rights” [6], where rights to the congestion rent are associated to

all individual lines based on the power flow and locational price difference between the ends of the line.
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receiving other benefits associated with deliverability under extreme system conditions and in the case of

policy upgrades it is presumably receiving benefits due to, for example, lower environmental burden of using

renewables.

Such compulsion places a special obligation on the regulator to ensure that transmission plans and

construction are carried out efficiently.6 Although we will not discuss this issue in detail, references [54, 104,

105] suggest that incentive mechanisms for efficient construction are compatible with FTRs, albeit under a

different regime to the one we describe. Compulsion also requires careful design to avoid situations where

costs can be shifted from one party to another [57, page 11]. We observe that the effort to avoid socialization

and to separate out as much as possible the costs of reliability and policy upgrades will help to focus scrutiny

on the transmission planning process.

2.5.3. Summary

We will follow [104, 105] in focusing on transmission capability represented in terms of issued FTRs as the

property right. Similarly to [36], we will consider the transmission expansion necessary to support incremental

FTR requirements. We will allow for voluntary investment by market participants in economic upgrades.

However, we will also consider cases were specific mandated investments are funded by compulsory charges

to users of transmission based on assessments of reliability needs or policy. We assume that appropriate

incentives are in place for efficient planning and construction of transmission upgrades generally, particularly

including reliability and policy upgrades.

2.6. Uplift in electricity markets

2.6.1. Locational marginal pricing

Despite the convex approximation to operations that are typically used in planning models, all day-ahead

markets and some real-time markets in North America utilize some form of a mixed-integer programming

formulation reflecting the discrete and continuous variables in unit commitment and dispatch. The duality

gap between the solution of the primal commitment and dispatch problem and the solution of the dual

problem obtained by relaxing supply-demand balance at each bus means that typically there are no energy

prices that “support” the primal optimal commitment and dispatch solution. That is, there are no energy

prices such that all market participants are at least as well off by following the optimal commitment and

dispatch as they would be under every other commitment and dispatch [73].

Most day-ahead markets in North America use an approach to this issue that solves for the locational

marginal prices, given that the discrete variables are fixed at their optimal values, and then creates a

“make-whole” payment to compensate market participants for any opportunity costs of committing and

dispatching consistent with the optimal commitment and dispatch. The make-whole payment necessitates

6It should be understood that compulsion is the norm currently for much transmission in North America.
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a side-payment, which is universally charged to load as a socialized charge and is called an “uplift.” This

approach is analyzed in [86].

2.6.2. Extended locational marginal pricing

An alternative approach is to dualize the supply-demand balance constraints, set “extended locational

marginal prices” based on the dual maximizer, and again provide make-whole payments based on compen-

sating the opportunity costs for market participants to commit and dispatch consistently with the optimal

solution. This approach is analyzed in [50, 58, 74] and is being considered for implementation at the Midwest

ISO. By definition, the use of the dual to set energy prices will minimize the uplift over choices of energy

prices that depend only on location.

2.6.3. Summary

Because of the integer decisions in electricity markets, it is the case that no set of prices will “support”

optimal commitment and dispatch. Because of the integer decisions in transmission planning, it is similarly

the case that no set of prices will “support” the optimal transmission expansion plan. Analogously to the

approach developed in [50] for extended locational marginal prices, we will define a suitable dual problem in

Section 3.4 that provides prices that minimize uplift of transmission construction costs.

2.7. Overall summary

We summarize the interaction of the type of upgrade, property rights based on FTRs, and cost allocation.

First focusing on the requirements for upgrade of thermal capacity to meet reliability requirements, consider

upgrades that are needed to deliver power to a load center based on a demand forecast for a future test

year. Our approach to incorporating this requirement in an optimization framework and cost allocation

mechanism is to consider a collection of supply buses and the collection of load delivery points. For example,

a typical arrangement in large cities is to have a high voltage, for example 345 kV, ring built around the city.

Necessary upgrades to support delivery of power to load delivery points in the city could be represented by

an incremental FTR with injection at a weighted average of the buses in the ring and withdrawals at the

load buses. Alternatively, an FTR could have injection at a zonal hub or other trading point.

For example, Figure 1 shows four buses, 1, 2, 3, 4, as large bullets. These four buses are interconnected

in a ring by four pairs of double-circuit lines. In addition, there are five other buses, 5, 6, 7, 8, and 9, shown

as small bullets, that form the load delivery points to distribution substations and are interconnected to

buses 1, 2, 3, 4 with lower capacity lines. An incremental FTR with injection at an equally weighted average

of buses 1–4 and withdrawal at a forecast load weighted average of buses 5–9 could be used to represent

the requirements for delivery to forecast load. The incremental FTR requirement would be set equal to the

forecast load increase over the planning and construction horizon, less any committed supply increase in the

city over the horizon. Possession of the FTR would expose loads (or load serving entities) to the hub price.

This would have a similar effect to current practices in several jurisdictions of using geographically averaged
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Figure 1: Illustrating FTR for reliability upgrade.

prices for loads, but would preserve incentives at the margin for efficient consumption based on the value of

the locational marginal price.

As discussed in Section 2.3.1, we assume that there is a partial separation of planning for increases in

urban demand from planning for inter-regional transmission capacity. Consequently, delivery from generation

to the ring could be accomplished with a separate FTR specification, either involving a policy upgrade, for

example for mandated renewable portfolio standards, or an economic upgrade. For example, for a policy

upgrade for wind, a suitable FTR would be from the various potential sources of remote wind power to

a zonal hub or a city ring, such as buses 1–4 in Figure 1. Deliverability form remote wind zones towards

demand centers was the goal of the CREZ transmission study [118].

To side-step the difficult issue of estimating the benefits of incremental transmission, we will emphasize

the need to elicit willingness-to-pay for economic upgrades such as for delivery from another zone or hub

to buses 1, 2, 3, and 4, rather than use estimates of prospective benefits developed, for example, as part

of a regulatory proceeding. However, we recognize that to the extent that new transmission depresses

price differences significantly, economic upgrades may not form a large fraction of transmission construction

projects.7

7As discussed in Section 2.5.1, forward contracting of energy at pre-expansion prices together with economic upgrades may

partly alleviate this issue. Furthermore, to the extent that hubs are already liquid trading points, the addition of transmission
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Transmission planning would then seek the optimal construction plan to provide for the incremental

FTRs to support reliability, policy, and economic requirements. As will be discussed in the rest of the paper,

the dual maximizer corresponding to this expansion problem would provide prices for the incremental trans-

mission. Charges for reliability upgrades could then be allocated to the load directly or to the corresponding

load serving entity (LSE). The compulsory allocation of costs for reliability upgrades would be restricted to

capacity needed for delivery from the city ring to the load delivery points, under the presumption that there

is sufficient supply deliverable to the city ring to support the demand.8 If there were competitive LSEs,

then the costs could be allocated amongst them based on the share of load or some other policy directive.

Requirements to build for the peak anticipated demand together with an allocation rule would avoid free-

rider issues that might otherwise arise with competitive LSEs. For a policy upgrade, a transparent price for

the transmission would be available that could be allocated according to, for example, renewables policy.

Finally, economic upgrades would also be assessed prices under the same framework.

To summarize, our institutional setting has a transmission investor/builder, receiving some form of reg-

ulated return on transmission upgrades approved by a regulator, with the system planned by an ISO/RTO.

The regulator sets prices to market participants, who receive the FTRs created by the transmission construc-

tion. For reliability and policy upgrades, the market participants are compelled to purchase the FTRs. For

economic upgrades, interested market participants purchase FTRs based on their stated willingness-to-pay.

3. Formulation

In this section we consider a formulation of the transmission expansion problem that is aimed at ab-

stracting from the formulations discussed in Section 2 in order to price transmission construction to users

of transmission services. Assumptions will be outlined in Section 3.1. The basic network model will then be

formulated in Section 3.2. The transmission expansion development is most straightforward in the case of

reliability and policy upgrades to support a given desired transfer capability specified by desired incremental

FTRs, so we will consider this setting first in Sections 3.3, 3.4, and 3.5. We will then consider the formulation

for economic upgrades having an explicit willingness-to-pay in Section 3.6.

3.1. Assumptions

As outlined in Section 2.1.5, we assume that transmission expansion is planned based on the solution

to an optimization formulation of the transmission expansion problem. Our formulation is similar to that

in [9, 54]. We will assume that some technique is available to solve the optimization problems that we

formulate; however, we recognize that these are non-trivial problems to solve.

The objective of this formulation is either to:

to and from hubs will affect prices there relatively less than, for example, the effect on prices at load delivery points.
8If there were inadequate transmission capacity for delivery to the ring then this might be remedied as part of additional

reliability upgrades.
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∙ minimize the costs of a desired increase in transmission capability represented in terms of desired

incremental FTRs, or

∙ minimize the costs minus the benefits of incremental transmission expansion, with benefits represented

in terms of desired incremental FTRs and associated willingness-to-pay,

or a combination of these objectives. We will assume that total transmission expansion costs are primarily

driven by the need to satisfy first-contingency thermal limits [62] and therefore depend primarily on land

acquisition and transmission line construction costs. Our main focus will be on representing these costs

explicitly into the objective of an optimal transmission planning process. We will assume that reasonable

estimates of these costs are available from historical data as described in Section 2.2.3.

However, as mentioned in Section 2.1.4, some reliability issues and voltage and stability constraints will

typically necessitate additional upgrades over and above those required to satisfy first-contingency thermal

constraints. Moreover, sharing of generation reserves requires that sufficient unloaded transmission capacity

is available and issues such as improving the competitiveness of the energy market may also require additional

transmission [22]. To the extent that these additional issues necessitate additional upgrades to achieve a

given transfer level or satisfy other requirements, these constraints will be handled outside of the main

optimization process, although we tacitly assume that there would also be an optimization process involved

in choosing these additional upgrades. We assume that these additional costs are allocated to load or load

serving entities in a separate process, to be discussed in Section 3.7.

We also tacitly assume that:

∙ there is a fairly large set of candidate lines and other upgrades that could be built [122, ¶38];

∙ the costs of each candidate upgrade are well-characterized; and

∙ the goal is to assemble an incremental portfolio of a subset of these candidate lines and other upgrades

to achieve the objective.

3.2. Basic network model

We will represent the existing system and existing allocation of FTRs in terms of:

∙ existing line and other element capacities specified by the vector # ∈ ℝ
!!
+ ;

∙ an existing bus admittance matrix $ ∈ ℝ!"×!" ;

∙ existing FTRs specified by % ∈ ℝ!# ;

∙ net injections & ∈ ℝ!" at all buses except the reference bus for the implied dispatch corresponding to

% ; and

∙ net injections–FTR incidence matrix ' ∈ ℝ!"×!# .
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where:

∙ (" is the number of existing and possible new transmission lines;

∙ (# is the number of existing and possible new buses, excluding the reference bus; and,

∙ ($ is the number of existing and possible new FTRs.9

The relationship between % , ', and & is that if FTR ℓ is for injection at bus * and withdrawal at bus + then

the ℓ-th column of ' has:

∙ (if * is not the reference bus) a 1 in its *-th entry, and

∙ (if + is not the reference bus) a −1 in its +-th entry.

Consequently, the net injections and FTRs are related by:

& = '%.

If a line currently exists or a particular FTR is currently issued, then the corresponding entry of # or % is

non-zero. However, if a particular pair of buses is not currently joined by a line then the corresponding entry

of # if zero. Similarly, we may be considering the possibility of creating FTRs between buses in cases where

no FTRs have previously been issued between those buses. The corresponding entry of % for the existing

system would be zero.

Let - : ℝ!"×!" × ℝ!" → ℝ!! represent the flows on the lines in the system. In particular, -($, &) is the

vector of flows on the lines given existing admittances $ and the implied dispatch & corresponding to the

existing FTRs % , so that simultaneous feasibility of FTRs issued in the existing system is represented by:

-($, &) ≤ #,

assuming one-to-one correspondence between constraints and line capacities. We assume that simultaneous

feasibility is satisfied for the existing FTRs in the existing system. If simultaneous feasibility is satisfied,

then the congestion rent is adequate to cover the FTR obligations [55].

The notation is most easily interpreted in terms of pre-contingency thermal limits on transmission.

However, with a more elaborate interpretation, or some complication of the notation, these simultaneous

9There is the issue that the existing system may not be fully subscribed [67]. In this case, it may be appropriate to auction,

using a conventional FTR auction, the remaining existing capacity, obtaining an initial set of supported FTRs, ! , that more

fully utilizes the existing capacity. The issue of timing between auctioning of the existing system and building new transmission

capacity is not explicitly considered in this paper, although this will in practice be a significant issue that will complicate the

allocation of existing and future capacity. Moreover, we do not consider the implications of paying for transmission expansion

as a capital expenditure versus “ratebasing” the expenditure and charging transmission customers an annualized contribution

to the ratebase.

22



feasibility constraints could represent contingency constraints on transmission and more complicated rep-

resentation of constraints, including requirements for deliverability under multiple outages. Some of the

examples in Section 4 will illustrate more complex representations.

Furthermore, although the symbols suggest an emphasis on real power, the analysis could also include

other types of constraints that can be represented in terms of line and other element capacities. For example,

constraints on line current or on apparent power could be accommodated. Moreover, FTRs can be issued

for specific seasons and with optionality [84]. For simplicity, however, we will not explicitly develop notation

to consider theses cases of constraints in terms of current or apparent power, option rights, or seasonality.

The notation does accommodate an AC power flow formulation [128]. However, practical solution is

likely to require the use of the DC power flow approximation [128, section 4.1.4]. The examples in Section 4

will use the DC power flow approximation. In the context of the DC power flow approximation, we can

consider the shift factor matrix, / : ℝ!"×!" → ℝ!! × ℝ!" , which specifies the fraction of flow on each line

due to injection at a bus and withdrawal at the reference bus. For an implied dispatch &, the flows on the

lines are given by /($ )&, so that simultaneous feasibility in the existing system would be represented by:

/($ )& ≤ #.

3.3. Expansion to support specified desired incremental FTRs

Incremental transfer capabilities are specified in terms of desired incremental FTRs, specified by the

vector Δ% ∈ ℝ!# , that are desired at any price. For example, these incremental FTRs could be chosen to

support reliability requirements or for policy upgrades or both. In the particular case that no additional

FTRs are required between a particular pair of buses then the corresponding entry of Δ% is zero.

To provide for these incremental FTRs, we consider expansion of line and other element capacities by

Δ# ∈ ℝ!! , chosen from a set Δ0 ⊂ ℝ!! of possible additions. For completeness, we assume that Δ0

includes the possibility of no additional line construction, so 0 ∈ Δ0. We also assume that the cost of new

transmission and the resulting change in admittance of the system are specified by the functions 1 : ℝ!! → ℝ

and Δ$ : ℝ!! → ℝ!"×!" , respectively, so that the cost of the line and other element expansion is 1(Δ#),

resulting in a change in the admittance matrix of Δ$ (Δ#). (In Section 3.7, we will consider additional costs

that are not accounted for in the function 1.) Note that 1(0) = 0 and Δ$ (0) = 0.

Note that changes in capacity are explicitly assumed to change the admittance matrix and therefore to

change the functional form of - and (in the DC power flow approximation) change the values in the shift

factor matrix /. This captures an essential aspect of electric transmission that distinguishes it from more

conventional transportation networks.

A formal version of the minimum cost transmission expansion problem is then:

min
Δ"∈Δ%

{1(Δ#)∣-($ +Δ$ (Δ#), & +'Δ%) ≤ # +Δ#}. (1)

23



A version based on DC power flow is:

min
Δ"∈Δ%

{1(Δ#)∣/($ +Δ$ (Δ#))(& +'Δ%) ≤ # +Δ#}.

Write Δ#★ for the minimizer of problem (1).

3.4. Prices for incremental FTRs

The approach we propose for allocating costs of construction to incremental FTRs is analogous to the

approaches developed in [50] for finding prices in electricity markets that minimize the uplift. In the case of

pricing transmission, we will incorporate a new vector variable into the formulation in (1) that represents the

actual change in simultaneously feasible implied dispatch and also add constraints to (1) to require that the

actual change in simultaneously feasible implied dispatch equals the change necessary to support the desired

FTRs. Finally, we dualize these constraints and set prices based on the maximizer of the dual problem.

In particular, we define a new variable Δ& ∈ ℝ!" that represents the actual change in simultaneously

feasible implied dispatch made possible by the incremental transmission, and add a constraint to require

Δ& = 'Δ% , where we recall that Δ% is the vector of desired incremental FTRs. Let 2 ∈ ℝ+ be a parameter.

Then consider the following problem that is equivalent to (1):

min
Δ" ∈ Δ%,

Δ(

{1(Δ#)∣-($ +Δ$ (Δ#), & +Δ&) ≤ # +Δ#,Δ& = 'Δ%,Δ& ≤ 'Δ%(1 + 2)}. (2)

Note that the minimizer of problem (2) is given by Δ#★ and Δ&★ = 'Δ% . Also note that we have included a

redundant constraint Δ& ≤ 'Δ%(1 + 2) whose significance will become clear in the context of the dual.

We now consider the dual of problem (2) obtained by dualizing the constraint Δ& = 'Δ% . (We do not

dualize the constraint Δ& ≤ 'Δ%(1+ 2).) The resulting multipliers from the optimal dual will be used to set

prices for the incremental FTRs. The dual problem is:

sup
)

inf
Δ" ∈ Δ%,

Δ(

⎧

⎨

⎩

1(Δ#)

− 3†(Δ& −'Δ%)

∣

∣

∣

∣

∣

∣

-($ +Δ$ (Δ#), & +Δ&) ≤ # +Δ#,

Δ& ≤ 'Δ%(1 + 2)

⎫

⎬

⎭

. (3)

We assume that problem (3) has a maximizer 3★★ and that the inner problem in (3) has a minimizer

corresponding to 3★★. Let Δ#★★ and Δ&★★ be the minimizer of the inner problem evaluated for 3 = 3★★. The

constraint Δ& ≤ 'Δ%(1 + 2) effectively decreases the duality gap and will limit the amount of transmission

costs that are to be socialized.

Analogously to the discussion in [50], the transmission plan would be to build the optimal amount of

transmission Δ#★ from the solution of problem (1), but then charge for the so-created incremental FTRs at

the prices implied by the solution of problem (3). In particular, we define the vector of prices for the FTRs

Δ% to be:

4★★ = '†3★★. (4)
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Using the prices 4★★, the charges for the FTRs will provide a remuneration for transmission construction

equal to:

5 = [4★★]†Δ% = [3★★]†'Δ%,

which can, in general, fall short of the cost of construction 1(Δ#★).10 However, we can bound the shortfall

in terms of the duality gap between problems (2) and (3) as follows.

Because of the duality gap between (2) and (3), we have that:

1(Δ#★) = 6 + 1(Δ#★★)− [3★★]†(Δ&★★ −'Δ%), (5)

where 6 ≥ 0 is the duality gap. Note that since 3★★ maximizes the dual then, over choices of 3, the value of

6 is minimized by 3★★. For large-scale problems we can expect that 6 will be relatively small.

Note that Δ# = 0 and Δ& = 0 is feasible for the inner problem. Consequently, by definition of the

minimizing value Δ#★★ and Δ&★★ in the inner problem in (3),

1(Δ#★★)− [3★★]†(Δ&★★ −'Δ%)

= min
Δ" ∈ Δ%,

Δ(

⎧

⎨

⎩

1(Δ#)

− [3★★]†(Δ& −'Δ%)

∣

∣

∣

∣

∣

∣

-($ +Δ$ (Δ#), & +Δ&) ≤ # +Δ#,

Δ& ≤ 'Δ%(1 + 2)

⎫

⎬

⎭

,

≤ 1(0)− [3★★]†(0−'Δ%).

Subtracting [3★★]†'Δ% from both sides of this inequality, and noting that 1(0) = 0, we obtain that:

0 = 1(0)− [3★★]†0 ≥ 1(Δ#★★)− [3★★]†Δ&★★. (6)

Using the definition (4) of the prices 4★★ and remuneration 5, re-arranging (5), and substituting from (6),

we obtain:

1(Δ#★)−5 = 1(Δ#★)− [3★★]†'Δ%,

= 6 + 1(Δ#★★)− [3★★]†Δ&★★,

≤ 6.

That is, the shortfall between the remuneration for FTRs based on prices 4★★ and the estimated cost 1(Δ#★)

of the transmission expansion is bounded by the duality gap 6. This is analogous to similar results in the

context of electricity markets [50]. The shortfall, together with any other costs not explicitly accounted for

in the model of costs 1, would be uplifted to load. Indeed, 3★★ is the set of prices that minimize 6 and so are

the “best” linear prices for allocating as much as possible of the cost of transmission expansion using linear

prices that depend only on the location of the points of injection and withdrawal for the incremental FTRs.

10Even if only a sub-optimal transmission plan can be found because of computational limitations, the approach can be

used to find prices that minimize uplift required for the actually constructed plan. This is analogous to the discussion in [50,

pages 29–31].
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3.5. Role of 2

The constraint Δ& ≤ 'Δ%(1+2) is a “cut” that reduces the duality gap of the dual problem and therefore

tends to reduce the amount of construction costs that must be socialized. For example, for 2 very small,

effectively all of the costs of construction will be allocated to the FTRs and there will be no socialized costs.

The drawback of this constraint is that it makes the prices non-monotonic in the desired FTR quantities. It

is also important to note that this device does not help with solving the dual problem, since it re-introduces

a constraint that is as difficult to represent in the inner problem as the constraint that has been dualized

Although we have defined a single parameter 2 that applies to all constraints, this could be generalized.

For example, tighter constraints could be applied for radial interconnections than for other lines under the

assumption that radial interconnections should be paid primarily by the interconnecting entity. That is,

policy preferences regarding socialization can be implemented through choice of 2.

3.6. Bids for incremental transmission

To supplement consideration of reliability and policy upgrades treated in previous sections, we will treat

economic upgrades in this section. In particular, we consider eliciting willingness-to-pay for incremental

transmission in the form of bids (maximum quantities and bid prices). As previously, we will still assume

that FTRs to support reliability and policy upgrades are specified as desired incremental FTRs Δ% ∈ ℝ!#

having no (explicit) willingness-to-pay; however, we also assume that desired FTRs Δ7 ∈ ℝ!# to support

economic upgrades are specified with an explicit (maximum) willingness-to-pay. To simplify the discussion,

we assume that the latter desired FTRs are each represented in terms of a single bid price up to a maximum

desired quantity. In particular, let 4 be a vector of bid prices and let Δ7 be a vector of corresponding

maximum desired quantities of FTRs at these prices.

The version of the problem including bids for FTRs is:

min
Δ" ∈ Δ%,

Δ(,

Δ*

⎧







⎨







⎩

1(Δ#)− 4†Δ7

∣

∣

∣

∣

∣

∣

∣

∣

∣

-($ +Δ$ (Δ#), & +Δ&) ≤ # +Δ#,

Δ& = '(Δ% +Δ7),Δ& ≤ '(Δ% +Δ7)(1 + 2),

0 ≤ Δ7 ≤ Δ7

⎫







⎬







⎭

. (7)

Let Δ#★, Δ&★, and Δ7★ be the minimizer of this problem. (Note that Δ&★ = '(Δ% + Δ7★).) This would

result in allocations of FTRs, Δ% and Δ7★, and a corresponding transmission expansion plan Δ#★.

We propose that the prices for this allocation are derived from the solution of the following problem,

which is analogous to problem (3), and is obtained from problem (7) by dualizing the constraint Δ& =

'(Δ% +Δ7):

sup
)

inf
Δ" ∈ Δ%,

Δ(

Δ*

⎧







⎨







⎩

1(Δ#)− 4†Δ7

− 3†(Δ& −'(Δ% +Δ7))

∣

∣

∣

∣

∣

∣

∣

∣

∣

-($ +Δ$ (Δ#), & +Δ&) ≤ # +Δ#,

Δ& ≤ '(Δ% +Δ7)(1 + 2),

0 ≤ Δ7 ≤ Δ7

⎫







⎬







⎭

. (8)
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We assume that problem (8) has a maximizer 3★★ and that the inner problem in (8) has a minimizer

corresponding to 3★★. Let Δ#★★, Δ&★★, and Δ7★★ be the minimizer of the inner problem evaluated for

3 = 3★★.

The transmission plan would again be to build the optimal amount of transmission Δ#★ from the solution

of problem (7), but then charge for the so-created incremental FTRs at prices based on the solution of

problem (8). An issue that arises is that the prices '†3★★ may exceed the bid prices for some of the

incremental FTRs. That is, the prices '†3★★ are not market clearing.

Instead of pricing all incremental FTRs based on '†3★★, we propose a pricing rule that ensures that no

issued FTRs are priced higher than the corresponding willingness-to-pay and then show that the shortfall

between the payment based on this pricing rule and the estimated cost is still bounded by the duality gap

6. Although this approach has the drawback of resulting in discriminatory prices, which are pay-as-bid in

some cases, we will see that it has the significant advantage that the payment rule “supports” the optimal

FTRs Δ% and Δ7★. That is, it provides a unified approach to allocating transmission costs for reliability,

policy, and economic upgrades.

First define 4★★ = '†3★★ as previously. The incremental FTRs Δ% are charged this price, so that the

remuneration for these FTRs is [4★★]†Δ% .

For the FTRs bid with a willingness-to-pay 4, define the following partition of Φ = {1, . . . , ($}:

Φ0≤ = {ℓ ∈ Φ∣Δ7★ = 0 and 4ℓ ≤ 4★★ℓ },

Φ0> = {ℓ ∈ Φ∣Δ7★ = 0 and 4ℓ > 4★★ℓ },

ΦΔ*< = {ℓ ∈ Φ∣Δ7★ = Δ7 and 4ℓ < 4★★ℓ },

ΦΔ*≥ = {ℓ ∈ Φ∣Δ7★ = Δ7 and 4ℓ ≥ 4★★ℓ }.

Note that for ℓ ∈ Φ0≤∪ΦΔ*≥, the price 4
★★
ℓ “supports” the optimal incremental FTRs Δ7★

ℓ in that, given the

bid willingness-to-pay 4ℓ and the price 4★★ℓ , the bidder would not prefer to purchase an amount of FTRs that

is different to the optimal incremental FTRs Δ7★
ℓ . On the other hand, for ℓ ∈ Φ0>∪ΦΔ*<, the price 4

★★
ℓ does

not support the optimal incremental FTRs Δ7★
ℓ in that, given the bid willingness-to-pay 4ℓ and the price

4★★ℓ , the bidder would not choose to purchase Δ7★
ℓ of incremental FTRs. For ℓ ∈ Φ0> ∪ ΦΔ*<, we propose a

“make-whole” payment that induces behavior consistent with Δ7★
ℓ . In the case of ℓ ∈ Φ0> the make-whole

payment is only necessary if the bidder can require payment of the opportunity cost of not being awarded

the FTRs at the price 4★★ℓ .11 This is reflected in the alternatives below for this case.

Define the charges for the incremental FTRs as follows:

∀ℓ ∈ Φ0≤ ∪ ΦΔ*≥, define the price charged for incremental FTRs Δ7★
ℓ to be 4★★ℓ , resulting in remuneration

for transmission construction of 4★★ℓ Δ7★
ℓ ,

11This is analogous to a payment for being “constrained off” in a unit commitment setting [50, page 12].
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∀ℓ ∈ Φ0>, do not award incremental FTRs and either:

∙ do not compensate the bidder, assuming compensation of opportunity costs is not required, re-

sulting in remuneration for transmission construction of zero, or

∙ pay the bidder the opportunity cost (4ℓ − 4★★ℓ )Δ7ℓ,

with (non-positive) remuneration for transmission construction bounded below by −(4ℓ − 4★★ℓ )Δ7ℓ,

∀ℓ ∈ ΦΔ*<, define the price charged for incremental FTRs Δ7★
ℓ to be 4ℓ, resulting in remuneration 4ℓΔ7★

ℓ .
12

Adding together the net remunerations for the FTRs Δ7★ and the remuneration for the FTRs Δ% , the total

net remuneration is at least 5, where:

5 =
∑

ℓ∈Φ0≤∪ΦΔ$≥

4★★ℓ Δ7★
ℓ −

∑

ℓ∈Φ0>

(4ℓ − 4★★ℓ )Δ7ℓ +
∑

ℓ∈ΦΔ$<

4ℓΔ7
★
ℓ + [4★★]†Δ%. (9)

Again, this remuneration can fall short of the cost of the transmission construction 1(Δ#★). However, we

again show that the shortfall is bounded by the duality gap of problem. Paralleling the earlier argument,

because of the duality gap 6 between (7) and (8), we have that:

1(Δ#★)− 4†Δ7★ = 6 + 1(Δ#★★)− 4†Δ7★★ − [3★★]†(Δ&★★ −'(Δ% +Δ7★★)). (10)

Again observe that the cost of zero transmission expansion is zero, so that 1(0) = 0. Moreover, Δ# = 0

12In some cases, a bid with a price "ℓ that is well below "★★
ℓ

might be accepted. To prevent such an event, it may be

appropriate to require all bid prices to be at or above minimum reservation prices or use other “activity rules.”
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and Δ& = 0 together with any 0 ≤ Δ7 ≤ Δ7 is feasible for the inner problem in (8). Consequently,

1(Δ#★★)− 4†Δ7★★ − [3★★]†(Δ&★★ −'(Δ% +Δ7★★))

= min
Δ" ∈ Δ%,

Δ(

Δ*

⎧







⎨







⎩

1(Δ#)− 4†Δ7

− [3★★]†(Δ& −'(Δ% +Δ7))

∣

∣

∣

∣

∣

∣

∣

∣

∣

-($ +Δ$ (Δ#), & +Δ&) ≤ # +Δ#,

Δ& ≤ '(Δ% +Δ7)(1 + 2),

0 ≤ Δ7 ≤ Δ7

⎫







⎬







⎭

≤ min
Δ*

{

1(0)− 4†Δ7 − [3★★]†(0−'(Δ% +Δ7))
∣

∣

∣
0 ≤ Δ7 ≤ Δ7

}

,

since Δ# = 0, Δ& = 0, and any 0 ≤ Δ7 ≤ Δ7 satisfy the constraints

in the problem in the previous line,

= min
Δ*

{

−(4− 4★★)†Δ7 + [4★★]†Δ%
∣

∣

∣
0 ≤ Δ7 ≤ Δ7

}

,

since 1(0) = 0 and 4★★ = '†3★★,

= min
Δ*

{

−
∑

ℓ∈Φ

(4ℓ − 4★★ℓ )Δ7ℓ + [4★★]†Δ%

∣

∣

∣

∣

∣

0 ≤ Δ7 ≤ Δ7

}

,

= −
∑

ℓ∈Φ0≤

(4ℓ − 4★★ℓ )× 0−
∑

ℓ∈Φ0>

(4ℓ − 4★★ℓ )Δ7ℓ

−
∑

ℓ∈ΦΔ$<

(4ℓ − 4★★ℓ )× 0−
∑

ℓ∈ΦΔ$≥

(4ℓ − 4★★ℓ )Δ7ℓ + [4★★]†Δ%,

on evaluating the minimizer of each term in the summation,

= −4†Δ7★ +
∑

ℓ∈Φ0≤∪ΦΔ$≥

4★★ℓ Δ7★
ℓ −

∑

ℓ∈Φ0>

(4ℓ − 4★★ℓ )Δ7ℓ +
∑

ℓ∈ΦΔ$<

4ℓΔ7
★
ℓ + [4★★]†Δ%,

by definition of 7★, Φ0>, and ΦΔ*<,

= −4†Δ7★ +5,

where 5 was defined in (9). Substituting this bound into the right-hand side of (10), adding 4†Δ7★ to both

sides, and rearranging we obtain:

1(Δ#★)−5 ≤ 6.

That is, the total remuneration falls short of the estimated costs of transmission by no more than the duality

gap. The prices provide a unified approach to allocation of costs of transmission for reliability, policy, and

economic upgrades that minimizes the uplift.

3.7. Additional costs

The function 1 representing transmission and other element expansion costs should be chosen to include

as much of the actual costs of expansion as can be represented as a function of line and other element

capacities. This must necessarily be an estimate, and, as noted in Section 2.2.3, could in principle include

construction contingency allowances to avoid systematic underestimation biases.

As mentioned in Sections 1 and 2.1.5, however, it is likely that, due to voltage or other constraints [75],

and more generally due to “reliability requirements” [81], it is necessary to include a number of additional
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upgrades to support the incremental FTRs and that the detailed costs of these upgrades cannot be directly

represented in the functional form of 1 without significantly complicating the transmission expansion model,

since these costs typically depend on issues that are not captured by the incremental thermal capacity

of lines.13 Moreover, uncertainty of future scenarios may motivate the construction of additional lines or

upgrades to provide for flexibility, particularly under extreme outage conditions [30, 123].

These additional upgrades result in costs beyond 1. Let Δ1(Δ#,Δ&) be these additional costs, where we

note that they will in general depend on the change in the implied dispatch due to the incremental FTRs as

well as on the change in thermal capacity (and possibly on other issues). We propose that these additional

costs would be socialized as an “uplift,” as with the allocation of the duality gap.

4. Examples

We consider several examples. For simplicity, the DC power flow approximation is used. In Section 4.1,

a two bus radial system with contingency constraints is investigated to demonstrate that contingency con-

straints can be handled within the framework.

In Section 4.2, a looped system is considered. However contingency constraints are ignored for simplicity.

Unlike in radial systems, changes in the capacity of corridors of a looped system will typically change the

shift factor matrix, which changes both the coefficient matrix and the right-hand side of the constraints. It

is important to demonstrate the proposed framework can work in such a context.

These first two examples consider expansion in a single corridor. However, transmission expansion

typically involves several upgrades, and expansion to integrate large amounts of renewable resources will

involve construction of multiple lines. A three bus radial system with upgrades in two corridors is considered

in Section 4.3, again ignoring contingency constraints.

The first three examples involve cases with only limited alternatives for new transmission line construc-

tion. In practice, there are typically multiple alternative construction plans that could achieve a required

incremental FTR increase. A three bus system that illustrates “network” upgrades with alternative feasible

solutions in a stylized manner is considered in Section 4.4.

4.1. Two bus system

4.1.1. Existing system

Consider the simple two bus system shown in Figure 2. It has two identical lines joining the two buses,

each with 1000 MW of nominal thermal capacity. Bus 2 is the reference bus, so (# = 1, ' =
[

1
]

, and the

vector of net injections is & = '% = % ∈ ℝ.

13Furthering the analogy with models of power system operation, these additional costs could be viewed in the same light as

the cost of “reliability unit commitment” [50, pages 30–31].
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Figure 2: Existing two bus network in example of Section 4.1.1.

If both lines are in-service then, after a contingency of either line, there would be 1000 MW of capacity

remaining in the corridor between the buses. Therefore, the first-contingency transmission limit between bus

1 and bus 2 is 1000 MW. We assume that % = 1000 MW of FTRs from bus 1 to bus 2 have been issued on

the existing system, as shown in Figure 2, so that the capacity of the existing system from bus 1 to bus 2 is

fully subscribed.

We also suppose that capacity can be built in the corridor in 1000 MW increments at a cost of $109 per

1000 MW increment. We assume that the new lines would be identical to the existing lines. Consequently,

we can characterize the increased nominal thermal capacity in terms of a non-negative integer variable Δ!

that specifies the number of additional line increments built. Furthermore, the increase in nominal thermal

capacity would equal the increase in first-contingency capacity from bus 1 to bus 2 and therefore equal the

increase in FTRs that can be issued.

4.1.2. Specified desired incremental FTRs

Suppose that the desired increase in FTRs from bus 1 to bus 2 is specified by Δ% = 500 MW. Because

of the simple form of the network, the flow between the buses is % + Δ% = 1500. Simultaneous feasibility

respecting the contingency constraints requires that this flow be no more than 1000+ 1000×Δ! MW, and

the cost is 1(Δ#) = $109 ×Δ! . Problem (1) is then:

min
Δ.∈ℤ+

{$109 ×Δ! ∣1500 ≤ 1000 + 1000×Δ!}.
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Table 1: Calculations for Problem (3) from Section 4 under assumption that # < 1.

3 Δ!★★ Δ&★★ $109 ×Δ!★★ − 3†(Δ&★★ − 500)

0 0 0 0

$2× 106/(1 + 2)− ; 0 0 $109/(1 + 2)− 500× ;

$2× 106/(1 + 2) 1 500(1 + 2) $109/(1 + 2)

$2× 106/(1 + 2) + ; 1 500(1 + 2) $109/(1 + 2)− 500× ;

The optimizer of this problem is Δ!★ = 1, corresponding to one additional line being built, as shown in

Figure 3.

Problem (2) is:

min
Δ.∈ℤ+,Δ(

{

$109 ×Δ!
∣

∣ 1000 + Δ& ≤ 1000 + 1000×Δ!,Δ& = 500,Δ& ≤ 500(1 + 2)
}

,

which has optimizer Δ!★ = 1 and Δ&★ = 500 MW.

Problem (3) is:

sup
)

inf
Δ.∈ℤ+,Δ(

{

$109 ×Δ! − 3†(Δ& − 500)
∣

∣ 1000 + Δ& ≤ 1000 + 1000×Δ!,Δ& ≤ 500(1 + 2)
}

.

To obtain the optimizer of this problem, we search over possible values of 3 as shown in Table 1, where we

let ; > 0 be an arbitrarily small positive number, and where Δ!★★ and Δ&★★ are the optimizers of the inner

problem for the given values of 3. We assume that 2 < 1.

From Table 1, the dual maximizer and transmission price is 4★★ = 3★★ = $2× 106/(1 + 2)/MW and the

duality gap is 2 = $1092/(1+ 2). Note that the constraint Δ& ≤ 500(1+ 2) prevents the optimal value of Δ&

in (3) from becoming significantly larger than the desired FTR expansion Δ% . This has the effect of ensuring

that the prices, which are applied to the actual FTRs issued, are high enough to recover a significant fraction

of the total incremental transmission expansion costs. For example, for 2 ≈ 0, the resulting prices would be

around $2×106/MW and the duality gap would be much less than $109.

In contrast, if the constraint Δ& ≤ 500(1 + 2) were omitted or if 2 ≫ 1, then the optimal value of Δ& in

the dual problem would be around 1000 MW, and the resulting dual maximizer would be $1×106/MW, with

a much larger duality gap of approximately $0.5× 109. In this case, only about half of the total transmission

costs would be charged to the FTR purchaser, with the rest of the incremental transmission expansion costs

socialized. To summarize, the constraint Δ& ≤ Δ%(1+ 2) has the effect of “focusing” transmission charges to

the purchasers of the FTRs. This advantage does not come without drawbacks, however. In particular, as

mentioned in Section 3.5, this device means that the prices are not monotonically increasing in the desired

FTRs. For example, in the case of the example, the total remuneration for the FTRs based on the product

of quantity and price would be constant for desired FTRs in the range of 500 MW to 1000/(1 + 2) MW.

Moreover, problem (3) is essentially as difficult to solve as problem (1).
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Figure 3: Additional capacity, FTRs, and prices for two bus network in example of Section 4.1.2.

4.1.3. Specified willingness-to-pay with two bidders

Consider the same initial system as in the previous section. However, suppose that, instead of a specified

increase in FTRs, there are two bids for incremental FTRs, so that 4 ∈ ℝ2, Δ7,Δ7 ∈ ℝ2, with:

∙ 41 = $0.75×106/MW, Δ71 = 500 MW, and

∙ 42 = $1.5×106/MW, Δ72 = 500 MW.

We assume that 2 ≫ 1 so that the associated constraints can be ignored. In this case, ' =
[

1 1
]

and

problem (7) is:

min
Δ. ∈ ℤ+,

Δ(,

Δ*

{

$109 ×Δ! − 4†Δ7
∣

∣ 1000 + Δ& ≤ 1000 + 1000×Δ!,Δ& = 'Δ7,0 ≤ Δ7 ≤ Δ7
}

.

The solution is Δ!★ = 1,Δ&★ = 1000,Δ7★ =

⎡

⎣

500

500

⎤

⎦, with a minimum of −$125 × 106. That is, the bid

benefits of the awarded incremental FTRs exceed the transmission construction costs by $125×106.

To evaluate the prices, consider Problem (8):

sup
)

inf
Δ. ∈ ℤ+,

Δ(

Δ*

{

$109 ×Δ! − 4†Δ7− 3†(Δ& −'Δ7)
∣

∣ 1000 + Δ& ≤ 1000 + 1000×Δ!,0 ≤ Δ7 ≤ Δ7
}

.
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Figure 4: Additional capacity, FTRs, and prices for two bus network in example of Section 4.1.3.

The maximizer of the dual is 3★★ = $106/MW, 4★★ℓ = $106/MW, ℓ = 1, 2, and the maximum is −$250× 106,

so that the duality gap is 6 = $125× 106.

If the price for incremental FTRs were set to 4★★ℓ = $106/MW for both bidders, then bidder 1 would

be charged more than its willingness to pay, which is 41 = $0.75×106/MW. However, 1 ∈ ΦΔ*<, and the

proposed pricing rule will charge only 41 = $0.75×106/MW to bidder 1, as shown in Figure 4. The total

remuneration is therefore $875×106, resulting in $125×106 uplifted to load, equalling the duality gap.

4.1.4. Specified willingness-to-pay with four bidders

Consider the same initial system as in the previous sections. However, suppose that there are four bids

for incremental FTRs, so that 4 ∈ ℝ4, Δ7,Δ7 ∈ ℝ4, with:

∙ 41 = $0.75×106/MW, Δ71 = 500 MW, and

∙ 42 = $1.5×106/MW, Δ72 = 500 MW.

∙ 43 = $1.1×106/MW, Δ73 = 500 MW, and

∙ 42 = $1.2×106/MW, Δ74 = 500 MW.
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We again assume that 2 ≫ 1 so that the associated constraints can be ignored. In this case, ' =
[

1 1 1 1
]

and so problem (7) is:

min
Δ. ∈ ℤ+,

Δ(,

Δ*

{

$109 ×Δ! − 4†Δ7
∣

∣ 1000 + Δ& ≤ 1000 + 1000×Δ!,Δ& = 'Δ7,0 ≤ Δ7 ≤ Δ7
}

.

The solution is Δ!★ = 1,Δ&★ = 1000,Δ7★ =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

0

500

0

500

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

, with a minimum of −$350 × 106. That is, the bid

benefits of the awarded incremental FTRs exceed the transmission construction costs by $350×106.

To evaluate the prices, consider Problem (8):

sup
)

inf
Δ. ∈ ℤ+,

Δ(

Δ*

{

$109 ×Δ! − 4†Δ7− 3†(Δ& −'Δ7)
∣

∣ 1000 + Δ& ≤ 1000 + 1000×Δ!,0 ≤ Δ7 ≤ Δ7
}

.

The maximizer of the dual is 3★★ = $106/MW, 4★★ℓ = $106/MW, and the maximum is −$400× 106, so that

the duality gap is 6 = $50 × 106. If the price for incremental FTRs were set to 4★★ℓ for all bidders, then

bidder 3 would prefer to be allocated the bid maximum FTRs at that price, whereas the optimal allocation

to bidder 3 is 0 MW of FTRs. That is, 3 ∈ Φ0>. If opportunity costs are required to be compensated, then

the proposed pricing rule will compensate bidder 3 for its opportunity costs of $50 × 106, which is again

equal to the duality gap and would be uplifted to the load.

4.2. Three bus looped system

4.2.1. Existing system

Consider the looped three bus system shown in Figure 5. It has three lines of equal impedance that join

each pair of buses. We use the DC power flow approximation, consider pre-contingency constraints, ignore

contingency constraints, and assume that the only binding transmission constraint is between buses 2 and 3,

which has a 100 MW limit. Bus 3 is the reference bus, so (# = 2 and the vector of net injections is & ∈ ℝ2.

Using the DC power flow approximation, the shift factor to the line joining buses 2 and 3, for injection

at bus 1 and withdrawal at the reference bus 3, is 1/3. Similarly, the shift factor for injection at bus 2 and

withdrawal at bus 3 is 2/3. Consequently, simultaneous feasibility on the existing system requires:
[

1/3 2/3
]

& ≤ 100.

We assume that 100 MW of FTRs from bus 1 to bus 3 and 100 MW of FTRs from bus 2 to bus 3 have been

issued on the existing system, so that % =

⎡

⎣

100

100

⎤

⎦, as shown in Figure 5,

' =

⎡

⎣

1 0

0 1

⎤

⎦ ,
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Figure 5: Existing three bus, three line looped network of Section 4.2.1.

and & =

⎡

⎣

100

100

⎤

⎦ and the capacity of the existing system is fully subscribed.

4.2.2. Specified desired incremental FTRs

Suppose that the desired increase in FTRs from bus 1 to bus 3 is specified by Δ%1 = 50 MW and the

desired increase in FTRs from bus 2 to bus 3 is specified by Δ%2 = 50 MW, so that Δ% =

⎡

⎣

Δ%1

Δ%2

⎤

⎦ is the

vector of desired incremental FTRs.

We suppose that capacity can be built from bus 2 to bus 3 in 100 MW increments at a cost of $2× 108

per 100 MW increment. We assume that the new lines would be identical to the existing lines. Consequently,

we can characterize the increased nominal thermal capacity in terms of a non-negative integer variable Δ"

that specifies the number of additional line increments built.

Adding lines in parallel to the existing line between bus 2 and bus 3 will change the admittance between

these buses, therefore changing the shift factors for injection at buses 1 and 2. In particular, the shift factor

to the corridor of line joining buses 2 and 3 for injection at bus 1 and withdrawal at the reference bus is

(Δ" +1)/(2×Δ"+3), while the shift factor to the corridor of line joining buses 2 and 3 for injection at bus

2 and withdrawal at the reference bus is (2×Δ" +2)/(2×Δ" +3). Consequently, simultaneous feasibility

in the system with Δ" lines added in parallel to the existing line between buses 2 and 3 requires:

[

Δ/+1
2×Δ/+3

2×Δ/+2
2×Δ/+3

]

(& +'Δ%) ≤ 100 + 100×Δ".

Problem (1) is then:

min
Δ/∈ℤ+

{

$2× 108 ×Δ"
∣

∣

∣

[

Δ/+1
2×Δ/+3

2×Δ/+2
2×Δ/+3

]

(& +'Δ%) ≤ 100 + 100×Δ"
}

.

The optimizer of this problem is Δ"★ = 1, corresponding to one additional line being built and with

minimum cost $2× 108.
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Figure 6: Additional transmission, FTRs, and prices for three bus, three line looped network of Section 4.2.2.

We assume that 2 ≫ 1, so that we can ignore the corresponding constraint in Problem (3), which is

then:

sup
)

inf
Δ/ ∈ ℤ+,

Δ(

{

$2× 108 ×Δ" − 3†(Δ& −'Δ%)
∣

∣

∣

[

Δ/+1
2×Δ/+3

2×Δ/+2
2×Δ/+3

]

(& +Δ&) ≤ 100 + 100×Δ"
}

.

The optimizer of this problem is 3★★ =

⎡

⎣

106

2× 106

⎤

⎦ with maximum $1.5× 108, so that the duality gap is

6 =$5× 107. The prices are:

4★★ = '†3★★ =

⎡

⎣

106

2× 106

⎤

⎦ .

Remuneration for the allocated FTRs is $1.5× 108, and the shortfall of $5× 107 is uplifted. Note that the

FTRs have prices that differ by location. In particular, the FTR prices depend on the associated flow on

incremental lines, with the FTR with injection at bus 2 having a higher price than the FTR with injection

at bus 1, as shown in Figure.

4.3. Three bus radial system

4.3.1. Existing system

Consider the radial three bus system shown in Figure 7. We use the DC power flow approximation,

consider pre-contingency constraints, and ignore contingency constraints. We assume that there is one

100 MW capacity line between bus 1 and bus 2 and one 1000 MW capacity line between bus 2 and bus 3.

Bus 3 is the reference bus, so (# = 2 and the vector of net injections is & ∈ ℝ2.

Using the DC power flow approximation, the shift factors to the line joining buses 2 and 3, for injection

at either bus 1 or bus 2 and withdrawal at the reference bus 3, are both 1. Similarly, the shift factor to the

line joining buses 1 and 2, for injection at bus 1 and withdrawal at bus 3, is 1. However, the shift factor to the
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Figure 7: Three bus, two line radial network of Section 4.3.1.

line joining buses 1 and 2, for injection at bus 2 and withdrawal at bus 3, is 0. Consequently, simultaneous

feasibility in the existing system requires:

⎡

⎣

1 0

1 1

⎤

⎦ & ≤

⎡

⎣

100

1000

⎤

⎦ .

We assume that 100 MW of FTRs from bus 1 to bus 3 and 900 MW of FTRs from bus 2 to bus 3 have been

issued on the existing system, as shown in Figure 5, so that % =

⎡

⎣

100

900

⎤

⎦, & =

⎡

⎣

100

900

⎤

⎦, and the capacity

of the existing system is fully subscribed.

4.3.2. Specified desired incremental FTRs

Suppose that the desired increase in FTRs from bus 1 to bus 3 is specified by Δ%1 = 300 MW and the

desired increase in FTRs from bus 2 to bus 3 is specified by Δ%2 = 400 MW, so that Δ% =

⎡

⎣

Δ%1

Δ%2

⎤

⎦ is the

vector of desired incremental FTRs. We have that:

' =

⎡

⎣

1 0

0 1

⎤

⎦ .

We suppose that capacity can be built from bus 1 to bus 2 in 100 MW increments at a cost of $2× 108

per 100 MW increment and that capacity can be built from bus 2 to bus 3 in 1000 MW increments at a cost

of $109 per 1000 MW increment. Consequently, we can characterize the increased nominal thermal capacity

in terms of non-negative integer variables Δ" and Δ! that specify the number of additional line increments

built from bus 1 to bus 2 and from bus 2 to bus 3, respectively.

Problem (1) is then:

min
Δ.,Δ/∈ℤ+

⎧

⎨

⎩

$2× 108 ×Δ" + $109 ×Δ!

∣

∣

∣

∣

∣

∣

⎡

⎣

1 0

1 1

⎤

⎦ (& +'Δ%) ≤

⎡

⎣

100 + 100×Δ"

1000 + 1000×Δ!

⎤

⎦

⎫

⎬

⎭

.

The optimizer of this problem is Δ"★ = 3 and Δ!★ = 1, corresponding to three additional 100 MW lines

being built and one additional 1000 MW line being built, as illustrated in Figure 8, and with minimum cost

$1.6× 109.
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Figure 8: Additional transmission, FTRs, and prices for three bus, two line radial network of Section 4.3.2.

We assume that 2 ≫ 1, so that we can ignore the corresponding constraint in Problem (3), which is

then:

sup
)

inf
Δ.,Δ/ ∈ ℤ+,

Δ(

⎧

⎨

⎩

$2× 108 ×Δ" + $109 ×Δ!

− 3†(Δ& −'Δ%)

∣

∣

∣

∣

∣

∣

⎡

⎣

1 0

1 1

⎤

⎦ (& +Δ&) ≤

⎡

⎣

100 + 100×Δ"

1000 + 1000×Δ!

⎤

⎦

⎫

⎬

⎭

.

The optimizer of this problem is 3★★ =

⎡

⎣

3× 106

106

⎤

⎦ with maximum $1.3× 109, so that the duality gap is

6 =$3× 108. The prices are:

4★★ = '†3★★ =

⎡

⎣

3× 106

106

⎤

⎦ .

As illustrated in Figure 8, the prices are different for the different FTRs. Remuneration for the allocated

FTRs is $1.3× 109, and the shortfall of $3× 108 is uplifted.

4.4. Three bus “network” system

4.4.1. Existing system

Consider the system discussed in [9, section 3] and shown in Figure 9. We use the DC power flow

approximation, consider pre-contingency constraints, and ignore contingency constraints. There are two

existing buses in the system, 0 and < . We assume that there is existing “network” capacity between 0

and < and that this capacity of the existing system is fully subscribed. There is another location, = , that

is currently not connected to the network. There are desired new FTRs to be issued between both 0 and <

and between = and < . Although the discussion in [9] considered transmission construction at two voltages,

for simplicity, we will consider construction at only one voltage.

4.4.2. Specified desired incremental FTRs

We assume that there is a requirement for Δ%% = 500 MW of FTRs from 0 to < and Δ%0 = 500 MW of

FTRs from = to < . Let Δ% =

⎡

⎣

Δ%0

Δ%%

⎤

⎦ be the vector of desired incremental FTRs and let Δ& =

⎡

⎣

Δ&0

Δ&%

⎤

⎦
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Figure 9: Network of Section 4.4.

be the corresponding vector of net injections at = and 0, respectively. We have that Δ& = 'Δ% , where

' =

⎡

⎣

1 0

0 1

⎤

⎦.

We assume that upgrades in the capacity in existing corridor between 0 and < are possible. Moreover,

the increase in the first-contingency capacity from 0 to < is equal to the increase in the nominal thermal

capacity. On the other hand, there is no existing capacity between = and 0 nor between = and < , and !−1

reliability requirements on these new corridors require that the increase in first-contingency capacity will be

based on capacity after losing a line in the corridor. All new lines are to be constructed on double-circuit

towers, and construction costs differ by the amount of nominal capacity added:

∙ a single 500 MW line on double-circuit towers costs 4/3 per unit length, while

∙ two 500 MW lines on double-circuit towers cost 2 per unit length,

∙ three 500 MW lines on two sets of double-circuit towers costs 10/3 per unit length,

∙ and so on.

Let the function > : ℝ → ℝ capture this relationship for nominal thermal capacity and we will write Δ#%1

for the nominal capacity increase in the 0 to < corridor.

For the = to 0 and the = to < corridors, we note that reliable deliverability requires the number of

lines built to be one more than the corresponding deliverable capacity, so that:

∙ first-contingency capacity of 500 MW would require two 500 MW lines on double-circuit towers costing

2 per unit length,
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∙ first-contingency capacity of 1000 MW would require three 500 MW lines on two sets of double-circuit

towers costs 10/3 per unit length,

∙ and so on.

Let the function * : ℝ → ℝ capture this relationship for first-contingency capacity. Abusing notation

somewhat, but to be consistent with the development in [9], we will write Δ#01 and Δ#0% for the first-

contingency capacity constrained increase in the corridors from = to < and = to 0, respectively. We write

Δ# =

⎡

⎢

⎢

⎢

⎣

Δ#%1

Δ#01

Δ#0%

⎤

⎥

⎥

⎥

⎦

and note that Δ0 consists of all vectors having non-negative entries that are multiples of

500 MW.

From [9, section 3.2], problem (1) is then:

min
Δ"∈Δ%

⎧







⎨







⎩

2*(Δ#01 ) +
√
3>(Δ#%1 ) + *(Δ#0% )

∣

∣

∣

∣

∣

∣

∣

∣

∣

Δ%0 +Δ%% ≤ Δ#01 +Δ#%1 ,

Δ%% ≤ Δ#%1 ,

Δ%0 ≤ Δ#01 +Δ#0%

⎫







⎬







⎭

.

Note that the incremental FTRs from = to < could be achieved either by construction of a new radial

corridor form = to < or by radial construction from = to 0 and expansion of the network from 0 to < .

The optimizer of this problem is Δ#★%1 = 1000 MW, Δ#★0% = 500 MW and Δ#★01 = 0 MW, corresponding

to a double-circuit line being built in the corridor from 0 to < and a double-circuit line being built in the

corridor from = to 0, with total cost 2
√
3 + 2.

We assume that 2 ≫ 1, so that we can ignore the corresponding constraint in Problem (3), which is

then:

sup
)

inf
Δ"∈Δ%

⎧







⎨







⎩

2*(Δ#01 ) +
√
3>(Δ#%1 ) + *(Δ#0% )− 3†(Δ& −Δ%)

∣

∣

∣

∣

∣

∣

∣

∣

∣

Δ&0 +Δ&% ≤ Δ#01 +Δ#%1 ,

Δ&% ≤ Δ#%1 ,

Δ&0 ≤ Δ#01 +Δ#0%

⎫







⎬







⎭

.

The optimizer of Problem (3) is 3★★
% =

√
3/500 and 3★★

0 = (
√
3 + 5/3)/500. Remuneration for the

allocated FTRs is 2
√
3 + 5/3, and the shortfall of 1/3 is uplifted.

5. Conclusion

This paper has developed a unified approach to allocation of costs of transmission expansion based on

an optimization framework and the definition of a suitable dual problem. There are several important issues

that are not considered explicitly in this work, including:

∙ the interaction between issuing FTRs that are supported by the existing network with FTRs that

necessitate new construction,
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∙ the financing of payment for FTRs that necessitate new construction, including whether they are

purchased as a lump sum or paid for as an annualized payment, and the interaction with construction

financing,

∙ option rights,

∙ seasonally differentiated rights,

∙ transmission maintenance scheduling,

∙ transmission outages during construction of new transmission,

∙ incorporation of generation expansion into the formulation,

∙ inclusion of “merchant” offers to build transmission and generation into the formulation, and

∙ computational issues, including approximations to the formulation that relieve the computational bur-

den.

We intend to consider these issues in future work.
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