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For over twenty years, electricity market liberalization has advanced short-term market efficiency in wholesale
markets, but little progress has been made on coordinated transmission and generation investments. With fast
penetration of renewables, widespread of distributed energy resources and emergence of smart-grid and energy
storage technologies, the stake is growing significantly higher for the long-term efficiency of liberalized whole-
sale markets with an aging transmission infrastructure.
This paper presents amethodology based on a general framework of two-stage stochastic optimizationmodel for
analyzing interactions between transmission and generation investments. The methodology features economic
effects of prices, incentives and welfare impacts under alternative coordination approaches and cost recovery
mechanisms. Application to scenarios under efficient coordination, merchant transmission, and sequential coor-
dination are illustrated using a simple radial transmission network. Interestingly, a Boiteux-Ramsey cost sharing
rule produces energy prices and social welfare impacts that appear essentially indistinguishable from those ob-
tained under efficient coordination.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Before electricitymarket liberalization in the 1990s, a vertically inte-
grated utility centrally plans for transmission and generation invest-
ments. Now, a regional transmission organization (RTO) administers
wholesale markets, manages system operations, and plans most trans-
mission projects, while commercial firms choose generation invest-
ments on a merchant basis for-profit.1 The fundamental importance of
coordination of transmission and generation investments has long
been recognized.2 Previous works by Joskow and Tirole (2005), Sauma
and Oren (2006), Wu et al. (2006), Hogan et al., 2010; Stoft, 2006;
Léautier and Thelen, 2009, Littlechild (2012), Munoz et al. (2013),
Hoffler andWambach (2013) and Pozo et al. (2013, 2017) have contrib-
uted to a much deeper understanding of the complex issues. Nonethe-
less, equipped with few tools to deal with the complex reality, system
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planners are often caught in a perennial conundrum.With fast penetra-
tion of renewables, widespread of distributed energy resources and
emergence of new technologies (e.g., smart-grid and energy storage),
the stakes are growing significantly higher for the long-term efficiency
of liberalized wholesale markets with an aging transmission
infrastructure.

To address complex economic, reliability and policy issues, it is es-
sential that RTO's plans recognize interactions between regulated and
merchant investments.3 This task comprises anticipatingmerchant gen-
eration capacity, comparing regulated and merchant transmission pro-
jects, and comparing transmission and generation solutions in terms
of prices, incentives, and the distribution of costs, benefits and welfare
impacts. Traditionally, such decisionswere centralized in vertically inte-
grated systems, but modern liberalized markets have rather limited
means of coordinating investments in generation capacity and trans-
mission capacity, and the idealized integrated resource planning is not
an option. In the absence of forward markets that incentivize efficient
coordination, transmission planning has been a perennial challenge in
liberalizedmarkets. New tools are requiredwithin an integrated frame-
work that enables one to anticipate the incentives for merchant invest-
ments, and to estimate the impacts of merchant and regulated projects
on energy prices along with the distributive effects on participants in
3 In this paper, for expositional clarity, the problem is cast in the institutional setting rel-
evant to the wholesale electricity markets in the U.S., but the economic insights could be
easily extended to other market settings.
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wholesale energy markets. Since the timeframe of transmission plan-
ning is generally longer than for generation, such models are necessary
to enable efficient coordination of regulated transmission projects with
anticipated or alternativemerchant projects as a regulated transmission
project and its cost allocation are subject to stakeholders' reviews in the
regulatory process.

Among the sources of the problem are the respective roles of regu-
lated and merchant investments in transmission capacity. Generation
and some transmission investments are made by commercial firms on
a merchant basis for profit. Most transmission investments are pro-
posed, on a regulated basis, by a regional transmission organization
(RTO) in consultation with stakeholders, including participants in the
wholesale electricity markets and regulators in affected local jurisdic-
tions, and net costs are allocated amongdemanders such as load serving
entities or public utilities.4

These aspects of transmission planning are characterized by com-
plex, often highly nonlinear, interactions. This necessitates newmodels
ideally based on an integrated framework that allows the planner to an-
ticipate the incentives for merchant investments, and to estimate the
impacts of merchant and regulated projects on energy prices along
with the distributive effects on participants in wholesale energy mar-
kets. Since the time frame of transmission planning is generally much
longer than for generation, suchmodels are necessary to enable efficient
coordination of regulated transmission projects with anticipated or al-
ternative merchant projects while a regulated transmission project
and its cost allocation must be approved by stakeholders.

In this paper, we present a methodology based on a general frame-
work of two-stage stochastic optimizationmodel for planning and eval-
uating economic transmission projects. It comprises features
encompassing welfare impacts, incentives, and price changes under al-
ternative allocation and cost recoverymethods (Chao andWilson, 2013;
Wilson, 1993). We illustrate applications of the approach with a simple
model for scenarios under efficient coordination, merchant transmis-
sion, and sequential coordination. This paper focuses on a high-level
perspective on economic insights. The model serves as a tool for evalu-
ating the merits of alternative investment options, determining the op-
timal levels of generation and transmission capacity expansions
resulting from merchant and regulated investments, and estimating
the effects on prices, incentives and the distribution of costs, benefits
and welfare impacts among market participants. The methodology
could be extended for supporting the development of forward market
mechanisms for efficient coordination of transmission and generation
investments in the long term.

Beyond the basic requirements for an RTO to assure the security and
reliability of the transmission system and provide competitive whole-
sale energymarkets, themain issues of coordination thatwe address in-
clude how efficient planning responds to system changes, the roles of
merchant and regulated investments, and sequencing of transmission
and generation investments. In the following, we provide an overview
of the main issues addressed by various scenarios that are reported in
Sections 4–6.

Efficient coordination of transmission and generation planning
should respond to system changes in both the short and long term.
The first issue addressed here is:

• What are the consequences of an RTO's possible responses to changes
in the system configuration, such as growth in demand or retirement
of a large generator at a key location? A passive option is to wait for a
4 In the U.S., essentially all transmission investments and operations are subject to ap-
provals by the Federal Energy Regulatory Commission (FERC). Each regional transmission
organization (RTO) and independent system operator (ISO) is organized as a public ben-
efit corporation that manages an open-access regional transmission system and conducts
wholesale energy markets according to a tariff approved by FERC. Several ISOs also con-
duct auction markets for generation capacity sufficient to ensure transmission reliability.
Some regional systems are not managed by RTOs or ISOs.
merchant investor to add new generation capacity. Active options in-
clude a procurement auction to solicit new generation capacity, or
adding transmission capacity.

The framework and themodel provide tools for assessing some con-
sequences of these options. Themodel can be calibrated to approximate
the main features of the existing system, such as the price elasticities of
small changes in demands and supplies and the costs of adding genera-
tion and/or transmission capacity at each location. Using this data, one
can then calculate for each option the predicted energy prices and wel-
fare impacts on market participants, as measured by resulting changes
in consumer surplus and producer surplus at each location in the
network.5 Moreover, the model can calculate the response that maxi-
mizes social surplus, namely the sum of consumer and producer sur-
pluses among all locations. This is just one of the possible optimization
exercises that can be examined, but it is especially relevant for compar-
ison with other options because it is an efficient response according to
standard economic methodology.

Both themagnitudes and distributionof a policy option'swelfare im-
pacts are useful for understanding the different perspectives of market
participants. For example, the model recognizes that a transmission
line has different local effects at two locations forwhich exports and im-
ports are enabled by the line. Transmission capacity complements gen-
eration capacity at the exporting node because it enables export sales;
and transmission capacity substitutes for generation capacity at the
importing node because it enables purchases of imports. However, de-
manders at these nodes typically have differing views because of the ef-
fects on energy prices.

These opposing views arise because there are winners and losers.
For example, suppose that A and B are two adjacent nodes in a network
and an old generator will retire at location B and two options are either
(a) new generation capacity at B or (b) greater transmission capacity
from location A to B. The preferences of a load-serving utility or a local
regulatory agency at B might reflect primarily whether (a) or (b) will
yield lower energy prices at A, but one at A could have a strong prefer-
ence for (a) because new transmission capacity would encourage ex-
ports from A to B that might raise the marginal cost of generation at A
and thus the energy price at A. In contrast, a generation company at A
could have a strong preference for (b) for the same reason that the
transmission capacity enables exports to B.

Often these different preferences occur because options for genera-
tion and transmission capacity are seen differently as substitutes or
complements. In the example above, a generation company at A sees
transmission as a complement to its generation capacity because it en-
ables exports to B, whereas a utility at A obtains no complementary ad-
vantage andmay be opposed to higher energy prices at A. Similarly, at B
the utility sees local generation and transmission as substitutes, and if it
prefers one or the other option because the energy price at B will be
lower, then a generation company at B will have the opposite prefer-
ence because it prefers the higher price. The model can be a useful
tool for estimating the signs and the magnitudes of these welfare im-
pacts, and thus anticipating for each option the sources of support and
opposition and the strength of their preferences.

Transmission planning may include both regulated and merchant
investments. The second issue addressed here is:

• How can an RTO compare merchant investment in transmission with
regulated investment? A passive option is to propose regulated
5 The producer surplus at a location in the transmission network is the difference be-
tween energy revenue and cost, net of the cost share of any investments in new capacities.
The consumer surplus is the difference between gross consumer benefit and energy reve-
nue (estimated as the area under the demand function and above the local energy price),
net of the shared cost of any investments in new capacities.
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investment only if no merchant investment is offered. The active op-
tion is to propose regulated investment, if thewelfare impacts ofmer-
chant investment are severe.

The model allows consideration of several versions of merchant in-
vestment, depending on who is the investor. The investor could be a
transmission company, or at different locations in the network, a gener-
ation company or a utility. In each case, an investor incurs the full cost of
the investment and obtains all the revenue from transmission conges-
tion charges, and revenue from injection charges if allowed. The optimal
capacity provided by transmission investment on a merchant basis
takes account of secondary benefits; e.g. for a merchant line proposed
by a generation company (or by an alliance with a transmission com-
pany), the profit from energy exports over the transmission line can
make the investment profitable even if it incurs a loss on the line itself.
Further, an investor's preferred capacity for a merchant transmission
line can differ substantially from the efficient capacity because the in-
vestor does not need to consider welfare impacts on other market
participants.

For the alternative of regulated investment, themodel allows several
versions. As a standard reference for comparisons, we often use the
“first-best” efficient capacities that are chosen to maximize the total
among all market participants of the producer and the consumer sur-
pluses net of investment costs. Regulated investment can specify vari-
ous cost-sharing rules, such as sharing in proportion to usage, or load
served, or incremental benefit or consumer surplus. In a second-best ef-
ficient version examined in Section 4, the investment cost is recovered
by the sum of congestion charges and injection charges.

These versions of merchant and regulated investment are useful
chiefly to understand why a merchant investor might propose a trans-
mission project quite different than an efficient project, and to estimate
the different welfare impacts. For example, an efficient project can have
a transmission capacity that still entails congestion charges in periods
with peak loads, whereas an exporting generator or importing utility
might prefer a capacity large enough to eliminate congestion charges.
However, here we do not address more subtle considerations; e.g. a
generation company might see an investment in transmission capacity
for exports as profitable, but not propose a merchant project because
it prefers a regulated project inwhich the cost is recovered from allmar-
ket participants via the cost-sharing rule.

Transmission and generation investments usually take place at dif-
ferent times. The third issue addressed here is:

• Should an RTO's design of a regulated transmission project anticipate
that subsequent merchant investments in generation capacity will be
adapted to the transmission capacity provided, or should the RTOwait
to adapt the transmission project to the installed generation
capacities?

The simple model does not presently account for different time
frames for planning and installing generation and transmission capaci-
ties, nor different service lives. However, it enables studies of several
scenarios. For example, in one scenario, generation investments are
made first on the assumption that ample transmissionwill be provided.
And in another scenario, an efficient transmission project is imple-
mented based on the currently installed capacity and then those addi-
tional generation projects that are profitable are implemented. Of
special value is the model's ability to consider the Cournot version of
competition between generation investments, as for instance when
generation companies along a transmission line compete for sales in
their local energy markets.

The organization of the remaining sections of the paper is as follows.
Section 2 sets forth the basic framework. Section 3 describes the main
features and assumptions of a basic model that is used to study the
various policy scenarios of coordination. Sections 4–6 report on the
studies of the three main scenarios: efficient coordination, merchant
transmission investments and sequential coordination. Section 7 sum-
marizes with concluding remarks. Appendix A provides the mathemat-
ical formulation for a second-best cost recovery mechanism and
merchant transmission models.

2. Framework

In this section, we present the basic features of an integrated frame-
work that enables studies of various scenarios of coordination of trans-
mission and generation capacity investments in competitive wholesale
electricity markets. It serves as an economic analysis tool for evaluating
the effects of alternative investment strategies from the viewpoints of
individual stakeholders. It offers a high-level perspective on major fea-
tures – although necessarily it does not address the fine details of spe-
cific investment proposals. The use of mathematical formulation helps
clarify complex issues that may otherwise be obscured in a policy de-
bate. For simplicity, themain focus is limited to transmission and gener-
ation investments where consequences are primarily economic, but the
underlying methodology can be generalized to address system reliabil-
ity and other policy issues such as operating reserves requirements and
carbon emission restrictions.

2.1. Two-stage stochastic optimization

In the following, we present a two-stage stochastic optimization
framework for coordinated transmission and generation capacity ex-
pansion in competitive wholesale electricity markets, where a market-
driven environment is conducive formerchant investments.Weassume
that decisions about new investments in transmission and generation
capacities are made jointly under uncertainty in a forward timeframe,
while energy trades, power flows on the electric network and prices
are determined in a spot market.

The planner's objective is to maximize the expected social surplus,
the sum of the consumer surplus and the producer surplus. The social
welfare objective is consistentwith the basic economic principle of pub-
lic policy for integrated resource planning. Themodel informs the plan-
ner about the merits of alternative options as well as the incremental
costs, benefits, and welfare impacts on stakeholders at different
locations.

First, listed below are the symbols used in the basic model. We let
boldface letters denote vectors, matrices or random variables.

2.1.1. Notation
i, j, n ∈ N: The set of nodes in the electric network.

t = 1, …, T: Time periods in the second stage.
I(Zij): The transmission investment cost function; Zij is the capacity
of link (i, j).
kn: The unit investment cost of generation capacity at node n.
Yn: The generation capacity at node n.
qn=(qn1,…,qnT): The vector of energy consumption levels at node n
over T periods.
xn = (xn1,…,xnT): The vector of energy production levels at node n
over T periods.
pn = (pn1,…,pnT): The vector of energy prices at node n over T
periods.
Bnt(qnt): The gross consumer benefit of energy consumption at node
n in period t.
qntd = Dnt(pnt): The energy demand function at node n in period t.
∂Bnt(qntd )/∂q = Dnt

−1(qntd ): The marginal utility of energy consump-
tion at node n in period t.
Cnt(x,Y): The cost function of energy generation x and capacity Y at
node n in period t with ∂Cnt(x,Y)/∂Y ≤ 0.
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qnts = Snt(p,Y): The energy supply function at node n in period t.
∇xCnt(qnts ,Y)= Snt

−1(qnts ,Y): Themarginal cost of energy production at
node n in period t.
θnt: The voltage angle at node n in period t.
Ψij(θi− θj): Power flow from node i to node j according to Kirchoff's
laws.
βij
n: The power flow distribution factor on link (i, j) from power

injected at node n

The basicmodel solves a two-stage stochastic optimization problem.
In the first stage, optimal transmission and generation capacity invest-
ments strives to achieve the maximum expected net social benefit.
Then, in the second stage, an economic dispatch problem is solved and
market clearing prices are calculated, where the market solution
forms the basis for a value function of transmission and generation ca-
pacities serving as inputs into the first stage decision model.

In thefirst stage, the decision problem is based on a standard optimi-
zation formulation:

Max
Y ;Zð Þ

E V Y ;Zð Þ½ �−
X
n∈N

knYn−
X
i; j∈N

Iij Zij
� �8<

:
9=
; ð1Þ

The solution to (1) is an optimal investment portfolio of transmis-
sion and generation expansion projects that maximizes the expected
social welfare net of capacity investment costs. The value function, V
(Y,Z), reflects the benefits of transmission and generation capacity in
serving the spot energy market. We assume that the generation invest-
ment is a smooth linear cost function, though the cost function for trans-
mission expansion for each line, I(Zij), is a non-linear and function
featuring economies of scale and lumpiness.

In the second stage, themarket operator's problem is to clear the en-
ergy market efficiently achieving the maximal social surplus subject to
network power flow and security constraints6:

V Y ;Zð Þ ¼ max
qd ;qs ;;θð Þ

X
n∈N

XT
t¼1

Bnt qd
nt

� �
−Cnt qs
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j∈N
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� �

; for n∈N; t ¼ 1;…; T ð3Þ

Ψij θi−θ j
� �

≤Zij; for i; j∈N; t ¼ 1;…; T ð4Þ

Eq. (3) states that the net energy supply at each node equals the sum
of power flows from this node to all of its adjacent nodes. Constraint
(4) states that for each link, the power flow cannot exceed the thermal
capacity of the link.

The Lagrangian dual problem for (2)–(4) is as follows,

L Y ;Zð Þ ¼ Inf
p;μ Sup

qd ;qs ;;θð Þ
X
n∈N

XT
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nt; Yn
� �h i

þ
X
n∈N

XT
t¼1

pnt qs
nt−qd

nt−
X
j∈N

Ψnj θn−θ j
� �0

@
1
A

2
4

3
5

þ
X
i; j∈N

μ ij Zij−Ψij θi−θ j
� �� � ð5Þ
6 See Chao and Peck (1996).
In equilibrium, themarket clearing prices for energy for n ∈N; t=1,
…, T satisfy the following first-order conditions7:

∇Bnt qd�
nt

� �
¼ ∇xCnt qs�

nt ;Yn
� � ¼ p�

nt ð6Þ

p�
nt ¼ p�

0t þ
XN
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μ�
ijβ

n
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ij Zij−Ψij θ�i −θ�j� �h i
¼ 0 ð7Þ

Eq. (6) shows that the spot price at each node equals the marginal
benefit and marginal cost of energy. Eq. (7) indicates that the nodal
price difference equals the congestion rent for transmission constraints,
where μij∗ is the shadow price on link (i, j).

In the first stage, the optimal capacity expansion plan satisfies the
following first-order conditions:

kn ¼ E −
∂Cnt qs�

nt; Y
�
n

� �
∂Yn

�
�

ð8Þ

I0ij Z�
ij

� �
¼ E μ�

ij

h i
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Eq. (8) indicates that the fixed capacity cost equals the expected
downward shift in the energy cost causedby the generation investment.
Eq. (9) indicates that the marginal investment cost for transmission
equals the expected congestion rent. These conditions do not guarantee
that the total congestion revenue would be sufficient to cover the total
investment costs, when as often is the case, the investments are charac-
terized by lumpiness and economies of scale.

The two-stage stochastic optimization framework incorporates an
investment value function that reflects the economic benefits of trans-
mission and generation investment in the spot energy markets under
uncertainty, and such a value function could ideally serve as the objec-
tive function in forwardmarketmechanisms to guide efficient transmis-
sion and generation investments. (Boffino et al., 2019) Before
presenting a simple model that illustrates how the basic integrated
planning frameworkmay be used to address the coordination problems
posed by transmission and generation investments, it is useful to de-
scribe below several key problems of coordination posed by regulated
transmission projects, further problems encountered when integrating
transmissionmerchant projects into the overall planning process, issues
involved in the regulatory process, and the three basic policy scenarios
studied in this report.

2.2. Conundrums of coordination

In the following, we highlight key issues concerning the timing, na-
ture and financing of investment decisions.We consider three perennial
conundrums that face transmission planners in coordination with mer-
chant generation investments: 1) which goes first, generation or trans-
mission? 2)which should it be, generation or transmission? and 3) how
might regulated projects be financed?

2.2.1. Problem 1 – which goes first, generation or transmission?
Themerit of an economic transmission project is sometimes viewed

as akin to the value of a highway. In this view the transmission network
is a desirable infrastructure that enables suppliers' outputs to be deliv-
ered to demanders with the least overall cost. One version argues that
the network capacity should eliminate congestion whenever the bene-
fits exceed the costs, and therefore, investments in additional transmis-
sion capacities should be adapted to whatever is the spatial pattern of
generators' locations and capacities relative to the spatial pattern of
loads.
7 The equilibrium condition assumes that the cost functions are convex. When the cost
functions are non-convex, the optimal solution to the Lagrangian dual problem is con-
nected with a quasi-equilibrium. See Chao (2019).
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An alternative view argues that the transmission network should es-
tablish a backbone of available capacities that then guides investors in
generation capacities when choosing their locations. This view is rein-
forced by recognition that, compared to generation capacity, transmis-
sion capacity is more expensive, difficult to locate, takes longer to
build, and has a longer service life, and therefore, transmission invest-
ments should establish corridors for moving power to metropolitan
load centers, which cannot be moved.

We consider alternative scenarios in which either transmission ca-
pacities are established first and generation capacities adapt to it, or
the reverse. We do not pretend to resolve the fundamental differences
between these views about the role of the transmission system. Rather,
our aim is to illustrate that our proposed framework and model can be
used to obtain quantitative predictions, based on specific data about in-
vestment costs, about the economic consequences for market partici-
pants from these alternative approaches to transmission planning.

Implicit in our framework is that each of the two views described
above omit the additional considerations that we address. Both the
“network as highway” and “network as backbone” views focus on
how best to locate power generation and its transport to load cen-
ters. Our analysis identifies the efficient solution for each of the
two scenarios studied, and goes further to predict the resulting spa-
tial distributions of prices, and computes too the welfare impacts on
producers and consumers at each node in the network. The differ-
ences in welfare impacts are useful information for transmission
planning because energy market participants eventually pay for reg-
ulated transmission projects.

2.2.2. Problem 2 – which should it be, generation or transmission?
A frequent situation in transmission planning is that a solutionmust

be found to an impending change at a single node in the network, such
as retirement of an old generator or growth in the load there. In either
case the question can be whether to augment transmission capacity
from another node with low-cost power supplies, or to rely on mer-
chant investment in new generation capacity at that node. This problem
can be explicit when a firm proposes a new generator that can substi-
tute for import capacity.

Our framework addresses this problem by considering, for each al-
ternative, the price and welfare impacts on suppliers and demanders
at both the import and export nodes. The advantage of this approach
is that it recognizes that the perceived merits of economic transmission
projects typically depend on the differing viewpoints of the various af-
fected parties. Their differing views stem ultimately from the fact that
a transmission line is not purely a substitute for generation, nor purely
a complement, but rather some of each. For both a utility and generator
at the import node, the generation and transmission solutions are sub-
stitutes, although the utility prefers the solution with lower prices and
the generator with higher prices. At the export node, a generator sees
the augmented transmission capacity as a complement because it en-
ables power sales over the line to the import node, but again a local util-
ity and generator differ if the exports raise prices at the export node. At
both nodes, the matter is further complicated by the allocation of cost
recovery for the transmission capacity.

The view embodied in our framework is that transmission planning
is better informed about the consequences of one solution or the other if
predictions about the price and welfare effects on both parties at both
nodes are quantified by predictions such as those obtained from the
model used here.

2.2.3. Problem 3 – how might regulated projects be financed?
A regulated transmission project requires cost recovery to be allo-

cated among market participants. Actually, because generation is on a
merchant basis, cost recovery is usually allocated among consumers,
as for instance in the case of a grid charge paid by utilities. Often the al-
location is obtained from the simple formula of cost sharing in propor-
tion to load served. Because the model here provides predictions of
the welfare impacts on consumers at each node, it is potentially useful
as the basis for allocating cost sharing in proportion to the welfare
gain obtained by those who benefit – and the model allows as one op-
tion that this formula is used.

Two further possibilities are included in the model. Besides the
first-best efficient plan, the model calculates two second-best
constrained-efficient plans in which it is required that the cost of
the transmission capacity chosen is recovered from revenues. In
the first version the revenue consists solely of congestion charges,
and in the second version the revenue consists of injection charges
in addition to congestion charges.

These alternatives of cost allocation by formula and cost recovery
from revenues pose a policy issue that can be distilled as follows. The
first-best plan is more efficient but its effects on consumers depend on
the cost allocation formula. The second version of the second-best
plan is often only slightly less efficient (as will be seen in the scenarios
studied later) but it is self-financing or market-based cost recovery. It
operates essentially the same as tolls that recover the costs of bridges,
turnpikes, and subways, but charges more when there is congestion
(as is now done on some highways with congestion during commute
hours).

An advantage of the framework proposed here is that the model is
cast in terms of a two-stage stochastic optimization problem consistent
with the architecture of forward and spot markets. Because of this for-
mulation it is possible to compute the second-best plans, and then to
compare the efficiencies of the first-best and second-best plans. The re-
sults for the scenarios studied here indicate that in some cases the effi-
ciency loss is so small that disputes over cost allocation can be averted
by relying on a market-based cost recovery mechanism.
2.3. Role of merchant transmission investments

Merchant investments depend on a decentralized process in
which transmission and generation investments are guided by the
private incentives of for-profit firms. The appeal of merchant invest-
ment lies in its reliance on market-driven competition to determine
the location and levels of investments in new transmission and gen-
eration capacities – the “invisible hand” of investment incentives
based on self-interest. Thus by shifting business and operational
risks from consumers to investors, it obviates the need for the regu-
latory mechanism of cost recovery and facilitates efficient coordina-
tion in ways that allow investors to exploit complementarities
between transmission and generation capacities.

A liberalized market-based system depends on merchant invest-
ments in generation capacity, and also allows merchant investment
in transmission capacity. Merchant investment in transmission ca-
pacity expansion is appealing because it places the financial risks of
investment on investors rather than consumers, while bypassing
the bureaucratic processes for regulated transmission companies. In-
tegrating merchant transmission into transmission planning poses
several coordination issues that we now elaborate. In each case we
argue that a full analysis of predicted prices andwelfare impacts pro-
vides useful information for resolving issues during the transmission
planning process.

The simplest case is capacity proposed by a commercial firm special-
izing in transmission. Because its cost recovery and profit derive from
fees such as congestion charges and/or injection charges, its preferred
capacity is typically too small to eliminate congestion in periods with
peak loads. The policy issue appears when the efficient regulated trans-
mission capacity is substantially larger – as will be seen in the scenarios
studied in Sections 4–6. Even though the merchant capacity is self-
financed, while the regulated capacity requires an allocation of cost re-
covery amongmarket participants, a full comparison of the two options
can benefit from predictions of the price and welfare impacts among all
affected parties.



9 Within a meshed power grids, Kirchhoff Laws create network externalities associated
with loopflows causing new complementarities inways thatwould increase the complex-
ities aswell as the benefits of coordinated investments of transmission and generation. For
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2.4. Regulatory process

A transmission project must be approved by regulatory agencies,
and if more than one plan is proposed then they choose one. Without
attempting here to model regulatory processes, we mention three
features.

First, among the relevant considerations are the benefits and costs
for market participants. As will be seen later, the project designs pro-
posed by different merchant investors can differ greatly and have
much different impacts on the distribution of benefits and costs
among market participants. These differences stem from different in-
centives. While an efficient design maximizes the aggregate benefits
net of costs among all market participants, a merchant investor's main
incentive is to maximize its own return from the project, ignoring the
adverse effects on other parties. For example, a new transmission line
can raise the profits of generators who can export energy over the
line, but it can also raise the local price of energy and thereby disadvan-
tage local consumers.

Second, if the motive for a new transmission line is to enable effi-
cient energy exchanges, rather than to improve security or reliability,
then regulatory agencies might prefer a merchant project if one is pro-
posed, rather than a regulated investment forwhich the costmust be re-
covered frommarket participants. Thus regulated investment is usually
the preferred option only when no merchant investment is proposed.
Anticipating incentives formerchant transmission investments is there-
fore an important ingredient of the planning process at an RTO.

Third, when a transmission project is proposed, there are often three
partieswith diverse interests. One party includes the suppliers at the ex-
port node and the demanders at the import node, since they stand to
gain from the new transmission capacity. The transmission project facil-
itates and thus complements the generation investment at the export
node. A second party includes the demanders at the export node and
the existing suppliers at the import node, since they stand to lose.
These two groups are chiefly affected by the resulting higher and
lower energy prices at the export and import nodes, respectively. The
third party is a potential supplier at the import nodewhooffers a substi-
tute for the transmission line in the form of merchant investment in
new generation capacity. Thus, the regulatory process is often conten-
tious. Estimates of themagnitudes of thewelfare effects on these parties
are often useful in reaching a compromise.

3. Basic model

In this section, we describe themain features of the analytical model
that is used to study the various policy scenarios of coordination. We
begin with several simplifying assumptions.

We assume that the transmission network and the demand and sup-
ply functions at each node are known and stationary, except for invest-
ments in new transmission or generation capacity.8 As described later,
the model first establishes a status quo or baseline for existing capaci-
ties, which is, by construction, the efficient generation capacity levels
before any transmission capacity is built, and then evaluates investment
projects as incremental expansion from the baseline. We allow for two
periods with differing demands, named the peak and off-peak periods.
These periods are assumed to be synchronous for all nodes, i.e. peak pe-
riods occur simultaneously. Our implementation allows specification of
any duration of the peak period, but the examples reported here assume
that the peak and off-peak periods have equal duration.

We assume that each generation companies participates in the ISO's
energymarkets on amerchant basis and not regulated, and that whole-
sale energy markets are competitive; specifically, the energy price at a
node is modeled as always the same as the locational marginal cost of
8 While the assumption of stationarity is a good first approximation, further research is
needed for applications if demand and supply functions are evolving in a dynamicmanner
under uncertainty.
generation, though it allows a cap on the nodal energy prices, as this is
a common feature of energymarkets in theU.S. Thus, investments in ca-
pacity are the only sources ofmarket power. The Cournotmodel of com-
petition is used in scenarios that have oligopolistic GenCos.

We assume that the aggregate demand and supply functions at each
node are known; e.g. the supply functions are the same as generators'
marginal costs. A transmission company's revenue is derived from
transmission fees and congestion charges.Wemeasure generators' ben-
efits at each node by the producer surplus, which is just the net revenue
that is the difference between energy revenues, based on the local price
of energy, and total generation costs measured as the area under the
supply curve.Wemeasure demanders' benefits at each node by the con-
sumer surplus, which is the area under the demand function and above
the local energy price. For both generators and demanders, these are
gross benefits before subtracting any allocated costs of transmission ca-
pacity to obtain net benefits.

We observe that using the social surplus – the sum of the producer
and consumer surplus – to measure the aggregate benefit of a project,
and to verify whether the overall design of a project is efficient, is con-
sistent with the objective of wholesale market design to maximize the
market surplus, and it is a standard measure accepted by regulatory
and policy agencies for cost/benefit and policy analyses. At the same
time, such practice invokes the so-called ‘compensation principle’
often used in economic studies. This principle is based on the argument
that if aggregate benefits are maximized in the design of many projects
over time, with no compensation provided to those participants af-
fected adversely by each individual project, it might still be likely that
each participantwill benefit overall from themanyprojects undertaken.
Since there is no guarantee that the first-best outcomewill meet the Pa-
reto criteria, the model can help identify the compensation to adversely
affected participants from those who benefit that is required for each
project individually to obtain a “fair” allocation of benefits, and thus im-
plies how the burden of cost recovery is shared.
3.1. Model formulation

For simplicity, in the basic model, we assume a network configura-
tion with three nodes in a radial tree structure, designated A – B – C,
or N ≡ {A,B,C}, where node B is designated as the hub located between
nodes A and C. The formulation can be extended to a mesh network
with loop flows.9 We ignore transmission losses. Investments in trans-
mission capacity are allowed only between nodes A and B and between
nodes B and C.

We assume that the planner decides on new investments in trans-
mission and generation capacities in advance, perhaps in a coordinated
forwardmarket, before electricity demands, supplies, and prices as well
as power flows on the electric network are determined in a spotmarket.
The planner's objective is to maximize the social surplus, the sum of the
consumer surplus and producer surplus.

In the spot energy market, we consider two periods, peak and off-
peak periods, denoted by 1 and 2 respectively, or t = 1, 2. For the sce-
narios studied here, we assume that at each node and in each period
the price elasticities of energy demand and supply are constants, and
themarginal costs of new generation capacity are constants.We assume
that new transmission capacity between two nodes also has a constant
marginal cost, but we also allow a fixed cost that is independent of the
size of the new capacity. In other words, the transmission investment
the illustrative case, the “transportation” network model suffices, and there is no need to
represent Kirchhoff Laws within a radial structure. The basic framework can be extended
in a straightforward manner to more realistic cases. See Hogan (1992), Chao and Peck
(1996), Munoz, et al. (2013).
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cost I(Z) which is a function of the size of transmission capacity (Z):

I Zð Þ ¼ f þ νZ;

where f and v denote fixed and marginal variable costs, respectively. In
an actual application, the fixed and marginal costs of new transmission
capacity are unique to each project.

At each node and in each period, the demand and supply functions
have the form

D pð Þ ¼ ap−ε and S p;Yð Þ ¼ Yα p
c

� �σ

where p is the local nodal price of energy in that period. The parameter ε
is the price elasticity of demand, and σ is the price elasticity of supply
(which is positive). The factor Yα affecting the supplied quantity de-
pends on the generation capacity Y installed at that node and thus varies
depending on investment in generation capacity. The scale elasticity pa-
rameterα is either 1 or somewhat less to account for decreasing returns
from incremental capacity. The parameter a in the demand function and
the parameter c in the supply function are fixed.

In an actual application, these parameters can be calibrated by using
actual market data, and typically one would use multi-period demand
functions and thus allow for more than the two periods used here for
peak and off-peak demand conditions. For relatively small changes
from the baseline, it is useful to estimate the price elasticities from the
aggregates of the demand and supply functions submitted in the energy
markets by market participants at each node. Similarly, for an RTO that
conducts procurement auctions, the marginal costs of new generation
capacity are estimated from participants' offers of incremental genera-
tion capacity.10

Here, however, our purpose is limited to illustrating how the model
can be used and useful in examining policy issues such as those outlined
above. Thereforewe posit a particular baseline and use calibrated values
of demand and supply price elasticities, and costs of generation and
transmission capacities.

We assume that the energy market is competitive in both the peak
and the off-peak periods. Thus the market price equals the marginal
benefit aswell as themarginal cost of electricity, andwe assume further
that the demand function equals the inverse of the marginal benefit
function and the supply function equals the inverse of the marginal
cost function. Assuming that the marginal cost of generation capacity
is k, we posit the gross benefit and total cost functions as follows,

B qn1;qn2ð Þ ¼
XT
t¼1

1
1−ε
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Then, the marginal benefit and marginal cost functions can be de-
rived as follows,

βnt qntð Þ ≡ ∂Bn

∂qnt
¼ qnt
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−
1
ε
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xnt
Yα
n

	 
1
σ

10 Some RTOs and ISOs in the U.S. conduct such auctions to ensure sufficient generation
capacity to meet reliability and security requirements.
Thedemand function equals themarginal value of consumption, and
the supply function equals the marginal cost of production, so

Dnt pð Þ ¼ β−1
nt pð Þ ¼ antp−ε

Snt p;Ynð Þ ¼ γ−1
nt pjYnð Þ ¼ Yα

n
p
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For the illustrations here, we first calculate the efficient plan, includ-
ing generation and transmission capacities based on the specified elas-
ticity and cost parameters. For subsequent studies of various scenarios,
the baseline's generation and transmission capacities are taken as
existing capacities.

For studies of scenarios, the model assumes in the efficient case of
regulated transmission investment that the capacity levels of both gen-
eration and transmission maximize the aggregate net benefits, i.e. the
social surplus of all market participants net of investment costs. Recall
that all investments decisions are made subject to the constraints that
the total energy demand and supply in each period are in balance and
that the power flow on each line does not exceed the line capacity.
The congestion charge for transmission between twonodes is the differ-
ence between the wholesale energy prices at the two nodes, net of the
injection charge if there is one.

In the case of merchant investments, we assume that the merchant
company chooses capacity levels to maximize its net profit under the
same set of system balancing and power flow constraints, with the ad-
ditional assumption that all remaining participants act competitively.
This assumption introduces additional constraints on merchant invest-
ment decisions in the form of competitive equilibrium conditions. See
Appendix A for a detailed mathematical formulation that includes
each of the scenarios studied here.

Fig. 2-1 illustrates themarket trading and power flows between two
nodes A and B.

3.1.1. Model parameters and scenarios
In Tables 3-1 and 3-2, we summarize the parameters of the model

for the scenarios reported here. The peak and off-peak periods each ac-
count for 50% of a year.

Below are several observations:

• At each node, if all nodes have the same energy price, the demand
scale factor is twice as high in the peak period as in the off-peak pe-
riod.

• Price elasticity of demand at every node and in every period is −0.2.
That is, a 10% increase in the energy price decreases demand by 2%.

• Price elasticity of supply at every node in every period is+0.5. That is,
a 10% increase in price increases supply by 5%. This corresponds to a
marginal cost curve that is locally approximated by a quadratic func-
tion of a generator's output rate. The scale elasticity is α = 0.9 at all
three nodes.

• Both the scale factors of demand and the marginal costs of generation
Node A Node B

Fig. 2-1. Market trading and power flows between two nodes.



Table 3-1
Demand and supply parameters.

Node A Node B Node C

Demand scale factor in the peak period 200 400 600
Demand scale factor in the off-peak period 100 200 300
Demand price elasticity −0.2 −0.2 −0.2
Supply scale elasticity 0.9 0.9 0.9
Supply scale factor 40 40 40
Supply price elasticity 0.5 0.5 0.5
Incremental cost of generation capacity ($/MW) 40 60 80
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capacity increase as onemoves from node A to B to C, while the incre-
mental cost of transmission capacity declines from A-B to B-C.

The calculation of the baseline establishes the existing generation
capacities, and the resulting nodal energy prices based on the above
specification of elasticities and cost parameters. In the scenarios studied
in the next sections the existing generation capacities are available at no
cost.
3.2. Basic coordination scenarios

In this paper, we consider scenarios that address three basic coordi-
nation scenarios: efficient coordination, merchant investments, and se-
quential coordination. Below is a quick preview.
3.2.1. Efficient coordination
In Section 4, we study the efficient coordination scenario and com-

pare it with scenarios of zero capacities and later use it as a baseline
for comparing other scenarios including one with unconstrained trans-
mission capacities. Efficient coordination aims to ensure that transmis-
sion and generation investments are planned like in a vertically
integrated utility or ideally in a jointly optimized forward transmission
and generation capacitymarket. For regulated transmission projects un-
dertaken to provide efficient infrastructure, market revenues may not
be sufficient to recover the investment costs and thus it may be difficult
to attract merchant investors. Cost recovery and allocation methods are
important issues.

In this scenario, the net investment cost (net of any revenue from in-
jection and/or congestion charges)must be recovered frommarket par-
ticipants according to a specific allocation rule. We start with two
approaches for cost allocation: first, proportional to load level, and sec-
ond, proportional to the change in consumer surplus (consistent with
the beneficiaries-pay principle). The distributional impact of a regulated
project is important because the burden of cost recovery is widely
shared, and an efficient planmay induce adverse effects on somepartic-
ipants, as for instance when new transmission capacity from an export
node A to an import node B raises prices for consumers at A. Such a
cost sharing rule affects the distribution of social surplus among partic-
ipants but not the overall efficiency.

Then, we consider a second-best plan for recovering the costs of reg-
ulated transmission projects, called Boiteux-Ramsey plan, without re-
quiring a separate cost sharing rule. This plan also maximizes social
surplus, subject to the constraint thatmarket revenues suffice to recover
Table 3-2
Transmission cost parameters.

Line A-B Line B-C

Fixed cost ($Million) 200 200
Variable cost ($/MW) 10 5
the project costs, but assumes that there is alsomarket revenue from an
injection charge.11

3.2.2. Merchant transmission
In Section 5, we study coordination through merchant investments.

We consider merchant projects that add generation capacity at a single
node, and merchant projects that add transmission capacity between
two adjacent nodes, or both transmission capacity and generation ca-
pacity if a generation company participates in the project. The investor
in a generation project is assumed to be a company specializing in gen-
eration, called a GenCo. A transmission project is undertaken by a com-
pany specializing in transmission, called a TransCo. However, we also
consider natural alliances between any two or three among a TransCo,
a GenCo, and a Utility (at different nodes) in which they share invest-
ment costs and subsequent net revenues. A consortium that includes a
GenCo can invest simultaneously in transmission and generation
capacity.

We study several cases of merchant investment that include trans-
mission capacity. In one case a project is undertaken by a TransCo that
uses revenues from transmission fees, injection charges, and/or conges-
tion charges to recover its costs. In other cases a project is undertaken by
a local GenCo seeking expanded transmission capacity for energy ex-
ports, or by a local utility seeking expanded transmission capacity for
energy imports. A more complicated example is a GenCo at node A
and a utility at node B that invest jointly in generation capacity at A
and transmission capacity between A and B, and perhaps they include
a TransCo as a partner or contractor to build andmaintain the transmis-
sion line. We do not distinguish how partners in a consortium share
costs and revenues, and assume only that their objective is tomaximize
the total of their net benefits.

Merchant investors pay the direct costs of construction and opera-
tion, and expect their own benefits to be sufficient to cover these
costs.Weusemeasures of theproducer and consumer surplus topredict
the resulting distribution of net benefits among all market participants,
but typically merchant investors are not required to take explicit ac-
count of distributional effects in the design of their project. That is, in-
vestors' net profit is the main determinant of the project design.

3.2.3. Sequential coordination
In Section 6, we consider sequential coordination inwhich transmis-

sion and generation investments are decided in sequence as a long-term
planning strategy. The policy issue addressed is whether transmission
investments should lead or follow generation investments. This issue
was moot in vertically integrated systems because transmission and
generation capacities were planned together. But in modern liberalized
systemswith merchant generation, the conundrum of ‘which goes first’
is a major issue. In one view, the transmission network should be the
backbone that facilitates and guides merchant investors about where
best to locate and how much generation capacity to install. This view
is encouraged by the longer times for planning and building transmis-
sion lines, and their longer useful lives, compared to generation capac-
ity. This view is examined by Sauma and Oren (2006) and Munoz
et al. (2013) which show that the magnitude and location of the best
transmission investment plans are likely to change when the responses
of merchant generation expansions are taken into consideration. In the
alternative view, transmission capacity is built to take best advantage of
prior merchant investments in generation capacity. The second view is
endorsed implicitly when an ISO considers regulated investment in
transmission capacity only when the benefits are substantial and no
11 These cost sharing alternatives are derived from the Boiteux-Ramsey plan rule.
Ramsey–Boiteux pricing maximizes social welfare function subject to a revenue con-
straint. FrankRamsey (1927) developed the pricing rule in the context of taxation. Boiteux
(1956) rediscovered the same result in the context of naturalmonopolieswith decreasing
marginal costs, whichwould suffer revenue deficiency if it is required to price its output at
the marginal cost.
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merchant investments are proposed. The two views often collide, as
when new transmission capacity would enable imports to a node, and
the Genco at that node objects that it could add generation capacity
that would substitute for the transmission capacity.

Here we study two scenarios.

• In the first scenario, efficient proactive regulated investment in the
two transmission capacities occurs first, and after this, at each of the
three nodes a merchant investor chooses its optimal generation ca-
pacity. Then, the model computes the optimal generation investment
at each node individually (assuming no new generation capacity at
other nodes), and also solves for the Cournot equilibrium among all
three generators as though they act like oligopolies.

• In the second scenario, optimal generation capacities are computed
first on the assumption that there will be no transmission congestion,
and then sufficient transmission capacity is provided to eliminate con-
gestion. This is done conservatively for each line A-B and B-C and the
affected GenCos, and also for both lines simultaneously and all three
GenCos at nodes A, B, and C.

4. Efficient coordination

In this section, we study efficient coordination of transmission and
generation planning. We consider a planning process in which trans-
mission and generation investments are set to maximize the social sur-
plus net of investment costs over all market participants. We assume
that regulated transmission projects are undertaken to provide benefi-
cial infrastructure from which revenue is insufficient to recover invest-
ment costs. In the following, we study three main topics: how efficient
coordination works in comparison with a baseline and an uncon-
strained transmission system, how it recovers investment costs, and
how it responds to changes in the system.

First, we compare efficient coordinationwith two extreme scenarios
– a generation-only systemwith no transmission, and a generation sys-
tem within an unconstrained transmission system. We consider a sys-
tem consisting of three separate regional systems, or three nodes,
assuming that transmission and generation investments are advanta-
geous for the three node system. The Baseline is an optimal
generation-only systemwith no transmission capacities. Efficient Coor-
dination represents an optimal expansion plan for both transmission
and generation capacities, starting from the Baseline. Unconstrained
Transmission represents an optimal generation expansion plan from
the Baseline obtained with sufficient transmission capacities so that
there is no congestion. Table 4-1 compares the results for the three sce-
narios, Baseline and Unconstrained Transmission.

As shown in Table 4-1, the efficient plan adds in total 119 MW of
transmission capacity at $1.3 billion and 94 MW of generation capacity
at $19.1 billion. In comparison, the unconstrained transmission system
adds in total 118 MW of transmission capacity and 133 MW of
Table 4-1
Comparing transmission and generation capacity expansions and investments.

Capacity
expansion

Line
or
node

Baseline Efficient
coordination

Unconstrained
transmission

Transmission
(MW)

A-B 0 66 105
B-C 0 53 76
Total 0 119 181

Generation (MW) A 106 191 237
B 181 189 183
C 241 242 241
Total 528 622 661

Investment
Transmission (in $billion) 0 1.32 1.84
Generation (in $billion) 0 19.11 19.71
Total (in $billion) 0 20.43 21.54
generation capacity, which are respectively 52% and 41% greater than
thosewith the efficient plan. In this scenario, while the transmission in-
vestment is increased by 39% from$1.3 to $1.8 billion, the generation in-
vestment is increased merely by 3% from $19.1 to $19.7 billion. Overall,
the transmission investment is often overshadowed by the generation
investment, and the total investment is increased modestly by 5%.
Transmission investment can have significant leverage, making it possi-
ble to shift generation fromnodes B and C to node A and increase the in-
vestment in more efficient technologies.

Table 4-2 shows the competitive energy prices in market equilib-
rium for the three scenarios. In the Baseline scenario, there is no trans-
mission system connecting the three nodes, and the nodal energy prices
vary all over the system during both peak and off-peak periods. On the
other hand, with an unconstrained transmission system, the nodal
prices are uniform. The variability of the spot energy price for the Effi-
cient Coordination scenario lies between the extreme scenarios. With
efficient coordination, the nodal prices vary during the peak period
but are uniform during the off-peak period. These price patterns can
be explained by several factors.

In general, nodal prices are affected by local market conditions. In
the Baseline scenario, for instance, the price at node A is the lowest be-
cause it has efficient low-cost supply technology with low demand
(perhaps due to end-use energy efficiency), while the price at node C
is the highest because it has the highest demand and the highest cost
supply technology. However, transmission investment tends to homog-
enize the differences among regions on the system.With unconstrained
transmission, every consumer has equal access to low cost supply. As a
result, the differences in nodal prices disappear. For instance, the prices
during the peak and off-peak periods are $68/MWh and $25/MWh,
which are very close to the lowest nodal prices, $67/MWh and $25/
MWh, in the Baseline scenario with no transmission. The efficient plan
eliminates congestion only during the off-peak period, resulting in a
uniform price of $27/MWh. During the peak period, however, the
nodal price differences remain, though less pronounced than in Base-
line, and the congestion costs reflect the transmission investment
costs. For example, the peak-period price of $79/MWh at node C is $5
higher than the price of $74/MWh at node B, which in turn is $10 higher
than the price of $64/MWh at node A. thus, with Efficient Coordination,
the peak-period congestion rent recovers the marginal investment cost
of transmission capacity.

Table 4-3 shows the Baseline reference welfare levels, net of invest-
ment costs.

As shown in Table 4-4, Efficient Coordination achieves a social sur-
plus gain of $1.41 billion above the Baseline, compared to $1.15 billion
with Unconstrained Transmission.

Despite the overall efficiency gains, the distributive effects are im-
portant among individual participants. Consumers generally benefit
from transmission expansion because they gain access to lower cost
supplies. As shown in Tables 4-4, with Efficient Coordination, con-
sumers as a group gain $13.3 billion, andwith Unconstrained Transmis-
sion, they gain an even greater amount of $16.1 billion. On the other
hand, producers tend to lose from expanded transmission and genera-
tion capacity as they face more competition. As a group, producers
lose $11.9 billion and $14.9 billion, respectively, with Efficient
Table 4-2
Energy market prices (in $/MWh).

Node Baseline Efficient
coordination

Unconstrained
transmission

Peak period A 67 64 68
B 91 74 68
C 112 79 68

Off peak
period

A 25 27 25
B 34 27 25
C 42 27 25



Table 4-3
Welfare levels for baseline (in $billion).

Node Consumer
Surplus

Producer
Surplus

Social
Surplus

A 17.13 4.73 21.86
B 29.36 12.07 41.43
C 37.80 21.43 59.23
Total 84.29 38.22 122.51

Table 4-5
Cost allocation rules with efficient coordination (in $million).

Node Load sharing Incremental benefit

A 68 3
B 133 101
C 199 296
Total cost 400 400

10 H. Chao, R. Wilson / Energy Economics 86 (2020) 104623
Coordination and Unconstrained Transmission. This suggests why gen-
erators tend to resist policies that promote market liberalization and
transmission expansion initially.

On a more granular level, as shown in Table 4-4, Efficient Coordina-
tion increases the social surplus for all three nodes and the gain is the
highest at node C at $0.94 billion. Transmission expansion promotes
market trading between regions and reduces the price in an import re-
gion (nodeC) but raise theprice in anexport region (nodeA). Therefore,
consumers in an import region and producers in an export region ben-
efit from expanded trading opportunities, but producers in an import
region and consumers in an export region lose.With conservative trans-
mission expansion, the consumers surplus at node A (an export region)
drops by $0.4 billion even though consumers as a group benefit from
unconstrained transmission. On the other hand, the producers at node
A gain $0.27 billion with Efficient Coordination and $0.68 million with
Unconstrained Transmission. This suggests why consumers in low cost
regions tend to resist policies that promote transmission expansion,
often resulting in contentious policy debates when these consumers
are expected to bear some share of the transmission expansion cost ac-
cording to the cost sharing agreement. It also explains why regionswith
high energy costs tend to leadmarket liberalization, and low costs states
are more likely to retain vertically integrated utilities with cost-based
rates.
4.1. Cost sharing rules

Next, we consider the cost sharing rule to recover the regulated
transmission investments including both administrative and market-
based approaches. Table 4-5 shows the cost allocation results under
the twomethods for recovering the fixed transmission cost of $400mil-
lion for the two transmission lines. We start with two administrative
cost allocationmethods, called load sharing and incremental benefit, as-
suming that they do not affect the overall efficiency. The load sharing
method common for price insensitive consumers allocates the fixed
transmission cost to consumers in proportion to their loads. An alterna-
tive approach, the incremental benefit method, allocates the cost to
price sensitive consumers in proportion to their net benefits, as mea-
sured by the increase in the consumer surplus, relative to the Baseline.
Compared to the load sharing method, the Incremental benefit method
seems more equitable. It reduces the cost burden for consumers at
nodes A from 17% to 8% and that for consumers at node B from 33% to
Table 4-4
Welfare impacts of efficient coordination (in $billion from Baseline).

Node Consumer surplus Producer surplus Social surplus

Efficient coordination
A 0.05 0.27 0.31
B 3.33 (3.14) 0.15
C 9.83 (8.98) 0.94
Total 13.27 (11.86) 1.41

Unconstrained transmission
A (0.40) 0.68 0.28
B 4.10 (4.27) (0.16)
C 12.39 (11.35) 1.04
Total 16.09 (14.93) 1.15
25%. At the same time, it increases the cost share for consumers at
node C, from 50% to 74%, because they realize the greatest net benefits.

However, these two cost sharing rules suffer the common pitfalls of
all administrative procedures, which includewell-documented bureau-
cratic inefficiencies and vulnerabilities to political capture. To remedy
these shortcomings, we consider a second-best cost recovery mecha-
nism based on a two-part tariff with energy price and injection fee,
called the Boiteux-Ramsey plan which by design (see Appendix A),
maximizes the social surplus, but subject to the constraint that revenues
from the project suffice to recover costs. It works by imposing on each
producer an injection fee and sets the energy and injection prices in
such a manner that the net revenues can fully pay for the investment
costs.

As shown in Table 4-6, under the Boiteux-Ramsey plan with injec-
tion fee produce energy prices that are very close to thosewith Efficient
Coordination. As shown in Table 4-7, the Boiteux-Ramsey plan yields an
incremental social surplus of $1.41 billion above the Baseline, practically
no different from Efficient Coordination. Overall, the first-best and the
second-best plans are essentially the same. A key advantage of the
second-best cost recovery plan is that it is self-financing and avoids
the administrative cost allocation mechanism.

Next, we apply the model to scenarios of possible responses to
impending changes in the system configuration. The emphasis here is
on short-run analyses of the impacts of incremental changes to the
baseline. We illustrate efficient responses to changes in generation ca-
pacity and demand.

• Retirement of some generation capacity at any one node, and
• An increase in demand at any one node.

In each case, we assume that the magnitude of the change is 10% -
that is, a decrease of 10% in the generation capacity, or a 10% increase
in demand, at that node. Thus, there are six cases corresponding to the
three nodes A, B, C, and the two changes in generation capacity or
demand.

Although the full capability of the model can be applied to each of
these six cases, here we report results only for analyses based on a
first-best efficient response. However, we distinguish three responses
for each of the six cases described above.

• Transmission response: optimize the incremental investments in
transmission capacities.

• Generation response: optimize the incremental investments in gener-
ation capacities.
Table 4-6
Two-part Tariff Boiteux-Ramsey Cost Recovery Plan (in $/MWh).

Period Node Energy Price Injection fee

Peak A 65 0.66
B 75 0.71
C 80 0.59

Off Peak A 27 0.28
B 27 0.27
C 27 0.20



Table 4-7
Distributive welfare effects of cost recovery plans (in $billion).

Node Load Sharing Incremental Benefit Two-part Tariff

Consumers surplus A 0.05 0.11 0.07
B 3.29 3.33 3.32
C 9.92 9.83 9.99

Producers surplus A 0.27 0.27 0.23
B (3.14) (3.14) (3.18)
C (8.98) (8.98) (9.02)

Total 1.41 1.41 1.41

Table 4-10
Welfare impacts with changes at Node B (in $billion from Baseline).

Node Transmission
response

Generation
response

Coordinated
response

Response to generation retirement at Node B
Consumers
surplus

A −0.45 0.06 −0.03
B 2.31 2.62 3.14
C 9.64 9.90 9.89

Producers
surplus

A 1.10 0.27 0.40
B −3.17 −3.33 −3.83
C −8.86 −8.94 −8.97

Social surplus All 0.57 0.58 0.60

Response to demand increase at Node B
Consumers
surplus

A −0.56 0.06 −0.05
B 5.25 5.68 6.36
C 9.58 9.89 9.88

Producers
surplus

A 1.30 0.27 0.43
B −2.10 −2.34 −2.98
C −8.83 −8.92 −8.96

Social surplus All 4.63 4.64 4.68
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• Coordinated response: optimize the incremental investments in both
generation and transmission capacities.

Applying these three responsemodes to the two cases yields six sce-
narios to be analyzed for each of the three nodes. Here we display only
the results for changes at the hub, node B.

Table 4-8 shows the capacity increments for each of the six scenar-
ios. We note that the transmission response and the generation re-
sponse offer competing substitutes to meet the demand created by
the generation retirement or demand growth at node B. The two ap-
proaches signify the substitutability between transmission capacity in
line A-B and generation capacity at node B. For the third approach, the
coordinated response leverages on the complementarity between
Table 4-8
Transmission and generation investments with changes at Node B (in MW).

Transmission
response

Generation
response

Coordinated
response

Response to retirement of generation at Node B
Line A-B (MW) 73 66 77
Line B-C (MW) 53 53 53
Generation at A
(MW)

84 85 98

Generation at B
(MW)

8 16 10

Generation at C
(MW)

1 1 1

Response to demand increase at Node B
Line A-B (MW) 74 66 80
Line B-C (MW) 53 53 53
Generation at A
(MW)

84 85 102

Generation at B
(MW)

8 18 10

Generation at C
(MW)

1 1 1

Table 4-9
Energy market prices with changes at Node B (in $/MWh).

Period Node Transmission
response

Generation
response

Coordinated
response

Response to generation retirement at Node B
Peak A 69 64 65

B 79 78 75
C 79 79 79

Off
Peak

A 28 28 27
B 28 28 27
C 28 28 27

Response to demand increase at Node B
Peak A 70 64 65

B 80 79 75
C 79 79 79

Off
Peak

A 29 28 27
B 29 28 27
C 29 28 27
capacity increments in line A-B and those in generation at node A, be-
cause the capacity of line A-B facilitates energy export from node A.
Thus their values are mutually enhanced by each other.

Table 4-9 displays the energy market prices for each of the six sce-
narios. We note that the transmission response results in the highest
prices in both peak and off-peak periods for all nodes, and the coordi-
nated response tends to have the lowest prices except for node A during
the peak period.

Table 4-10 compares the welfare impacts on consumers and pro-
ducers for the three responses. Overall, the transmission-only response
tends to distribute total welfare toward producers and away from con-
sumers. Compared to the coordinated response and the generation re-
sponse, the transmission-only response reduces consumer's surplus by
$1.5–$1.9 billion and $1.1–$1.4 billion, respectively, while increasing
the producer's surplus by similar amounts. The coordinated response
offers the greatest social surplus for both the consumers and the system
because it leverages on the complementarity between transmission and
generation.

In summary, we find that the transmission response is neither
consumer-friendly nor efficient, generation response is consumer-
friendly but inefficient, and the coordinated response is both
consumer-friendly and efficient.
5. Merchant transmission

In this section we study merchant transmission investments – as al-
ternatives or complements to regulated investments – in which the co-
ordination of transmission and generation planning relies on a
decentralized process of competition with free entry.

In the simple three-node system, we consider scenarios in which
merchant projects add transmission capacity between two adjacent
nodes, or add both transmission capacity and generation capacity if a
generation company participates in the project. The investor in a gener-
ation project is assumed to be a company specializing in generation,
called a GenCo. A transmission project is undertaken by a company spe-
cializing in transmission, called a TransCo. Merchant investors may be
alliances between a TransCo and a GenCo, or between a TransCo and a
load-serving Utility in which they share investment costs and subse-
quent net revenues. A consortium of merchant investors can invest si-
multaneously in transmission and generation capacity. There are two
natural alliances among these companies. For example, a GenCo at
node A or a Utility at node B may be willing to share the cost of addi-
tional transmission capacity that enables increased exports from the
GenCo at A and imports to the utility at B, and perhaps encourages the
GenCo to add generation capacity at A.



Table 5-2
Energy market prices ($/MWh).

Period Node Efficient
coordination

TransCo Merchant
TG-A

Merchant
TU-C

Peak A 64 60 63 68
B 74 76 74 68
C 79 91 96 68

Off
peak

A 27 28 28 25
B 27 28 28 25
C 27 30 32 25
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We examine three scenarios of merchant investment in transmis-
sion expansion and compare them with efficient coordination.

1. A transmission project is undertaken by a TransCo, which uses reve-
nues from transmission fees, such as injection charges and/or con-
gestion charges, to recover its costs.

2. A transmission project is undertaken by GenCo A, a local generation
company at node A, called Merchant TG-A, which seeks expanded
transmission capacity for energy exports.

3. A transmission project is undertaken by the local utility company at
node C, called Merchant TU-C, which seeks expanded transmission
capacity for energy imports.

In each case the merchant investors incur the full cost of the addi-
tional transmission and/or generation capacities.

The efficient plan includes investments in incremental generation
capacities at all three nodes and transmission capacities on both lines.
It maximizes the social surplus net of investment costs in which the im-
pacts on all market participants are included. For comparison, the inves-
tors in merchant projects maximize their own net benefits, without
concern for the effects on other market participants. The mathematical
formulation of the efficient coordination model and the four merchant
investment models are provided in Appendix A.

5.1. Results and discussion

Tables 5-1–5-3 show the results of the three scenarios of merchant
transmission in comparison with the efficient plan.

FromTable 5-1, the pattern of investments formerchant alliance TU-
C differ significantly from those for TransCo and TG-A. Relative to the ef-
ficient plan, Merchant TU-C tends over-invest in both transmission
($1.9–$2.3 billion) and generation ($19.7–$21.2 billion) capacities,
while TransCo and Merchant TG-A tend to make smaller transmission
investments ($0.8–$0.9 billion) but mixed generation investments
($18.9–$19.1 billion). The investment pattern ofMerchant TU-C reflects
the complementarities between transmission and generation from the
viewpoint of Utility C as an importer. The investment pattern of the lat-
ter group is complicated by the additional motives of TransCo and
GenCo to raise energy and congestion revenues.

Table 5-2 shows the effects of themerchant plans on energy market
prices, as compared to the efficient plan, at each node. For TransCo and
Merchant TG-A, with smaller transmission investments, the nodal en-
ergy prices vary with a greater range than those in the efficient plan
during peak and off-peak periods. But for Merchant TU-C, the nodal en-
ergy prices are uniform as a consequence of increased transmission in-
vestments that eliminate transmission congestion.

Table 5-3 shows the effects of the merchant plans on producers and
consumers surpluses net of costs, as compared to the efficient plan, at
each node.
Table 5-1
Transmission and generation capacity expansion and investments.

Capacity Line/node Efficient
coordination

TransCo Merchant
TG-A

Merchant
TU-C

Transmission
(MW)

A-B 66 31 37 108
B-C 53 25 25 76
Total 119 56 62 184

Generation (MW) A 191 151 154 240
B 189 193 190 181
C 242 249 241 241

Investment ($billion)
Transmission 1.32 0.84 0.90 1.86
Generation 19.11 19.18 18.88 19.71
Total 21.03 20.01 19.78 21.57
Several observations fromTable 5-3 formerchant investments are in
order:

• TransCo could befinancially viable, because as shown in Table 5-3, the
net congestion revenue is $79 million, after netting the transmission
investment cost. Relative to the efficient plan, its less expansive trans-
mission plan helps increase the congestion revenue. This strategy
lowers the consumer's surplus and raises the producer's surplus in
general. However, node A could be an exception, because a
constrained transmission capacity of line A-B reduces exports and
lowers the local energy prices.

• Merchant TG-A is stable, because compared to TransCo, it increases
GenCo A's profit, or the producers surplus at node A, by $0.35 billion
and TransCo's profit, the net congestion revenue, by $80 million.
This suggests that neither would be better off financially by leaving
the alliance unilaterally. However, GenCo A may have a weak incen-
tive to initiate the merchant TG-A alliance, because GenCo A is better
off with regulated transmission investment under efficient coordina-
tion.

• Merchant TU-C benefits from the complementarities between trans-
mission and generation capacities to such a degree that an uncon-
strained transmission system results. By eliminating nodal price
differences, the congestion revenue is zero. To sustain the merchant
alliance, an internal transfer payment must be made to cover the en-
tire transmission investment cost incurred by TransCo.

• The results for merchant transmission scenarios are generally consis-
tent with the conventional view that merchant transmission alone
could not attain efficient transmission investment. Nonetheless, mer-
chant transmission complement regulated transmission and mer-
chant generation investments with the advantage of strong financial
incentives.

6. Sequential coordination

In this section, we study the strategy of sequential coordination be-
tween regulated transmission and merchant generation investments.
In sequential coordination, transmission and generation investments
are planned sequentially. We consider two approaches for regulated
transmission investment, called 1) transmission leads generation and
2) transmission follows generation.
Table 5-3
Welfare impacts for merchant transmission (in $billion from Baseline).

Node Efficient
coordination

TransCo Merchant
TG-A

Merchant
TU-C

Consumers
surplus

A 0.05 0.42 0.17 −0.11
B 3.29 3.05 3.31 4.69
C 9.92 6.81 5.29 13.27

Producers surplus A 0.27 −0.19 0.16 0.71
B −3.14 −2.78 −3.03 −4.26
C −8.98 −6.22 −4.97 −11.33

Congestion
revenue

0 0.08 0.16 (1.86)

Social surplus All 1.41 1.15 1.09 1.11



Table 6-1
Transmission and generation capacity investments.

Capacity Efficient coordination Transmission leads generation Transmission follows generation

Cournot competition Transmission merchant

Transmission (MW) Line A-B 66 66 31 105
Line B-C 53 53 25 76
Total 119 119 56 181

Generation (MW) Node A 191 153 151 237
Node B 189 193 193 183
Node C 242 242 249 241
Total

Investment ($billion)
Transmission 1.32 1.32 0.84 1.84
Generation 19.11 18.88 19.18 19.71
Total 20.43 20.21 20.01 21.54
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The first approach comprises two scenarios. In one scenario, we as-
sume that a single transmission merchant chooses optimal investment
in the two transmission capacities first, and after this, merchant inves-
tors choose generation capacities at the three individual nodes under
competitive conditions. Essentially, this scenario is the same as the
TransCo scenario in Section 5. In the other scenario, we assume that ef-
ficient regulated transmission investment in the two transmission ca-
pacities occurs first, and then three oligopolistic merchant investors
choose optimal generation investment at each node individually (as-
suming no new generation capacity at other nodes). The model solves
for the Cournot equilibrium among all three generators as they are
oligopolies.

For the second approach in which transmission follows generation,
we compute optimal generation capacities first on the assumption
that there will be no transmission congestion, and then sufficient trans-
mission capacity is provided to eliminate congestion. This scenario is es-
sential the same unconstrained transmission.

Tables 6-1–6-3 summarize the results for these scenarios in compar-
ison with the efficient plan.

In Table 6-1, for the first scenario where transmission leads genera-
tionwith Cournot competition, the transmission investment is set at the
same level as efficient coordination ($1.3 billion). However, Cournot
equilibrium yields lower generation investments ($18.9 billion) than
the efficient plan ($19.1 billion). In the second scenariowith a transmis-
sion merchant, the transmission investment is significantly lower ($0.8
billion), while the total generation investment is close to that with
Cournot competition. For the third scenario,where transmission follows
generation, unfettered competition within an unconstrained transmis-
sion network results in greater generation investments ($19.7 billion)
complementing a more conservative transmission investments ($1.8
billion).

Table 6-2 shows the effects on energymarket prices, as compared to
the efficient plan, at each node. When transmission follows generation,
there is no transmission congestion, and unfettered competition among
all generators in a single market results in uniform energy prices $68/
MWh and $25/MWh, respectively, during peak and off-peak periods,
Table 6-2
Energy market prices ($/MWh).

Period Node Efficient
coordination

Transmission leads
generation

Transmission
follows generation

Cournot
competition

Merchant
transmission

Peak A 64 79 60 68
B 74 79 76 68
C 79 79 91 68

Off peak A 27 29 28 25
B 27 29 28 25
C 27 29 30 25
yielding zero congestion revenue. When transmission leads generation,
Cournot equilibrium among all generators in the three local markets re-
sults in higher uniform prices, $79/MWh and $29/MWh, during peak
and off-peak periods, respectively, and yields zero congestion rents.12

When merchant transmission investment leads generation investment,
the energy price in the peak period becomes more volatile than in off-
peak period.

Table 6-3 shows the effects on producers and consumers surpluses
net of costs, as compared to the efficient plan, at each node. Two inter-
esting observations from Table 6-3 are in order: Several interesting ob-
servations from Table 6-3 are in order:

• Efficient Coordinate dominates all three other scenarios as measured
by social surplus. The transmission-follows-generation and Merchant
Transmission scenarios yield almost the same level of social surplus
($1.15 billion), while in the former case, the transmission investment
($1.84 billion) is more than two times higher than the latter ($0.84
billion). When transmission follows generation, the transmission sys-
tem is uncongested. The excess transmission investment is offset by
unfettered competition that results in greater generation capacities
and lower prices. In short, the transmission-follows-generation strat-
egy fosters generation investments and the resulting competition to
benefit consumers.

• In the scenario of transmission-leads-generation with Cournot com-
petition, the total social surplus is lower than those in efficient coordi-
nation and transmission-follows-generation. In this scenario
consumers are generally left behind to the benefits of producers.
These results are driven by the assumption of oligopolistic market
power, which is generally known to cause suppressed investments
and raise prices. Without local market power, the transmission-
leads-generation scenario could be superior to the transmission-
follows-generation scenario by saving the excessive transmission
investments.13

• Efficient Coordinate dominates all three other scenarios as measured
by social surplus. The transmission-follows-generation and Merchant
Transmission scenarios yield almost the same level of social surplus
($1.15 billion), while in the former case, the transmission investment
($1.84 billion) is more than two times higher than the latter ($0.84
billion). When transmission follows generation, the transmission sys-
tem is uncongested. The excess transmission investment is offset by
unfettered competition that results in greater generation capacities
and lower prices. In short, the transmission-follows-generation strat-
egy fosters generation investments and the resulting competition to
benefit consumers.
12 This observation resembles the result obtained by David Kreps and Jose Scheinkman
(1983), where two-stage competition inwhich initial capacity commitments are followed
by competitive pricing in the energy market yields the same outcome as one-stage
Cournot competition.
13 See Pozo, Contreras, and Sauma (2013, 2017).



Table 6-3
Welfare impacts of sequential coordination (in $billion from Baseline).

Node Efficient
coordination

Transmission leads
generation

Transmission
follows
generation

Cournot
competition

Merchant
transmission

Consumers
surplus

A 0.05 −1.11 0.42 −0.09
B 3.29 2.09 3.05 4.23
C 9.92 8.62 6.81 11.95

Producers
surplus

A 0.27 2.36 −0.19 0.68
B −3.14 −2.14 −2.78 −4.27
C −8.98 −8.74 −6.22 −11.35

Social surplus All 1.41 1.09 1.15 1.15
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• In the scenario of transmission-leads-generation with Cournot com-
petition, the total social surplus is lower than those inmerchant trans-
mission and transmission-follows-generation. In this scenario
consumers are generally left behind to the benefits of producers.
These results are driven by the assumption of oligopolistic market
power, which is generally known to cause suppressed investments
and raise prices. In the absence of local market power, the
transmission-leads-generation scenario could be superior to the
transmission-follows-generation scenario by saving the excessive
transmission investments. However, Cournot competition may lead
to the possibility of multiple equilibria, and in extreme cases, an equi-
librium outcome could be worse than no investment at all.14 As the
worst-case scenario, anticipative expansion may be even worse than
the status quo.

The stochastic optimizationmodel results could be fairly sensitive to
certain input parameters andmay not be robust against all possible un-
certainties in the future. In particular, the merchant investments out-
come may be quite different than the one projected by the
transmission planner. Moreover, transmission investments are highly
irreversible and the economic tradeoff between robustness and flexibil-
ity predicts risk premium for waiting based on option value enhance-
ment. Transmission planning requires ongoing learning. For instance,
while waiting is costly in that there is reliability risk or a cost incurred
from an expensive option, too early a decision to add transmission ca-
pacity may deprive valuable learning opportunities and leave one
with unused transmission capacity. Emerging technological andmarket
changes have increased the importance of further research on stochastic
optimization within a multistage dynamic planning framework.

7. Concluding remarks

There are two parts of the study reported here. One part proposes an
integrated framework for developing plans that promote efficient coor-
dination of generation and transmission investments. Within a liberal-
ized market system with merchant investors, an RTO's planning
process can benefit from studying many different scenarios. The exam-
ples in this paper illustrate substantial differences among efficient regu-
latedplans and those preferred by variousmerchant investors and other
stakeholders. An RTO's consultations with stakeholders and regulators
is better informed if it anticipates the implications of a variety of project
designs – such as efficient or merchant-preferred capacity magnitudes,
and the resulting energy prices and distribution of welfare impacts
among energy market participants. The latter implications are espe-
cially germanewhen addressing rules for sharing costs of regulated pro-
jects, since quantified estimates are necessary for rules based on the
principle of beneficiaries-pay.
14 See Pozo, Contreras, and Sauma (2013, 2017).
The second part is the mathematical model. Using standard optimi-
zation software, it can be applied to estimate some consequences of spe-
cific proposals for generation or transmission investments, such as the
distributions of nodal prices and welfare impacts. Or it can be used to
identify an efficient plan of investments, or plans that maximize the
net benefits of various merchant investors or alliances among them.

A valuable attribute of the model is its formulation as a two-stage
stochastic optimization problem subject to constraints. This feature en-
ables comparisons such as between an efficient plan requiring cost re-
covery from stakeholders, and plans that are constrained to be self-
financed via injection fees and congestion charges. When the efficiency
loss from a self-financed plan is small, there can be compensating ad-
vantages from averting struggles over cost allocation. Interestingly, a
Boiteux-Ramsey cost sharing rule produces energy prices and social
welfare impacts that appear essentially indistinguishable from those
obtained under efficient coordination. In addition, we envision that
the methodology could facilitate forward market mechanisms that en-
able efficient coordination of transmission and generation investments
when non-convexities (e.g., economies of scale and lumpiness) become
a less prohibitive barrier to efficient pricing mechanism.15

We also see the integrated economic framework and the simple
basic model as useful in studies of basic conceptual issues. Two such is-
sues illustrated in this paper arise from the separation between regu-
lated and merchant investments in liberalized market systems. One is
the choice between transmission and generation solutions to local prob-
lems, and another is the choice of which sequence of transmission and
generation investments to implement when these investments cannot
be coordinated simultaneously. In the version described in this paper,
themodel is simplified, for instance, by assuming constant price elastic-
ities of supply and demand, and constant marginal costs of generation
and transmission capacities. In some practical situations this simplifica-
tion is sufficient if the model is calibrated to market data. In more com-
plex situations, the simple model may be calibrated to more complex
economic for analyzing the effects of prices, incentives and welfare. To
support coordination through new forward market mechanisms, it
would be necessary to work with an expanded model allowing more
detailed specifications and to work directly with market and engineer-
ing data.
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Appendix A. Mathematical formulation

In this appendix, we provide the mathematical formulation of the
simple basic model in Section 3 for the scenarios in Sections 4–6. For
our purposes, we consider a three-node network with a tree structure,
A-B-C (N = {A,B,C}, where the hub at node B is located at the center
linking to A in the north and C in the south. Further, we shall ignore
transmission losses. Under these assumptions, we need not worry
15 See Chao (2015) and Chao (2019).
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about the complexities associated with the physical laws and loop-
flows in an AC power network. (Chao and Peck, 1996) Replacing the
consumption and production levels by the demand and supply func-
tions, we can restate the basicmodel in (1) – (7) equivalently as follows,
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Under the assumption that the gross consumer benefit functions are
concave and the generation cost functions are convex, the simplemodel
solves the central problem of transmission and generation planning,
and the optimal solution can be implemented through centralized coor-
dination between merchant generation investments and regulated
transmission investments. This plan supports the merchant invest-
ments in generation capacity because market revenues should be suffi-
cient to recover the investment costs. However, transmission projects
typically have large fixed costs with significant economies of scale,
and transmission revenues are often insufficient to recover the fixed
costs. The revenue deficiency issue, also known as the missing money
problem, remains an open issue. We consider two ways to address
this issue: 1) Boiteux-Ramsey plan and 2) merchant transmission
investments.

A.1. Boiteux-Ramsey plan

We consider a cost recovery mechanism based on a two-part
second-best pricing proposal, called Boiteux-Ramsey plan.16 The two-
part pricing plan also maximizes the social surplus, but subject to the
constraint that transmission costs are fully recovered from transmission
congestion revenues with additional revenue is obtained from injection
charges.
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Conditions (A6)–(A9) indicate that the Boiteux-Ramsey plan per-
mits two prices rather than one at each node, pd and ps. The difference
16 This cost recovery mechanism derives from proposals by Marcel Boiteux (1956) and
Frank Ramsey (1927).
between the two prices, pd − ps, represents the injection charge at
that node.

A.2. Merchant transmission investment

Merchant transmission investment offers two advantages. It not
only obviates the burden of a separate cost allocation mechanism but
also permits a decentralized approach to transmission and generation
planning. However, the effectiveness of merchant investment depends
on how well it can align merchant incentives in ways that complement
the planner's social welfare objective.

We consider three possible types of merchants: 1) a pure transmis-
sion merchant, TransCo, 2) a generation and transmission merchant,
GenCo A and TransCo, and 3) a utility and transmission merchant, Util-
ity C and TransCo. The interactions between amerchant and other mar-
ket participants are modeled as the principal-agent relationship
between a dominant firm and the competitive fringe. In the following,
the basic model is modified with a new objective function that appro-
priately reflects the merchant's incentives and additional constraints
that reflect the competitive equilibrium conditions for all non-
merchant participants. In all cases, Conditions (A2)–(A5) remain
applicable.

A.3. TransCo
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Expression (A10) is the profit for a pure merchant transmission
company. Eq. (A11) represents the efficient investment conditions for
merchant generators in a competitive equilibrium.

A.4. GenCo A & TransCo
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In comparison with the case with a pure transmission merchant,
GenCo A's profit is added to the objective function (Eq. (A12)) while
the competitive investment condition for the generator is excluded
from (A13).
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A.5. Utility C and TransCo

Max
p;θ;Y ;Zð Þ

E
XT
t¼1

BCt DCt pCtð Þð Þ−pCtDCt pCtð Þ
" #

þE
X
n∈N

XT
t¼1

pntDnt pntð Þ−pntSnt pnt ;Ynð Þ
" #

−
X
i; j∈N

Iij Zij
� � ðA14Þ

subject to Eqs. (A2)–(A5) and Eq. (A11)
This scenario differs from the case of TransCo only in the objective

function (Eq. (A14)).
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