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Abstract

We are at the dawn of a significant transformation in the electric industry. Renewable generation
and customer participation in grid operations and markets have been growing at tremendous rates
in recent years and these trends are expected to continue. These trends are likely to be accompanied
by both engineering and market integration challenges. Therefore, to incorporate these resources
efficiently into the grid, it is important to deal with the inefliciencies in existing markets. The goal
of this thesis is to contribute new insights towards improving the design of electricity markets.
This thesis makes three main contributions. First, we provide insights into how the economic
dispatch mechanism could be designed to account for price-anticipating participants. We study this
problem in the context of a networked Cournot competition with a market maker and we give an
algorithm to find improved market clearing designs. Our findings illustrate the potential inefficiencies
in existing markets and provides a framework for improving the design of the markets. Second, we
provide insights into the strategic interactions between generation flexibility and forward markets.
Our key insight is an observation that spot market capacity constraints can significantly impact
the efficiency and existence of equilibrium in forward markets, as they give producers incentives to
strategically withhold offers from the markets. Third, we provide insights into how optimization
decomposition theory can guide optimal design of the architecture of power systems control. In
particular, we illustrate a context where decomposition theory enables us to jointly design market
and control mechanisms to allocate resources efficiently across both the economic dispatch and

frequency regulation timescales.
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Chapter 1

Introduction

We are at the dawn of a significant transformation in the electric industry. Renewable generation
and customer participation in grid operations and markets have been growing at tremendous rates
in recent years. These trends are supported in part by federal law which requires grid modernization
to increase dependency on variable and distributed energy resources [41]. Therefore, the electrical
grid is likely to transition from a vertical structure with large predictable resources and centralized
operations to a more horizontal structure with intermittent resources and distributed operations.
This revolution presents both challenges and opportunities. There has never been a more important
and exciting time for power researchers.

To date, 38 states have enacted renewable portfolio standards or goals that require 10% to 33% of
energy delivered to customers to be generated from renewable resources by 2020 [3, 43]. Currently,
renewable generation accounts for 17.27% of total generation capacity in the U.S. and 70% of total
generation capacity installed in the first half of 2015 [1, 2]. The unpredictability of some of these
resources, such as solar power, wind power, and tidal power, can lead to grid integration challenges,
because the existing grid has been designed to operate primarily with dispatchable generation such
as gas, coal, nuclear, or hydro plants [52, 7]. Renewable resources also have high fixed costs and
close to zero variable costs — a completely different cost structure from the majority of dispatchable
resources — which could lead to undesirable market behavior [117].

Customers are also increasingly active in grid operations and markets. Onsite generation such
as rooftop solar photovoltaics and energy storage enable customers to supply excess energy to the
grid. Demand response technologies such as remotely controllable electric vehicle chargers and smart
appliances allow customers to provide flexible demand services to the market. These are new sources
of flexibility that can be utilized to manage the grid. However, they also introduce new dynamics
and feedback loops that could destabilize both the grid and markets, because the latter have been
designed to operate with power flowing one way from generators to unresponsive demand [109].

To deal with these challenges, new operational and market architectures are needed. This thesis

addresses some of the challenges in electricity markets.
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1.1 Role of Markets in the Power Grid

Markets have important roles in the functioning of the power grid. Power grids in the U.S. are
operated by an Independent Systems Operator (ISO), which is a regulated non-profit entity with the
responsibility of ensuring efficient and reliable grid operations. To operate the grid efficiently, the ISO
operates wholesale spot markets. In these markets, the ISO uses bids/offers from generators/retailers
to solve a problem known as economic dispatch, which allocates resources on the transmission
network to meet demand at least cost subject to operational constraints [34, 138, 35, 74, 14, 66, 114].
This problem is important because resources at different locations of the network could have different
costs. The operational constraints include Kirchoff’s laws that govern how power can flow, as well
as safety constraints, such as capacity constraints, line limits, contingency constraints, and stability
constraints. The economic dispatch problem is solved numerous times every day and as frequently
as every 5 minutes. The ISO also calculates the payments/fees to the generators/retailers based
on locational marginal prices which are derived from Lagrange multipliers of the economic dispatch
problem.

To ensure that the grid performs reliably and provide appropriate incentives for investments
in capacity, the ISO also operates other markets that ensure there are always adequate resources
for meeting demand so that the probability of blackouts is low. This is important because of the
non-storable nature of electricity, capacity and ramping limitations of generators, and the need to
balance supply and demand at every instant and at every location. The ISO operates multiple
forward markets ahead of time where power is procured in advance. These forward markets range
from hour-ahead markets to day-ahead markets and beyond. The ISO also operates markets to
procure reserve capacity for ancillary services such as frequency regulation or reactive power control.
These markets provide resources for power systems controllers to use to maintain the stability and
security of the grid.

Although electricity markets have been prevalent and widely studied since the deregulation in
the 90s, market design issues continue to be relevant and important as market inefficiencies can be
extremely costly. During 2000-01, market manipulations in California led to state-wide blackouts
which were estimated to cost between $40 to $45 billion [125]. Even though California’s electricity
crisis is long past, examples of generators attempting to exploit this sort of market power are still
common today, e.g., JPMorgan Chase was fined $410 million for market manipulations in California

and the Midwest from September 2010 to November 2012 [54].
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1.2 Challenges Facing Electricity Markets Today

The growth of intermittent renewable resources and active customer participation in grid operations
and markets could exacerbate existing market inefficiencies and undermine the efficiency and reli-
ability of the grid. Among other impacts, these trends are likely to be accompanied by increased
usage of fast-ramping resources and ancillary services [107, 47, 122]. Increased dependence on the
latter resources could give those producers more opportunities to manipulate the market. Forward
markets will have an increasingly important role in hedging against the variability of renewable
resources but market inefficiencies will impede their ability to ensure there are adequate resources
to balance unexpected loss of output from renewables [21, 29]. Ancillary service markets need to
provide the right price signals to ancillary service providers to offer their capacity where and when
it is needed most. Therefore, to reduce the costs of integrating intermittent renewable resources
and customer participation in markets, it is important to first address the inefficiencies in markets

today. This thesis focuses on three challenges.

1.2.1 How to allocate resources efficiently on the network

The economic dispatch problem and pricing mechanism is the basis by which resources are allocated
on the power grid in real-time, and therefore, the ISO’s design of the problem and pricing mechanism
has a significant impact on the efficiency of the market and the incentives to the participants. Exist-
ing implementations typically seek to maximize some metric of social benefit and derive locational
marginal prices from the Lagrange multipliers of the optimization problem. These designs have their
roots in [34] and can be viewed as extensions of classical results in microeconomics to the power grid.
However, these implementations are susceptible to strategic manipulations by market participants,
as have been observed in both theoretical models and data [22, 81, 130, 83, 82, 112, 132, 53].

There are many reasons for why producers are able to strategically manipulate the market. The
operating constraints of the network such as Kirchoff’s laws and safety constraints could restrict
the competition between different regions of the network. Moreover, dispatchable resources, such as
gas, coal, or nuclear, are typically served by large generating plants that may individually produce
a significant fraction of the total load. In addition, the grid is typically composed of a few firms,
each owning multiple generators. These factors imply that producers could drive up market prices
significantly when they withhold offers from the market.

Therefore, a key challenge is how to improve the efficiency of the economic dispatch mechanism
against the strategic incentives of market participants. The pricing mechanism needs to provide
incentives for generators to offer their resources to the market without distorting prices. The design
must also respect the operating constraints of the system and be computationally efficient since

economic dispatch operates as frequently as every 5 minutes.



4

1.2.2 How to ensure adequate resources to meet demand

Forward markets ranging from short term (1 to 24 hours) to medium term (1 to 3 years) and long
term (3 years and beyond) provide multiple benefits such as helping to reduce risk, mitigating market
power, and coordinating new investment in generation capacity [13]. Short term forward markets
are typically operated by the ISO while the medium to long term markets are typically left to
bilateral negotiations. Forward contracts cause producers to enter the real-time market with more
balanced positions and reduce incentives for them to manipulate the market. They also provide
needed long-term price signals to coordinate investment in capacity where and when they are most
needed.

However, forward markets are also susceptible to strategic manipulation by market participants.
Producers can anticipate the impact of their actions in the forward markets on the real-time market,
and have incentive to withhold offers from the forward markets, if doing so would cause real-time
prices to increase disproportionately and earn them more profits. Such sophisticated incentives
could arise due to network constraints and the nature of dispatchable resources being typically
owned by large firms. In addition, timescale constraints such as ramping limitations could also
restrict generators’ competitiveness in the markets.

Therefore, a key challenge is how to improve the efficiency of forward markets against the strategic
anticipatory behavior of market participants. These questions include: How many markets should
the ISO operate? How far in advance should the ISO operate these markets? What mechanisms
should the ISO use to clear these markets? What is the impact of timescale constraints on the

competitiveness of these markets?

1.2.3 How to integrate markets with control systems

Grid operations are divided into two timescales/layers. The timescale of 5 minutes and longer is
focused on efficiency and comprises economic dispatch and forward markets. Balancing of supply
and demand within 5-minute intervals is focused on stability and is handled by frequency regula-
tion [64, 18, 46]. In the latter, the ISO seeks to restore the nominal frequency in the system by
rescheduling fast ramping generators. It is currently implemented by a control mechanism known
as Automatic Generation Control (AGC). In this mechanism, the ISO uses information on local
frequency deviation to compute the aggregate generation that would rebalance power and restore
the nominal frequency. Then, the ISO divides the needed generation among frequency regulation
resources based on participation factors, which are computed from the outcome of the previous eco-
nomic dispatch run [138]. The resources are also compensated based on the LMP in the previous
economic dispatch run.

The economic dispatch and frequency regulation layers have largely been studied and designed
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independently. However, such a separation could be costly. Participation factors and prices from
the previous economic dispatch run might not be the most efficient way to dispatch frequency
regulation resources. Such inefficiencies could in turn distort the incentives of the providers of
frequency regulation resources. It could also lead to over or (worse) under procurement of frequency
regulation reserves.

Hence, a key challenge is how to jointly design the market and control mechanisms to achieve ef-
ficiency and reliability across both timescales. At the fast timescale, frequency regulation controllers
need to utilize information on cost of resources to maintain stability in a cost-efficient manner.
At the slow timescale, economic dispatch mechanisms also need to consider the cost and stability

benefits of frequency regulation resources when allocating generation.

1.3 Contributions of This Thesis

This thesis contributes to each of the three challenges described above.

1.3.1 Strategic design of the economic dispatch objective

In Chapter 2, we study the problem of designing the economic dispatch objective to account for
price-anticipating producers. We model the market using a networked Cournot competition with a
market maker who clears the market by maximizing a parameterized objective function subject to
DC power flow constraints. Hence, the market maker models an ISO who could choose from a class
of market clearing designs. We make a few contributions.

The first contribution is the formulation of the parameterized objective function, which in itself
is a novel formulation that includes the design of social welfare that is typically used in existing
work. The second contribution is characterizing a subregion of the design space where the market
has a unique Nash equilibrium that is also the solution to a convex program (Theorem 2.2). This
result provides both analytical insights as well as a new computational tool for finding the Nash
equilibrium of the market. This result is novel even in the restricted setting where the market maker
maximizes social welfare, which is the setting that is commonly used in existing work [142]. The third
contribution is in finding the most efficient design for the market maker. In general, this problem
is not convex and hence it is challenging to solve. We exploit our characterization to propose an
algorithm for finding an approximate solution and provide another algorithm to judge the quality
of our solution. Although this work is restricted to a Cournot model, our findings illustrate the
potential inefficiencies in existing markets and provide a framework for improving the design of the

markets.
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1.3.2 Impact of generation flexibility on forward markets

In Chapter 3, we study the strategic interaction between generation flexibility and forward markets
in the context of a non-networked setting with two classes of generators with different flexilibities.
Generators are typically classified into two types: baseloads and peakers [123, 61, 75]. Baseloads refer
to generators that are suited for supplying base demand — they have long start-up times and slow
ramping rates but are typically bigger units with lower marginal costs (e.g. nuclear ($11.6/MWh)
and coal ($28.6/MWh)). In contrast, peakers refer to generators that are suited for supplying peak
demand — they have short start-up times and fast ramping rates but are typically smaller units with
higher marginal costs (e.g. gas turbine ($48.0-$79.9/MWh)).

We model the market by combining the classical Stackelberg and forward contracting models.
We assume that there are two types of firms and two stages. Leaders choose productions in the first
stage while followers choose productions in the second stage. In addition, followers have capacity
constraints and they sell forward contracts in the first stage. Hence, leaders model less flexible
generation such as baseloads while followers model more flexible generation such as peakers.

We derive closed-form expressions of all symmetric Nash equilibria of the market. Our results
yield novel insights into the impact of generation constraints on strategic incentives, among which
two key insights are (1) peakers’ generation constraints may give producers incentive to withhold
offers from the forward market which could lead to non-existence of market equilibria, and (2)
peakers’ generation constraints may decrease the efficiency of the forward market to the extent that
removing the forward market could increase the efficiency of the equilibrium. Hence, our results

illustrate that forward markets might not always be beneficial.

1.3.3 Joint design of economic dispatch and frequency regulation

In Chapter 4, we study the joint problem of economic dispatch and frequency regulation in the
context of a DC power flow model and two classes of generators with different flexibilities. We show
that the two-timescale problem can be decomposed into two sub-problems that correspond to the
economic dispatch and frequency regulation timescales, without loss of optimality, as long as the
ISO is able to estimate the difference between the frequency regulation and economic dispatch LMPs
(Theorem 4.1). Using this result, we design a frequency control algorithm and a market mechanism
for economic dispatch, in a way such that the two mechanisms jointly solve the two-timescale prob-
lem. Our results can be viewed as a first-principles justification for the separation of power systems
control into economic dispatch and frequency regulation problems. More importantly, our results
illustrate how optimization decomposition theory can guide optimal design of the architecture of

power systems control.



1.4 Overview of This Thesis
This thesis is organized as follows.

1. In Chapter 2, we study a class of market clearing objectives for economic dispatch using
a networked cournot framework. We characterize cases where market equilibrium can be
computed by solving a convex program and exploit this to design an algorithm for finding an
improved design for the market clearing objective. This work has been submitted to a journal

and is under review.

2. In Chapter 3, we study a game between two types of generators with different flexibilities in a
forward market. We provide insights into the strategic incentives and equilibria of the game.

This work appeared in [32]. A journal submission of this work is forthcoming.

3. In Chapter 4, we study the joint design of economic dispatch and frequency regulation. We
propose a market mechanism and a frequency control algorithm such that the combination
solves the joint problem. This work appeared in [27]. This work has also been submitted to a

journal and is under review.

Not included in this thesis are papers on other market issues, such as contracting wind power [29], op-
timal investment of renewable generation [33], and the impact of rooftop solar photovoltaic adoption

on the utility death spiral [30, 8], which were also written during my time at Caltech.



Chapter 2

Network Cournot Competition
with Market Maker

In this chapter, we study the problem of designing the economic dispatch objective. This work has
wider applications beyond electricity to other modern networked marketplaces. Classical models
of competition often feature multiple firms operating in a single, isolated market; however, power
systems, the internet, transportation networks, infrastructure networks, and global supply chains
are just a few of the places where varied and complex interconnections among participants are
crucial to understanding and optimizing marketplaces. Consequently, the study of competition in
networked markets has emerged as an area with both rich theoretical challenges and important
practical applications.

At this point, a wide variety of models for competition in networked markets have emerged
across economics, operations research, and computer science. The work in this literature focuses
both on extensions of classical models of competition to networked settings, e.g. networked Bertrand
competition [60, 12, 37, 6] and networked Cournot competition [20, 4, 65], and on models of specific
applications where networked competition is fundamental, e.g. electricity markets [97, 17, 16, 140,

141, 142, 67].

Intermediaries, market makers, and transport

The complexity of networked marketplaces typically leads to (and often necessitates) the emergence
of intermediaries. A prominent illustration of this is financial markets, where central core banks in-
termediate trade between smaller periphery banks. Similar examples are common in infrastructure
networks: natural gas is traded through pipelines, which are managed by a Transmission System
Operator (TSO), and transport in electricity markets is governed by an Independent System Oper-
ator (ISO). One can view platforms in the sharing economy, e.g., Uber, as intermediaries between
service providers and customers, and supply chains can be regarded as a form of intermediation in

networked markets.
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Intermediaries can play many roles in networked markets, from aggregation to risk mitigation to
informational and beyond. Our focus in this study is on the role intermediaries play with respect to
transport and trade. In particular, in many networked marketplaces participating firms depend on
an intermediary, a.k.a., market maker, to provide transport of their goods between geographically
distinct markets.

Electricity markets is a particularly prominent example. In these markets, the ISO solves a
centralized dispatch problem by utilizing the offers/bids from the generators/retailers. This problem
seeks to maximize some metric of social benefit subject to the operational constraints of the grid.
These operational constraints include physical laws that govern the flow of power in the network
as well as safety constraints such as line capacity limits. The payments are calculated based on
locational marginal prices (LMP). Therefore, the ISO plays a crucial role in matching the demand and
supply of power within the confines of the grid and also defines payments to the market participants.
As an independent regulated entity, it further designs rules to limit the possible exercise of market
power by the suppliers.

Beyond electricity markets, natural gas markets, and more generally, supply chains often have
a similar structure where a market maker manages transport between geographically distributed
markets.

Clearly, the design of the market maker in such situations is crucial to the efficiency of the
marketplace. By facilitating trade, the market maker is providing a crucial opportunity for increased
efficiency. However, constraints inherent to the transport network can make it difficult to realize
this potential. As an example, network constraints can give rise to hidden monopolies, where even
a small firm can exhibit market dominance because of its position in the network.

The dangers of such hidden monopolies are especially salient (and the corresponding efficiency
loss is especially large) in the case of electricity markets, since power flows cannot be controlled in an
end-to-end manner due to Kirchhoff’s laws. Even though California’s electricity crisis is long past,
examples of generators attempting to exploit this sort of market power are still common today, e.g.,
JP Morgan was fined $410 million for market manipulations in California and the midwest from

September 2010 to November 2012 [54].

2.1 Our Contributions

Our goal in this study is to provide insight into the design (and regulation) of market makers that
govern transport in networked marketplaces. In particular, we study a model of networked Cournot
competition in which transport between geographically distinct markets is governed by a market
maker (market operator) and subject to network flow constraints. Our results focus on the impact

the design of the market maker has on the equilibrium outcomes of the game between firms and the
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market maker.

Our first contribution is the model itself. We introduce a general, parameterized model of a
market maker (Section 3.3) in a centrally managed networked Cournot competition. In our model,
each market contains multiple firms competing locally in a Cournot competition. The market maker
acts as an intermediary between markets by buying from some markets and selling to other markets,
using its network to transport the goods between markets, subject to the constraints of the network.
The market maker clears the market by maximizing a payoff function that is parameterized by the
tradeoff between the benefit to each of the three key parties — the consumer, the producer, and the
market maker itself.

Our second contribution is the characterization of the equilibria structure as a function of the
design parameters of the market maker (Section 2.4). Our main result (Theorem 2.2) highlights a
wide variety of behaviors — depending on the design of the market maker, there may be a unique
equilibrium, multiple equilibria, or no equilibria. Furthermore, when equilibria do exist, the game
may form a weighted potential game or not depending on the design choice. Beyond characterizing
the existence of equilibria in the case of linear costs, homogeneous demands, and an unconstrained
network, we are able to explicitly characterize the unique equilibrium outcome as a function of
the market maker design. This allows us to perform a more detailed study of the impact of the
market maker. For example, the characterization highlights that the total production by all firms
is independent of the design of the market maker (in this setting), but that the relative production
of the firms may vary dramatically depending on the design of the market maker. Additionally,
the characterization allows us to provide results highlighting the value of the trade provided by the
market maker as well as the efficiency of the market maker (i.e., how close the outcomes of the game
are to the outcomes of a single, aggregate Cournot market) as a function of the market maker design.

Our third contribution focuses on the design of the market maker. In particular, we show
how to (approximately) optimally design the market maker payoff so as to maximize a desired so-
cial/regulatory objective, e.g., social welfare, (Section 2.5). Our primary tool is the characterization
of the equilibria provided in Section 2.4. Then, we utilize the sum of squares (SOS) relaxation frame-
work to judge the quality of our approximately optimal design choice. The results highlight the,
perhaps counterintuitive, observation that if the market maker intends to optimize social welfare,
it should not use social welfare as the objective in clearing the market. We further illustrate our
proposed approach to market maker design on a stylized example that represents a caricature of the

California electricity market. Our results underscore the importance of careful design.
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2.2 Related Literature

Models of competition in networked settings have received considerable attention in recent years.
These models come in various forms, including networked Bertrand competition, e.g., [60, 12, 37, 6],
networked Cournot competition, e.g., [20, 4, 65], and various other non-cooperative bargaining games
where agents can trade via bilateral contracts and a network determines the set of feasible trades,
e.g., [51, 40, 96, 5, 88].

Our study fits into the emerging literature on networked Cournot competition; however our focus
and model differ considerably from existing work. In particular, beginning with [25] and continuing
through [65, 20, 4], the literature on networked Cournot competition has focused on models where
the network structure emerges as a result of firms having a fixed, limited set of markets in which they
can participate and participation in these markets is unconstrained and independent of the actions
of other firms. In contrast, in our model the network constrains flows between markets, and so there
are coupled participation constraints for the firms. Further, the literature on networked Cournot
competition has focused on situations where firms operate independently, without governance, while
we focus on situations where transport across markets is managed by a market maker.

The line of work that is most relevant to the questions studied in this study comes from the
electricity market literature, where versions of Cournot competition subject to network constraints
have been studied for nearly two decades, see [129] for a survey. In this setting Cournot models
often provide good explanations for observed price variations [133], and so are quite popular. For
example, Cournot models have been applied to perform detailed studies of electricity markets in the
US [23], Scandinavia [11], Spain [9, 108], and New Zealand [116, 115], among others.

Due to the importance of the ISO in electricity markets, papers within this literature often include
a model of a market maker, e.g., [134, 140, 92, 67, 62, 142, 24]. However, with rare exception, these
papers focus on a market maker that is regulated to maximize social welfare, and thus do not explore
the impact of differing market maker payoffs, nor how to design the market maker to optimize a
particular social objective. Further, these papers focus exclusively on detailed models of power flows,
and thus do not apply to more general network models, such as classical flow models, which are
relevant to other applications. Our results, on the other hand, apply to networks with general linear
constraints, including both linearized power flow constraints and classical network flow constraints.

To the best of our knowledge, this is the first work to focus on understanding the impact of, and

how to optimally design a market maker that governs transport in a networked marketplace.
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2.3 Model

Our focus is a marketplace where a constrained transport network, operated by a market maker,
connects firms and markets. Specifically, we consider an economy dealing in a single commodity that
is composed of a set of markets M, a set of firms F, and a market maker who facilitates transport
of the commodity between the markets. Within this setting, we study Cournot competition over
the networked markets, considering a static game of complete information among the firms and the
market maker.

Each firm f € F supplies to exactly one market, denoted by M(f). Let F(m) denote the set of
firms that supply to market m € M. Denote the supply of firm f € F to market M(f) by ¢r € R4,
and let ¢ := (¢, f € F) € R‘fl denote the vector of supplies of all firms in F. Additionally, for
each f € F, let g_, denote the vector of supplies of all firms in F, except f. The cost incurred
by firm f € F for producing ¢5 € Ry is c¢(gs). Assume ¢y : R — Ry is nondecreasing, convex,
differentiable, and ¢y (0) = 0.

Crucially, the production of each firm in our model can be reallocated to other markets by a
market maker that controls a constrained transport network. We consider a single market maker
that facilitates transport of the commodity between markets. The market maker can procure supply
from one market and transport it to a different market, subject to network constraints. Denote the
quantity supplied by the market maker to market m € M by r,,. Our convention is that r,, > 0
(rm < 0) denotes a net supply (net demand) of the commodity by the market maker in market m.
For convenience, let 7 := (7,,, m € M) € RIMI denote the vector of supplies by the market maker.
Since the market maker only transports the commodity, the market maker neither consumes nor
produces. So, we have 177 = 0, where 1 is a vector of ones with dimension |M]|.!

The reallocation of supply by the market maker, 7, is subject to the flow constraints of the net-
work. We model these constraints by restricting r to a polyhedral set P := {'r eRMI : Ar < b} -
RMI where A and b define the half-spaces of P. This formulation can capture constraints in tra-
ditional flow networks, as well as power flow constraints arising from linearized Kirchoff’s laws and
line limits.

The price at each market in the network is dependent on both the production of the firms and the
reallocation performed by the market maker. As is traditional when studying Cournot competition,
we focus on the case of linear inverse demand functions. In particular, assume that the price p,,, in

each market m € M, has the form

pm(dm) =y — B, (2'1)

1We recognize that, in some cases, the market maker may have an incentive to dispose of some of its purchases.
We can model such behavior by replacing the constraint 177 = 0 with 1T < 0. However, our motivating application
of electricity markets does not feature disposal; thus, we assume 177 = 0.
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for some «y,, B, > 0. Here, d,, is the aggregate demand in market m. Importantly, the aggregate
demand in each market is determined by both the actions of the firms and the market maker, i.e.,
Given the prices in each market, p,,, we can write the payoff functions for the firms and the

market maker. The payoff of firm f € F is given by its profit, defined as

@) =g o |ty + >, ap | —erlap) (2.2)
F'EFM(S))
Thus, firm f maximizes 7y(q,r) over gy € Ry, given (q_g, 7).

For the market maker, the payoff function is a design choice. In many regulated settings, e.g.,
electricity markets, it is common for the market maker to optimize some metric of social benefit.
Our goal in this study is to explore the impact of the market maker payoff functions, and so we
focus on a broad, parameterized class of maker maker payoff functions defined as follows. Given g,

the market maker maximizes I1(g,r;0) over r € P and 1" = 0, where

M(q,r;0):= Y [0c-CSn(a,m)+0p - PSy(q,r) +0rr - MS,(q, 7)) (2:3)
meM

In II(g,r;0), the design parameter 8 := (9079p,0M)T € R3 allows the designer to weigh the

importance of the following terms, for each m € M:2

Tmt 2 per(m) 9
CS,.(q,7) ::/ Prn (Wry) AWy, — | 70 + Z ar | - pm | rm + Z ar | ;
0 FEF(m) FEF(m)

PSw(am):=| D 4| pm|rm+ D ar|— D eplap)

feF(m) feF(m) feF(m)

MSm(er) =T Pm | Tm Z qaf | »
feF(m)
The quantities CS,,, PS,,, and MS,,, admit natural interpretations. Namely, CS,, equals the con-
sumer surplus in market m, PS,, equals the collective producer surplus of all firms supplying in
market m, and MS,, equals the merchandizing surplus of the market maker by supplying in market
m.

The parameterized class of market maker payoff functions defined in (2.3) encompasses a wide

2The notation 6 € Ri_ should be understood to mean that @ > 0 since the market maker’s payoff becomes zero
trivially when @ = 0.
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Figure 2.1: Example of a two-market two-firm networked marketplace. This example reperesents a
caricature of the wholesale electricity market in California. Here, northern and southern California
are represented as two nodes connected by a transmission line — Path 15 — that is often congested
(see [125]).

class of common objectives. To illustrate a few, consider the following definitions.
>V = (1,1,1), 6% :=(1,0,0), 6™W.=(1,0,1), 6™ :=(0,0,1). (2.4)

The market maker’s payoff function with 6°V as the design parameter is the Walrasian social wel-
fare that is widely used in many centrally managed networked marketplaces, including wholesale
electricity markets. In the same vein, II (q,r,@cs) is the collective consumer surplus across all
markets, and hence defines a pro-consumer design choice by the market maker. Another common
choice is IT (q,r, ORSW), the residual social welfare, which equals the Walrasian social welfare less
the collective producer surplus of all firms. By maximizing the residual social welfare, one hopes
that the market maker strikes a balance in optimizing the different components of the Walrasian
social welfare by different players of the game. In contrast with 6%, 6%, and 87, the choice of
™S as the design parameter defines a profit-maximizing market maker.

Note that the class of payoffs we consider does not account for any variable costs associated with
transporting the commodity through the network. However, as long as the variable costs are convex
in 7, most of our results continue to hold.

A motivating example: Many networked marketplaces with market makers that govern trans-
port can be described by the model discussed above, but to provide a concrete motivating example
for use throughout this study, we consider the case of wholesale electricity markets. We illustrate
our results with this example in Section 2.5.3.

Most electricity markets in the US are managed by a regulatory entity known as an Independent

System Operator (ISO). The role of the ISO is to facilitate efficient exchange of power between supply
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and demand while ensuring that power flows through the network satisfy the operating constraints
of the grid. Thus, the ISO plays the role of the market maker in our model.

To illustrate the model, consider the two-node network in Figure 2.1. Here, northern and southern
California are modeled as two nodes connected by a transmission line — Path 15. Assume, for
simplicity, that there is one generator at each node and the transmission line has a capacity b €
Ry. The California Independent System Operator (CAISO) serves as the market maker, governing
transport, and seeks to maximize social welfare through reallocating generation.

We can model the strategic interactions in this simple example as a game G(6), where there are
two markets M = {1, 2} with inverse linear demand functions p;(dy) = a3 — f1d; and pa(dz) = ae —
Ba2dz, and two firms F(1) = {1} and F(2) = {2} with cost functions ¢;(q;) and ca2(gz), respectively.
The set of feasible reallocations by the market maker is P = {r € R? : |r;| < b, |ra] < b}. The
market maker’s payoff is the social welfare, i.e., the design parameter is V.

Equilibrium definition: We conclude this section by formally describing the networked Cournot
competition as a game, G(@), where the players include the collection of firms F and the market
maker, the strategy sets are defined by ¢y € Ry for each f € F and r € P and 177 =0, and the
payoff functions are my for each firm f € F and II for the market maker.

We focus our analysis on the Nash equilibria outcomes, which are defined as follows: (g,7) €

R'f‘ x P, satisfying 1T+ = 0, comprises a Nash equilibrium of G(8), if

mr(q,m) > mp(qy,q_p,7) forall ¢f € Ry,
Ii(q,r;0) > II(q,7';0), forallr' € P, 17+’ =0.

The effect of @ on the Nash equilibria of G(0) represents the impact of market maker design, and is

the focus of the current study.

2.4 Characterizing the Nash Equilibria

In this section, we describe our first set of results, which provide characterizations of the equilibria
outcomes, and contrast the equilibrium in our networked Cournot marketplace to non-networked
Cournot models. Then, in Section 2.5, we use the characterizations provided here in order to inform

the design of the market maker.

2.4.1 Existence and uniqueness

Classical Cournot competition among a set of firms in a single market with inverse linear demand
functions is known to be a potential game (see [121] and [94]) and, recently, this property has been

shown to extend to a form of networked Cournot competition, as shown in [4]). These character-
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izations are powerful, since they allow results about equilibrium existence and uniqueness to be
derived through analysis of the underlying potential function of the game. However, the results in
[4] focus on a form of networked competition over bipartite graphs with no market maker; thus they
do not apply to the model we consider here. But, given the results for these classical and networked
Cournot models, an optimistic reader expects a similar conclusion for the model we consider. In the
results that follow, we show that this is true in some situations — under some assumptions, we show
that the model we consider yields a weighted potential game — however, the structure of the game
is more complex in general.

Before stating our results, we begin by formally defining the notion of a weighted potential game.
Consider a game G with players 1,..., N, actions &; € R™ for i = 1,..., N, where (x1,...,xZN) €
X C RmTFn8 and payoff functions ¢; : RM 7~ — R for each player i = 1,...N. The game G
is said to be a weighted potential game, if there exists a vector of weights w € Rf+ and a potential

function ® : R™1+ 17~ _ R that satisfies
(xi, i) — O(x), ) = w; - [pi(xi, T—i) — pi(x], )] (2.5)

for each (x;,x_;) € X,andi=1,...,N.
Our first result highlights that, for some design parameters 8, the model of networked competition
we consider is a weighted potential game with a potential function that can be represented as a

perturbed version of the market maker payoff.

Theorem 2.1. If 0y + 0p — 0 > 0, then G(0) is a weighted potential game with the potential
function f[(q,r; 0), given by

2

fi(g,7:0) == Ti(g,7:0) — (0 —0p) 3 22 [ 37

meM FEF(m)

Bm
- [(QM +0p —0c) %q? + (0c = 0ar) (anmpyar —crlap)) | - (2.6)

fer
A proof of this result is provided in Appendix 2.A. The fact that G(8) is a weighted potential
game highlights that the game has a number of favorable properties. In particular, maximizers of
ﬂ(q7 r; 0) over the joint strategy set of G(0) are Nash equilibria, and this fact can be used to infer

the existence of Nash equilbria. Furthermore, strict concavity of II can be leveraged to conclude the

uniqueness of Nash equilibrium, that is characterized as the solution to

C(6) : maximize I(q,7;0),
or (2.7)
subject to qc ]Rw,r eP, 1Tr=0.
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In addition, if cost functions are increasing linear functions or convex quadratic functions, there
exists a unique equilibrium that can be found efliciently. Finally, many natural learning dynamics are
guaranteed to converge to an equilibrium in potential games. See [94] and more recent publications,
e.g., [55, 144, 118, 89, 90], for a comprehensive discussion on the topic.

However, the characterization of existence provided by Theorem 2.1 is not complete. It turns
out that, for many design parameters, the structure of the game is more complex and, in particular,
the game is not a weighted potential game. Despite this, in many such cases a Nash equilibrium is
still guaranteed to exist. The theorem below provides a more complete view of equilibrium existence

and uniqueness.
Theorem 2.2. Suppose P is compact, and let

-1
yi=1-min (14+ > P . (2.8)

memM FeF(m) ﬂm + inquZO le/(Qf)

(a) If 205 — 0c > 0 or Opr + 0p — 0 > 0, then G(0) has a Nash equilibrium.

(b) If 200y — 0 > v - (Opr + 0p — O¢) > 0, then the set of Nash equilibria of G(0) is nonempty, and
is identical to the set of optimizers of C(0). Furthermore, if the inequalities are strict, then G(0)

has a unique Nash equilibrium.

The formal proof is deferred till Appendices 2.B and 2.C. The argument hinges on a result due
to [110]. Tt relies on the market maker’s payoff Il (g, r; 8) being continuous in g and concave in 7.
In essence, G(0) has additional structure for design parameters even beyond where it is a potential
game. Some insight for the form of the conditions in the theorem can be understood from the
proof. In particular, the market maker’s payoff function Il (g,7;0) is concave in r if and only if
20y — 6 > 0. Additionally, from Theorem 2.1, we know that G(0) is a potential game with II as
the potential function when 65 +0p — 0c > 0. Finally, 20y — 60 > v - (0 + 0p — 6¢c) > 0 implies
that II is concave, and it is strictly concave when the inequality is strict. Finally, the concavity of fI,
together with Neyman’s result [99], yields the equality between the sets of Nash equilibria of G(0)
and the optimizers of C(8).

In Figure 2.2, we visualize the regions defined by the conditions in Theorem 2.2. Note that the
Nash equilibria of G(0) is invariant under a positive scaling of 8; thus it suffices to consider 8 € R:j_
for which 8¢ + 0p + 0y = 1, i.e., 0 lies on the 3-dimensional simplex. Hereafter, denote by A the
3-dimensional simplex. Notice that the conditions on € in Theorem 2.2(b) depend on ~, which in
turn is a function of the inverse linear demand functions in the markets and the cost functions of

the firms. Since costs are convex, c'f’ is nonnegative, and thus,

| (m)|
< .
7= ST [ Fm)]
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The fraction on the right hand side of the above equation is the smallest when each market has one
firm, and hence v < 1. In fact, ¥ = 1 when each market has only one firm, and costs are increasing
linear functions. For illustrative purposes, we choose v = % to portray the various regions of A in

Figure 2.2, where G(0) has different properties.

(0,0,1) (0,0,1)

(1,0,0) (o(lL,(i))O) (3:3,0) (0,1,0)

Figure 2.2: (a) An illustration of Theorem 2.2 for & € A. A Nash equilibrium may not exist in
the unshaded region, it exists but may not be unique in the brown region, and it is unique and is
given by the unique optimizer of C(0) in the green region. (b) An illustration of Theorem 2.2(a) for
60 € A. The grey region is defined by 26, — 6 > 0, where a Nash equilibrium exists owing to a
variant of G(0) being a concave game. The blue region is defined by 0y + 0p — 6c > 0, where a
Nash equilibrium exists because G(8) is a potential game. Dotted line segments on the boundaries
of various sets do not belong to the respective sets.

Theorems 2.1 and 2.2 provide sufficient conditions for equilibrium existence and uniqueness,
but do not address the question of necessity or tightness. To provide some insight into necessity, we
provide examples to highlight that each of the properties may fail to hold if the respective conditions
are not met. The examples are all constructed using the simple two-market two-firm example in
Section 2.3. Furthermore, they all focus only on the case when each firm has increasing linear costs
and both markets have identical inverse linear demand functions.

The Nash equilibrium of G(8) in this restricted setting can be explicitly computed for all § € R
The results are derived in Lemmas 2.2, 2.3, and 2.4 in Appendix 2.F. Using these results, we

construct examples of € in Appendix 2.F to illustrate the following:

1. When neither 0y, + 0p — 6 > 0 nor 205, > 6 holds, a Nash equilibrium of G(8) may not

exist.

2. When 26y, > ¢, but not 05 + p — 6 > 0, a Nash equilibrium of G(0) exists, but G(0) is

not a weighted potential game.

3. When 20y, — 0c > 0, and 0y + 0p — 0 > 0, but 20p, — 0 > v - (9]\/[ +60p — 90) does not
hold, a Nash equilibrium of G(€) may exist that is not an optimizer of C(8).
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4. When 20y — 0o = v (0a + 0p — 0c) > 0, then G(0) may have a multitude of Nash equilibria,

all of which are optimizers of C(8).

2.4.2 Example with linear costs and homogeneous demands

To this point our results have focused only on existence and uniqueness. We now provide a more de-
tailed characterization of the equilibria. Specifically, our goal is to study the parametric dependence
of the Nash equilibria on 6.

Without making stronger assumptions on the nature of the game, such a characterization is
difficult. To allow interprebility of the results, we focus on a restricted setting where each market
has a single firm with linear increasing cost and the markets have identical linear demand functions.
Additionally, we focus on the case of an unconstrained network, i.e., P = RIMI. Tt is possible to
provide a more general characterization at the expense of interprebility.

In this setting, we are able to offer explicit formulae for the unique Nash equilibrium of G(8)
under a subset of the design parameters in Proposition 2.1. Importantly, this characterization allows
us to contrast the result of competition in the networked marketplace we consider with two cases of
particular interest: (a) competition in a collection of non-networked markets, i.e., a setting without
transport between markets, and (b) competition in an aggregated market, i.e., a setting where the
markets are merged into a single aggregate marketplace without a market maker. The comparison
with (a) provides insight into the efficiency of the network and the comparison with (b) provides
insight into the efficiency of the market maker.

Consider G(8) with: (1) an unconstrained network, P := R™! (2) a collection of firms F having
linear costs cf(qy) := Cyqs for each f € F, where Cy > 0, (3) a collection of markets M, where
a single firm supplies in each market, i.e., |[F(m)| = 1, for m € M, and (4) spatially homogeneous
inverse linear demand functions, given by py,(dm) = o — Bd,,, for each m € M, for some «, 5 > 0.
Define C := (Cy, f € F). Denote the mean and the standard deviation of the firms’ marginal costs
by

_ 1 1 _
Ci= o > Cy, and o¢ = = > (Cp -0, (2.9)
| |f€]—‘ ‘ | fer
respectively. Denote this family of games by G“(0; C, «, 3), parameterized by the design parameter,

firms’ marginal costs, and the parameters defining the identical market demand functions. Then,

we have the following result on G*(0; C, «, 3).

Proposition 2.1. Consider G*(0;C,«, 3), where C and oc are as defined in (2.9). If 20y — 0o >
20 +0p —06c) > 0 and a > (1+ k(0)) maxser Cy — k(0)C, then G*(0;C,a,B) has a unique
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Nash equilibrium, given by

1 _
ﬁ[ - (1+k(8) (C;—O)], (2.10)
k(0
M) = 7;) (Cr-0), (2.11)
for each f € F, where k(0) := %, Moreover, the Walrasian social welfare at the unique

Nash equilibrium is given by

3171

el CEa R %H(G)(G ~ 1(0))0%

> [CSm(a,) + PSp(a,m) + MSu(g, 7)) =
memM

A proof is given in Appendix 2.D. Note that, because we consider an unconstrained network,
our proof technique from Theorem 2.2(b) no longer applies. Thus, we take a different approach to
analyzing C(6) focused on the Karush-Kuhn-Tucker (KKT) optimality conditions.

To obtain some insight from Proposition 2.1, note that equations (2.10) — (2.11) reveal that, the
production of a firm gy and the market-maker’s supply in the market served by that firm rp),
both depend on the marginal cost of the firm C; relative to the average marginal cost of all firms C.
Under the conditions of Proposition 2.1, one can show that x(0) > 0. Hence, the firms’ productions
are in fact ordered inversely by their marginal costs. Moreover, the market maker buys from markets
having firms with lower marginal costs and supplies to markets having firms with higher marginal

costs. The total production by all firms, however, is independent of 8, and is given by

> g ~-C). (2.12)
feF
The market maker’s design choice only influences the relative production between the firms and the
quantities supplied by the market maker to various markets.

Proposition 2.1 also lets us investigate the efficiency of the equilibria. By studying the effect of
the design parameter on the social welfare at the unique Nash equilibrium, we unravel the impact
of the design choice on the competitiveness of the market. As we remarked earlier, a popular choice
of @ for a regulated marketplace like the wholesale electricity markets is 6% defined in (2.4), i.e
the market maker optimizes the social welfare function. Then, k (OSW) = 1. We notice that the
social welfare at the unique Nash equilibrium increases with k(@) over the interval [1,3]. Moreover,
it is easy to construct a @ that satisfies the conditions in Proposition 2.1 with 1 < x(6) < 3. So, if
maximizing the social welfare at the unique Nash equilibrium is indeed the design goal, W is not
the optimal design choice.

This motivates the question of how much efficiency is lost by naively choosing the design param-

eter 85V, To address this, note that the social welfare at the Nash equilibrium with %W is given
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by (o — C)? + 202. Also, observe that x(8)(6 — £(0)) < 9. Combining these allows us to derive
a simple upper bound on the ratio of the largest attainable social welfare at a Nash equilibrium to

that obtained with 85",

2
(a—C)*+ 0% + 5£(0)(6 — K(0))o% < 1+4 (a(j—c(,*) < 3
—_ ()2 1 8,52 - 2 =9

(Oé C) + SUC 1+ % (atf_cé> 2

The last step follows from the fact that h(z) := (14 4z)/ (1 + §=) is increasing in = > 0, and is
bounded from above by lim, - h(z) = %

When 60 is varied such that x(0) increases from one, we have already argued that the social
welfare at the Nash equilibrium increases. Who stands to benefit from such an increase? Is it the
consumers, the producers, or the market maker? Recall that a metric of consumer benefit is the
aggregate consumer surplus ) . CS,,(q,7) at the Nash equilibrium. Similarly, the aggregate
producer surplus )\ PS;.(q,r) and the merchandising surplus ) ., MS,,(q,r) at the Nash
equilibrium measures the benefits to the producers and the market maker, respectively. One can
show that the aggregate consumer and producer surpluses both increase, when 6 is changed to
increase k(0) from one. However, the merchandising surplus decreases. Thus, in the framework

considered, a design choice that improves the efficiency of the market, does so to the benefit of the

consumers and the producers, but at the expense of the market maker.

Comparison with non-networked Cournot

To study the role of the network, we next analyze the same setting, but remove the network. That
is, P only contains the origin. Each firm then effectively competes as a monopoly in its own market,
and the market maker plays no role. Define G"(C, a, ) as the non-networked Cournot competition
among a collection of firms F. Here, C again denotes the vector of firms’ marginal costs, and
identical market demand functions are identified by parameters a, 3. We characterize the Nash

equilibria of G"(C, «, ) in the following result.

Proposition 2.2. Consider G"(C, , 3), where C and o¢ are as defined in (2.9). If « > maxser Cy,

then G"(C, «, B) has a unique Nash equilibrium, given by

1
q;}:ﬁ(a—cff

Moreover, the Walrasian social welfare at the unique Nash equilibrium is given by

= W -0y +a2].

i
we)dws — Crq’t
> VO P (wy) dwy — Crqf 33

feF
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The proof is straightforward and is omitted. To compare Propositions 2.1 and 2.2, assume that
« satisfies the conditions required in both results.
Like in the networked marketplace, the production quantities of the firms are ordered inversely

by their marginal costs. Also, the total production of the firms at the Nash equilibrium is given by

> af= ';;' («=0),

feF

which, due to (2.12), happens to be identical to that in the networked marketplace. Thus, the
network does not impact the total production of the firms. Instead, the value of the network is
reflected in the social welfare at the Nash equilibrium.

It is straightforward to conclude from Propositions 2.1 and 2.2 that the social welfare at the
Nash equilibrium is higher for the networked marketplace for any design choice @. This aligns
with the intuition that a network available for trade improves the efficiency of the marketplace.
Recall that in the networked setting, the social welfare at the unique Nash equilibrium is given by
(a—C)?+ 0% + 5£(0)(6 — K(8))o2. Again, leveraging the fact that x(0)(6 — x(8)) < 9, we obtain

the following bound on the ratio of the social welfares in the networked and the non-networked case.

(a—C)% + U% +ﬁ%n(0)(6 - H(O))O’%« <
(= C)2+ 02 1+<ac )2 -

The last step follows from the fact that h(xz) := (1 + 42)/ (1 + ) is increasing in z > 0, and is

bounded from above by lim,_, o h(z) = 4.

Comparison with aggregated Cournot

To study the efficiency of the market maker, we next analyze the same setting, but where the firms
are aggregated into a single Cournot market. This comparison is motivated by the fact that one
may hope an efficient market maker can facilitate trade in order to allow the networked marketplace
to behave like a single market — especially when the network is unconstrained.

Recall that in our example, we considered |[M| markets with identical inverse linear demand
functions pn,(dm) = a — Bd,;, for each m € M. Then, an aggregation of these markets with
a collective demand d admits an inverse linear demand function p(d) = a — %d. Denote the
aggregated Cournot competition by G*(C,«, 3), where C denotes the vector of firms’ marginal

costs. The following result then characterizes the unique Nash equilibrium of G*(C, a, ).

Proposition 2.3. Consider G¢(C,a, 3), where C and oc are as defined in (2.9). If
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a> (1+|F|)maxser Cy; — |F|C, then G*(C,a, B) has a unique Nash equilibrium, given by

F B _
q;:(14r|.7|-_|)6[a_0_(1+|f|)(0f_0)]'

Moreover, the Walrasian social welfare at the unique Nash equilibrium is given by

Zrer o IFPQEIFD [, 2050
/0 p(w)dwfezj:cff]fW (a—0C) +T|}-|Uc

A proof can be found in [80], and is omitted for brevity. When comparing the results obtained
in Proposition 2.3 to 2.1 or 2.2, assume « satisfies the conditions delineated in each result.

As in each case before, the firms’ productions in the aggregated Cournot competition are ordered
inversely by their marginal costs. However, in this case the total production quantity is different.

In particular, we have

o_ P :
29 = s (7O

fer

Since l‘f—li‘ > %‘, it follows from (2.12) that the total production quantity in the aggregated

Cournot competition is no less than that in the networked marketplace with an unconstrained
network. Furthermore, the inequality is strict when |F| > 2.

Given increased production, it is natural to expect that the social welfare will be larger in the
aggregated Cournot market as well. This turns out to be true. Towards comparing the social welfare
of the aggregated Cournot case to our networked marketplace with an unconstrained network, notice
that (i) % > % for all |F| > 1, (i) % > 4 for all |F| > 2, and (iii) |F| = 1 imply
oc = 0. These observations, together with x(0) (6 — x(0)) < 9, yield

r(0)(6 — #(9))

2 2 _ _
[FP2+ 7)) C [(a—0)2+aé+3 o |.

20 4+ |F) o] 317
warFe |09 A "42

8p

As a result, the social welfare in the aggregate Cournot model is no less than that in the networked

Cournot model for all possible choices of the design parameter. The inequality is strict when |F| > 2.
2

Also, % — 00 as |F| = oo. Thus, the ratio of equilibrium social welfares in the aggregated

market and the unconstrained networked marketplace (with any choice of 6) grows without bound

as the number of firms increases. In a sense, the higher the number of firms, the larger the need for

transport, leading to a higher efficiency loss due to the market maker’s transport.
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2.5 Market Maker Design

The characterization results from the previous section provide the foundation for us to approach
the question of market maker design. That is, to engineer the ‘right’ design parameter @, when the
market maker has a certain design objective. The example considered in Section 2.4.2 highlights the
importance of this task — even in simple settings, using oW yields suboptimal outcomes if the goal
is to optimize social welfare.

Concretely, the contribution of this section is to find an approximation to the optimal design
parameter, and leverage a sum of squares (SOS) framework to bound the suboptimality of that
choice. We illustrate the efficacy of our approach to market maker design on our two-market two-

firm example in Figure 2.1.

2.5.1 Formulating the market maker design problem

Assume that the design objective of the market maker is given by a polynomial function ¢ : R x

RMI — R. That is, if the market maker owned and operated the firms, it would maximize g9(q,7)

‘fl,r € P,1"r = 0. When playing the game with

over the joint strategy set, defined by q € R
a collection of strategic firms, the market maker would ideally seek a design parameter 6 that
maximizes g at the Nash equilibrium outcome of G(6). If there are multiple Nash equilibria, one
can modify the goal to maximize the worst case g over all Nash equilibria of G(8).

Recall that we can restrict 8 to the 3-dimensional simplex A without loss of optimality. However,
optimizing 6 over A is challenging. A difficulty arises from having to minimize g(q, ) over all Nash
equilibria (q,7) of G(0) for any candidate 6. For instance, if G(0) has multiple isolated Nash
equilibria, such a minimization amounts to solving a combinatorial problem. However, even if G(0)
has a unique Nash equilibrium, describing said equilibrium is challenging. For example, if the market
maker’s payoff function is not a concave function of its action, then its optimal strategy cannot be
described by first-order conditions alone. Even if it is concave, computing a Nash equilibrium of
G(0) — and hence computing g for any candidate 8 — is generally hard.

In light of these challenges, we restrict the search space for 6 to O, described by:

0c,0p, 00 >0, 0c+0p+0y =1, 200 —0c >+~ - (O +0p —0c) > (1+7) ¢,

where € > 0 is sufficiently small. Theorem 2.2(b) implies that G(€) has a unique Nash equilibrium for
each 0 € O, that also equals the unique optimizer of the convex program C(6) in (2.7). Hence, the
unique Nash equilibrium is exactly characterized by the Karush-Kuhn-Tucker conditions for C(8).

Thus, we can formulate the following market design problem over O..



25

maximize g(q,r),
q,7,1,\,0

subject to qe Rf‘7A'r <Vb,
peRTT N eRI™®) 0= (05,0p,00) € A,
Vo [ﬁ(q,r; 0)+ AT (b — A'r)} =0, (2.13)
Vo |ii(a,;6)+pnTa] =0,
pwlg=0, A" (b’ — A'r) =0,

20 —0c>e+v- (O +0p—0c) > (14+7) ¢

where A’ = (AT, 1,—1)T7 v = (bT,O7O>T7 and dim(b’) denotes the dimension of b’. For an
arbitrary function h : R™=+" — R define Vg zh(x,y) as the gradient of h with respect to . In an
optimization problem, if the search space is not closed, an optimizer may not exist. To avoid such
technical difficulties, we choose to optimize over the closed subset O, of the design space where G(8)
admits a unique Nash equilibrium. Denote by 8" an optimizer of (2.13) that defines an optimal
design choice. As we illustrated in Section 2.4.2 through an example, even if g(q,r) = II(q,r;0°)
for some 0° € O, the design choice 8° may not be optimal, that is, it may not be an optimizer of

(2.13).

2.5.2 Approximately solving the market maker design problem

The market maker design problem in (2.13) is a so-called Mathematical Program with Equilibrium
Constraints (MPEC). Such problems are nonconvex and hard to solve efficiently in general (see
[86, 106, 102]). Many heuristic searches have been applied to MPECs, but they often do not come
with any optimality guarantees. Instead of using such a heuristic, we provide a scheme to find an ap-
proximate solution by exploiting our characterization results, and further bound the approximation
quality.

Assume henceforth that the cost functions ¢y, f € F are polynomial functions for which C(0) can
be cast as a convex program that is solvable in polynomial time. For example, when said costs are
quadratic, C(0) can be solved as a convex quadratic program. For each 8 € O, one can efficiently
compute the unique Nash equilibrium of G(0) by solving C(€). Denote the unique Nash equilibrium
by (q(0),7(0)). Any metaheuristic (e.g., grid search, simulated annealing, Monte-Carlo sampling)
can be used to explore the space ©. for the largest g(q(0),r(0)) to obtain an approximate solution
of (2.13). For this exposition, we choose a finite and uniform discretization of ©.. If ¢g(q(0),r(0))

attains its maximum at 6,,, over this finite set, we have

9(q(Omax), " (Omax)) < 9(q(67),7(67)),
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where 0" is an optimizer of (2.13). The difference between the two expressions in the above inequality
is a measure of the optimality gap of @y ax.

We next present a hierarchy of successively tighter upper bounds for g(q(6*),r(6)). The upper
bound at any level of the hierarchy can be computed in polynomial time, and yields a bound on
the optimality gap of @y, In presenting this hierarchy, we need the following technical result that
allows us to restrict the feasible set of (2.13) to a compact basic semi-algebraic set. The proof is

deferred till Appendix 2.E.

Lemma 2.1. Suppose P is compact. Consider the optimization problem (2.13), defined in the
variables z := (q, 7, u, X, 0). There exists a compact set Z := {z : hj(z) > 0,i = 1,...,I}, where
hiyi=1,...,I—1 are polynomial functions, and hi(z) = Z — || z||2 for some constant Z € R, such

that the feasible set of (2.13) can be restricted to Z without loss of optimality.

With a slight abuse of notation, we use g(z) to denote g(g,r). Equipped with Lemma 2.1, (2.13)
can be reformulated as a polynomial optimization problem that seeks to minimize ¢ € R, subject to
g(z) <tand z € Z. Our upper bounds are then given by the so-called Lasserre hierarchy to this
polynomial optimization problem (see [78, Chapter 4], [113, 42]).

A polynomial is said to be sum of squares, denoted SOS, if it can be expressed as a sum of
other squared polynomials. For a positive integer d such that 2d > max;—1 . ;deg(h;), consider the
following optimization problem and its optimal value.

= g

subject to t =g+ 09+ 0o1h1 +...,01hy, (2.14)

deg(op) < 2d, deg(o;h;) <2d, i=1,...,1,

teR, og,...,0r are SOS.

The convergence of the Lasserre hierarchy, as given by [78, Theorem 4.1], yields v} | g(q(6),r(6%)).
That is, v’ approaches g(q(6™),r(0")) monotonically from above. Furthermore, the determination
of whether a polynomial with degree < 2d is SOS can be written as a linear matrix inequality in the
coefficients of that polynomial (see [113]). Therefore, (2.14) can be reformulated as a semidefinite
program that is solvable in polynomial time. If 6,,,x is a candidate approximate solution for (2.13),

then v — g(q(O@max), 7(Omax)) defines a bound on the optimality gap of Oyax.

2.5.3 Returning to our motivating example

Consider again the two-market two-firm example discussed in Section 2.3 that is motivated by the
California electricity market. Assume that the design objective is social welfare, ie., g(q,r) =

II (q,r; 00), where ° := %HSW. In Section 2.4.2, we argued that 8° is not the optimal choice for
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such a design objective. In the following, we apply our approximation scheme towards choosing the
design parameter to maximize g(g,r) at the equilibrium.

Consider a particular setting where the two markets have identical linear inverse demand func-
tions pp(dy) = 1 — dy, for each m € {1,2}, the firms have linear costs ci(q1) = 3¢y and
co(qo) == iqg, and the capacity of the line is b = % As a benchmark for comparison, consider
G(0) with @ = 8°, which represents the current practice in electricity markets. Our results in Ap-
pendix 2.F indicate that ¢; = 1%, qo= 1—76, r=—r9 :% defines the unique Nash equilibrium of G (00)
with a social welfare of % ~ 0.324.

Now, let us design 6 using our approximation scheme. Assume ¢ = 0.001 and discretize the set
O, as follows. Tile the triangle in Fig. 2.2 by squares (aligning with the base) with sides that are
one-tenth the length of the base. Solve C(0) as a convex quadratic program at the vertices of the
square tiles that satisfy 8 € ©.. Upon maximizing g(q,r) = II (q,’r;@o) at the solutions of C(0)
over this discrete set, we obtain @, = (0.027,0.627,0.346) T, and the social welfare at the unique
Nash equilibrium of G(0,ax) is 0.339, which is higher than 0.324 obtained at that of G (00). One
can show that, while the total production from the two firms is identical for both design choices,
the cheaper firm produces a larger share with 6, than with 0°.

To gauge the suboptimality of our design choice @yax, we obtain an upper bound vj = 0.340 on
the maximum attainable social welfare at a Nash equilibrium of G(6) over ©.. The upper bound

is remarkably close to the social welfare obtained with 0,,,. Hence, our design choice 6,,,x has a

provably good approximation quality.
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Appendices

In the following Appendices, we prove Theorems 2.1, 2.2, Proposition 2.1, and Lemma 2.1. We
begin by defining some notation important in the sequel. For a symmetric matrix X, let X < 0
(resp. X < 0) denote that X is negative semidefinite (resp. negative definite). For a finite
index set Z, let (x;,4 € Z) define a vertical vector concatenation of x;’s, for which ¢ € Z. For an

as the partial derivative of h with respect to x; at
T=T(

arbitrary function h : R™ — R, define %h

a? _ 9 0 . .
D2,07; h ey Dm0 M For an arbitrary function

h @ Rmatmy — R define Vgh(x,y) as the gradient of h with respect to . The sub-level and

xg € R™ for ¢ = 1,...,m. Further, let

super-level sets of h are given by {x € R™ : h(x) < n} and {x € R™ : h(x) > n}, respectively, as n
varies over R. Let 0 denote a vector of zeros of appropriate dimension.
Also, define
P ={reRM . Ar <b 177 =0},

and hence r € P and 1" r = 0 is succinctly represented as r € P’, henceforth.

Our proofs shall make use of two known results in the literature. We describe them briefly.
Consider a game G with (a) players 1,...,N, (b) actions x; € R™ for ¢ = 1,..., N, where
(x1,...,xzn) € X C RMT-F28 and (c) payoff functions ¢; : R™+*+nv — R for each player

i=1,...N.

e Game @ is said to be concave, if X' is a compact convex set, and ¢; is concave in x; for each
i =1,...,N. Then, Theorem 1 in [110] states that a Nash equilibrium always exists for a

concave game.

e Recall that game G is said to be a weighted potential game, if there exists a vector of weights
w € RY, and a potential function ® : R™* "~ — R that satisfies (2.5). Then, Theorem 1
in [99] implies that if G is a weighted potential game with ® as the potential function, and ®
is concave and continuously differentiable, then any Nash equilibrium of G is an optimizer of

® over X.3

3Neyman’s result guarantees that if a game with finitely many players admits a concave and continuously differ-
entiable potential function, then any correlated equilibrium of the game is a pure strategy Nash equilibrium, and is
given by a global optimizer of the potential function of the game.
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2.A Proof of Theorem 2.1

Proof. From the definition of II, it follows that fI(q, r;0) —TI(q, r; 0) does not depend on r. Hence,

for every q € le‘, we have
11(g,:6) — Il(q,7";0) = TI(g,:6) — l(q,7";0) (2.15)

for each r,7’ € P’. Expanding II(g, r; ), we obtain

f1(g.7:0) = (O +0p —00) 3 | Y2 (am— Burm)ay —esla) — 2 Y apap

meM | feF(m) f.f'€F(m)

+ (0 —20p) Z %nrfn + Onr Z AT
meM meM

Then, for every f € F and r € P’ it follows that

ﬁ(vaq—fvrae) _ﬁ(Q}vq—fvrae)

= (Om +0p —0c) | (amep) = Brpramn) (a5 —af) = Bamen > ap |
FEFM))

+Bmep) | df + Z ar | 4y — (cslay) = cr(dh)
FreFMUN\{F}

= (Om +0p —00) | | omny = B T+ D, ap | | a5 —erlay)
freEF(M(F))

— | anmep) = By | T + a5+ > ap | | 4y +cr(df)
PEFMMNNS

= (Om +0p —0c) [7p(ap.q_sv) —7p(dy q_g,7)]

for each qf,qgc € Ry. Hence, if Oy + 0p — 0 > 0, then G(0) is a weighted potential game with

II(g,7;0) as the potential function. O

2.B Proof of Theorem 2.2(a)

Proof. We prove the existence of a Nash equilibrium of G(8) for 20); —0c > 0 and 0y, +60p —0c > 0
separately.

When 260); — 0c > 0. We leverage Rosen’s result to show that a Nash equilibrium exists. Note

that G(0) is not a concave game since its joint strategy set is unbounded. Our key idea is to define

another game G (0) with a bounded joint strategy set such that any Nash equilibrium of & (0) is also
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a Nash equilibrium of G(0). Then, we utilize Rosen’s result to guarantee the existence of a Nash
equilibrium of G(@), and by extension, to that of G(8).

Recall that » € P’. Since P’ is compact, there exists 7 € R, such that |r,,| < T for every m € M.
Let 7 := maxser(1/2) (ar(s)/Bm(s) + 7). Consider a game G(0) that is identical to G(8) except
that each firm f € F has a strategy set [0,g]. Then (g,7) € [0,3]”! x P’ is a Nash equilibrium of

G(0) if

ﬂf(qﬂq) > ﬂ—f(q}aq—far)v for all q;‘ S [Oa(ﬂv
II(q,r;0) > 1I(q,r’;0), for all ' € P’.

Now, 7y is continuous in its arguments. It is also concave in g¢ because

2

ﬁﬂf(q,r) = —=2Bm(p) — flqr) <O0.
a5

Moreover, we have

) o
g, (@) = am = i = 2B - (@)

qfr=q
S apm(p) + BmpT — 28mpa

<0.

The first inequality holds since ¢y is nondecreasing and |rs)| < 7. The second inequality follows
from the definition of §. Hence, we infer that (g, r) is decreasing over g > ¢. In turn, it implies

that if (q,7) is a Nash equilibrium of G(8), then

7T'f (q7 T‘) Z Wf(q}, q—fa T)

for all ¢ € Ry. Hence, any Nash equilibrium of G(0) is also a Nash equilibrium of G(0).

Next, we argue that G(8) is a concave game. The joint strategy set of G(6) is given by the
compact set [0, g]/”! x P’. The payoff function of firm f, i.e., 7y, is continuous in all its arguments
and concave in ¢y. The market maker’s payoff function II(g, r; ) is continuous in all its arguments,

and we have

2 —(20p — 0c) B, fm=m,
0 (g, r;0) = (2001 = 0c) (2.16)

Orm 0Ty .
menm 0, otherwise.

Since —(20pr — 0¢)Bm < 0, the Hessian of II(g, r, @) with respect to r is then negative semidefinite,

and hence II(q,7;0) is concave in 7. We conclude that G(6) is a concave game, and therefore has a



31

Nash equilibrium. Hence, G(0) has a Nash equilibrium.
When 0y, +0p — 0c > 0. For such a design parameter, Theorem 2.1 implies that G(0) is a

weighted potential game. Then, if C(0) has a finite optimizer, this optimizer is a Nash equilib-
rium of G(0), and therefore a Nash equilibrium of G(0) exists. We show that the super-level sets of
ﬁ(q,r; 0) are compact, and thus that fI(q,r; 0) has a finite optimizer. Rewrite f[(q,r; 0) as

l(q,7;0) = —(0pr 4+ 0p — Oc)h1(q,7) + ha(r),

where hq(q,r) and ho(r) are defined as

2
Bm
hi(g,r) = Z 5 Z qr | + Z 4
meM feF(m) feF(m)
- Z (O‘me_Cf(Qf))‘Fﬁmrm Z qr |
feF(m) fEF(m)
0
hQ('I") = (20 —6M> Z /erfn + Z (aManL +006m)rm-
meM meM

Recall that P’ is compact, and hence there exists ¥ € Ry such that |r,| < 7 for all » € P’. It is

easy to verify from the definition of h; that
hl(q7 I’n) S hl(q7 771)

for all g € le‘. Continuity of hy and hy implies that the super-level set of II is closed. Furthermore,
since ¢y is convex and non-decreasing, we have that limg|—c h1(g,71) — co. Hence, its sub-level
sets are bounded. In turn, it implies that the sub-level sets of hi(q,r) are bounded. Also, ho(r)
solely depends on 7, which varies over a compact set P’. Then, ho takes values over a bounded set

in R. Putting the arguments together then implies that the super-level sets of I are compact. [

2.C Proof of Theorem 2.2(b)

Proof. When 20y —0c > v - (0p +0p — 0c) > 0, part (a) implies that G(0) has at least one Nash
equilibrium. To equate the set of Nash equilibria of G(8) to the set of optimizers of C(8), we first
establish that the potential function fI(q, r; ) is jointly concave in (g, 7). The Hessian of f[(q, r;0)
with respect to (g, r) can be shown to be block diagonal with | M| block matrices. Denote said block
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matrices by H,,,m € M, where

Ho— (Or 4+ 0p — 0c) (Brm11T 4 diag(dy)) (O + 0p — 0c) Bl

(Orr +0p — 0c) BT (200 — bc) B

and d,, := (ﬁm +cilar), f € f(m)) € le(m)l. It suffices to show that H,, < 0 for each m € M.
By the Sherman-Woodbury matrix identity (see [63] for example), we have

(Brn117 + diag(d,,))
1
1/Bm + 17 diag (d,,,)

= diag (d,) " — < — 1) diag (d,,,) " 117 diag (d,,) " .

Using Schur complements, we obtain

H,, <0 < (200 — 00)Bm — (Oar + 0p — 00) Bl (Bm11 T + diag(dyn)) *Bml >0

1
<= (291\/[ — 90) — (QM +0p —0¢) <1 — Lt BT ding (d )71 1> > 0. (2.17)
And H,, < 0 follows from the observation that
-1
1 Bm
1- <1l-—1[|1+ - <.
1+ 6m1T diag (dm)_l 1 fe;m) ﬁm + 1nqu >0 c}(qf) 7

Also, 11 (g,7;0) is continuously differentiable. Thus, G(8) is a potential game with a concave and
continuously differentiable potential function. Neyman’s result then implies that the set of Nash
equilibria of G(0) is identical to the set of optimizers of C(8).

When 203, —0c > - (0pr+0p —0¢c) > 0, it follows from (2.17) that II (q, 7; ) is strictly concave.
Then, C(6) has at most one optimizer. Finally, the desired result follows from the equality of the
sets of Nash equilibria of G(6) and the optimizers of C(0), and the fact that G(0) has at least one

Nash equilibrium. O

2.D Proof of Proposition 2.1

Proof. Since Oy +0p —0c > 0 and 20 — 0 > - (Op + 60p — O¢), we infer from Theorem 2.1 that
G(0) is a weighted potential game with a strictly concave and continuously differentiable potential
function fI(q, r;0). Hence, the set of Nash equilibria of G(0) is identical to the set of optimizers of
C(0). Moreover, since f[(q,r; 0) is strictly concave, C(0) has at most one finite optimizer. When

P = RMI, then C(6) seeks to maximize II (q,7;6) subject to q € R‘fl and 1Tr = 0. Now, C(6)
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being equivalent to a convex optimization problem with linear constraints, the KKT conditions
imply that (g, r) solves C(0) if and only if q € R‘fl, 177 =0, and there exists p € le‘ and A € R
that satisfy

Ve [ﬂ(q, r;0) — )\ITT‘} =0, (2.18a)
Vq [ﬂ(q, r6)+u'q| =0, (2.18b)
nw'qg=0. (2.18c¢)

Let p € R‘fl be the all-zero vector, and

1

1
Ai=—(Op+6y—10 —
2(P+M c) 7]

> Cp—al +0ua. (2.19)
f/
In what follows, we show that g, r defined in (2.10) — (2.11) and p, A defined above together satisfy
the Karush-Kuhn-Tucker optimality conditions.

Using the lower bound on «, we infer that q € ]le‘. Also, it is easy to verify that 17 = 0.

Substituting the values of g, r into the left hand side of (2.18a), we get

)
Orpm(f)

[ﬁ(q, 7;0) = A1Tr| = — (200 — 0c) Braucs) — (O + Orr — 00) By + Oara — A

where the last step follows from (2.19). Similarly, substituting the values of g, r into the left hand
side of (2.18b) gives

0 T~
T%v H(q,’l‘;e) +uTq} = a—ﬂ(rM(f) +2qf) —Cf + py =0.

Finally, (2.18c) trivially holds, since p is the all-zero vector. Hence, we conclude that (q,r), as

defined in (2.10) — (2.11), defines the unique Nash equilibrium of G(8).
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Towards computing the social welfare at the unique Nash equilibrium, we obtain

> CSlg.r) = g > (a5 +7aan)

meM feFr
1 _ _
=55 |Fl(a = C)? + (r(6) — 1) Z(Cf S ONE
i feF ]
> PSular) = [a—=Cr=B(ar+rmip)] 4
meM feF
1 _
=15 [Fl(a—C)* + (s(6) + 1)* > (Cy — C)?| ;
L fer ]
D MSuw(ar) ==8Y (a5 +7rmip) T
meM feF
1

= —555(0)(5(6) = 1) fezj:(cf -0)%

The details are omitted for space constraints. Then the social welfare at the unique Nash equilibrium

is given by

> [CSm(q, ™) + PSi(q.r) + MS,, (g, 7)]

meM

3|F ~ 1 _
= M (a — 0)2 + — [(5(0) —1)% 4 2(k(0) + 1)* — 4k(0)(K(0) — 1)] Z (Cf — 0)2

8p 80

feF

3| F| ~2 1 =2

=57 (a—C) + %3 (—r(0)* +6K(0) +3) > _ (Cr—C)".
fer
Finally, utilizing the definition of o2 in the above equation yields the desired result. O

2.E Proof of Lemma 2.1

Proof. C(0) is a multiparametric convex program, parameterized by 8. When 0 € 0., C(6) admits
a unique primal optimal solution for each 6 € O,; call it (g(0),7(0)). Let (\(0), 1(0)) denote a dual
optimal solution of C(@). Dual optimal solutions may not be unique. Since O is compact, it suffices
to argue that there exists positive constants g, 7, A, and fi, such that C(@) admits a primal/dual

pair of optimal solutions that satisfies

la(®)ll2 < a, [r(@)ll2 <7, [AO)]2 <A, [lu(0)2 < iz

for each 0 € O,.

If r is feasible in C(0), then r € P’, where P’ is compact. That yields a uniform bound on
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|(8)]]2 for all @ € ©,. Call that bound 7.

Recall that (q(0),r(0)) is also the unique Nash equilibrium of G(8). Therefore, ¢;(0) maximizes
Ty (qf,qff(ﬂ),r(a)) over gy > 0. However, we also have
9 /
o (ar,q_5(0),7(0)) = () — Brmcnrmis)(0) — 2Brmepar — 4 (ay)

< amp) T BmnT = 2Bmin ar

which implies that 7 (qf, q_4(0), r(0)) decreases with gy for g5 > £ + max;,e m ;ﬁ—m In turn, we

conclude

_ r «
la(8)]ls < q = || (2 + max

For each f € F, we have assumed c; to be continuously differentiable, implying qul(q, r;0) is
continuous in (g, 7, 0). Therefore, V4I1(q, ;) remains bounded over {q : ||g|lz < g} x P’ x O.. As
a result, u(0) = — V,II(q,r;6) 2(0)r(®) admits a uniform bound f.

Let A(6) denote the set of optimal Lagrange multipliers for the constraint A’ r < b’ in C(0). We
conclude the proof by showing that infyg)ca(e) [|A(8)]|2 is uniformly bounded over 8 € ©.. To that
end, suppose the rows of A" are given by a{ , ..., a:irim(b,), where a; € RIMI. Denote by S(8), the set
of active constraints at optimality of C(@). That is, a] 7(8) = b for eachi € S(0) C {1,...,dim(b")},
and a, r(0) < b for i € §¢(0) := {1,...,dim(b’)} \ S(0). Then, A() is given by

AB) = A e RI™®D .\, =0 for i € S°(0), Xia; = =V, T(q, ;0 . 2.20
(6) () ;{9) @ri0)| , o1 @220

If A’(6) denotes the |S(8)| x | M| matrix with rows a, for i € S(8), we conclude from (2.20) that

nf —ra’T i rﬁ .
il o IO = [[47 O, Ti(a.r0)

a(0).7(0) |,

where [A’T (0)]! denotes the Moore-Penrose inverse of A’" (8). Using the continuous differentiability
of ¢y, f € F, one can argue that Vrf[(q, r; 6) remains bounded over {q : ||q|l2 < ¢} x P’ x ©.. And
the rest follows from the fact that A’(@) has finitely many possibilities for 8 € ©.. O

2.F Analyzing the Two-Market Two-Firm Example in Fig.
2.1

This section is devoted to deriving all Nash equilibria of G(8) for all § € R} in a two-market two-firm
example, portrayed in Figure 2.1. Our formulae let us gain insights into the parametric dependence

of the Nash equilibria on the design parameter.
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Consider G(0), where M = {1,2}, F = {1,2}, and F(1) = {1}, F(2) = {2}. Each firm has an
increasing linear cost, given by cf(¢y) = Crqy. Assume that the markets are spatially homogeneous,
having inverse linear demand functions p,, (d,,) = a— d,, for m € M, where «, 8 > 0. The network
constraint is given by P := {r = (r1,72)" : |r1| < b, |ra| < b}, where b denotes the capacity of
the link between the two markets. Hence, the markets only differ in the marginal costs of the firms
supplying in each market.

Notice that 177 = 0 for our example implies ry = —ry. Defining r := r; = —rg, the market
maker’s strategy set can be described by {r € R : |r| < b}. And, the market maker’s payoff (with a

slight abuse of notation) is given by

(g1, q2,7:0) = — (0 + 0p — 0c) (1 — q2) Br — (200 — Oc) Br?

F0p (0= C)ar + (o~ Co) ) + 3 (00— 209) B (a3 + 3)

Restrict attention to the case where

a —max{Cy, Ca}
B

0<b<

Then, (¢1,q2,7), where g1,g2 > 0 and |r| < b, constitutes a Nash equilibrium of G(0) if and only if
1. (q1,q2,7;0) > (g1, g2,7’;0) for any 7’ such that |r'| < b, and

2. the production quantities satisfy

_C _
ql:;<aﬂ 1"”)’ ‘”%(a ,302“")' (221)

Let R(0) denote the set of all r’s that comprise a Nash equilibrium for the game, when the design

parameter is 6. Then, for each r € R(), the production quantities at the Nash equilibrium are
uniquely identified by (2.21). We provide R() for all # € R3 in Table 2.F.1 by summarizing the
results of Lemmas 2.2 — 2.4. We state and prove Lemmas 2.2 — 2.4 at the end of this section.

Presenting our results requires the following additional notation. For any x € R, define

r, ifl<z<u,
2], = L, ifx<d,

u, otherwise.

Let sgn (z) denote the sign of 2 € R. We denote the null set by &. For convenience, define

AC:=Cy —Cy, and k(0):= %.
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Table 2.F.1: Summary of R(0) for the two-market two-firm example.

Conditions on @ R(O)
30r — 00 — 0p > 0 {[“W;BACIZ}
[—b, +0], it AC =0,
200 = 0c >0 | 30m —bc —6p =0 {b-sgn (AC)}, otherwise.
{ib, K(Q)AC} ’ K(O)AC’ <0,
30y —0c—0p <0 25 2ﬁ
{b-sgn (AC)}, otherwise.
b
Op +0p —0c <0 {{_%}+b}
200 —0c=0|0p+0y—0c=0 [—b, +b]
AC . |AC
Op +0m —0c >0 {ib’_%}’ ! 28 =b
{b-sgn (AC)}, otherwise.
{=b-sgn (AC)}, if AC >b
Op +0r —0c <0 ’ 28 | — ’
a, otherwise.
200 —0c <0 | Op+0y —0c =0 {£b}
{£b} if ’AC <b
Op + 0y — 0c >0 ’ 28|77
{b-sgn (AC)}, otherwise.

Recall that Theorems 2.1 and 2.2 provide sufficient conditions on 8 for G(8) to exhibit certain
properties. Though we do not address the question of necessity or tightness, we use the results in
Table 2.F.1 for the two-market two-firm example to illustrate that each of the properties may fail

to hold if the respective conditions are not satisfied.

1. When neither 0y; + 0p — 0c > 0 nor 26, > 6¢ holds, a Nash equilibrium may not exist.
Consider 0 that satisfies the above conditions, such that 8, +60p — 0o < 0, and let ‘%—g‘ <b
in our example. Then, Table 2.F.1 implies that R(6) = &.

2. When 20,; > ¢, but not 0y +60p — e > 0, a Nash equilibrium of G(0) exists, but G() is not
a weighted potential game. Consider our example, where 260, —60c =0, 03 +0p — 0 < 0 and
Cy = Cy. From Table 2.F.1, the game admits a unique Nash equilibrium with R(8) = {0}.
However, it can be shown that the actions of the players under best response dynamics exhibit

the following cycle:

r a1 q2

b d(e5 ) (52 +e)
b (=) 3(52 )
b h(em-e) (a5 +e)

\Q‘
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implying that the game under consideration is not a potential game.

3. When 203, —0c > 0, and 0y +60p —0c > 0, but 20, —0c > v+ (0ar + 0p — 6¢) does not hold,
there may exist a Nash equilibrium of G(€) that is not an optimizer of C(6). In our example,

v = %, and hence
1
200 — 0 — v - (QM +0p — 6‘0) = 5(391\4 —0c — 913).

Consider 0 that satisfies 20y, — 0 > 0, 30y — 0c — 0p < 0, and additionally,

K(0)AC

Then, Table 2.F.1 reveals that R(0) = {:I:b7 “(OQ)BAC }, and hence, the game has three distinct

Nash equilibria.

Now, C(€) maximizes ﬁ(ql,qg, r;0) over ¢q1,g2 > 0 and |r| < b, where

(g1, q2,750) =00 + 0p — Oc) (= Cr)qr + (= Ca2)go — B(aF + 63) — (1 — q2)Br)
(2600 — 00)Br>.

Omne can argue that if g1, ¢a, 7 solves C(8), then, g1, qo are related to r as in equation (2.21).

In turn, solving C(0) then reduces to maximizing

1 1 1 1
5(91\/1 +0p — 9(]) r-AC + %(Q—Ol)Q + %(Ol— 02)2 3 (30M —0c —HP)B’I”Q,

subject to |r| < b. The above function being a strictly convex function in 7 attains its maximum
at the boundary of the feasible set, i.e., at £b. As a result, there does not exist an optimizer

of C(6) with r = =(92<,

4. When 205 —0c = v (0a + 0p — 0c) > 0, then G(0) may have a multitude of Nash equilibria,
all of which are optimizers of C(@). This is observed in our example, where R(0) = [—b, 4],
when 20, — 0 > 0, 30y — 0 — 0p = 0, and C = Cs.

In what follows, we formally characterize R(@) for all @ € R? for our example.

Lemma 2.2. Suppose 0p 4+ 0y — 0c = 0. Then, R(0) is given by

{0}, if 200 — 6 > 0,
R(0) = { [=b,4b], if 200 — O =0,
{+£b}, otherwise.

Proof. When 0p + 0y — 0 = 0, the maximizer of II(q1,ge,7;0) over r is independent of ¢; and

g2. Further, if 205, — 6 > 0, then II(qq, g2, 7;0) is a concave quadratic even function of r, and
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hence r = 0 is its unique maximizer. On the other hand, if 265, — 8¢ = 0, then II(¢1, g2, 7;0) is
independent of r, implying each r € [—b,b] constitutes a maximizer of II(q1, o, 7;0). Finally, if
20y —0c < 0, then I1(q, g2, 7; 0) is a convex quadratic even function of r, that attains its maximum

at the boundaries of the feasible set, i.e., at r = =£b. O

Lemma 2.3. Suppose 0p + 0y — 0c < 0. Then, R() is given by

—b

{[—@5]“’}, if 200 — 00 = 0,

+b
{[“‘?fc} } if 200 — 00 > 0,

—b

{=b-sgn (AC)}, if20y —0c <0, and ‘%—g‘ >,

a, otherwise.

Proof. Suppose 0p + 0y — 0 < 0. Define the expressions in (2.21) as ¢1(r) and ¢a2(r), respectively,
to make explicit its dependence on . When 20y, — 6 > 0, the function (g1, g2,7;0) is strictly
concave in r, and hence ¢; (1), g2(r), r constitutes a Nash equilibrium of the game, if and only if one

of three cases arise:

p(r,0) =0, and |r| <b, (2.22a)
or p(r,0) <0, and r = —b, (2.22b)
or p(r,0) >0, and r = +b. (2.22¢)

where p(r, 6) is the derivative of II(q1, g2, 7;0) with respect to r, evaluated at ¢;(r), g2(r), r, given
by

AC

p(’f’, 0) = T(QP + O — 90) — (391\/[ —0c — gp)ﬂ’)". (223)

Now, 0p + 0p — 0c < 0 and 20y, — 0 > 0 together imply 30y, — 0 — 0p > 0. Using the relations
in (2.22a) — (2.22c), it is then straightforward to conclude that

k(@)ACT T
ro) =4 [ M9
when 0p + 0p; — 0c < 0 and 260, — 0 > 0.
Next, consider the case, when 20y, — 8¢ = 0. Then, II(q1, g2, 7;0) is a linear function of r with

slope 8(q1 — g2). Thus, ¢1(r), g2(r), r constitutes a Nash equilibrium of the game if and only if one of

three cases arise: (i) q1(r) = ¢2(r), and |r| < b, or (ii) q1(r) > ¢2(r) and r = +b, or (iii) ¢1(r) < ga2(r)
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and r = —b. Substituting the values of ¢;(r) and ¢2(r) from (2.21), and rearranging, we get

R(6) = [} .
Finally, consider the case when 20y, — ¢ < 0. Then, I1(q1, g2, 7; @) is strictly convex in r, and is

maximized at either r = —b or r = +b or both. Notice that
(g1, g2, +0;0) — (g1, g2, —b;0) = —2(0n + Op — Oc)(q1 — q2) b,

implying (i) +b is an optimizer if ¢ (+b) > ¢o2(+d), and (ii) —b is an optimizer if ¢;(—b) < ga(—b).

Upon simplifying these conditions, we conclude,

{~b-sgn (AC)}, if| 35| =,
R(6) = ”
a, otherwise.
The rest follows from combining the values of R(€) under different cases. O

Lemma 2.4. Suppose 0p 4+ 05 — 0 > 0. Then, R(0) is given by

+b
{{“(‘Qﬁc} b}, if 200 — 0 > 0, and 30y — 0o — O0p > 0,

(b, 1], if 205 — 0 > 0,300 — 6 — 0p =0, and AC =0,
R(B) = {0,592 if 26— fc > 0,300 — b — 0p <0, and [M92C| <,

{ib,—%g}7 if 200 — 60 = 0, and \%g\ <,

(4b}, if 205 — 6 < 0, and \%g\ <b,

{b-sgn (AC)}, otherwise.

Proof. Suppose 0p+0y; —0c > 0. First, consider the case, when 205, — 0o > 0. Then, (g1, g2,7;6)
is strictly concave in r. Similar to our analysis in the proof of 2.3, it follows that ¢1(r), g2(r),r
constitute a Nash equilibrium of the game, if and only if one of three cases, given by (2.22a) —

(2.22c), arises. We tackle three further cases separately, depending on the sign of 30y, — 0¢c — 0p.

Case (i): 30y — 0c — 6p > 0. This case is identical to the case when 0p + 0 — 0 < 0 and

30y — 0c — 0p > 0, and we obtain



41

Case (ii): 30y —0c — 0p = 0. Since 0p + 05y — 0o > 0, the sign of p(r, 0), defined in (2.23), is
given by the sign of AC. Then, (2.22a) — (2.22¢) implies that

[—b, +], if AC =0,
R(6) =
{b-sgn (AC), otherwise.

Case (iii): 30y —60c —60p < 0. We solve for r by setting p(r,0) = 0, and further utilize (2.22a) —
(2.22¢) to obtain

K(0)AC
() ‘gb

)

R(6) {ib,%}, if

{b-sgn (AC)}, otherwise.

Second, consider that case when 265, — 0o = 0. Then, II(q1, g2, 7;0) is linear in r with slope
B(q1 — q2). The analysis is similar to the case when 205, — 8¢ = 0, but with 6p + 05 — 8¢ < 0.

Proceeding as in the proof of Lemma 2.3, we obtain

-3¢}, if|39| <o,
R(0) = { 25} 2

{b-sgn (AC)}, otherwise.

Finally, consider the case when 265, — 8¢ < 0. Then, II(q1, g2, 7;0) is strictly convex in r, and
is maximized at either »r = —b or » = +b or both. Again, the analysis mirrors the argument in the

proof of Lemma 2.3, and yields

+b}, if [2¢| < b,
R(0) = {0} ’ 28 ’ -
{b-sgn (AC)}, otherwise.

The rest follows from combining the values of R(0) under different cases. O
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Chapter 3

Inefficiency of Forward Markets in
Leader-Follower Competition

In this chapter, we study the strategic interaction between generation flexibility and forward markets.
This work has wider applications beyond electricity to other settings such as manufacturing where
firms could have heterogeneous production lead times and forward contracts are commonly used to
lock in business in advance. The significance of forward trading in many industries have motivated
numerous studies into forward markets. Among the literature, one of the most important issues has
been the relationship between forward contracts and market power. In this area, the seminal paper
is [10] which showed using a two-stage model that long forward positions mitigate market power. The
intuition is that any individual firm has a strategic incentive to sell forward. This creates a prisoner’s
dilemma, and therefore, in equilibrium, all firms produce more. Subsequently, this phenomenon was
also developed further and tested empirically by others [72, 57, 59, 128, 136, 135, 26]. Some studies,
on the other hand, sought to investigate the robustness of those findings, and found different results
with other models [56, 98, 58, 124, 85, 79].

In this work, we study the impact of forward contracting on markets where there is a group of
leader firms that choose their productions before a group of follower firms. This game is also known
as a leader-follower (or Stackelberg) competition [120]. This classical setting arises, for example,
when new entrants to an industry such as gas and telecommunication must decide whether to invest
in capacities [44, 48]. The capacity expansion process is time consuming so the new entrants (leaders)
must decide in advance the quantities they will supply to the market. The incumbents (followers)
already have capacity and need only decide how much goods/services to provide. Another prominent
example is electricity, where generators have significantly different startup times and ramp rates.
Generators with longer startup times and slower ramp rates (leaders) must decide on the amount
of power they will supply to the market before the more flexible generators (followers). In both
examples, although follower firms choose their productions later than leader firms, they may still

sell a fraction of their outputs in advance. In fact, gas, telecommunications, and electricity, are all



43

industries where forward contracts form a significant portion of the total output. These contracts
are traded through bilateral negotiations or in centralised exchanges. Hence, the study of how
forward contracting impacts leader-follower competition is a crucial area with important practical
applications.

We analyze a model that combines key elements from the classical forward contracting model
by [10] and the classical leader-follower model by [120]. In particular, we consider a setting in which
there are two types of firms — leaders and followers — that choose production levels at different
stages. Leaders choose production levels before followers. However, followers are allowed to sell
forward contracts when leaders are choosing their productions. We assume that followers have
capacity constraints while leaders are unconstrained. Imposing capacity constraints on leaders does
not change the analysis significantly and the same insights still hold.

Both classical models are appealing due to their tractability and each model has been extensively
studied and further developed. However, to our knowledge, the combined setting has not been inves-
tigated before. Due to the prisoner’s dilemma effect, the natural inference is that allowing followers
to trade forward contracts would increase their productions. Moreover, because forward contracts
mitigate market power, another expectation is that the total production would also increase. In
this work, we show that this intuition is not always true, and the impact of forward contracting
is ambiguous. The market power mitigation property of forward contracting might, in fact, create

opportunities for leaders to manipulate the market by exploiting followers’ capacity constraints.

3.1 Owur Contributions

Our goal in this study is to provide insight into the strategic interactions between leaders and followers
in forward markets. We contribute to the existing literature in the following ways.

Our first contribution is the insight that forward contracting may decrease the efficiency of the
market. The reason is that forward contracting may create opportunities for leaders to exploit the
capacity constraints of the followers. Forward contracts provide incentives for followers to produce
more. However, if this results in followers becoming capacity constrained, then leaders would be
able to profit by withholding their productions disproportionately, and the net effect is a decrease
in total production. Informally, the increased competition due to forward contracting is offset by the
decreased competition faced by the leaders due to followers being capacity constrained. Therefore, this
is a phenomenon where capacity constraints and forward markets create opportunities for market
manipulation.

Our second contribution is the insight that non-existence of symmetric equilibrium could be
attributed to exploitation of capacity constraints. In particular, we show that symmetric equilibria

do not exist precisely when followers are operating close to capacity. Our analyses shows that, when
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any follower operates close to capacity, other followers have a strategic incentive to exploit the fact
that this follower is now less flexible by reducing their forward positions. However, if all firms were
to reduce their forward positions simultaneously, the high prices would create incentives for them to
increase their forward positions. Therefore, there is no symmetric equilibria. This insight is related
to the observation by [95] that equilibria may not exist. However, the argument in [95] was based
on showing that profit functions are not convex and no explicit insights into strategic incentives
or the circumstances under which equilibria do not exist were provided. On the other hand, we
provide explicit conditions under which symmetric equilibria do not exist, and our analyses reveal
the strategic interactions that lead to no symmetric equilibria.

Our third contribution is a complete characterization of symmetric equilibria for a model that
is technically challenging to analyze. As observed by [95], capacity constraints may cause profit
functions to be non-convex. Hence, standard techniques used to show existence and uniqueness no
longer apply. Nevertheless, we provide closed-form expressions of equilibria as a function of the
parameters, including the number of leaders, number of followers, their marginal costs, and the
capacity of the followers. Our explicit characterizations enable us to infer tradeoffs between the
parameters as well as obtain the asymptotic behavior of the system as the numbers of leaders and
followers increase. Our characterizations also show that market equilibria are especially interesting
— they may not exist or may not be unique — at the transition between interior equilibria and full
capacity utilization due to opportunities for market power exploitation. Hence, our work motivates
further analysis on capacity constrained games. Moreover, since capacity constraints may be due to
lack of flexibility in adjusting production levels or long-run production capacities, both operational

and long-term market power analyses are important.

3.2 Related Literature

Our model, being a combination of the classical forward contracting and leader-follower models, has
not been studied before. However, our study fits into the extensive literature on forward contract-
ing and leader-follower competition. We review the literature on these and explain how our work

contributes to them.

Forward markets

[10] was the first to provide and analyze a model showing that strategic forward contracting mitigates
market power. Later studies by [56, 98, 58, 124, 85, 79| reaffirmed or invalidated their findings under
other assumptions. As these are not directly relevant to our work, we do not discuss their details
here (see [95] for a survey). However, the general conclusion is that the original findings do not

always hold when the assumptions change.
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The domain of electricity markets has seen the most application of the model from [10]. This may
be attributed to the fact that the bulk of trade in electricity are through forward contracts and market
power was a significant issue in wholesale electricity markets after their deregulation. However,
capacity constraints is an important feature in electricity markets, and this feature was not present
in their model. Therefore, there have been numerous extensions in this direction. [73] and [141]
added network constraints and price caps. However, due to the complexity of the problem, only
numerical solutions were provided. [101, 71] proposed the idea that forward contracts may increase
capacity investment. This idea was then investigated analytically by [95] by adding an endogenous
capacity investment stage. The authors made the interesting finding that forward contracts may
not mitigate market power when capacities are endogenous.

To our knowledge, our work is the first to study the robustness of the findings by [10] in the clas-
sical leader-follower setting with capacity-constrained followers. In addition, our work supplements
existing results on the impact of capacity constraints on existence of equilibria, by providing explicit

characterizations under which symmetric equilibria exists and vice versa.

Leader-follower competition

The first extension of Stackelberg’s framework to multiple leaders and followers was provided by [120,
119]. The author also gave conditions for existence and uniqueness of equilibria. Subsequently, there
has been significant interest in relaxing the assumptions of the model. However, most studies focus
on the technical conditions required for existence and uniqueness, and neglect to study the under-
lying strategic behavior. [49] showed that equilibrium is no longer unique if one removes Sherali’s
assumption that identical producers make identical decisions. [44, 139, 48] generalized some of Sher-
ali’s existence and uniqueness results to the setting with uncertainty. There are also other efforts
by [105, 77] that provide conditions for existence using variational inequality techniques.

We are not aware of any work that add capacity constraints to Sherali’s model. The closest
related work was by [100] but the authors were investigating price competition (while we focus on
quantity competition). [48] might appear to have included capacity limits in their analyses. However,
the authors used the capacity limits as a technical condition for their proof, since it was defined by
the point where marginal cost exceeds price. Hence, their capacity constraints are never binding,
and firms in their model do not strategically withhold productions unlike in our model.

To our knowledge, our work is the first to extend Sherali’s model with capacity constraints
on followers and allowing them to sell forward contracts. Similar to Sherali’s work, we restrict
ourselves to symmetric equilibria in the sense that leaders have equal productions and followers
have equal forward positions. We characterize all symmetric equilibria and provide insights into
strategic behavior. Note that [49] showed that equilibrium is no longer unique if Sherali’s symmetry

assumptions are relaxed. However, his findings are technically different from ours. His results are
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attributed to non-smoothness due to the non-negativity constraints on quantities, while our results
are attributed to non-smoothness due to the capacity constraints. Hence, symmetric equilibria

always exists in [49] but may not exist in our model.

3.3 Model

Our goal is to understand whether forward contracting mitigates market power when firms have
capacity constraints and heterogeneous production lead times. To this end, we formulate a model
that combines key elements from the classical forward contracting model proposed in [10] as well as
the classical leader-follower model proposed in [120].

We assume that there are two types of firms — leaders and followers — that choose production
quantities at two different times. Leaders, who have longer lead times than followers, choose pro-
duction quantities in the first stage while followers choose production quantities in the second stage.
However, followers sell forward contracts in the first stage. Hence, we also refer to the first stage as

the forward market and the second stage as the spot market.

3.3.1 Forward contracting

Our model for forward contracting is based on the classical model from [10]. This model is commonly
used in many studies of forward markets [98, 58, 73, 85, 79, 141, 95]. In the forward market, firms
sign contracts to deliver a certain quantity of good at a price ps. These contracts are binding and
observable pre-commitments. Then, in the spot market, firms sell the good at a price P(g) which
is a function of the total quantity ¢ of the good sold in both the forward and spot markets. We

assume a linear demand model given by

where the constants «, 8 > 0. This is a common model for demand [10, 95] and implies that buyers’
aggregate utility is quasilinear in money and quadratic in the quantity of the good consumed.

We assume that there is perfect foresight. That is, in the first stage, both leaders and followers
know the demand in the second stage. Equilibrium then requires that the forward and spot prices

are aligned:

ps = P(q).

That is, no arbitrage is possible. This assumption was also used in both the classical forward

contracting model [10] and the classical leader-follower model [120]. An extension to the case of
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uncertain demand is definitely relevant and interesting. But our results show that the model with
certain demand is rich enough to capture interesting strategic interactions between leaders and

followers. The case of uncertain demand is left to future work.

3.3.2 Production lead times

Our model for leader-follower competition is based on the classical model from [120]. We assume that
there are M leaders and N followers, with marginal costs C and ¢, respectively, where ¢ > C' > 0.
We also abuse notation and use M and N to denote the set of leaders and followers, respectively. The
assumption that ¢ > C' is motivated by the expectation that there is typically a cost to flexibility,
e.g. in electricity markets more flexible generators typically have higher operating costs than less
flexible generators.

Each leader ¢ € M chooses its production quantity z; in the forward market. Each follower
j € N chooses its production quantity y; in the spot market and also sells a forward contract of
quantity f; in the forward market. We assume that leaders sell forward contracts in the forward
market equal to their committed productions. It is possible to show that allowing leaders to sell
forward contracts that differ from their committed productions does not change the analyses.

We assume that each follower has a production capacity & > 0 but leaders are not capacity
constrained. In practice, followers might only be able to adjust productions within a limited range
around operating points. Hence, a more sophisticated model would have followers choose set points
in the forward market and impose constraints on deviations from those set points. Our model for
followers can be interpreted as them having zero set points and being allowed to ramp productions
to a maximum of k. Similarly, our model for leaders can be interpreted as them choosing their

operating points in the forward market and not being allowed to deviate from them.

3.3.3 Competitive model

We adopt the following equilibria concept for the market. Let the vectors x = (z1,...,2u:),
vy =(y1,...,yn), and £ = (f1,..., fiv) denote the leaders’ productions, followers’ productions, and
followers’ forward contracts, respectively. We also use the notation f_; = (f1,..., fj—1, fi+1,.- -, [N)
to denote the forward contracts of all followers other than ¢. Similarly, we use the notations
X = (T1,0 0 Tim1, Tig1s - ) AN Y = (Y1, -+, Yj— 1, Yj1s - - - YN)-

Spot market (followers): We define the spot market equilibrium as follows. Only followers

compete in the spot market. Follower j’s profit from the spot market is:

M N
o\ (yjiy—j) = P S+ Yy | (= fi) =y
=1

/=1
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Given y_j, follower j chooses a production y; to maximize its profit subject to its capacity constraint.

Hence, a Nash equilibrium of the spot market is a vector y such that for all j:

07 (W33y-3) = 67 (33y-y), for all g; € [0,K].

Theorem 5 of [67] implies that there always exists a unique spot equilibrium given any leader
productions and follower forward positions (x,f). We denote this unique equilibrium by y (f,x) =
(1 (£,x) ... yw (,%)).

Forward market: The forward market equilibrium depends on behaviors of both followers and
leaders. Their profits depend on the outcome of the spot market. In particular, follower j’s profit is

given by:

M N
6; (Fiifx) =P [ Y o + 3 yp®.x) | - f5+ 6% (v(£,%))

i'=1 j'=1

M N
P Zmi/—l—Zyjf(f,x) —c| -y (f,x),
=1

/=1

where the second equality follows by substituting for ¢;s)(f ,x). Note that follower j anticipates the
impact of the actions in the forward market on the spot market. Given (f_;,x), follower j chooses
its forward contract f; to maximize its profit. This is an unconstrained maximization as followers

can take positive or negative positions in the forward market. Next, leader i’s profit is given by:
M N
Vi (e x_,£) = P in/ + Z yi(£,x) | =C| -z
ir=1 j'=1

Given (x_;,f), leader i chooses a production z; € R} to maximize its profit.
Hence, a subgame perfect Nash equilibrium of the forward market is a tuple (f,x) such that for

all ¢

Ui (5%, £) > ¥ (T3 %4, ), for all Z; € Ry, (3.1)
and for all j:

5 (fi1£-5,%) 2 &; (f:£-5,%) , for all f; € R. (3.2)

It is this equilibrium that is the focus of this study. To capture the key strategic interactions
between followers and leaders, we focus on equilibria in which leaders have symmetric productions

and followers have symmetric forward positions. This symmetric case already offers many insights.
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3.4 Summary of Main Insights

Our model differs from previous studies on forward contracting in two important aspects. First,
in our model, firms may choose productions (not just forward contracts) in the forward market,
which is a feature that has not been investigated before. Second, in our model, firms have capacity
constraints, while the majority of forward market studies assume unconstrained productions. The
most in-depth analysis on capacity-constrained forward markets, provided by [95], did not give
explicit conditions under which equilibria do not exist; while our work provides explicit expressions
for equilibria and hence offer stronger insights into the strategic interactions. We provide two macro
insights into the strategic interactions of leader-follower competition with forward contracting.

Our first insight is that forward contracting may decrease the efficiency of the market. The intu-
ition is that forward contracting creates opportunities for leaders to exploit the capacity constraints
of followers. Conventional intuition on forward contracting suggests that followers will increase their
productions with the introduction of forward contracting [10]. However, this may cause followers to
operate closer to capacity. Leaders, in order to exploit the fact that followers are now less flexible,
reduce productions to the extent that the equilibrium total market production decreases. Informally,
the increased competition in the forward market due to forward contracting is offset by the decreased
competition in the spot market due to followers operating closer to capacity. Hence, the capacity
constraints create opportunities for market manipulation. Note that, while [95] also showed that
forward contracting may decrease the efficiency of the market, that was a different phenomenon
caused by the impact of forward contracting on capacity investment.

Our second insight is that non-existence of symmetric equilibria may be attributed to exploitation
of followers’ capacity constraints. The intuition is that each firm’s individual incentive to exploit
the capacity constraints of followers could lead to disequilibrium in the forward market. When any
follower operates close to capacity, other firms have incentive to exploit the fact that the follower is
now less flexible by withholding offers from the forward market. However, if all firms were to reduce
their offers, the high prices would create incentives for them to increase their offers. Hence, there
is no equilibrium. Note that, while [95] also observed that equilibria may not exist when there are
capacity constraints, their argument was based on showing that profit functions are not convex and
no explicit conditions or strategic insights were provided. In contrast, we give explicit conditions
under which symmetric equilibria do not exist and hence are able to attribute non-existence of

symmetric equilibria to strategic withholding.
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3.5 One Leader and Two Followers

To develop the intuition for our results, we start by considering only M = 1 leader, N = 2 followers,

and equal marginal costs C' = ¢. Throughout this section, we denote by @ the normalized demand:

Recall that « is the maximum price that demand is willing to pay and C' is the minimum price that
producers need to receive for them to supply to the market. Hence, we restrict our analyses to the
case where o > 0.

First, in Sections 3.5.1 and 3.5.2, we study the reactions of the followers to the leader and
vice versa. In particular, we focus on the impact of followers’ capacity constraints and leader’s
commitment power on their responses to the other producers’ actions. Then, in Section 3.5.3, we
study how they impact the equilibria of the market. Finally, in Sections 3.5.4, we study how followers’

forward contracting impact market outcomes.

3.5.1 Follower reaction

We begin by studying how followers respond when the leader produces a fixed quantity z € Ry. We
focus on symmetric responses, that is, those where followers take equal forward positions. Let F :

Ry — P(R) denote the symmetric reaction correspondence of the followers, i.e., for each f € F(x),

¢1(faf7x)z¢1(f7f7x)7 vfeRa
and ¢2(faf?x> Z ¢2(f7 fax)v er R.

Proposition 3.2 in the Appendix implies that the followers produce equal quantities y1(f; f,z) =
y2(f; f,x). Let Y : Ry — P(R,) denote the production correspondence of the followers, i.e., for each
y € Y(x), there exists f € F(x) such that y1(f; f,z) = y2(f; f,2) = y. Applying Propositions 3.2

and 3.3 in the Appendix, the reaction and production correspondences are given by:

F(z)=[-a+z+3k00), Y(z)={k}, if z < a— 3k,
F(z) =2, Y(z) =@, it a—3k<z<a- sk,
F(x)={$(a-=)}, Y()={2@a-a)}, ifa-—Ssk<z<a,
F(x) = (-0, —a + ], Y (z) = {0}, if a <.

Figure 3.1 shows the characteristic shapes of F' and Y. There are four major segments labelled
(i) — (iv). Note that the follower productions are always k in segment (i) and 0 in segment (iv). In

general, one expects followers’ reactions to decrease as x increases because a higher leader production
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Figure 3.1: Follower reaction correspondence F' and production correspondence Y .

decreases the demand in the spot market. This behavior indeed holds in segment (ii), which is also
the behavior in a conventional forward market in the absence of capacity constraints. However, the
capacity constraints lead to complex reactions, as seen in segments (i), (iii), and (iv).

Segments (i) and (wv): © < & — 3k or & < x. Multiple equilibria. These are degenerate scenarios
where followers have binding productions, and hence are neutral to a range of different forward
positions, as they all lead to the same production outcomes. The structure of the reaction set is
also intuitive. Consider segment (i), where followers produce zero quantities. If f’ is a symmetric
reaction, then any f” < f’ is also a symmetric reaction, since decreasing forward positions create
incentives to decrease productions, and productions cannot drop below zero. Hence, the reaction
sets are left half-lines. A similar argument applies to segment (iv), but in this case, the reaction sets
are right half-lines.

Segment (iii): & — ﬁk < z < @ No equilibrium. This is the scenario where followers’
capacity constraints create incentives for market manipulation which causes symmetric reactions to
disappear. The type of symmetric reactions in segment (ii) are unsustainable here because each
follower has incentive to reduce its forward position. For example, when follower 1 reduces its
forward position, it induces follower 2 to increase its production. However, since follower 2 can
only increase its production up to k, the total production decreases, the market price increases, and
follower 1’s profit increases. By symmetry, follower 2 has incentive to manipulate the market in
a similar manner. Yet, should both followers reduce their forward positions, there will be excess

demand in the market. Hence, there is no symmetric equilibrium between the followers.
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3.5.2 Leader reaction

Next, we study how the leader responds when both followers take a fixed forward position f € R.

Let X : R — P(R;) denote the leader’s reaction correspondence, i.e., for each x € X (f),

¢1($af»f)2¢1(§3»fvf)7 VEGR+

Let Y : R — P(R;) denote the production correspondence of the followers, i.e., for each y € Y (f),
there exists © € X (f) such that y1(f; f,z) = y2(f; f,#) = y. The expressions for X and Y can be
obtained from Propositions 3.4 and 3.2 in the Appendix. X and Y takes three distinctive shapes
depending on the value of &.

Low demand: 0 < & < 2k. In this case, the reaction and production correspondences are given

by

X(f) ={za}, Y(f) =A{0}, if f<-—3a,

X =A{a+r}r Y =A{0}, if —za</f<-—za
X(H={za-f} Y()={ga+3f} if —ja<f<3a,
X(f) =10}, Y(f)={z@+/f), if —za<f<3k-a,
X(f) = {0}, Y(f) = {k}, if 3k —a < f

Figure 3.2a shows the characteristic shapes of X and Y. There are four major segments labelled
(i) = (iv). The follower supplies 0 in segments (i) and (ii) and supplies k for a subset of segment (iv).
In general, one expects the leader’s production to decrease as f increases, because larger forward
positions lead to larger follower supplies, which decreases the market price. This behavior indeed
holds in segment (iii). However, the capacity constraints and leader’s commitment power lead to
complex reactions in segments (i), (ii), and (iv).

Segment (i) and (w): f < —i& or 3k —a < f. Constant production. These are degenerate
scenarios where the leader is insensitive to the followers’ forward positions. When f < 7%64, it is
because followers’ always supply zero regardless of their forward positions. When 3k —a < f, it
is because followers supply large quantities, and drive prices down below the level at which it is

profitable for leaders to produce.

_1

sa < f < —iéz. Increasing production. In this scenario, the leader uses its

Segment (ii):
commitment power to drive the followers out of the market. As followers increase their forward
positions, the leader, instead of decreasing its production (as one would typically expect), actually
increases its production, as doing so allows it to depress demand below the level at which followers

are willing to supply.

4

Medium demand: 2k < a < 03

k. In this scenario, the reaction and production correspon-
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dences are given by

X() =A{za}, Y(f) = {0}, if f < —1a,

X(f)={a+r}, Y (f) = {0}, if —la<f<-la,

X(f) ={-3a}, Y(f)={ga+3/}, i —ja<f<-LHa+ 3k
X(f)={3a-f3a—k}, Y()={ga+3fk} if f=—YFra+ V3,

X(f) ={za -k}, Y(f) = {k}, it —¥5la+VBk<f

Figure 3.2b shows the characteristic shapes of X and Y. There are, again, four major segments
labelled (i) — (iv). Segments (i), (ii), and (iii), are similar to that in the low demand case when
0 < a < 2k. Segment (iv), however, is different in that, while the leader produces zero in this
segment when 0 < & < 2k, the leader now produces a strictly positive quantity in this segment.

This is due to the fact that the leader’s profit on each unit is given by

a—pByty+x)-C=pa—y —y2— ),

and hence, when & > 2k, the leader is still able to profit from producing when both followers
produce k. Due to this, the leader also has an incentive to exploit followers’ capacity constraints,
unlike previously when the leader was producing zero. The leader does so by sharply reducing its
production at the end of segment (iii). This induces the followers to increase their supply, but since
followers can only increase their supply up to k, the total market production decreases, the market
price increases, and the leader’s profit increases. Hence, there is a discontinuity in the leader’s

reaction curve between segments (iii) and (iv).

High demand: 2747\/516 < &. In this scenario, the reaction and production correspondences are
given by
X(f) = {3a, Y(f)={0}, iff<-la,
or X(f)={a+f}, Y(f)={0}, if —ja<f<-ta+./(a-kk,
or X(f)={a+fza-k}, Y(f)={0k}, if f=-3a+/(a-kk
or X(f)={za-k}, Y(f)={k}, if —za+/(a-hk<f

Figure 3.2c shows the characteristic shapes of X and Y. There are now only three segments labelled
(i), (i), and (iv). These segments are similar to segments (i), (ii), and (iv), respectively, in the
medium demand case where 2k < a < 2:17\/516. The difference is that, now, the leader decreases its
production sharply once followers begin to supply to the market. As a consequence, the followers’

supply jumps from 0 to k.
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Figure 3.2: Leader reaction correspondence X and follower production correspondence Y .

3.5.3 Forward market equilibrium

We now study the equilibria of the forward market. Let @ C R x R, denote the set of all symmetric
equilibria and Y C R, denote the set of all follower productions, i.e., (f,xz) € Q if (f, f,x) is a
Nash equilibrium of the forward market, and y € Y if there exists (f, ) € @ such that y;(f; f,z) =
y2(f; f,x) = y. From Proposition 3.5 and 3.2, the symmetric equilibria and follower productions are

given by

Q=o, Y =2, if 2-k<ac<

Q={(fz): fe[-ta+2k0), z=2a—k}, Y={k}, ifdk<a.

Observe that there are three operating regimes.

Low demand: 0 < a < 4_8 \/gk. There is a one symmetric equilibrium. Productions increase
as @ increases. This regime is identical to that in the absence of capacity constraints (to see this,

substitute k = 00).

Medium demand: 4_8 \/gk < & < 4k. There is no symmetric equilibrium. This phenomena is due

to leaders and followers withholding productions and forward contracts respectively. As observed in

the separate reaction curves, each individual follower or leader has incentive to exploit the capacity
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constraints of the followers by reducing its position in the forward market. But should all producers
do so, there will be excess demand in the market, and hence no symmetric equilibria are sustainable.

High demand: 4k < &. There is a unique equilibrium leader production %d — k and infinitely
many equilibrium follower forward positions [—%07 + 2k, 00). The latter is a right half-line because

followers are supplying all their capacity and so are indifferent once forward positions exceed a

certain value. There leader production increases with demand; although the rate of increase of % is

slower than in the case when demand is low, where it increased at the rate %. This distinction is
due to the leader facing less competition than before when followers were not capacity-constrained.

Note that, unlike with the leader’s reaction curve, there is no apparent phenomenon where
leader’s increase their productions to drive followers out of the market. This can be attributed to
the fact that the leader and followers have equal marginal costs. In Section 3.6, we will see that the
leader’s commitment power does cause its equilibrium production to increase with demand, when

we relax the assumption of equal marginal costs.

3.5.4 Inefficiency of the forward market

To study the efficiency of the forward market, we compare the outcome in our market against that in
a Stackelberg competition, where followers do not sell forward contracts. Hence, the leader continues
to commit to its production ahead of the followers.

Note that the symmetric Stackelberg equilibria are simply the symmetric reactions of the leader
when followers take neutral forward positions. Hence, using the notation in Section 3.5.2, we let

X (0) denote the set of all symmetric Stackelberg equilibria, i.e., for each x € X(0),
¢1<$70’0)2¢1(§370,0)7 Vi‘ER+7

and we let Y C Ry denote the set of all follower productions, i.e., y € Y if there exists z € X (0)

such that y1(0;0,z) = y2(0;0,z) = y. From Proposition 3.6, the Stackelberg equilibria are given by

x(0) = {1a}, Y ={la}, if0<a< 250,

XO) ={saza-k}, V= {tmhk}, ita= ok

X(0) = {$a—k}, Y = {k}, if 25k < a.
2v/3

Observe that there are two operating regimes. The regime 0 < & < T3 1k is the regime of low

demand. In this regime, the market has a unique equilibrium and both leader and follower produc-

tions increase with demand. The regime jg‘/ik < @ is the regime of high demand. In this regime,

1

followers produce all their capacity. The leader produces 3

& — k, which is less than its production

%@ in the low demand regime, because it faces less competition now since followers have no capacity
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left to supply.
By comparing the Stackelberg equilibria to the forward market equilibria, we can see that in-

troducing a forward market does not always increase the total market production. In particular,

when 4k < a < 55‘/_51 k, the total production %07 + k£ with the forward market is less than the total
production g& in the Stackelberg market. In this scenario, demand is high and followers produce
almost all their capacity in the Stackelberg market. Having followers trade forward contracts give
them more incentive to produce and they increase their productions to k. However, this has the
side effect of reducing the competition faced by the leader, and giving it an incentive to withhold its

production. The net effect is a decrease in total market production. Since all producers have equal

marginal costs, a decrease in total market production implies a decrease in social welfare.

3.6 Structural Insights

We now extend the insights obtained from studying the case of 1 leader, 2 followers, and equal
marginal costs, to general numbers of leaders and followers with marginal costs C' and ¢ that are
possibly different. In addition, we characterize the asymptotic behavior as the number of producers
increase. Unless otherwise stated, the proofs for all the results in this section are provided in
Appendix 3.E.

Throughout this section, we denote by o, and «, the normalized leader and follower demands

respectively and by AC the normalized marginal cost difference between the leaders and followers:

0y = %(a—C’),
1

ay = B(a—c),

AC = %(C—C).

Note that oy = a, — AC. Since ¢ > C, it suffices to restrict our analyses to the case where
a, > 0. We focus on symmetric equilibria, by which we mean equilibria where leaders have symmetric
productions and followers have symmetric forward positions (which, by Proposition 3.2, implies that

the latter have symmetric productions).

3.6.1 Follower reaction

Suppose all leaders produce a quantity 2 € Ry and let F(z) C R denote the set of all symmetric

follower reactions, i.e., for each f € F(z) and j € N,

¢;(fi f1,21) > ¢;(f; f1,21), VfeR
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Proposition 3.3 gives the solution for F(x). Observe that F(z) has a similar shape to the graph in
Figure 3.1. We focus on the segment where F(z) = @ and highlight key properties that attribute

this segment to market manipulation when followers are operating just below capacity.
Lemma 3.1. The following holds.

1. There exists a unique § < k, such that there exists f € F(x) such that y;(f1,z1) =y if and
only if 0 <y <y ory=k. Moreover,

- 1
g= <1O(N>)k.
2. There exists a unique £ € Ry, such that x < 37 (ay, —€) if and only if there exists f € F(x) such
that y;(f1,21) = k, and a unique £ < &, such that © > ﬁ(ay — &) if and only if there exists
f € F(x) such that y;(f1,z1) < §. Moreover, F(z) = @ for allz € (37 (ay — &), 37 (ay — &))
- €60 (%),

Hence, there exists an open interval of symmetric leader productions inside which there is no
symmetric follower reaction. Due to this interval, there is a set of symmetric follower productions
just below k that are never equilibria. As IV increases, this set shrinks at the rate % In the limit, all
symmetric follower productions could be equilibria. These asymptotic behavior are consistent with

the intuition that followers have less ability to manipulate the market as their numbers increase.

3.6.2 Leader reaction

Suppose all followers take a forward position f € R and let X(f) € R4 denote the set of all

symmetric leader reactions, i.e., for each z € X(f) and i € M,

Proposition 3.4 gives the solution for X (f). When a, < Nk, we have n3 < k — (o — Nk), and one
can check that X (f) has a similar shape to the graph in Figure 3.2a. When «, > Nk, then X(f)
differs from the graphs in Figures 3.2b and 3.2c¢ in that segment (iv) may overlap with segments
(iii) and (ii), i.e., there might be up to two reactions. Here, we focus on segment (ii) where the
leader reaction is strictly increasing, as well as the discontinuous transition between segment (iv)

and segments (ii) or (iii). The following result highlights key properties of segment (ii).

Lemma 3.2. There exists unique _f,f € R, such that f € [I,ﬂ if and only if ﬁ (e —ACH+ f) €
X (f). Moreover, the following holds:

1.y (f1,3; (ag = AC+ f)1) =0 for all f € [f, f].
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2. f—f=0(%).

Hence, there exists a closed interval [ f ﬂ of symmetric follower productions inside which there
is a graph of strictly increasing leader reactions. Moreover, the followers’ productions are zero. This
is due to leaders using their commitment power to drive the followers out of the market. As M
increases, this interval shrinks at the rate §#.

The next result highlights key properties of the transition between segment (iii) and (iv).
Lemma 3.3. Suppose o, > NEk.

1. There exists a unique § < k, such that there exists f € R and x € X (f) such that y;(f1,z1) =y
if and only if 0 <y <y ory = k. Moreover,

ag—Nk : (M+1)VN¥1 |, (M—1)/N+1
(1= O (25785)) b, if 0 < N (14 WHEYRED 4 O VN

0, otherwise.

2. There exists a unique f € R, such that f < f if and only if there exists x € X (f) such that
y;j(f1,21) < g, and a unique f < f, such that f > fif and only if there exists x € X(f)
such that y;(f1,21) = k. Moreover, |X(f)| = 2 for all f € [_f,ﬂ Furthermore, if a, <

(M+1)v/N+1

- oy — Nk
r-1=0(%% ).

Hence, there exists an open interval of follower productions (g, k) that are never supported by any

leader reaction. This interval is due to leaders manipulating the market when followers are operating

just below capacity. As M, N, «, increases, This interval shrinks at the rate O"M;]]\yk In the limit,

all follower productions can be sustained. Moreover, there is also an interval of follower forward

positions [ f ﬂ inside which there are two leader reactions that have different follower productions

_ .. . a—NEk
(one equal to k and one less than 7). This interval shrinks at the rate NN

Note that, since the follower production is continuous in f and x, the second claim in Lemma 3.2
implies that the leader reaction is discontinuous. This was also observed in the case of one leader and
two followers. Also, note that followers’ capacity constraints have different impacts on the reactions
of the followers and that of the leaders. In the case of followers, it led to non-existence of symmetric
reactions. In the case of leaders, there always exists a symmetric reaction but there is a discontinuity

in the reaction correspondence.
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3.6.3 Forward market equilibrium
We now present structural results for the symmetric equilibria of the forward market. Let @ C RxR
denote the set of all symmetric equilibria, i.e., for each (f,z) € @, (f1,z1) is a Nash equilibrium.
Proposition 3.5 gives the solution for Q.
First, we focus on the case where AC' = 0. The structure of the equilibria is almost identical

to that in Section 3.5.3; the key difference is that, while there is either one or no equilibria in

Section 3.5.3, there could be up to two equilibria now. This is highlighted in the following result.
Lemma 3.4. Suppose AC = 0.

1. There exists a unique § < k, such that there exists (f,x) € Q such that y;(f1,21) =y if and
only if 0 <y <y ory=k. Moreover,

1
g=|1-0( =] | k.
2. There exists a unique &, € Ry, such that a, < &, if and only if there exists (f,x) € Q such

that y;(f1,21) < g, and a unique oy € Ry, such that o, > o if and only if there exists
(f,z) € Q such that y;(f1,x1) = k. Moreover, if

M<NVN+1-1,

then a, < g, Q@ = @ for all ap € (G, ), and ap — Ay = Q4 O(%) Otherwise, then
1

Q0 > 0, Q| =2 for all a, € [0y, @), and @y — o, L)

Hence, there exists an open interval of follower productions (g, k) that are never symmetric
equilibria. As N increases, this interval shrinks to the empty set at the rate % The latter is
independent of the number of leaders M or demand a,. However, M has an impact on whether
there might be no symmetric equilibria or multiple symmetric equilibria. In particular, when M <
N+/N +1 — 1, there are no symmetric equilibria when o, < a, < a,. Otherwise, when M >
N+/N +1 — 1, there are two symmetric equilibria when &, < a; < a,.

Next, we consider the case where AC' > 0. In this case, the structure of the equilibria has an
additional feature that was not present when AC = 0. In particular, when demand is low, followers
might not supply to the market. The next lemma highlights the structure of the transition to strictly

positive follower productions.

Lemma 3.5. Suppose AC > 0. Let {1 = (M + 1)AC + min (MNAC, MNk:—&-QM\/Nk:AC).
Then there exists (f,z) € Q, such that y;(f1,21) = 0 if and only if o, < (1. Furthermore, if
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ay > (M +1)AC, then y,;(f1,21) =0 if and only if

(f,x)e{(f,x)eRxR+ x:%(aw—(AC—f)) andOngf}gQ,

where f >0 if ap < (1.

The proof is omitted as it is a straightforward observation from Proposition 3.5. As the mar-
ket transitions from zero to strictly positive follower productions, there is a regime of demand
where there are multiple equilibria, characterized by leaders increasing supply when followers take
larger forward positions. This phenomenon is due to leaders using their commitment power to
drive followers out of the market (recall Lemma 3.2). Hence, although followers are not supply-
ing to the market, their forward positions have an impact on the efficiency of the equilibrium.
Moreover, note that the size of the interval of demand values where this phenomenon occurs is
min (MNAC, MNk 4 2M+/NEAC) = © (MN).

When demand is high, the structure of the equilibria is similar to that when AC' = 0, in that there
could be two or zero equilibria, except that the threshold for M now depends on AC. Furthermore,

even in the limit as IV tends to infinity, certain follower productions are never equilibria..
Lemma 3.6. Suppose AC > 0.

1. There exists a unique § < k, such that there exists (f,x) € Q such that y;(f1,21) =y if and
only if y <y ory=k. Moreover,
(VNF1-1)? . Nk
(1-0 (%) (k- LFLEAC), if AC < 52—,

0, otherwise.

2. There exists a unique &, € Ry, such that a, < &, if and only if there exists (f,x) € Q such
that y;(f1,21) < g, and a unique o, € Ry, such that ay > ay if and only if there exists
(f,z) € Q such that y;(f1,21) = k. Moreover, if

(V+ 0k~ rynre (VEE (VIR D'80) o
_ N1 _ ~1)? ’ VN+1-1)2’
M < { NAC—kt ity (Vh—(VIHI-1)A0) (VA (3.3)
(N+Lk—2C otherwise,

NE+AC—k+2/NEAC”’

then a, < az and Q@ = @ for all oy € (Qy, ). Otherwise, &, > g, and |Q| = 2 for all

Oy € [Qéma dm]'
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3.6.4 Inefficiency of the forward market

We compare the outcome against a Stackelberg competition where followers do not sell forward
contracts. Note that the symmetric equilibria of a Stackelberg competition are given by the sym-
metric reactions of the leaders when followers take neutral forward positions, i.e., X(0), where X is
defined in Section 3.6.2. Proposition 3.6 gives the solution for X (0). The structure is similar to the

equilibria of the forward market. We highlight the key features in the following three lemmas.
Lemma 3.7. Suppose AC = 0.

1. There exists a unique § < k, such that there exists v € X(0) such that y;(0,21) =y if and

only if y <y ory=k. Moreover,

1 k
= (110 ()) k
! ( VN)) 2
2. There exists a unique &, € Ry, such that a, < @, if and only if there exists © € X (0) such that

y;(0,21) < g, and a unique o, < &,, such that oy > a if and only if there exists x € X(0)
such that y;(0,21) = k. Moreover, | X (0)| =2 for all oy € [ag, 0y).

Again, we see that there is an open interval of follower productions (7, k) that are never symmetric
equilibria. However, as N increases, this interval, instead of shrinking as in the case of the forward
market, expands at the rate ﬁ to a size of % That is, as the followers become more competitive,
the leaders are better able to exploit the capacity constraints of the followers.

When AC > 0, followers might not supply to the market. The next lemma highlights the

structure of this regime.

Lemma 3.8. Suppose AC > 0. Let (; = (M +1)AC+min (MNAC, MNk + 2M+/NEAC). Then
there exists v € X (0) satisfying y;(0,21) = 0 if and only if ay < (1. Furthermore,

if 0 < ap < (M+1)AC,

Hlag = AC) if (M +1)AC < ay < (1,

The proof is omitted as it is a straightforward observation from Proposition 3.6. The key insight
is that this regime exhibits different behavior depending on whether o, is less than or greater than
(M +1)AC. The leader productions increase at a faster rate when a, > (M +1)AC because leaders
use their commitment power to drive followers out of the market.

When demand is high, the structure of the equilibria is similar to the case when AC = 0, except
that the range of follower productions that could be equilibria is now smaller. The larger the value

of AC, the smaller the range of supportable follower productions.
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Lemma 3.9. Suppose AC > 0.

1. There exists a unique § < k, such that there exist x € X (0) such that y;(0,z1) =y if and only

y <y ory=k. Moreover,

(1+0(30) (i~ S5500). 205 e

0, otherwise.

2. There exists a unique &, € Ry, such that oy < @, if and only if there exists © € X (0) such that
y;(0,21) < g, and a unique oy < &g, such that o > a, if and only if there exists x € X (0)
such that y;(0,21) = k. Moreover, | X (0)| =2 for all oy € [0z, ag).

We now contrast the efficiency of the equilibria in the forward and Stackelberg markets. Given

follower and leader productions y and x respectively, let SW(y, z) denote the social welfare:
Max+Ny
SW(y, z) = / P (w) dw— (MCx + Ncy) .
0

The next lemma highlights that adding a forward market to a Stackelberg market could be inefficient.

Lemma 3.10. Suppose AC = 0. Let oy := (M + N+ 1)k and &, := % HJXJ{;Nk. Then, for all

Oy € [0, ), there exists (f,z) € Q and xg € X(0) such that

Mz + Ny;(f1,21) < Mzs + Ny;(0,z51),

SW(y](f17$1),I) < SW(yj(07IS]-)7IS)'

Moreover,
Mzs + Ny;(0,z51) _ (MN + M + N)(M +1)
Mz + Ny;(f1,21) = M(M +1)(N +1) +2(N+1—+/N +1)
SW(y; (0, z51), x5) _ (M +1)2(MN+ M+ N)(MN + M+ N +2)

SW(y;(f1,21),2) = (N+1) (M2 + M +2)vN+1-2) (M2+3M)yN+1+2)’
where the inequalities are tight.

This inefficiency is attributed to equilibria in the forward market where followers produce k while
there are equilibria in the Stackelberg market where followers produce strictly less than k. Hence,
this inefficiency is due to leaders exploiting the capacity constraints of the followers in the forward

market. To see this, note that this inefficiency does not disappear even with a large number of
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followers:

lim Mzgs+ Ny,;(0,251) < (M +1)?
N—oo Mz + Ny;(f1,21) — M2+ M +2’
m SW(y;(0,251),x5) _ (M +1)*
N—oo SW(y,(f1,21),z) — (M?+ M +2)(M?+3M)’

On the other hand, this inefficiency disappears with a large number of leaders:

lim Mzg + Ny;(0,z51)
M—oo Mz + Ny;(f1,21) —
lim SW(y;(0,751),25)

M—oo SW(y;(f1,21), )

The statement of Lemma 3.10 does not specify whether there exists forward equilibria that are
equally or more efficient than Stackelberg equilibria. However, it is possible to impose further
conditions on the system and demand such that the Stackelberg equilibria are always strictly more
efficient.

The same approach in the proof of Lemma 3.10 can be used to obtain bounds on the production
and efficiency losses when AC > 0. However, the bounds are more complicated and depend on AC

and k.
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Appendices

In the following Appendices, we derive closed-form expressions for the symmetric follower reactions,
symmetric leader reactions, the symmetric forward market equilibria, and the symmetric Stackelberg
equilibria. Then, we derive the structural results in Section 3.6. We denote by a, and «, the

normalized leader and follower demands respectively, and by AC' the normalized marginal cost gap:

oy = %(a—C),
ay = %(a—c),
AC:%@—@

We use the following notation. For scalars z,a,b € R such that a < b, let

a, if z <a,
26 = <b, if 2> b,

z, otherwise.

We will use the following properties:

b+c

(i) For any c € R, ¢+ [Z]Z = [z +d, e

cb
ca’

(ii) If ¢ > 0, then ¢ [Z]Z = [cz]

(iii) If ¢ < 0, then ¢ [2]" = [e2]Ss.

3.A Spot Market Analyses

Proposition 3.1. Fiz a follower ! € N and suppose f; = f for every j # 1. There is a unique Nash
equilibrium y in the spot market such that, for each j #1,

k

1 M
e[ s )]

0
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Proof. The uniqueness of the Nash equilibrium follows from Theorem 5 of [67]. Each follower j € N
has a strategy set [0, k] which is compact. Its payoff function in the spot market QS;-S) is continuous in
all arguments and is strictly concave in y;. Hence, from the Karush-Kuhn-Tucker (KKT) conditions,
we infer that y € [0, k]" is a Nash equilibrium of the spot market, if and only if there exists A, u € Rf

such that, for each j € N:

Vy, [¢§-S)(yj; Y-i) + Xy + ik — yj)} =0, (3:5)

Ay = pi(k —y;) = 0. (3.6)

Take any j # . Expanding the LHS of (3.5) gives:
M N
Vy, [Qﬁ,g-é)(yﬁY—j) + Ajys + p(k — yj)} =Blay+f=D m—yi— > up | +N—n
i=1 j'=1

M
5<Oéy+fszileyj>+)\j/ij-

i=1
Suppose 0 < y; < k. Then (3.6) imply that A; = p; = 0. From (3.5), we obtain
1 M
yj:N<ay—|—f—;xi—yl>. (37)
Suppose y; = 0. Then (3.6) imply that p; = 0. From (3.5), we obtain
M
—<ay+f—2xi—yl>:)\j>0. (3.8)
i=1
Suppose y; = k. Then (3.6) imply that A; = 0. From (3.5), we obtain
M
(ay—l—f—Zmi—yl—Nk:):ujZO. (3.9)
i=1
Since 0 < y; <k, (3.7) — (3.9) together imply that
07 lf%<ay+f_2'f\i1xl_yl)goa

yj: ka lf%(ay+ffzi‘i1$z*yl) Zka

% (O‘y +f- Zﬁl T; — yl) , otherwise,
which is equivalent to (3.4). -

Proposition 3.2. Suppose f; = f for every j € N. There is a unique Nash equilibrium in the spot
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market, given by

k

1
N1 (ay+f Za@)]o. (3.10)

i=1

Yi =

Proof. The uniqueness of the Nash equilibrium follows from Theorem 5 of [67]. Hence, it suffices to
show that the given productions form a Nash equilibrium. From the optimality conditions in (3.5) —
(3.6), we infer that y € [0, k] is a symmetric Nash equilibrium in the spot market, if and only if there

exists scalars A\, 4 € R4 such that,

(ay—l—f sz N—l—l) +A—u=0,

Ay =p(k—y)=

Let

oo

A:l (ay+f Zx (N +1) >L
uzl <ay+f Za:z (N +1) ﬂ

oo

0

It is straightforward to show that y defined in (3.10), and A, 1 defined above, together satisfy the

optimality conditions. O

3.B Follower Reaction Analyses

Proposition 3.3. Fix the leaders’ productions x € Rf. Let FF C R denote the set of symmetric

follower reactions, i.e., for each f € F and j € N,
o (f; f1,%) > ¢; (f; f1,x), VfeR (3.11)

Let & = ay — Zf\il x;. Then,

(=00, =¢], if £ <0,
N-1 . (N2+1)(N—1)
F— {N2+1§}a Zfoﬁfﬁmka (3.12)
2, zf%k<£<(]\7+l)k7
[+ (N +1k,00), if (N+1)k<E
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Moreover, for each f € F,

yi(f1,x) =0 <= £<0,

(N2—|—1)(N—1)k
N2-2¢/N+1
yi(fl,x) =k <= (N+1k<E&.

0<yi(fl,x) <k < 0<&<

Proof. The proof proceeds in three steps. In step 1, we reformulate a follower’s payoff maximization
problem into a problem involving its production quantity only. In step 2, we compute its payoff
maximizing production quantity. In step 3, we compute the symmetric follower forward positions
that satisfy the condition that every follower is producing at its payoff maximizing quantity. The
latter gives the set of symmetric follower reactions.

Step 1: Fix a follower | € N and suppose f; = f for every j # I. Using Proposition 3.1 to
substitute for y;(f;;f_;,x) for every j # [, we infer that the total production in the spot market is

given by
N 1 M k
> yi(fisfogx) = u(fi; f1,%) + (N = 1) lN (O‘y + =) mi— yz(fl;flax)ﬂ
j=1 i1 0

= yl(fl;f]-vx) +

o o (N—1)k
T_ (ay +f— le yz(fz;flax)>]

i=1 0

yi(fi;f1,%x)+(N-1)k

N —
= [ (%‘*‘f Z%) Nyl (fi; 11, X)] ;
yi(fi;£1,x)
By substituting the above into follower I’s payoff, and using the fact that y;(R; f1,x) = [0, k], we
obtain
wn(fi:f1,x)+(N-1)k

sup ¢i(fi; f1,x) = sup | P
fieR f1ER

N; (ay +f— Z;@) w(fi; f1, x)]

yi(fi;f1,%)
M
+in> —c) “yi(fi; f1,%) (3.13)
=1
= sup &i(y; f,x), (3.14)
yE[O,k]
where
N-1 M T AR
du(y; fox) = | P N<ay+lexi>+Ny +;xi —c| -y
1= Yy 1=
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Step 2: We solve for the solution to (3.14). Substituting for the demand function yields

R - y+(N—-1)k
asl(y;f,x)—ﬂ(s—[NN1<5+f>+]1V4 )y

Y

B —y)y, if (3.15a) holds,
g N-1gp_ 1 if
Bxe- = wy)y HO0Sy<esf if (3.15b) holds,
BE—=y)y, ifk>y>&+ f,
=08 (Le- N Ly)y, if (3.15¢) holds,
B —y—(N-1Dk)y, if0<y<E+f— Nk,

if (3.15d) holds,
B(re—2=tf— Loy, ifk>y>&E+ f— Nk,

B —y—(N-1k)y, if (3.15¢) holds,

where the second equality follows from the fact that y € [0, k] and the five cases (3.15a) — (3.15e)
are defined by

£+ f<0, (3.15a)

0<&+f <k, (3.15b)

k <&+ f < NE, (3.15¢)

NE <&+ f<(N+1)k, (3.15d)

(N+ 1Dk <&+ f (3.15€)

We analyze each case separately.

Case (i): &+ f < 0. Then ¢(y; f,x) is a smooth function in y over the interval [0, k]. The first

and second derivatives are given by

o .
a*y@(y;f, x) = B(£—2y),

2

ay?

ou(y; f,x) = =28 <0,

which implies that ¢;(y; f,x) is strictly concave in y. Hence, y is a solution to (3.14) if and only if

it satisfies the following first order optimality conditions:

+
%yabz(y; f,x) <0, if0<y<k, (3.16)

%éz(y; fix) =0, if0<y<k (3.17)
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It is straightforward to show that there is a unique solution given by
1 1%
Y= [5} . (3.18)

Case (ii): 0< ¢+ f < k. Then qgl(y; f,x) is a piecewise smooth function in y over the interval

[0, k]. The first and second derivatives are given by

d - B(rE—Df—2y), f0<y<&+f,
a—qu(y;f,x): (v N W)

Bl&-2), itk 2y > e+ ],
2 —2p8, if0<y<&+f,
< 0.
Moreover, we have
ot .
oy W £:%) ey B (=€ —2f)
B (~NE— 2N )
< SO (-E+ (N 1)f —2N )
= B~ (N —1)f — 2~ 2f)
%le(y; f,%) )

y=¢+f

where the inequality follows from the fact that £+ f > 0. Hence, ¢;(y; f,x) is concave in y over [0, k].
Hence, y is a solution to (3.14) if and only if it satisfies the first order optimality conditions (3.16) —
(3.17). It is straightforward to show that there is a unique solution given by

0, it &< (N -1)f,

3 E=(N=1)f), if &>max((N-1)f ~(N+1)f),

Yy=9¢&+ 1, if —2f <&<—(N+1)f, (3.19)
3¢, if & < min(2k, —2f),
k, if € > 2k.
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Case (iii): k < £+ f < Nk. Then ¢;(y; f,x) is a smooth function in y over the interval [0, k].
The first and second derivatives are given by
0 - 1 N-—-1 2
@¢l(yvf7x) - ﬂ (Ng - T.f - Ny> )
2

ay?

By £.%) = B <0,

which implies that ¢; (y; f,x) is strictly concave in y. Hence, y is a solution to (3.14) if and only if
it satisfies the first order optimality conditions (3.16) — (3.17). It is straightforward to show that

there is a unique solution given by
=|5E-WN=-1f) . (3.20)

Case (iv): Nk <&+ f < (N +1)k. Then ¢;(y; f,x) is a piecewise smooth function in y over the

interval [0, k]. The first and second derivatives are given by

o - B(E—2y—(N—-1k), if0<y<E+ f— Nk,
afsbz(y;f,X):

Y Bhe—Nolp 24y ifk>y>&+ f— Nk,
9% . =28, if0<y<&é+f— Nk,
chz(y;f,X):

Y ~%8, ifk>y>¢+ f— Nk,

< 0.

It is straightforward to check that ¢;(y; f,X) is not concave in y over the interval [0, k]. However,

q@l(y; f,x) is piecewise concave in y. Hence, solve the following sub-problems:

sup ou(y; f.x), (3.21)
yE[0,6+f—(N—1)k]

and

sup ou(y; f.x). (3.22)
yele+f—(N—=1)k,k]

The solution of the sub-problem with the larger optimal value is the solution to (3.14). Using the

first-order optimality conditions, the unique solution to (3.21) is given by

1 E+f—Nk

= | = —N— k =21,
y=|3€- Wb
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and that to (3.22) is given by

1 k
y= 5(5—(N—1)f) = Z2.
E+f—Nk
Hence, the solution(s) to (3.14) are given by:
Yy =z, if le(zhfvx) > Qz;l(ZQ;f,X), (323&)
Yy = 22, if le(zl;.ﬁx) < le(ZQ;faX)v (323b)
y=zorz, if di(a;f,x) = di(z;f,%). (3.23¢)

Case (v): (N + 1)k < &+ f. Then ¢(y; f,x) is a smooth function in y over the interval [0, k].

The first and second derivatives are given by

0
afydn(y; fix) =B~ (N-1)k-2y),

2

aiygé)l(ya fax) = 726 < Oa

which implies that (ﬁl (y; f,x) is strictly concave in y. Hence, y is a solution to (3.14) if and only if
it satisfies the first order optimality conditions (3.16) — (3.17). It is straightforward to show that
there is a unique solution given by
1 k
y=|56€- (=18 . (3.24)
0
Step 3: We solve for the symmetric follower forward positions that satisfy the condition that
every follower is producing at its payoff maximizing quantity. The latter gives the set of symmetric

follower reactions since

o (fi fL,x) > ¢ (fi f1,x), VfeR
= ¢ (u(f; F1.x); £, %) > & (wi(f: f1.x); £,x), VfER

k

@+fﬂ L (32)

0

<:>qgl (yaf7x) Zél (g;f].,X);f,X), V?G [07k]7 andy: |:‘N—:_1

The first equivalence is due to (3.13). The second equivalence is due to the fact that y;(f; f1,x) =
k

[ﬁ &+ f)] and y; (R; f1,x) = [0,k]. We divide the analyses into five cases depending on the
0

value of € + f.
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Case (i): £+ f <0. Note that y is given by (3.18). Hence, the symmetric follower reactions are
given by:

k k

k
BE] = {Nil &+ f)} . and (3.15a) holds < BS]O = 0 and (3.15a) holds

e £<0and f < —¢. (3.26)

Case (ii): 0 < £+ f < k. Note that y is given by (3.19). Since 0 < £+ f <k = 0 <

NI +1 (€+ f) < k, the symmetric follower reactions are given by:

(E—(N-1)f) = ﬁ €+ f) and &€ > max((N —1)f, —(N + 1) f) and (3.15b) holds

= 57 &+ ) and —2f <€ < —(N+1)f and (3.15b) holds

or 15 _ —— (£ + f) and £ < min(2k, —2f) and (3.15b) holds

715 and £ > max((N —1)f,—(N + 1) f) and (3.15b) holds

or f=—¢fand —2f << —(N+1)f and (3.15b) holds

or f = N 15 and £ < min(2k, —2f) and (3.15b) holds
_ N-1 (N-12_ N2-1 NZ+1
<:>f—N2+1§and§>max(N2+1£,—N2+1f and0<§<m
N -1 N+1
or f = ¢and £ < min(2k, —(N —1)¢) and 0 < + E<k
N — N?+1
, 2
— f= N T §and0<§<N(N+1)k; (3.27)

The second equivalence is due to the fact that f = - = £+ f = 0. The third equivalence is due
to the fact that £ >0 — NzDl¢> Noleang ¥e >0 — 2k > —(N - 1)E,

Case (iii): &k < £+ f < Nk. Note that y is given by (3.20). Hence, the symmetric follower

reactions are given by:

1 k { r
—(€E—-(N-1 + d (3.15¢) hold
SE- 0 =0n| = | n)] and 150 o
<:>%(57(N71)f) N+1(§+f) and(3.15c)h01dsand0<%(ff(Nfl)f)<k
— f= %f and (3.15¢) holds and 0 < %(5 -(N-1f) <k
N-—1 N> +1 N? +1 N2 +1
<:>f—N2+1§andN(N+l)k§£§N+1k’and0<§<N %k
N -1 N2 +1 N2 41
(E}f—N2+1§andN(N+l)k§§§ N—&-lk’ (3.28)
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The first equivalence is due to the fact that (3.15¢c) = 0 < w7 +1 (€4 f) < k. The last equivalence

is due to the fact that NIE[ Nfl) < %ill < JA\{:jf.
2

Case (iv): Nk <&+ f < (N +1)k. Note that y is described by (3.23). We show that there does
not exist a symmetric follower reaction such that y = z;. Suppose otherwise. By Proposition 3.1,

for each j # 1,

we|k <€+f 5- <N—1>k>]i+f_w>r

— -5 [3e-2r-av-vm) _:kf] 0

i }v(£+f)] k
0

~ [ €+ 2rr -1

k

k

However, (3.15d) = ﬁ €+ f) <k = y <k = y;, which contradicts with the fact that a
symmetric follower reaction implies symmetric productions (by Proposition 3.2).

Hence, the symmetric follower reactions are given by:

k

S (€~ (N =1)f) —— (€ + f) and (3.15d) holds and &i(=1; £, %) < di(z; f, )
= 5 (€= (V= 1)) = 5 €+ ) and (3.15d) holds and 6115 £,%) < dilza£,%)
— f= %g and (3.15d) holds and ¢;(z1; f,x) < ¢y(z2; f, %)

J— 2 2 ~

o f = rband Sk <6< PR and il £%) < il £%)

_ N-1 N2 +1 (N2+1)(N—1)
<~ f N2+1§and N+1k<§§ N2—2\/ﬁ+lk. (3.29)

The first equivalence follows from the fact that £ + f — Nk = ﬁ E+f) = €+ f=(N+1k

and k = ﬁ €+ f) = &+ f=(N+1)k. The last equivalence follows from the following facts.
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First, note that

1 SNk
2= |5E=(N-1k)
0
BN, Nl < ¢ < Mg and 4 (€ — (N — 1)k) > YD e — Nk,
LEe—(N=1k), if Xk <e<¥XHkand § (€~ (N - 1)k) < XD e — N,
. 2 2
T — Nk, if Stk < € < UL,

2 2
1E- W -1k), SRR <e < MHE

where the second equality is due to & > ]X;J:rllk: > ]}]\,2;11143 = (N — 1)k. Hence, if ]X;J:rllk <€ <

(N+1)(N?+1
W’f’ then

Gi(z1; £, %) < di(2a3 f,%)
<:>(§—(N—1)k—21)21§ (5—(N—1)f—22)22

(E—(N=-1)f)?

Tzl

= (k=fE+f-Nk) <

.
=

<= True.

On the other hand, if %k <éE< Nj\,"'l k, then

(i)l(zl;fvx) < le(ZQ;f7x)
S E- (V- Dh—a)a S o €- (V- 1Df - 2) 2
= (6~ (N = DR < g (6~ (V= 1)p)?

(N2 +1)(N — 1)k
N2 —2¢/N +1

= ¢<

(N+1)(N?+1) (N?+1)(N-1) N2+1
where NTIIN I k< N2—2\/N+1k< ~ k.

Case (v): (N + 1)k < £+ f. Note that y is given by (3.24). Hence, the symmetric follower
reactions are given by:
k

B (€= (N - 1)16)}: - {Nil (€+ f)}  and (3.15¢) holds

1 k
— {2 (&= (N - 1)k)} = k and (3.15¢) holds
0

e f> £+ (N+Dkand€> (N + k. (3.30)
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Putting together the descriptions in (3.26) — (3.30) yield (3.12). O

3.C Leader Reaction Analyses

Proposition 3.4. Fix the followers’ forward positions f = f1 € RY. Let X C R, denote the set of

symmetric leader reactions, i.e., for each x € X and i € M,

i (x; 21, f1) > ¢ (7521, f1), VE e Ry. (3.31)
Let:
= ol
1 = M1 Azly >
1
xQZM(O‘I7AO+f)a
1 ~
= gl + N(AC = IF
1
x4=M+1[o¢x—Nk]8°.
Then,
z=ux1if f—AC < -7,
Orxzanif —#ﬁﬁf—ﬂcgmln(—m,ml),
orx =3 if — yyvaan <Jf— AC <max (53, k — (. — Nk)),
X = I€R+ )
k— (ay — NEk), if ap < Nk,
orw=aiif f=002 \nm, i o > (1+ (7RG ) N,
M, otherwise.
where

— a,—Nk (2(v/NF¥1-1
mi= k- ey ((M—H ))v

2(ag —NEk) 2
— _1 2(ayz—NEk) N ) 1— 1— M1
n2: 3 ( il T k 2(&1@111\7k)+Nk )

N =k — =Nk ( 2(VNF1-1) )

N 24 (M—1)/N+1

e MNK) o0 2 2(ay—MNEk) 2
— 1 Xy — _ _ M+1
M= —3 7 (M+1> Nk 1 1 2oz MNE) 4 (28 V7N,
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Moreover, for each x € X,

yi(fl,21) =0 <= x =11 or xo,
0<y;(fl,zl) <k <= z=u3,

y](f]-vx]-) =k < z=uy4.

Proof. The proof proceeds in three steps. In step 1, we solve for a leader’s payoff maximizing
production quantity given that all other leaders produce equal quantities. In step 2, we solve for the
symmetric leader productions that satisfy the condition that every leader is producing at its payoff
maximizing quantity. The latter gives the set of symmetric leader reactions. In step 3, we explain
how the solutions obtained in step 2 is equivalent to X.

Step 1: Fix a leader | € M and suppose z; = x for every i # [. We solve for the solution to
sup 1 (a1, 1) (3.32)

$[€R+

Substituting for the demand function yields

N
Yy (z;21, f1) = B %—xl—(M—l)x—Zyj(fl,:cl,xl) T

j=1
where the follower productions are given by

N

>y (f1,2,21)

j=1

1 k
ZN[M(aerf—wz—(M—l)x) .
0, if (3.33a) holds,

=

if oy + f -2 — (M—-1)x <0,

! if (3.33b) holds,
NLH (g + f—x1 — (M —1)x), otherwise,
0, ifoay+f—o—(M—-1)x <0,

k, if oy + f — a1 — (M — 1)z > (N + 1)k, if (3.33¢) holds,

NLH (g + f—x1— (M —1)x), otherwise,

where the second equality is due to the fact that z;,« > 0 and the three cases (3.33a) — (3.33c) are
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defined by
ay+f—(M—-1)z <0, (3.33a)
0<ay+f—(M-1z<(N+1)k, (3.33b)
(N+Dk<oay+f—(M-1)z. (3.33¢)

We analyze each case separately.
Case (i): oy + f— (M — 1)z < 0. We obtain
U (a2, f1) = B (ap — 2 — (M — 1)z) 2.

Hence, 9;(z;; 21, f1) is a smooth function in x; over Ry. The first and second derivatives are given

by

a%lm (x1;21, f1) = B (ay — (M — D) — 2xy)

2

0
@W (z1;21, f1) = -28 <0,
i

which implies that ¢; (z;; 21, f1) is strictly concave in ;. Hence, x; is a solution to (3.32) if and

only if it satisfies the following first order optimality conditions:

Jr
%wz (zi321, f1) > 0, if 0 <ay. (3.35)

It is straightforward to show that there is a unique solution is given by
1 oo
== (ap — (M — 1)3:)] . (3.36)
2 0
Case (ii): 0<ay+ f— (M —1)z < (N + 1)k. We obtain
Blagy —x;— (M —1)x)ay, if e, >ay+f—(M—-1)z,

wl (thla.f]-) =

8 (ﬁaw + NLH (AC - f) — %—_ﬁx - ﬁx& x;, otherwise.
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Hence, ¢; (2; 21, f1) is a piecewise smooth function in z; over Ry. The first and second derivatives

are given by

9 B(ay — (M —1)a —2x), ifx;>ay+f—(M-1)z,
oV (@, f1) = ’

Xy B

N1

(g + N(AC — f) = (M — 1)z — 2x;), otherwise,

2 -2, ife; >a,+f—(M-—1)x,
b 1, f1) = SR
l

2 .
— w510, otherwise,

< 0.

Moreover, we have

0
6381 1/)1 (1'1,1'17 fl)

yy=ay+f—(M-1)x

1 N M_1 9
:6<N+1%+N+1(Ac+f)_ N+1x_N+1(ay+f_(M_l)”“")>

:5(_az+2(Ac—f>+N]iﬂaﬁf)*ﬂz\ﬁx)
>B(—a; +2(AC - f)+ (M —1)x)
3+

= o Y (321, f1)

)
ry=ay+f—(M-1)x

where the inequality follows from (3.33b). Hence, ¥ (x;; 21, f1) is concave in x; over Ry. Therefore,
x; is a solution to (3.32) if and only if it satisfies the first order optimality conditions (3.34) — (3.35).

It is straightforward to show that there is a unique solution given by

0 if (3.38a) holds,

1(ag+ N(AC - f) = (M —1)z), if (3.38b) holds,
T = (3.37)
ap — ANCH+ f— (M — 1)z, if (3.38c¢) holds,

1 (ap — (M —1)z), if (3.38d) holds,

where the cases (3.38a) — (3.38d) are defined by:

a; + N(AC - f) < (M

— 1)z, (3.38a)
(M — 1)z < min (g + N(AC — f), a0 — (N +2)(AC — f)), (3.38b)

az — (N+2)(AC— f) < (M = 1)z < ag — 2(AC — f), (3.38¢)
az — 2(AC — f) < (M — 1)z (3.38d)
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Case (iii): (N+ 1)k <ay+ f— (M —1)z. We obtain

Y (x5 21, f1)
Blay —x;— (M —1)x) 2y, ifx; >ay+f—(M-—1)z,
=3B (ag—z— (M —1)x — Nk)ay, ifo; <ay+f—(M-1)x—(N+1)k,

B (ﬁaw + NLH (AC - f) — 1‘]\/{—;1195 — Nlﬂxl) 27, otherwise.

Hence, ¢; (z;; 21, f1) is a piecewise smooth function in z; over Ry. The first and second derivatives

are given by

axlzpl (1521, f1)
Blay — (M — 1)z —2x;), ifa;>ay+f—(M-1)z,
=498 (ay — (M —1)x — Nk —2x;), if o <ay+f—(M—-1)xz—(N+1)k,
Niﬂ (g + N(AC — f) — (M — 1)z — 2x;), otherwise,
a;%z/}l (21521, 1)
—28, if o >ay+f—(M-1)z,
=4 -28, ifo <oy +f—(M—1)x— (N + 1k,
—Niﬂﬁ, otherwise,
< 0.

Moreover, we have

o
87@1/)1 (z1521, f1)

=0y +f—(M—-1)x

1 N M-1 2

- AC—f) - - (M1
ﬁ(N+1a””+N+1< AL LA el A )x)>

=0 (—am+2(AC—f) +

N +1

> B (—a, +2(AC — f)+ (M — 1)x)
o+
= %W (xz;xl, fl)

M-1
(aI—AC'+f)+N+1x>

zy=ay+f—(M—-1)x

Hence, ¢; (z;;21, f1) is concave in z; over [ay + f— (M — 1)z — (N + 1)k, 00). However, it is
straightforward to check that ¢; (x;; 21, f1) has a non-concave kink at z; = ay + f — (M — 1)z —

(N + 1)k, and therefore ¢; (z;;x1, f1) is not concave in z; over R;. Hence, solve the following
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sub-problems:

sup

wl (.Z'l,.]?l,f].),

21€[0,ay+f—(M—1)x—(N+1)k]

and

sup

'l/}l (xhx]-?f]-) .

1€y +f—(M—-1)z—(N+1)k,00)

The solution of the sub-problem with the larger optimal value is the solution to (3.32)

first order optimality conditions, the unique solution to (3.39) is given by

=!Zz,

1 ay+f—(M—1)z—(N+1)k
2= |=(ay — (M — 1)z — Nk)
2 0
and that to (3.40) is given by
ay+ f— (M —1)z— (N + 1)k, if (3.41a) holds,
1 (ag + N(AC — f) = (M —1)z), if (3.41b) holds,
xTr, =

ay+ f— (M -1z,

%(Oéx - (M_ 1).23),

where the cases (3.41a) — (3.41d) are defined by:

(M —1)
ay —(N+2)(AC—f)—2(N+ 1Dk < (M -1)z <
ay — (N +2)(AC - f) < (M = 1)z <
ay —2(AC — f) < (M —1)a.

Hence, the solution(s) to (3.32) are given by:

if (3.41c) holds,

if (3.41d) holds,

a; —2(AC = f),

2 =21, iy (21521, f1) > ¢y (29521, f1),
xp = z2, if ¢y (20521, f1) > ¢y (21521, f1),

xp =z 0r 29, if ¢y (21521, f1) = ¢y (22521, f1).

L Z9.

z<a,— (N+2)(AC—f)—2(N + 1)k,

(3.39)

(3.40)

. Using the

(3.42a)
(3.42D)

(3.42¢)

Step 2: We solve for the symmetric leader productions that satisfy the condition that every leader

is producing at its payoff maximizing quantity. We divide the analyses into three cases depending
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on the value of oy, + f — (M — 1)z.

Case (i): a,+ f— (M — 1)z < 0. Note that z; is given by (3.36). Hence, the symmetric leader

reactions are given by:

x=0and a, < (M — 1)z and (3.33a) holds
1
orz =g (ag — (M —1)z) and oy > (M — 1)z and (3.33a) holds

<= 2 =0and o, < 0 and (3.33a) holds

a, and «, > 0 and (3.33a) holds.

OYI:M+1

Case (ii): 0 < ay+ f— (M — 1)z < (N + 1)k. Note that x; is given by (3.37). Hence, the

symmetric leader reactions are given by:

2 = 0 and (3.38a) and (3.33b) holds

or x % ((N+1)ay, — N(ay + f) — (M —1)z) and (3.38b) and (3.33b) holds

orz=ay+ f— (M — 1)z and (3.38¢c) and (3.33b) holds
orx = % (ay — (M — 1)x) and (3.38d) and (3.33b) holds

=z =0and % < f — AC and (3.33b) holds

1 o o
= N(A d - —— % —— - A —~ and (3. hold
orzr = M+1(O‘x+ (AC —f)) an NM+M+1<f C’<Nan (3.33b) holds
! !
= — NC — - < f-NOC<—— 2 . hol
or = 3 (o = (50— 1)) and M1 ST TS TRy gy (3:38b) holds
1 on
oL = O and f — AC<—M+1and (3.33b) holds.

Case (iii): (N + 1)k < oy + f — (M — 1)z. Note that z; is described by (3.42). Hence, the

symmetric leader reactions are given by

x = z1 and (3.33c) holds and ¥; (z1; 21, f1) > ¢ (22; 21, f1) (3.43)
or z = 2z and (3.33c) holds and ¢; (z1; 21, f1) < 9y (22; 21, f1) (3.44)
or x =z or zz and (3.33c¢) holds and vy (z1; 21, f1) = 1y (22; 21, f1). (3.45)

We analyze the cases © = z; and x = 25 separately.
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Suppose x = z1 is a symmetric leader reaction. Since

P
afwl(xl; x1, f1)
T @i=ay+f—(M—1)z—(N+1)k

=B (—a, +2(AC — )+ (M — 1)z + (N + 2)k)
< P
“N+1

ot
= mel(ml’ .'1717 fl)

(—ap + (N +2)(AC = f) + (M — 1)z +2(N + 1)k)

)

ry=oy+f—(M—-1)z—(N+1)k

we infer that < ay + f — (M — 1)z — (N + 1)k. Hence, we obtain

Tr =z
<= 2 = 0 and (3.33c) holds and ; (z1; 21, f1) > ¢; (29; 21, f1) and o, — (M — 1)z — Nk <0
orx = % (ag — (M — 1)z — Nk) and (3.33c) holds and v (z1; 21, f1) > ¢y (22; 21, f1)
and0<%(am—(M—1)x—Nk) <ay+f-M-1z—(N+1)k

<= 2 = 0 and (3.33¢) holds and o, — Nk <0
1
M+1

and oy, — Nk >0and f — AC > —

(ay — NE) and (3.33c) holds and )y (z1; 21, f1) > 1y (29; 21, f1)

or r =

- N
M+1(aI k) +k

The second equivalence follows from solving for x in the equations, and the fact that in the case
2 = 0, the inequalities (3.33c) and o, — Nk <0 = )y (21; 21, f1) > ¢y (29; 21, f1).

Suppose = z5. Then, using the same arguments in (3.43), we infer that z < o, + f — (M —
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1)x — (N 4 1)k. Hence, we obtain

P
= % (@ + N(AC — f) — (M — 1)) and (3.33¢) and (3.41b) holds
and ¢y (z1; 21, f1) <4y (22521, f1)
or & = ay + (f — AC) — (M — 1)z and (3.33¢) and (3.41¢) holds
and ¥y (z1; 21, f1) <y (29521, f1)
or = ¢ (e, — (M — 1)a) and (3.33¢) and (3.41d) holds
and ¢y (21521, f1) < 4y (20521, f1)

S (ap + N(AC — f)) and (3.33c) holds and v (z1; 21, f1) < ¢ (22521, 1)

T M+l
(—az + (M +1)(N +1)k)

1
NM+M+1°

o, and (3.33¢) holds and and f — AC < —

1
< fo < -
My sSf-A0s

orx = Qi

1
M+1 M+1

The second equivalence follows from solving for x in the equations, and the fact that in the case
T = ﬁaz, the inequalities (3.33¢) and f — AC < —ﬁam = U (21521, f1) <y (29521, f1).

Step 8: We explain how the solutions obtained in step 2 is equivalent to X. Observe that step 2

obtains five cases for x:

_ 1
T M
1
JC—M(ozI—(A(Z'—]”))7
1
= N(AC —
v = s (@ + N(AC - £)),
1
:UfM_Fl(amka),
z=0.

We analyze each case separately.
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Y. 1 . . .
Case (i): z = g7, This case is characterized by

a; > 0 and (3.33a) holds

or f—AC < — %2 and (3.33b) holds

M+1
orf—AC'<—Mailand (3.33¢c) holds
!
= a, >0and f - AC < ———.
o, > 0and f < M1

The equivalence is due to the following facts. First, (3.33b) = «, > 0 and (3.33¢) = «, > 0.
Second, (3.33a) and o, >0 = f—AC < fﬁam. Third, (3.33a), (3.33b), (3.33c) = True.

Case (ii): 2 = 27 (ap — (AC — f)). This case is characterized by

oy Qy
- <f-NO<—— " ,
M—i-l*f AC < NM+M+1and(333b)hOldS
oy Qy
— < f — < - 0
T e A Y |
and ¥y (z1; 21, f1) < 4 (22521, f1) and (3.33c) holds
Oy . Qg
— < f— < - ® @
= a1 ACH““( NM+M+1’ O‘IJFM(N“)’“)
oy Oy
_ < f_ < _
e e gV v
and f — AC <mgand f — AC > —a, + M(N + 1)k
Qy . Qg
— < f- < S ,
<= M—l—l_f AC_mln( MN—l—M—i—l’m)

The first equivalence is due to the following facts. First, (3.33b) <— —a, < f — AC < —a, +
M(N + 1)k. Second, ¢ (21521, f1) < ¢ (22;21, f1) <= f — AC < ny. Third, (3.33¢c) <=

f—AC > —a; + M(N + 1)k. The second equivalence is due to the fact that <

—— Qa
MN+M+1 —
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Case (iii): =z = M+1 (az + N(AC — f)). This case is characterized by

o «
“ Wi aEl <SS AC<y 33b) hol
N1 </~ AC <y and (3.33b) holds
az 1
o sl < A< yarzargg o T (M DIV A DE)

and ¥y (21521, f1) < 4 (22521, f1) and (3.33c) holds

Qy Qy —2a, + (M +1)(N + 1)k
- = — e — <
R iy s S ey v A V Sra ey v Gy
a 1
LM AC<— (cap+ (M 1)(N 1
o~ Narr a1 < TR marrargy T T M A DA L)

—20; + (M + 1)(N + 1)k
M+1+N(M-1)

and f — AC <nsand f — AC >

Oy Ay
@QI<NI€&HC1 —m<f—AC<W
(67
>N - — AC < ns.
or o, > Nk and NM+M+1<f C <mns

The first equivalence is due to the following facts. First, (3.33b) < W(Ml) <f-NACK<

*Q;ﬁﬂﬁ(ﬂ{}ﬁ”k. Second, (3.33¢c) <> f—AC > *2?\;1%;&?3”’“. Third, ¥y (z1; 21, f1)

A

Yy (22;21, f1) <= f—AC < n3. The second equivalence is due to the following facts. First, S

_ijﬁyﬁ(lﬁf#)k <= ay < Nk. Second, oy > Nk = 13 < m (—ag + (M 4+ 1)(N + 1)k).

IN

Case (iv): z = ﬁ (o — Nk). This case is characterized by

—Nk;>0andf—AC>—MJrl(ozw—Nk;)—&-k:
and ¥y (z1; 21, f1) > ¢ (22;21, f1) and (3.33c¢) holds
1
<=>ozx—Nk>Oandf—AC'>—M+l( — Nk) + k and ¢y (21521, f1) > o (29; 21, f1)

(M +1)y/N+1 )
— Nk<a,<|[l+————— | Nkand f —AC >
o ( T ) Veandf m
(M+1)\/N+1)
1+ VT TV Nk <a, and f— AC > ns.
or( N1y < az and f 72

The first equivalence is due to the fact that (3.33¢) = f— AC > — — Nk) + k. The

resiGE
second equivalence is due to the fact that vy (z1;21, f1) > ¥ (29;21, f1) < Nk < a, <

(M+1)v/N+1 (M+1)
<1+(\/— ))Nkandf AC > m or (1+(\/— 1)2)Nk<0496andf AC > ns.
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Case (v): x =0. This case is characterized by

a, < 0and (3.33a)
or % < f—AC and (3.33b)
or a; — Nk <0 and (3.33¢c)
— a, <0
ora, >0and a, + N(AC — f) <0and 0 < o, + (f — AC) < (N + 1)k

ora; >0and a; — Nk <0and (N + 1)k < a, + (f — AC).

The equivalence is due to the following facts. First, (3.33b) and o, <0 = a, + N(AC — f) < 0.
Second, (3.33¢) and o, < 0 = «, — Nk < 0. O

3.D Forward Market Equilibrium

Proposition 3.5. Suppose a; > 0. Let Q C Rx R, denote the set of all symmetric Nash equilibria,
i.e., (f,z) € Q if (f1,21) is a Nash equilibrium of the forward market. Let:

r=-—t_ay,
Q1= (f,z) ERx Ry M :
f<AC— M+1O‘w
T = AC —
Q2= (f,z) ERx Ry o (0 = ) :
max( M+1)<f<AC+m1n( W,m)
Qs =4 (f,2) €R x R, = grrirvar (@ + N?AC)
f = v (@ — (MN + M +1)AC)
x:MH( — Nk)
Qi:={ (f,z) ERxR . if Nk < ay < (14 MEDVNFLY Arge
4 ( + F>ACH m, if ( (VNT1I-1)2 )
ma i (1+ QDI Nk <

where 11,12,14 are as defined in Proposition 3.4. Then,

Q=1 (f.0) € R xR, or (f,x) € Q2 if ay <min (MN + M +1)AC, (), ’
or (f,z) € Qs if (MN+ M+ 1)AC < ay < (o,

or (f,x) € Qqif (M +1)(AC+k)+ Nk < ay.
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where

(1 = MNk+ (M + 1) AC + 2M+/NEAC, (3.46)

_ N?>+NM+M+1 5
(jg_(MN+M—|—1)AC+N(N+1)+2(1_ EST (Nk—(\/N+1—1) AO). (3.47)

Moreover, for each (f,z) € Q,

y](f]-)xl):O — (f,JT)EQlUQQ,
0<y;(fl,2l) <k <= (f,z) € Qs,

yi(fl,21) =k <= (f,z) € Qu.

Proof. The symmetric equilibria are given by the intersection of the follower and leader reactions
obtained in Propositions 3.3 and 3.4. We divide the analyses into three separate cases depending on
the value of the follower productions y;(f1,z1).

Case (i): y;j(f1,21) = 0. Using Propositions 3.3 and 3.4, we infer that (f,z) is a symmetric

equilibrium with y;(f1,21) = 0 if and only if

f<—(a, —AC —Mz), (3.48a)

0> a;, —AC — Mz, (3.48b)
P if f— AC < —5%,

= M+t lazlg M1 (3.48c¢)

d (0= DO+ f), i — 55 < = AC < min (— g2, m)

Suppose z = ﬁ [oz]y”. Since o > 0, we infer that z = ﬁaw. Substituting into (3.48a)

and (3.48b) yields

Yz
M+1
(3.48b) <= a, < (M + 1)AC.

(3.48a) <= f < AC —

The above inequalities, together with (3.48c), imply that (f,z) satisfies (3.48) with x = ﬁax, if

and only if (f,z) € Q1 and o, < (M +1)AC.
Suppose * = 1 (o — AC + f). Substituting into (3.48a) and (3.48b) yields

(3.48a) <= f < f <= True,

(3.48b) < f > 0.
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Hence, there exists (f,z) that satisfies (3.48) with z = 77 (ay — AC + f) if and only if

Ay . Ay
|:maX (O,AC— M+ 1) 7AC’—FH]HI <_W’n4>:| # %]

Ay
< i s
<:>OAC+IH1H( fg +1,774>
= o, <(MN+M+1)ACand 0 < AC + 14

— a, <(MN+M+1)AC and o, < (5.

Hence, (f, ) satisfies (3.48) with z = 4 (ap — AC + f), if and only if (f,z) € Q2 and a, <
min (MN + M +1)AC, ).
Case (i1): 0 < y;(f1,21) < k. Using Propositions 3.3 and 3.4, we infer that (f, z) is a symmetric

equilibrium if and only if

N-1

= —ANC - M 4

J= yogy (e - 8O- M), (3.49a)

T= g e FNAC= Pl (3.49¢)
Qg

— T A T — < — _ . )

VN a1 < A0 s max (k- (ar = Nk),ns) (3.49d)

We show that z > 0. Suppose otherwise. Substituting into (3.49a) implies that f = Iyz—:_ll(ax —AC).
Substituting further into (3.49c¢) yields

N -1

N|(AC — ———
Qg + ( c N1

(aw—AC)> <0 <= a,+NAC <O,

which is a contradiction since o, > 0, AC > 0, and N > 2. Henceforth, we assume that = > 0.

Solving (3.49a) and (3.49¢) gives

N-1

- _(MN+M+1)A

f= NNy arg1 @~ MN+M+1AC),
N+1 ,

P NA .

= NN g1 (@ T AA0)

Substituting for x yields

(N2+MN+M+1)(N—1)k

3.49b) <= (MN + M +1)AC < ay < (MN + M +1)AC +
(3.49b) ( JAC < ag < ( ) N2 —2VN +1
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Substituting for f yields

NMEDAC 4+ (N 4+ ML) ko if o, < NE,
(3.49d) <= (MN+M+1)AC < az anda, < { MV ( M+N) =

G2, if ap > NE,

Nk, if a, < Nk,
<~ (MN+ M+ 1)AC < a, and o, <

Co,  if ay > NE,

— (MN+ M +1)AC < ay < (.

The first equivalence is due to the fact that k — (o, — Nk) > n3 <= «, < Nk. The second
equivalence is due to the fact that AC > 0 and k > 0. Next, using the fact that N > 2, AC >
0,k > 0, we obtain

(N2+ MN +M+1)(N —1)
N2 -2V/N+1

(o < (MN + M +1)AC +

)

from which it follows that (f,z) satisfies (3.49) if and only if (f,z) € Q3 and (MN + M + 1)AC <
Ay < <2~
Case (ii): y;(f1,21) = k. From Propositions 3.3 and 3.4, we infer that (f,z) is a symmetric

equilibrium if and only if

f> —(ay — AC — Mz)+ (N + 1)k, (3.50a)

(N + 1)k < ag — AC — Mz, (3.50b)
1 o0

T= [an — NE];, (3.50¢)

k— (ay — Nk), if ay < NE,

_ . (M+1)v/N+1
f=OC= o, if ap > (1+ QEYED) N, (3.50d)
M, otherwise.

We divide the analyses into three cases depending on the value of a,.

Suppose 0 < a;; < Nk. Then, (3.50c) implies = 0. However, substituting into (3.50b) implies
that o, — Nk > k 4+ AC > 0 which is a contradiction. Hence, there does not exist an equilibrium
such that 0 < o, < NE.

Suppose Nk < a, < (1 + (M+1>VN+1) Nk. Then, (3.50¢) implies = =

N2 (ay — Nk). Substi-

_1
M+1
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tuting for x yields

(3.50a) <= f > AC —

— N
M+1(aw k) + k,

(3.50b) «—= AC — (z — Nk)+ £k <0.

M+1

From (3.50d), we infer that f > AC + 1. Since N > 2 = np > k — "‘;/Ijr]\{k, it follows that the

symmetric equilibria are characterized by

1
x = +1(a$—Nk‘)andeAC’—l—mandAC’—]\JJrl(oz;,v—Nk)—i—kSO. (3.51)
Suppose (1 + % V_Nl';l) Nk < az. Then, we again have
. > - x = )
(3.50a) <= f>AC M+1(a NE) +k
1
. AC — - N <0.
(3.50b) < AC M+1(a’” E)+ k<0

From (3.50d), we infer that f > AC + 1. Since N > 2 = n > k — %4=8E, it follows that the

symmetric equilibria are characterized by

1 1
— > —
+1(am Nk)and f > AC + 1 and AC ]

xr=

(az — NE) + k < 0. (3.52)

By combining the characterizations in (3.51) and (3.52), we infer that (f,z) satisfies (3.50) if
and only if (f,z) € Q4 and (M + 1)(AC + k) + Nk < ay. O

Proposition 3.6. Suppose followers’ forward positions f = 0. Let X C R, denote the set of

symmetric leader reactions, i.e., for each x € X and i € M,

Y (x;21,0) > ¥ (T;21,0), VI e R,.

Let:
1
r1 = M+1 [O{x]o )
1
Ty = M(aw—AC),
1
= NAC|®
Z3 Ml [z + Cly s
1
T4 = [w — NE|®
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Then,

x=x1if ap < (M+1)AC,
orz =z if (M+1)AC <a, <min(MN+ M+ 1)AC,(1),
X=SzeR,| orz=a3if ( MN+M+1)AC < a, < (s,

Nk + %(A(prk), if (VN +1—-1)2AC < Nk,

or T = x4 if g >

Nk+ (M +1) (AC + /NEAC) , otherwise.
where

(= MNk+ (M +1)AC +2M+/NEAC,

_ (M +1)yN 1 2
Gim (MN+ M+ DAC+ 5 e (Nk (\/N+1—1) AC’) .

Moreover, for each x € X,
y;(0,21) =0 <= z =1 or xa,

0<y;(0,21) <k <= z =ux3,

y;(0,21) =k <= z = 4.

Proof. The result is obtained by substituting f = 0 into Proposition 3.4 and simplifying the inequal-

ities in X. For the case of x = x1, we have

@
- A - < (M +1)AC.
f C< Myl e < (M +1)AC
For the case of x = x5, we have
@ @
— T << fFf-NACK< — z
i1 =S T8¢ mm( MN+M—|—1’774>

and — AC <y

— M +1)AC<azand a, < (MN+ M+ 1)AC and o < (4

e (M +1)AC < a, <min (MN + M +1)AC, (1),

where the second equivalence is due to the fact that —AC < 7y <= «, < (3. For the case of
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r = x3, we have

Uy
T _ < _ _
MN+M+1<f AC < max (n3, k — (o — NE))
Q AC k — (az — Nk), if a, < Nk,
. 7r <
— TMN+M+1 o =

N3, if a, > NE,

Nk, if ap < Nk,
<~ (MN+M+1)AC < a, <
Ca, if ap > Nk,

<~ (MN+ M+ 1)AC < a; < (.

The first equivalence is due to the fact that k — (o, — Nk) > n3 <= «, < Nk. The second

equivalence is due to the fact that AC > 0 and k > 0. For the case of x = x4, we have

k— (0w — Nk), if ay < NE,

- AC > : (M+1)/N+1
f = Y72, lfamf(l—k(\/i 1)>Nk7

M, otherwise.

Suppose «, < Nk. Then, the above inequality implies that —AC > k — (a, — Nk) = «, >
AC + (N + 1)k > Nk, which is a contradiction. Henceforth, we assume that a, > Nk, and obtain

e, if ap > (1 + DY )Nk

_ACZ (V 1)2
m, if Nk<a, < (1+%ﬂv o )Nk,
. (M+1)y/NF1
—a s Nk+ (M +1) (AC + /NEAC), 1fa$_(1—|— Vi 1)Q)Nk
N(M+1) . (M+1)VN+1
Nk + 5 7oy (AC + k), if Nk <a, < (1+ VN2 )Nka
N(M+1) : NG 2

Nk+ (M +1) (AC +V/NEAC), otherwise.

The last equivalence is due to the fact that 2(1\\;%1 5 (AC+E) < A\J/ﬂ N Nk < (VN+1-—

1)2AC < Nk. O
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3.E Proofs of Structural Results

Proof of Lemma 8.1. From Proposition 3.3, note that 0 < y;(f1,21) < k if and only if f =

1{,\[2—:_11 (. — AC — Mz). Substituting into the follower productions from Proposition 3.2 gives

N

yj(.f]-vx]-) = m&

N241)(N-1)

which is strictly increasing in £. Since £ < NT—2UNT1 k, we obtain

~ N —2V/N+1
g=[1-—2"T" |k
N2 —2y/N +1

Z(I_NH>k
N2 —2/N

2
Z(11N+1 N )k
N N N2-2JN

which gives the first claim.

Next, from Proposition 3.3, { and € are given by

€= (N+1)k,
o (N2+1)(N—1)k
ON2_2yN+1

from which we obtain

£—€& 2N?2-NVN-VN+1)
& (N2-2/N+1)(N+1)
2(N2 +1)
~ N(N2-2VN)
2 N’+1 N?
"N N2 NZ_2/N’
which gives the rest of the second claim. O

Proof of Lemma 3.2. From Proposition 3.4, f and f are given by
o
=AC - —"—
! M+1’

. «
=A n(-———2— .
f C'erln( MN+M+1’T’4)



94

The first claim follows from Proposition 3.4. Next,

TS G

M+1 " MN+ M +1
Qo Qg
“M+1 MN+M+1
- MNaoy
(M +1)(MN+ M +1)
MNay,
- M2(N+1)
_ay N
T MN41
which gives the second claim. O

Proof of Lemma 3.3. From Proposition 3.4, note that 0 < y;(f1,21) < k = x = x3. Substituting

into the follower productions from Proposition 3.2 gives

k

(am—s—(f—AC)— M]\jl_l(%JrN(AC—f))ﬂ ;

0

N+1

w1 = |

which is strictly increasing in f. Note that z = x3 is a reaction if and only if

Qg
MN+ M +1

g

_ < — — — T
<f AC,maX(WSak (aw Nk)) — MN + M +1

<f—=AC<ns,

where we used the fact that o, > Nk = 103 > k — (o, — Nk). Since

(M+1)yN+1 (M-1) N+1> Qy
+ <NE(1+ + —— <,
“ ( WNTI-12  JNfI-1 NM+M+1-"

we infer the case for § = 0. Otherwise, substituting for 73 gives

7=1y; (AC +1n3)1,231)

_k+%ka1 (%M+UW+UMM1WVQ)N+v
B N+1 M+1 N2+ (M-1)y/N+1

o, — Nk N +2
2k —x (UV+DM4D>’

from which we obtain the first claim. From Proposition 3.4, we infer that f = 13 and f =m when
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a, < Nk (1 (M11)v

Vs 1)2) Hence, we obtain

. oy — Nk 2+ (M —-1)yN+1—(M+1)
f-i=""x (2(vN+1_1)<(M+1)(2+(M1)\/N7+1>
<2(ax—Nk> (\/m—l)
- N M -1
< 2(\/sz1 M )
- MVN VN M -1
which gives the second claim. O

Proof of Lemma 3.4. From Proposition 3.5, note that 0 < y;(f1,21) < k = (f,z) € Qs.

Substituting into the follower productions from Proposition 3.2 gives

N
N2+NM+M+1

y;i(fl,21) =

which is strictly increasing in «a,. Since a, < (o, it follows that

N
NM+M+1C
N+2-2/N+1 5
( N2+N+2—2\/W>

< N2+N>k
:< NN+1)k’

from which we obtain the first claim.

<
||

Vv

Next, from Proposition 3.5, we infer that a, = (; and @ = (M + N + 1)k. It is easy to show
that (o < (M + N+ 1)k < M < NN + 1 — 1. Moreover,

2

N2+ (VN +1-1)2

(M+N+ 1)k —C = (V24 N+ M4+1) = (M+N+1)VN+1) k.

Hence, if a, < @, then

Oy — Ay 2 N2
a :N2+(\/N+1—1)2< TMINT1 N+1>
_ 2N
T N2+ (VN+1-1)2

2N
< —
= N2
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from which we obtain the first part of the second claim. If o, > @, then

Oy — Qa 2 ( N2 )
= N+1-1——"—
Qg N2+ (VN+1-1)2 M+N+1
2
< N+1
_N2+(\/N+1—1)2< )

2

2 N+2
“NYyNV N 7

IN

from which we obtain the rest of the second claim. O

Proof of Lemma 3.6. From Proposition 3.5, note that 0 < y;(f1,21) < k <= (f,z) € Qs.

Substituting into the follower productions from Proposition 3.2 gives

N
y;(f1,21) = N L MNE M1 (az — (MN + M+ 1)AC),

which is strictly increasing in «,. Since a, < (3, it follows that

N

V= NN o1 @ (MN+ M+ DAC)

N2 (VN+1-1)2 )

= - YT AC
N2+(\/N+11)2< N

N2 N
> (1—&) (k—( N+N1_1>2AC)7

from which we obtain the first claim.
Next, from Proposition 3.5, we infer that if (/N +1 — 1)2AC < Nk, then &, = (; and a, =
(M + N + 1)k, and it is straightforward to show that (o < (M + N + 1)k if and only if the first case

- (1_N+2_2¢m> (k_wszl_l)zAC)

in (3.3) holds. Otherwise, then &, = (; and a; = (M + N + 1)k, and it is straightforward to show
that ¢; < (M + N + 1)k if and only if the second case in (3.3) holds. O

Proof of Lemma 8.7. From Proposition 3.6, note that 0 < y;(0,21) < k <= = = z3. Substituting

into the follower productions from Proposition 3.2 gives

1

NrnareD @ - (N + M+ 1DAC),

yj((), 931) =
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which is strictly increasing in «,. Since a, < (3, it follows that

1
NrDareD @ (N + M+ 1)AC)

(1+771) 2
=14 — ) =,
N+1/ 2

from which we obtain the first claim.

Y

Next, from Proposition 3.6, we infer that a, = (3 and o, = Nk + %(AC +k). Itis

straightforward to show that &, > a,. O]

Proof of Lemma 3.9. From Proposition 3.6, note that 0 < y;(0,21) < k <= x = 3. Substituting

into the follower productions from Proposition 3.2 gives

1

w0 = e

(0w — (MN + M +1)AC)

which is strictly increasing in «a,. Since a, < (o, it follows that

. 1
I = vrnarys) @ - IV + M+ DAC)

1 1 (VN +1-1)2
=(1+—— )z k—-—AC),
()5 (-5
from which we obtain the first claim.
Next, from Proposition 3.6, we infer that, if (vVN +1 — 1)2AC < Nk, then a, = (» and
ar, = Nk + M(AC + k), and it is straightforward to show that @, > a,. Otherwise, then

2(VN+1-1)
a; = ¢ and @y = Nk+(M+1)(AC++/NEAC), and it is straightforward to show that a, > a,. O

Proof of Lemma 3.10. The proof proceeds in three steps. In step 1, we compute an equilibria with
the smallest (resp. largest) market production in the forward (resp. Stackelberg) market. In step
2, we compute an equilibria with the smallest (resp. largest) social welfare in the forward (resp.
Stackelberg) market. In step 3, we show that the worst case ratios of productions and efficiencies
are both strictly increasing in «,. The bounds in the lemma are obtained by evaluating those ratios
at a, = a,.

Step 1: We compute an equilibria with the smallest (resp. largest) market production in the
forward (resp. Stackelberg) market. First, we tackle the forward market. Substituting AC' = 0 into
Proposition 3.5, we infer that (f,z) € Q if and only if (f,z) € Q3 or (f,x) € Q4. By substituting into
Proposition 3.2, and using the fact that y;(f1,21) = 0 for all (f,z) € Q4, we obtain the following
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market productions:

i (N2 + MN + M) oy, if f,z) € Qs,
Ma:JrNyj(fl,xl) _ N2+MN+M+1( ) ( ) 3

i1 (May, + Nk), £ (7,2) € Qa.
Note that
L [Ma, + NK]
M+1
SW+M;HWHkM+MNHW%+MM+%:ﬁM%

1
<
T N2+ MN+M+1

(N? + MN + M) ay,

where the first inequality is due to the fact that a, > a, and the second inequality is due to the
fact that M > 1, N > 2, and k > 0. Hence, we infer that the smallest equilibrium production in the

forward market is given by

yF:ka
_ 1
M1

Tp (g — NE).
Next, we tackle the Stackelberg market. Substituting AC = 0 into Proposition 3.6, we infer that
(0,z5) € X(0) if and only if x, = x5 or x5 = z4. Suppse

N(M +1)

w < Nk+ 02 g
“ o(VN +1-1)

(3.53)

Then, from Proposition 3.6, we conclude that s = x3 is the only Stackelberg equilibrium, and hence
it is also the equilibrium with the largest market production. Suppose, instead, that (3.53) does not
hold. By substituting into Proposition 3.2, and using the fact that y;(0,z41) = 0, we obtain the
following market productions:

MN+M+N : _

(M+1)(N+1)a:m if Ts = T3,

ﬁ(Maz + Nk), if x4 = z4.

Maxs+ Ny;(0,2,1) =
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Note that

MN+ M+ N
————
(M +1)(N +1)

1

= M _
+1 a”+N+1am}

S

1 N N(M +1)
> Ma, N k
T MA+1] a+N+1( +2(\/N+1—1)) }

1 [ N
1

S

>

=

— —— [Ma, + Nk,
1 [Moa + Nk

=

where the first inequality is due to the fact that (3.53) does not hold and the second inequality is
due to the fact that M > 1 and N > 2. Hence, we infer that the largest equilibrium production in

the Stackelberg market is given by

1
== x*Msa
Ys N+1(Oé )
1
R VA e

Step 2: We compute the equilibria with the smallest (resp. largest) social welfare in the forward

(resp. Stackelberg) market. Substituting the demand function into the social welfare gives
1
SW(y,z) = (az (Mz + Ny) = ACNy — o (M + Ny)Q)
1
=5 (o (00 4 N9) = (M N)?)

where the second equality is obtained by substituting AC = 0. Given any two equilibrium produc-

tions (y,x) and (y',2’), we have

SW(y,z) > SW(y',2’)

1 1
<— a,(Mz+ Ny) — 5(Mx+Ny)2 > o (M2’ + Ny') — 5(Mx'+Ny')2

— %((Mx—i—Ny) — (M2' + Ny')) (e — (Mx + Ny) + o, — (M2’ + Ny')) >0
= 2 (Mz+ Ny) ~ (Ma' + Ny/) (; (P(Ma -+ Ny) = C) + 5 (P(Ma' + Ny) - c>> >0

< Mx+ Ny > Mz’ + Ny,

where the last equivalence follows from the fact that, since (y,z) and (y’,2") are equilibrium pro-
ductions, the profit margins P(Mxz+ Ny)—C > 0 and P(Mz'+ Ny') — C > 0. Hence, the equilibria

with the smallest (resp. largest) social welfare in the forward (resp. Stackelberg) market are those
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with the smallest (resp. largest) market productions, which were obtained in step 1.
Step 3: We show that the worst-case ratios of productions and social welfares are strictly in-

creasing in «a;. From step 1, the ratio of productions is bounded from above by

R Mxgs + Nyg
P Mazp + Nyp
Taking derivatives gives

orp  (Map+Nyp) (M2 + NO) — (Mg + Nys) (M2 + NG )

Oay, - (Mxp + Nyp)?
N(MN+M+N)k
_ (MDD
(Mxp + Nyp)?

> 0.

Next, the ratio of social welfares is bounded from above by

SW(ys,zs)

Tw = .
VT SW(yg, )

Taking derivatives gives

Orw  SW(yp,zp) BT SW(yg, 3g) PN tE)
Jas SW(yr, zr)?
s (MN + M 4+ N)(MN + M + N +2)(a, — Nk)Nka,
SW(yr,zr)?
> 0,

where the inequality is due to o, > a, > Nk. Hence, rp and ry are both strictly increasing in «

over [, ;). By substituting o, = @, into rp and 7y, we obtain the desired result. O
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Chapter 4

Optimization Decomposition for
Joint Economic Dispatch and
Frequency Regulation

In this chapter, we focus on the joint design of economic dispatch and frequency regulation. Recall
that grid operations are divided into two timescales/layers. The timescale of 5 minutes and longer is
focused on efficiency and resources are dispatched using market mechanisms and solving economic
dispatch. The timescale within 5-minute intervals is focused on stability where the faster timescale
resources are dispatched using engineered frequency regulation controllers. Economic dispatch and
frequency regulation each have large and active literatures; however, these literatures are almost
completely disparate. While there have been studies on integrating the two mechanisms more
efficiently [127], we are not aware of any rigorous analysis of whether their combination solves the

global system operator’s goal of dispatching generation resources efficiently across both timescales.

4.1 Owur Contributions

The goal of this work is to initiate a study into the joint design of economic dispatch and frequency
requlation mechanisms. Our main result provides an initial answer. In the context of a DC power
flow model and two classes of generators (dispatch and regulation), we show that the global system
operator’s problem can be decomposed into two sub-problems that correspond to the economic
dispatch and frequency regulation timescales, without loss of optimality, as long as the ISO is
able to estimate the difference between the average LMP in the frequency regulation periods and
the LMP in the economic dispatch period (Theorem 4.1). This result can be viewed as a first-
principles justification for the existing separation of power systems control into economic dispatch
and frequency regulation problems. Moreover, this result provides a guide to modify the existing
architecture to optimally control power systems across timescales. In particular, using this result,

we design an optimal control policy for frequency regulation and an optimal market mechanism for
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economic dispatch, in a way such that the control and market mechanisms jointly solve the global
system operator’s problem. Our mechanims differ from existing economic dispatch and frequency
regulation mechanisms in important ways.

In the case of frequency regulation (Section 4.4), our mechanism has a key advantage over the
AGC mechanism in that our mechanism is efficient. The frequency regulation controller proposed
in this work is built on the distributed controller in [146, 87] and controls generation based on in-
formation about generators’ costs in a way such that the power system converges to an operating
point that minimizes system costs. On the other hand, AGC allocates generation based on partici-
pation factors, which might not reflect actual costs, and hence the resulting allocation might not be
efficient. In [84], the authors proposed a modification of the participation factors so that the AGC
mechanism is cost efficient. However, unlike our mechanism, the mechanism in [84] does not respect
line constraints.

In the case of economic dispatch (Section 4.5), our mechanism has a key advantage over the
existing economic dispatch operations in that it coordinates efficiently with the frequency regulation
timescale. This coordination does not require additional communication in the market beyond
the existing mechanism used in practice. This coordination involves two main components. First,
our economic dispatch mechanism communicates the supply function bids from the generators to
the frequency regulation mechanism, which uses them in the distributed controllers to allocate
frequency regulation resources efficiently. In contrast, the AGC mechanism allocates frequency
regulation resources without regard to generation costs. Second, our economic dispatch mechanism
accounts for the value that economic dispatch resources provide to frequency regulation. It does so
by adjusting the resource costs in the economic dispatch objective based on the difference between
the LMP in the frequency regulation periods and that in the economic dispatch period. In contrast,
the existing economic dispatch objective does not perform this adjustment and hence might allocate
economic dispatch resources inefficiently.

In practice, the ISO is unlikely to be able to estimate exactly the adjustment it should make to
the economic dispatch objective. In Section 4.6, we investigate numerically the sensitivity of the
suboptimality of our decomposition to those estimation errors on the IEEE 24-bus reliability test

system.

4.2 System Model

Our aim is to understand how the combination of economic dispatch and frequency regulation can
dispatch generation resources efficiently across both timescales. To this end, we formulate a model
of the global objective that includes balancing supply and demand at both timescales. We use a

DC power flow model and consider two generation types — dispatch and regulation — which differ in
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time 1 2 3 4 5

Figure 4.1: Example of a scenario tree with S = 16 outcomes over K = 5 periods. The outcomes
are numbered 1,...,.S.

responsiveness.

Consider a connected network consisting of a set of nodes NV and a set of links L. We focus on
a single economic dispatch interval of the real-time market which is typically 5 minutes in existing
markets. We partition this time interval into K discrete periods numbered 1,..., K. In general, the
length of each period may range from as little as seconds to as long as minutes. However, in this

work, we focus on the case where each period is on the order tens of seconds.

4.2.1 Stochastic demand

We use a stochastic demand model motivated by the frameworks in [36, 126, 103]. Assume that
there is a set of possible demand outcomes S that can be described by a scenario tree (an example
is given in Figure 4.1). For each outcome s € S, let d;,, € R denote the real power demand
at node n € N and dy := (dsn,n € N) € RY denote the vector of demands at all nodes. In
addition, let x(s) € {1,..., K} denote the period of this outcome and p; denote the probability of
this outcome conditioned on the information that the period is x(s). Hence, Z{S‘H(S)zk} ps = 1 for
each k € {1,..., K}. Without loss of generality, we assume that (1) = 1 and p; = 1. That is,
there exists an outcome labeled 1 € S associated with period 1 and the demand in that period is

deterministic.

4.2.2 Generation

We assume that each node n € N has two generators — a dispatch generator and a regulation
generator — where the regulation generator is more responsive than the dispatch generator. To model
the differing responsiveness, we assume that the dispatch generator produces at a constant level over
the entire economic dispatch interval while the regulation generator may change its production level
every period after uncertain demand is realized [50]. Formally, we assume that the dispatch generator

produces ¢ € R in all outcomes, and the regulation generator produces ¢? € R in period 1 and
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gh + %, € R in each subsequent outcome s € S\ {1}. Hence, ¢5 and 7%, can be interpreted as the
regulation generator’s setpoint and recourse respectively. To simplify notations, we define a dummy
variable r’f’n := 0 so that we may write the regulation generator’s production in period 1 as g2 —+—r’1)7n.
We assume that the regulation and dispatch generators have capacity constraints [¢f, ¢2] and [¢2, ¢%]
respectively, and incur costs ¢ (g5 +7% ) and ¢}, (¢}) respectively in period £(s), where the functions
P :[gh, 7] — Ry and b :[q}, ¢%] =Ry are strictly convex and continuously differentiable.

Define vectors q? := (¢&,n € N), t2:= (2, .n € N), q” :=(¢},n € N), g” := (¢,n € N),

q®:=(¢4,n € N), @":=(¢%,n € N), @":=(g},n € N). Then the generation constraints in outcome

s € S are given by:

" <q <, (4.1)
PSqP+rZS7§—P (42)

We also let the vector r? := (¥, s € 5).

4.2.3 Network constraints

Note that g” + gP + r? — d, is the vector of nodal injections for s € S. Thus, the supply-demand

balance constraint is:
lT(qb +q’+r? —dg) =0, (4.3)

where 1 € RY denotes the vector of all ones.

We adopt the DC power flow model for line flows. Let 6, , denote the phase angle of node n.
Without loss of generality, assign each link [ an arbitrary orientation and let i(l) and j(I) denote
the tail and head of the link respectively. Let B; denote the sensitivity of the flow with respect to
changes in the phase difference 0, ;) — 05 ;1) and let vs; denote its power flow. Define the vectors
05 := (0s5.n,n € N) and v, := (vs,,l € L) and the matrix B := diag(B;,! € L). Then, the line flows
are given by v, = BC'8,, where C € RV*Z is the incidence matrix of the directed graph. And the

injections are:
q®+q? +r? —d, = Cv, = Lé,, (4.4)

where L := CBC.
Note that (4.3) and (4.4) are equivalent. For any set of injections that satisfy (4.3), we can
always find @, that satisfies (4.4). Conversely, since 17 C = 0, any injections that satisfy (4.4) also
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satisfy (4.3). Hence, the line flows can be written in terms of the power injections:
v, =BC'LI(q" +q” +r? —d,),

where LT denotes the pseudo-inverse of L. Let H := BCTL!. Let f; denote the capacity of line

and define the vector f := (f;, € L). Then the line flow constraints are:
—f<H(q"+q"+rf—d,) <f. (4.5)

To simplify notations, we define the set Q(ds) of feasible generation for a given demand vector dg

Q(dy) == {(a’,q”, 1) : (4.1), (4.2), (4.3), (4.5) holds} .

4.2.4 System operator’s objective

The global system operator’s objective is to allocate the dispatch and regulation generations (q°, g, r?)
to minimize the expected cost of satisfying demand and operating constraints. This is formalized as

follows.
SYSTEM : min Y p, > (ch(qh) +ch(qh +1%,,))
es

a’arrr o nenN
st.  (q®,q?,r?) € Q(d,), VseS,
ri =0.
We assume that this optimization is feasible. Note that SY ST FEM differs from the existing economic
dispatch mechanism which minimize costs under the assumption that the demand during all the K
periods in the economic dispatch interval is equal to the demand d; in period 1.

Let A; and (p,,ft,) be the Lagrange multipliers associated with constraints (4.3) and (4.5)
respectively in SY STEM. Then, the function 7 : R X Rif‘ — RN, defined by:

71'()\5, l;l’s7l]’s) = A1+ HT(H’S - [”s)’ (46)

gives the nodal prices in outcome s € S.

4.3 Architectural Decomposition

Our main result is a decomposition of SY STFEM into setpoint and recourse sub-problems. Im-
portantly, our decomposition identifies a rigorous connection between the setpoint and recourse

sub-problems that ensures that the combination solves SY STEM. In particular, our decomposition
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divides SY ST EM into sub-problems ED and FR defined by:

ED(di): min Y (K¢ (qn) + Kch(ah) — b))

a’a” neN
st (d°,q”,0) € Q(dy),

FR(qbv q?, ds) : H:II)H Z C:Z, (qﬁ + rg,n)
° neN

st (q’,qf,r) € Q(dy),

where & € RY is a constant. ED(d;) is implemented in time period 1 and FR(q’ q?,d;) is
implemented in subsequent time periods x(s) > 1.

We denote the first optimization problem by E D, since it optimizes only generation setpoints
(q°, gP) assuming constant demand d; over the K time periods, and hence it is on the same timescale
as the existing economic dispatch mechanism. We denote the second optimization problem by FR,
since it optimizes regulation generators’ recourse production r? in subsequent time periods, and

hence it is on the same timescale as the existing frequency regulation mechanism.

Definition 4.1. We say that SY STEM can be optimally decomposed into ED-FR if (q°,qP,rP) is
an optimal solution to SY STEM if and only if v} = 0, (q°, q) is an optimal solution to ED(d;),

and r? is an optimal solution to FR(q®,qP,d) for all s € S.

Theorem 4.1 (Decomposition). Let A\s and (p,, t,) be any Lagrange multipliers associated with

constraints (4.3) and (4.5) respectively in SY STEM.

(a) If & is the average, over all time periods, of the difference between the expected nodal prices in

each period and that in period 1, that is, for eachn € N,

671 — Zps (Wn()\sal;l'sap‘s> - Trn()‘hlfhﬁl)) ) (47)
ses

then SY STEM can be optimally decomposed into ED-FR.

(b) If SYSTEM can be optimally decomposed into ED-FR, then for all n such that QZ < qu < (jz
and ¢b, < ¢t ,, < @, (4.7) holds.

The proof of Theorem 4.1 is given in the Appendix. The result follows from analyzing the
Karush-Kuhn-Tucker conditions of the system operator’s problem and those of ED and F'R. As
mentioned, we denote the two sub-problems by ED and F'R because they focus on the economic
dispatch and frequency regulation timescales respectively. Hence, these sub-problems can serve
as guides for the optimal design of economic dispatch and frequency regulation mechanisms. The

insights are immediate in the case of economic dispatch and we show how ED leads to an improved
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market mechanism in Section 4.5. However, the insights may not be as clear in the case of frequency
regulation. We show in Section 4.4 that F'R can in fact be solved via distributed frequency control
algorithms, although these algorithms deviate from current practice that do not optimize generation
costs.

The most important feature of Theorem 4.1 is that one way to choose generation setpoints
optimally at the economic dispatch timescale, is to include, in the optimization objective, an offset of
the dispatch generators’ marginal costs by the expected changes in nodal prices during the frequency
regulation timescale. The latter can be interpreted as the expected changes in the marginal value of
dispatch generation. Hence, if the latter is zero, then generation setpoints can be chosen optimally
at the economic dispatch timescale without regard to the behavior of the system in the frequency
regulation timescale [28].

An important extension of this result is to understand the efficiency loss of the decomposition
when we are unable to estimate the RHS of (4.7) accurately. Note that negative estimation errors
cause ED(dy) to use less than optimal dispatch resources (and more than optimal regulation re-
sources) and vice versa. We investigate the efficiency loss in Section 4.6. In such situations, the
dispatch generation q” might not be optimal, and therefore FR(q’, g7, d) might not be feasible. To
ensure that FR(q’, qP,d?) is feasible, we may modify FD(d;) into a robust optimization problem
by adding constraints (q°, q?,r2) € Q(d,) for all s € S\ {1}. The size of such a problem is exponen-
tial in S but can be reduced using the technique in [93]. Note that this should not be viewed as a
drawback of our decomposition, as the current practice based on AGC might also not be feasible. In
practice, the risks of infeasibility are mitigated using reserves. Moreover, our decomposition has the
advantage that it coordinates the economic dispatch and frequency regulation resources efficiently,
and hence, may reduce reserve requirements.

Theorem 4.1 is close in spirit to work in communication networks that use optimization decompo-
sition to justify and optimize protocol layering [39, 104, 31]. Hence, Theorem /.1 provides a rigorous

way to think about architectural design of power networks.

4.4 Distributed Frequency Regulation

This section illustrates how to implement the solution to F'R using distributed frequency regula-
tion controllers. Besides achieving optimality, a practical implementation should preserve network
stability, be robust to unexpected system events, aggregate network information in a distributed
manner, and satisfy constraints (4.2), (4.3) and (4.5). The distributed algorithm that we provide
in this section satisfies all the above characteristics. It can be interpreted as performing distributed

frequency regulation by sending different regulation signals to each bus.



108

4.4.1 Dynamic model

Before introducing our algorithm we add dynamics to our system model to describe the system
behavior within a single time period. Let t denote the time evolution within the time period
of outcome s, and assume without loss of generality that ¢t € (k,k + 1] where k = k(s). Let
rb(t) := (r£,(t),n € N) denote the recourse quantities generated by the regulation generators at
time ¢t. We assume that dispatch generation and demand do not change within the time period.
Then, the system changes within the time period are governed by the swing equations, which we

assume to be:

0.(1) = w.(1); (4.8a)
Muw,(t) = q* + q° + r2(t) — d, — Dw,(t) — LO,(t), (4.8b)
where wg(t) := (wsn(t),n € N) are the frequency deviations from the nominal value at time ¢,

05(t) == (05,n(t),n € N) are the phase angles at time ¢, M := diag(Mi, ..., My) where M, is the
aggregate inertia of the generators at node n, and D := diag(D, ..., Dy) where D, is the aggregate
damping of the generators at node n. The notation & denotes the time derivative, i.e. & = dz/dt.
Equation (4.8) is a linearized version of the nonlinear network dynamics [19, 18], and has been widely

used in the design of frequency regulation controllers. See, e.g., [45, 46].

4.4.2 Distributed frequency regulation

We now introduce a distributed, continuous-time algorithm that provably solves F'R while preserving
system stability. Our solution is based on a novel reverse and forward engineering approach for
distributed control design in power systems [147, 145, 87, 84, 143, 70]. The algorithm operates as

follows. Each regulation generator n updates its power generation using

aP —qP
P (t) = [/ (i (0) — w2, (), (49)
where P/ (z) = %cﬂ(m) and ¢! denotes its inverse. The projection [r]gﬁjgﬁ ensures that ¢f — ¢, <

r < gh — qh (or equivalently ¢h <7+ ¢h < q5,) and 7%, (t) is a control signal generated using:

DFR: #2(t) = ¢" (" + @” + r2(t) — ds — Lo (t)) ; (4.10a)
fi,(t) = ¢"[BC ¢, (1) — 1], ; (4.10b)
f.(t) = ¢ [~ £-BCTo, ()] ; (4.10c)
&, (t) = x? (Ll (t) — CB(fa, () — (1)) , (4.10d)
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where ¢" := diag(¢T, ..., (%), ¢t = diag(Cf, e Cg), ¢H = diag(dj, R Cg), x? = diag(x‘f, o ,Xi,)

denote the respective control gains. The element-wise projection [y] := ([yn]f ,n € N) ensures
that the dynamics x = [y have a solution x(¢) that remains in the positive orthant, that is,

[Ynls =0if 2, =0 and y, <0, and [y,]} = yn otherwise.

The proposed solution (4.9) — (4.10) can be interpreted as a frequency regulation algorithm in
which each regulation generator receives a different regulation signal (4.9) depending on its location
in the network. The key step in the design of DF R is reformulating F'R into the following equivalent

optimization problem:

FR(q".q",ds):  min > (ch(gh+70,) + Dne?,/2)
rs7w57vsv¢3 nenN
s.t. Qd+q+ r’ —d; — Dw, = Cvy; (4.11a)
+q° +r? —d, =Lo,; (4.11b)
—f<BC'¢, <f; (4.11c)
9" <q’"<q" (4.114)

Recall from Section 4.2.3 that v, denote line flows. Constraint (4.11a) is reformulated from the per
node supply-demand balance constraint (4.4), and makes explicit the fact that, whenever supply and
demand do not match, the mismatch is compensated by a change in the frequency. Constraint (4.11b)
ensures that ws = 0 at the optimal solution so that supply and demand are balanced. Constraint
(4.11c) imposes line flow limits. However, instead of using actual line flows v, these limits are
imposed on virtual flows BC' ¢,, which are identical to line flows at the optimal solution [87].

It can be shown that FR' has a primal-dual algorithm that contains the component (4.8) re-
sembling power network dynamics and the components (4.9) — (4.10) that can be implemented via
distributed communication and computation. This new problem F'R’ also makes explicit the role of
frequency in maintaining supply-demand balance.

The next proposition formally relates the optimal solutions of FFR and F'R’ and guarantees the

optimality of (4.9) — (4.10).

Proposition 4.1 (Optimality). Let r? and (r?,w’, V., @.) be optimal solutions of FR and FR'
respectively. Then, the following statements are true: (i) Frequency restoration: w', = 0; (i)
Generation equivalence: rf = rP’: (iii) Line flow equivalence: H (qb +q? +r? — ds) = BCT(;B;.
Moreover, there exists @, € RN and y', € RY, satisfying Cy’, = 0, such that v, = BC'0, +y’,
and BC' ¢, = BC'0,. And (x?', 0,0, ¢., 7' ', i}) is an equilibrium point of (4.8) — (4.10)

/

if and only if (v, W', V., @%, wl pl. @) is a primal-dual optimal solution of FR', where w',, wP',
and (p'y, (i) are the Lagrange multipliers associated with constraints (4.11a), (4.11b), and (4.11c),

respectively.
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The proof of Proposition 4.1 is given in the Appendix. What remains is to guarantee the

convergence of the distributed frequency regulation algorithm.

Proposition 4.2 (Convergence). If & is twice continuous differentiable with & > o > 0 (i.e.,
a-strictly convex) and b (qh +18,) — +oo as ¢ + L, — {qh,qh}, then rL(t) in (4.8) — (4.10)

converge globally to an optimal solution of FR.

The proof of Proposition 4.2 follows from [87] and uses the machinery developed in [38] to
handle projections (4.10b) — (4.10¢). By substituting the line flows v,(t) = BC' 0,(t) into (4.8) and
eliminating 6,(t), we can show that the entire system (4.8) — (4.10) is a primal-dual algorithm of F R’
(see [87, Theorem 5]). Therefore, Theorem 10 in [87] guarantees global asymptotic convergence to an
equilibrium point which by Proposition 4.1 is an optimal solution of both FR’ and FR. Our setup
is simpler than the controllers in [87], which had additional states, but the same proof technique
applies. Although Proposition 4.2 requires costs to blow up as regulation generations approach
minimum and maximum capacities, this assumption is not restrictive, as it can be achieved by

adding a barrier function to the actual cost before implementing in the controllers.

4.5 Market Mechanism for Economic Dispatch

This section illustrates how to implement the solution to ED through a market mechanism for
economic dispatch. The mechanism works in the following manner. In the first time period, the
ISO collects supply function bids from generators (both dispatch and regulation) and uses those
bids to solve ED. Then, in subsequent time periods, the ISO uses the regulation generators’ supply
function bids to implement the controller in (4.9). This mechanism is efficient if SYSTEM can be
decomposed into ED-F'R and does not require any more communication than the existing market

mechanisms used in practice.

4.5.1 Market model

We assume that generators are price-takers. Let 7% denote the price paid to dispatch generator n
in each period and 7%, denote the price paid to regulation generator n in outcome s. Then, the

expected profit of the dispatch and regulation generators at node n are:

PF} (¢5.7h) == K (whq) — ¢ (dh))
PEY ((gh + 78,78 ,.),s €5)

= Zps (ﬂ-g,n (qﬁ + T;g}n) - Cﬁ(qg)z + T‘Zsj,n)) .
seS
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Note that the regulation generator’s profit is a function of its total production ¢f + £, in each
outcome s € S. The supply function bids indicate the quantities the generators are willing to
produce at every price. We assume that these bids are chosen from a parameterized family of
functions. In particular, for node n, we represent the dispatch and regulation generators’ supply

functions by parameters a? > 0 and af, > 0 respectively, and these bids indicate that the dispatch

b
generator is willing to supply the quantity ¢° = [a%s%(wg)}g’;} in the first time period and the

~P
Z;} in outcome s, for
n

regulation generator is willing to supply the quantity ¢5 + 7%, = [afsh (78]
some fixed functions % : [¢%,3%] — Ry and s? : [¢P,q7] — Ry} We also assume that s’ (7%) # 0
for all 7, € R and s? (72 ,,) # 0 for all 72, € R.? The generators choose their bids to maximize
their profits subject to their capacity constraints. Note that the regulation generator submits only
one supply function for all possible outcomes. Hence, its bid in the economic dispatch timescale is
also used as its bid in the frequency regulation timescale.

The system operator interprets bids o’ and of as signals that the dispatch and regulation gen-
erators at node n have marginal costs 72 and wl , respectively when supplying quantities al st (7b)

n

and o2 sh (7%, ) respectively. Hence, it associates with the generators the following bid cost functions:

i) = [ wfal) du, (4.12)
) = [ wfag) du. (1.13)

Let a® := (ab,n € N) and a? := (a?,n € N) denote the vectors of bids. Given bids (a’, a?), the
system operator solves £ D to minimize expected bid costs. The prices for the regulation generator
in the first time period are the nodal prices in £ D while the prices for the dispatch generator are the
nodal prices offset by 4. Then, in each subsequent outcome s € S, the system operator implements

the controller in (4.9) using regulation generators’ bid costs. The prices are the nodal prices in F'R

(which are computed by DFR).

4.5.2 Market equilibrium

Our focus is on understanding the efficiency of the mechanism. Formally, we consider the following

notion of a competitive equilibrium.

Definition 4.2. We say that bids (a’, o) are a competitive equilibrium if there exists prices w° €

INumerous studies have explored different functional forms of the supply functions and their impact on market
efficiency, e.g., see [111, 15, 68, 14, 76]. The focus of this work is on illustrating that ED can be implemented using
a simple market mechanism. Hence, we restrict ourselves to linearly parameterized supply functions and leave the
analyses of other more sophisticated supply functions to future work. We refer the reader to [68] for some appealing
properties of linearly parameterized supply functions.

2This assumption is a technical condition to avoid the degenerate situation where a generator’s supply quantity is
not sensitive to its bid parameter which would occur if s% (%) = 0 or sh (7% ) = 0.
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RN and nP = (w2, s € S) € RV such that:

(a) For all n, a’ is an optimal solution to:

max PF? ([&232(772)]‘7” wb) .

ab >0
b) For alln, of is an optimal solution to:
n

~ aP
max  PFY (((685h(m2,))gf . 72,). s € S).

(c) w0 = (1/K) (w(A1, py, 8y) + 6) and 7} = (1/K)mw (A1, oy, f1y) where Ay and (py, ) are the

Lagrange multipliers associated with constraints (4.3) and (4.5) respectively in:

ED(d1): min Y (Ké&(d})+Ké(dh) — ondl)

b qr
qQ’,9 neN

st. (g% qP,0) € Q(dy).

(d) Foralls € S, w8 = (A, py, fr,) where Ay and (pg, r,) are the Lagrange multipliers associated
with constraints (4.3) and (4.5) respectively in:

FR(q’,q",d,): min Y & (gh+17,,)
Trs
neN

st. (g% qP,rP) € Q(d,),

1,n

where q° = <[o¢£’lsfl(7rf,,)]gzl,n € N) and qf = ([aﬁsﬁ(ﬂp )]Zfs,n € N).

b
At each node n € N, the dispatch and regulation generators produce at setpoints [azsg(wf’l)]gﬁ and

P )}qﬁ respectively in period 1, and the requlation generator produces an additional quantity

[ sh (¥ ,)1%

aP aP
[aﬂsf’l(ﬂg’n)]z - [aﬁsﬁ(wfm)]gg in outcome s € S.

The following is our main result for this section. It highlights that, as a consequence of Theo-

rem 4.1, any competitive equilibrium is efficient.

Proposition 4.3 (Efficiency). Suppose that, for each n € N, the functions sb(-) = c~1(-) /7t and
sP(-) = c&'71(-) /2 for some constants v5,v2 > 0. Let As and (p,, ir,) be the Lagrange multipliers
associated with constraints (4.3) and (4.5) respectively in SYSTEM. Suppose that (4.7) holds.
Then:

(a) Any competitive equilibrium has a production schedule that solves SY STEM .

(b) Any production schedule that solves SYSTEM can be sustained by a competitive equilibrium.
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Table 4.1: Generators on test system.

Unit Group | Unit Type Production Marginal Cost | Assignment
Range (MW) | Range ($/MWh)

U12 Oil/Steam [10, 60] [58.14,64.446] | Dispatch
U20 0il/CT (64, 80] [130.0,130.0] | Regulation
U50 Hydro [60, 300] [0.001, 0.001] Regulation
U76 Coal/Steam | [60,304] [16.511,18.231] | Dispatch
U100 0il/Steam 75, 300] [46.295,54.196] | Dispatch
U155 | Coal/Steam | [216,620] | [13.294,14.974] | Dispatch
U197 Oil/Steam [207, 591] [49.57,51.405] Dispatch
U350 | Coal/Steam | [140,350] [13.22,15.276] | Dispatch
U400 Nuclear [200, 800 [4.466, 4.594] Dispatch

Proposition 4.3 resembles classical welfare theorems, e.g., [68, 91, 69, 131]. However, it differs
from typical competitive equilibria frameworks because each regulation generator is restricted to
bidding a single supply function over the entire economic dispatch interval even though there are
multiple fast timescale instances. The latter creates challenges in guaranteeing existence and effi-
ciency of equilibria that do not arise in typical competitive equilibria frameworks. In particular, the
space of bid functions needs to be sufficiently expressive for generators to convey their costs over
multiple fast timescale instances via a single bid function. This is not an issue in market frameworks
where separate bids are collected for separate market instances. Proposition 4.3 circumvented this
challenge by restricting supply functions to be in the linear space of regulation generators’ true
cost functions. An important extension is to understand the existence and efficiency of equilibria
under less restrictive bid spaces. Proposition 4.3 also highlights that nodal pricing is not always effi-
cient and that the pricing mechanism needs to be jointly designed and analyzed with decomposition

principles in order to achieve efficiency.

4.6 Case Study

The efficiency of the mechanisms in Sections 4.4 and 4.5 depends on how accurately the system
operator can predict the RHS of equation (4.7). In this section, we investigate the sensitivity of the
performance of the decomposition to the value of § using a case study on the IEEE 24-bus reliability
test system [137].

Table 4.1 summarizes the properties of the generators on the system. We assume that the hydro
and combustion turbine (CT) generators are regulation resources while all other generators are
dispatch resources. Note that, the hydro resources, which generate between 60 to 300 MW, have
the lowest marginal cost, while the CT resources, which generate between 64 to 80 MW, have the
highest marginal cost.

We assume that there are K = 20 time periods in the economic dispatch interval. Hence, each
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time period lasts 15 seconds. We construct the scenario tree as follows. Abusing notation, let
d; € RY denote the demand at all nodes in period k. Set d; to the values in the test system data
and let

d; = diag (1 + kzl wk/> -dq,
k=1
where wy ~ N (1141, (0.0022)I) is a Gaussian vector with mean p41 and covariance (0.0022)I. We
simulate pug = —0.0002,0,40.0002 to model scenarios with increasing, constant, and decreasing
demands, respectively. For each value of u4, we generate 50 length-K samples of the random process
and assign equal probabilities to all the samples. Hence, the scenario tree is a tall tree, where the
root node has 50 children, and all other nodes either have one child or is a leaf node. Figure 4.1
shows the sample trajectories of total system demand. The RHS of equation (4.7) have values
5 = —80.34,49.67,49.72 (in $/MWh) corresponding to pg = —0.0002,0,40.0002, respectively.
Note that the optimal §,, is non-zero even when the demand evolution has zero mean. To study the

impact when § deviates from §*, we consider
0 =0 +e,

where € ~ N (pl,02I). Hence, p, and o, can be interpreted as the bias and standard deviation
of the prediction errors. Given any specified p. and o, we generate 50 samples of § and randomly
match these samples to the 50 demand samples. Figure 4.2 shows the percentage increase in average
total costs under the decomposition (compared to the optimal solution) for different values of p.

and o..
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Figure 4.1: Samples paths of total demand.

Observe the asymmetry in the plots between the different choices of p.. In particular, when
demand is constant (g = 0) or increasing (ug = 0.0002), the sub-optimality is less sensitive to neg-
ative prediction errors (y. = —10) than to positive prediction errors (u. = 10). This phenomenon

is due to high utilization of regulation resources at the optimal solution. Since majority of the
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Figure 4.2: Percentage change in average total costs under ED-FR.

regulation resources are hydro resources with low marginal costs, almost all the regulation resources
are dispatched in the first time period, and there are less than 30MW of unused regulation capacity.
Recall that negative prediction errors create incentive for economic dispatch to use less-than-optimal
dispatch resources and more-than-optimal regulation resources. However, in the scenario with in-
creasing demand, system demand increases by up to about 30MW. This deviation must be met by
regulation resources, and since there are only 30MW of unused regulation capacity, the economic
dispatch mechanism is unable to significantly increase the usage of regulation resources in the first
time period, and therefore the sub-optimality is small under negative prediction errors. On the
other hand, at the optimal solution, there is significant excess capacity of dispatch resources. Hence,
positive prediction errors could lead to significantly more usage of dispatch resources and less usage
of regulation resources, and cause a larger increase in total costs. We do not observe this asymmetry
when demand is decreasing. This is due to the fact that §; = —80.34 and hence a larger positive
prediction error is needed for the asymmetry to manifest.

The simulations illustrate the complex interactions between 8 and the performance of ED-FR.
In particular, both marginal costs and feasibility constraints have crucial impacts on the performance

of ED-FR.
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Appendices

4.A Proof of Theorem 4.1

Proof. The result follows from analyzing the Karush-Kuhn-Tucker (KKT) conditions of SYSTEM,
ED, and FR. However, we first reformulate the problems as the notations are simpler with the
reformulations. Define g? := g” 4+ r?. Note that, due to the constraint that r{ = 0, there is
a bijection between the set of feasible (q°, g, r?) and the set of feasible (q° qf,... ,q%). Hence,

SY STEM can be reformulated as:

min Zps Z (Cz (qf;) + Cﬁ(qf,n))

adl9S (55 pen (4.14)

st. (q%,qf,q? —q) € Q(d,), VseS.

Also, ED(d;) can be reformulated as:

min Y (Kdb(qh) + Kch(q],,) — 0nd)
T nen (4.15)

st (o qf,0) € (dy).

And, FR(q%, g, d,) can be reformulated as:

min Y ch(dh,,)
N (4.16)

st (qb,df,qf — qf) € Q(d,).

Hence, SY STEM can be optimally decomposed into ED-FR if (¢°,q}, ..., q%) is an optimal solu-
tion to (4.14) if and only if (q° qf) is an optimal solution to (4.15) and g? is an optimal solution
to (4.16) for all s € S.

Next, we prove (a). It is easy to see that (4.14) has compact sub-level sets. Moreover, its objective
function is strictly convex. Hence, (4.14) has a unique optimal solution. By similar arguments, we
conclude that (4.15) has a unique optimal solution, and that (4.16) has a unique optimal solution if

the set {q? € RY : (q”,q},q? — q}) € Q(d,)} is non-empty. Hence, to prove (a), it suffices to show
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the forward implication, that is, if (4.7) holds, then (q°,qf, ..., q%) is an optimal solution to (4.14)
implies that (q°, qf) is an optimal solution to (4.15) and g® is an optimal solution to (4.16) for all
s € S. The reverse implication follows from the existence and uniqueness of the optimal solutions.

Let the Lagrangian of (4.14) be denoted by:

L(qbvqllja"'7q1;'7£755y>’73£1/7p/7>‘)
= e > (h(dh) + h(dh,)) + L, €, §)

s€S neN

+ Y L (@vs,ve) + Y p L (Al g, i)
s€S ses

- Zps)\sl—r (qb + qls) - ds) >
s€S

where:

LM, €,8)=¢" (" —d") +€" (a" - a°)

(@” —a?) + 7] (af — @)

Lf(qba qZQ)v K, p’s) = H;F (7f —H (qb + q}; — dg))
(

+p) (H(d"+q?—d,) —f).

Note that we scaled the constraints by their probabilities, and £ € RY, £ e RY, v = (v5,5 € S) €
RYS, U= (vs,s€8)eRYS, p=(p,,s€9)eRS, = (p,,s€S) eRS A= (\;,s€5)€eR?
are appropriate Lagrange multipliers.

Since (4.14) has a convex objective and linear constraints, from the KKT conditions, we infer
that (q°,qf,...,q%) is an optimal solution to (4.14) if and only if (q°,q},q? — q}) € Q(d,) for all
s € S and there exists §,£ € R+,I_/,I7 € RJF NTNTES Ris,)\ € RS such that:

(K(gh)n e N) + &€= per(Xs, b, 1) = 0; (4.17a)
ses

L(q",€,8) = (4.17Db)

(B (q8,)n € N) + 05 — v — m(As, g, 1) = (4.17¢)

Lp(qg7l/37l/s) = (417d)

L a8 p,, ) = (4.17¢)

for all s € S.

Similarly, (q”, q}) is an optimal solution to (4.15) if and only if (q°,qf},0) € ©(d;) and there
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exists §,E € Rf,yl,ﬂl € Rf,gl,ﬂl € Ri,)\l € R such that:

(Kl(gh),neN)+€—&—m(h,py, 1) — 6 =0; (4.18)
L’(q",&,&) =0; (4.18b)

(K2 (@ ,),m € N) + 1 — vy — w(A1, g, fiy) = 05 (4.18¢)
LP(qf,v1,01) = 0; (4.18d)

Lf(qbaqllgalflvﬂl) =0. (4.18e)

And ¢® is an optimal solution to (4.16) if and only if (q°,q},q? — q}) € Q(d,) and there exists

Vs, Vs € Rf,;}s?ﬂs € Ri,)\s € R such that:

(B (q,),n € N) + 0y — v — m(As, g, i) = 0; (4.19a)

Lp(‘l‘g, Vg, Ds) = 07 (419b)

Lf(qbngay’s?p’s) = O (419(3)

Suppose (q°,qf,...,q%) is an optimal solution to (4.14) with associated Lagrange multipliers

(§,é, v,U, u, 1, A). Note that (@®,q%,0) € Q(d;). From the fact that the variables (qb,g,é, TN
satisfy (4.17a) and (4.7) and the fact that Y, 4ps = K, we infer that the variables (q°,&,¢,
Ky, Ky, K1) satisfy (4.18a). From the fact that (q°, q?,&, &, Us, Vs, fi,, b, As) satisfy (4.17b) —
(4.17e), we infer that the variables (q°, q}, €, £, Kvy,Kvi, Kpy, Kpy, K)\p) satisfy (4.18b) — (4.18e).
Hence, (q°, q}) is an optimal solution to (4.15). Note also that (q°,q},q? —q}) € Q(d) for all s € S.
From the fact that the variables (q°, qF, vs, Us, i, fi,, As) satisfy (4.17c) — (4.17e), we infer that those
variables satisfy (4.19). Hence, P is an optimal solution to (4.16) for all s € S.

Next, we prove (b). Let (q°,qf,...,q%) be a solution to (4.14) such that (q° q}) is a solution
to (4.15). If gf’z < ¢ < @ and qh < qf)n < @%, then the complementary slackness conditions imply
that &, = £, =0and Vi n = 1, = 0. From the KKT conditions of (4.14), which are given by (4.17),

we infer that:

KCZI(QZ) - Zpsﬂ'n()\sa Hs, ﬂs) = 0; (420)
seS
Bt ) = (A1, o, 1) = 0, (4.21)

where (p,, ft,, A) are the associated Lagrange multipliers. From the KKT conditions of (4.15), which
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are given by (4.18), we infer that:

Kl (qf ) — ma(Ny, py, 1y) = 0, (4.23)

1,n

where (p!,, 1), \') are the associated Lagrange multipliers. It follows that:

Op = Zpsﬂn()\mljsaﬁs) - 7Tn<>\/1a/f/11pf/1)

sesS

- Zpsﬂ-n(AaHsyp's) - Kﬂ-n()\lal;l‘l7ﬂl)
ses

= Zps (Trn()‘sv/;l'saﬂs) - ﬂ-n(AhH’lyﬂl)) .
ses

The first equality follows from comparing (4.20) and (4.22). The second equality follows from
comparing (4.21) and (4.23). The last equality follows from the fact that > _qps = K. O

4.B Proof of Proposition 4.1

Proof. We provide a proof sketch of this result. The skipped details can be found in [87]. (i) follows
from the KKT conditions of FR'(q®,q?,d;) and is shown in [87, Lemma 2]. Since w’, = 0, it follows
from constraints (4.11a) and (4.11b) of FR'(q®,q?,d) that LO’, = L¢’, which, since the null space
of L is span{1}, implies that 6, = ¢’ + a1 for some o € R. This implies that BC' ¢/, = BC'"#"..
Therefore, without loss of generality, we can substitute constraint (4.11a) in FR'(q%,q?,ds) by the
constraint ws; = 0. Then, using the definition of H and the equivalence between (4.3) and (4.4),
we infer that the feasible sets of FR(q® q”,d,) and FR'(q’ q”,d,) are equivalent. Finally, since
P (+) is strictly convex, by uniqueness of the optimal solutions, we get (ii). Lastly, (iii) follows from
the definition of H and BC" ¢/, = BCT#’,. The final statement of the proposition follows directly
from [87, Theorem 8]. O

4.C Proof of Proposition 4.3

Proof. Our proof proceeds in 6 steps: (1) Characterizing regulation generators’ optimal bids aP
given their prices 7?; (2) Characterizing dispatch generators’ optimal bids a’ given their prices
7’ (3) Characterizing prices (%, P) given bids (a’, a?) using KKT conditions; (4) Showing that,
at an equilibrium, the production schedule is the unique optimal solution to ED-FR; (5) Showing
that any production schedule (q°, g, r?) that solves SY STEM can be obtained using bids (v%,~?)

and the latter satisfy the equilibrium characterizations in steps 1 to 3; and (6) Showing that any
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bids (a®, o) that satisfy the equilibrium characterizations in steps 1 to 3 give the same production
schedule as that under bids (v%,+?) (which also solves SY STEM). Note that part (a) follows from
step 6 and part (b) follows from step 5.

Step 1: Characterizing regulation generators’ optimal bids o given their prices wP. Since c?
is strictly convex and ¢} (¢t ,) — +oo as ¢¢,, — {gh,qh}, b/ is invertible. Let o :S — S be any

permutation function that satisfies:

R ) ST (M) ) S ST (M) ),
and let integers i,5 € {0,1,...,5} be such that:

BN ) < 46 Vs=1,...,i (4.24a)
¢ < cg'*l(wg(s)vn) <q Vs=i+1,...,5; (4.24b)
ah < o Tl ) Vs=j+1,...,5. (4.24c)

We now show that of € Ry maximizes PF? if and only if:
afbsﬁ(wg(sm) <q Vs=1,...,14 (4.25a)
absh(ml ) = cg’—l(wg(k) ) Vs=i+1,...,5; (4.25b)
aﬁsﬁ(wg(s) . > @ Vs=j+1,...,85. (4.25¢)

For notational brevity, in the rest of this step, we abuse notation and let:

AP

qg,n (ah) = [aﬁSZ(Wg(s),n)];’g .

To prove our characterization, it suffices to show that, given any o € R that satisfies (4.25), the

vector of per-outcome profits

(ﬂg( e n (o) = ¢ (&, (ah)),s € S)

( U(s) nqé n n) - sz (qg,n(de) S € S) (426)
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for any af, that does not satisfy (4.25). Since p,(s) > 0 for all s € S, it then follows that:

PFg‘aﬁ = ZPU(S) (ﬂ-g(s),nqg,n(aﬁ) - CfL (q]sj,n(aﬁ)))
>3 bote) (W) (@) = h (a2.,(a))

== PF£|&1T)L .

Suppose s € {1,...,i}. From (4.24a) and the fact that P is strictly convex, we infer that

w? < cb/(gh). From (4.25a), we infer that ¢¥ ,(oh) = ¢5. Then:

o(s)yn — n

> ch(qh) + e (ah) (a2 . (ah) — ap)
> ch(an) + ﬂ'g(s)m (qg,n(@ﬁ) - Qﬁ)

— B (eR) + 70 (@ a(aR) = 2 (ah),

where the first inequality follows from the fact that cP is strictly convex, the second inequality
follows from 7” ($)m < ch'(gh) and ¢F, (ah) > gh, and the last equality follows from ¢f, (af) = gh.

Furthermore, if ¢¥ ,,(ah) > ¢f, then the first inequality is strict, and hence:

n(45n(a7))

> B (0D) + 72 (@) — a2 (aD).
Suppose s € {i+1,...,5}. From (4.24b) and (4.25b), we infer that ¢% ,, (a}) = cﬁ’*l(wg(s) ,,) and
qh < ¢, (ah) < @h. From ¢f < g%, (ah) < @4, and the fact that sﬁ(ﬂg(s) ) # 0 and ab # of, we
infer that ¢, (ah) # ¢% ,(ah). Then:

(45, (an))
> ch (a0 (ah)) + el (@ (ah)) (aF (A7) — af ()

= cn(gfn(oh)) + 70, (d€n(ah) — ¢k (ah))

where the first inequality follows from the fact that ¢}, is strictly convex and ¢%,(ah) # ¢%,,(a%)

and the equality follows from ¢? . (a%) = &/~ (x? (s)m)"

Suppose s € {i +1,...,S}. From (4.24c) and the fact that ¢® is strictly convex, we infer that
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T sy = Ch (). From (4.25¢), we infer that ¢, (o) = g}, Then:

,77/_

ch(df n(ar))
> ch(qh) + b (@) (a2, (ah) — @)
> ch(@h) + 78, (B n(ah) — ah)

= Cﬁ(qg,n(aﬁ)) + ﬂ—g(s)m (qg,n(dﬁ) - qg,n(aﬁ)) )

where the first inequality follows from the fact that cP is strictly convex, the second inequality

follows from 7" ($)n = cb'(gh) and ¢%,,(ah) < @5, and the last equality follows from g%, (a}) = 5.

3

Furthermore, if ¢, (&) < @, then the first inequality is strict, and hence:

CAC )

> (g (00) + 70 (a8 a(GR) — g2 (ah)).

Hence, for all s € S:

cn (¢80 (ah))

2 Cﬁ(qgn (afl)) + Wi(s),n (qg,n (072, - q?,n(aﬁ)) . (427)

Moreover, this inequality is strict for some s € S. If i < j, the inequality is strict for s € {i +
1,...,5}. If i = j, then, since a® does not satisfy (4.25), there exists some s € {1,...,4} such that
b sh(mf gy ,) > @& or some s € {i+1,...,5} such that of sh (7] ) ) < @, and hence there exists
some s € {1,...,i} such that ¢¢, (a}) > ¢}, or some s € {i +1,...,S} such that ¢}, (a}) < @5, and

the inequality in (4.27) is strict for that s. Hence, we conclude that:

(B (. (@h)), s € S)

2 (cha2aeh)) + 72, (@0 (@0) = a2, (ak)) s € S)

for any &2 that does not satisfy (4.25). By rearranging terms, we obtain (4.26).
Step 2: Characterizing dispatch generators’ optimal bids ob given their prices w°. Note that
the profit maximization problem for a dispatch generator is a special case of that for a regulation

generator with S = 1. By applying the characterization in step 1, we infer that o’ € R, maximizes
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PFZ if and only if:

absh(nt) < g, it i) < g (4250)
ab, =, if g < /7N ) < @ (4.28D)
absh(nh) > 2, if 7 < & (nh). (4.28¢)

Step 3: Characterizing prices (%, wP) given bids (o, aP) using KKT conditions. First, we take
the same approach as in the proof of Theorem 4.1 and reformulate ED and FR before applying the
KKT conditions. Relabeling the variable g” to qf in ED gives:

min > (Ké(qh) + Kéh(qh,) — 0ud))
T nen (4.29)

st. (q°,q},0) € Q(dy).

And substituting q? = g” 4 r? in FR gives:

min Y (qh,)
s neN (430)

st. (@, q}, g — qf) € Q(dy).

Substituting s2 = c¥~1(:)/72 and s2 = ¢2’~1(-)/4? into the definition of ¢ and éf implies that:

b
an
)= [ den/abw) do,
g9

dn

) = [ Gn/atw) d.

dn

Hence, (4.29) has a continuous and strictly convex objective and linear constraints. Thus, from the
KKT conditions, (q°, qf) is an optimal solution to (4.29) if and only if (q°, q},0) € 2(d;) and there

exists §,E € Rf,yl,ﬂl € Rf,gl,ﬂl € Ri,/\l € R such that:

L’(q*, €, €) = 0;
(K (2 /ak)ql ,),n € N) + by —vy — Kol = 0;

(K ((Wh/ab)dh),n e N) +€—€&— Kn® =0; (4.31a
(

Lp(q}fal_jlapl) = 03

Lf(qbaqzl)a/}'hﬂl) =0, (4.31e
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where:

mt = (1/K) (w(h. g, i) + 6) : (4:316)

) = (1/K)m(A1, py, 1) (4.31g)

Similarly, from the KKT conditions, g? is an optimal solution to (4.30) if and only if (q°,qf,q? —
q}) € Q(dy) and there exists v, v, € Rﬂ\r’, W, b, € Rf_, As € R such that:

(B ((WE/aB)gl ), n € N) + g — vy — 78 = 0; (4.322)
LP(qf,vs, 05) = 0; (4.32b)
L(a’, % py, i,) = 0, (4.32¢)
where:
7Tg = 7T(>\5, K, IJ’S) (432d)

Step 4: Showing that, at an equilibrium, the production schedule is the unique optimal solution
to ED-FR. Let (q®,q”) be an optimal solution to Eb(dl) and r? be an optimal solution to
FAR(qb7 q?,d). We will show that:

b
o = ([ahsh(mh)]fn € V) ;
o = (lahsh(xl % ne N)

P ~+P
% = (lahsh(mt )% — [ahsh (7] )]i n € V).

It suffices to show that, if (q°, qf) is an optimal solution to (4.29) and q? is an optimal solution

to (4.30), then:

b
o = ([ebsh(nh)l ne N); (4.33)

o = ([ofsh(n2, i n e N). (4.34)
By rewriting (4.31a) for dispatch generator n, we infer that:
¢ =absb (WfL + & /K — f_n/K) .

If ¢% < ¢b < @b, then from (4.31b), we infer that &, = &, = 0, which implies that ¢} = ab st (73).
If ¢° = ¢4, then from (4.31b), we infer that &, = 0 and &, > 0, which implies that ¢% = ¢% =
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absb (rl + &, /K) > absh(nb), where the last inequality follows from the fact that c? is strictly
convex. If ¢% = @@, then from (4.31b), we infer that ¢, = 0 and &, > 0, which implies that
@ =qb =abst(nt —€,/K) < abst (), where the last inequality follows from the fact that c? is
strictly convex. Hence, we conclude that q° is given by (4.33). By making similar arguments, we
conclude that qf is given by (4.34).

Step 5: Showing that any production schedule (q°, qP,rP) that solves SY STEM can be obtained
using bids (v°,+P) and the latter satisfy the characterizations in steps 1 to 3. By Theorem 4.1,
(q°, @) is the unique solution to ED(d;) and r? is the unique solution to FR(q’,q?,d,). Under
bids (4%, 4P), the problems ED(d;) and ED(d;) are equivalent. Hence, (q’, q?) is the unique
solution to ED, and by step 4, the production in the first time period is (q°,q?). Under bids
(4°,4P), the problems FR(q’ q?,d;) and FR(qb,qp7d8) are equivalent. Hence, r? is the unique
solution to FAR(qb,qp,ds)7 and by step 4, the recourse production is r?. Hence, the production
schedule is (q°, g”, rP).

It suffices to show that bids (4*,4P) constitute an equilibrium. It is easy to check that a? = ~P
and o’ = ~° satisfy conditions (4.25) and (4.28) respectively for any prices (w®, 7?). Hence, simply
choose (7%, 7tP) based on equations (4.31) and (4.32). This proves part (a) of the proposition.

Step 6: Showing that any bids (a’, aP) that satisfy the characterizations in steps 1 to 3 give the
same dispatch as that under bids (v*,4?). Suppose that (a’, a?) satisfy the characterizations in step
4 with productions (q’, ¥, ..., q%), Lagrange multipliers (§, €, v, ¥, p, 1, X), and prices (7, 7). We

will construct &, g e Rf and v}, ] € RY such that:

(Kc(gh),neN)+€& —¢ - Kn=0; (4.35a)
L’ ¢,€) =0; (4.35b)
(Keb' (g7 ,)m € N) + 0} — v} — Knl = 0; (4.35¢)
LP(qf, vy, 7)) =0, (4.35d)
and V), v, € RY for all s € S\ {1} such that:
(P(q,),n € N) + 0, — v, — b = 0; (4.36a)
LP(qf, v, vf) =0, (4.36b)

which are the KKT conditions for (4.29) and (4.30) under bids (7%, 4?). Then, step 5 allows us to

infer that the production schedule is an optimal solution to SYSTEM. Our construction is given
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by:
’ K (cl;zl(g'lrjt) - WZ) ) if q'Z = bew
§'Il =
0, else,
@ K (b —c(dh)), if ¢b = a5
| =
0, else,
, K (&) ==t ), ifqh, =g
—Vl,n =
0, else,
, K (n}, —dl(@)), ifd, =a;
Vl,n =
0, else,
and:

P/ (AP — P i P — 4P
’ Cn (gn) 71-s,n? lf qs,n - gn7
ys,n -
0, else,
P _ Pl (gP 1 P — P
7 7Ts,n cn (qn)7 lf qs,n - qn7
l/s,n =

0, else,

for all s € S\ {1}.
First, we show that &, &', v., 0, > 0. Suppose ¢ = ¢. Then, from (4.28a), we infer that

b is strictly convex, we infer that 7% < c?(g?), and hence &, > 0.

n =

=1 (xb) < ¢b, and since ¢

Suppose g2 = @. Then, from (4.28c), we infer that ¢ ~1(7%) > g%, and since ¢ is strictly convex,

we infer that 7 > ¢¥(7), and hence &), > 0. By similar arguments, we infer that v, > 0 and
vl >0.

sn =

Second, we show that this construction satisfies (4.35) and (4.36). It is easy to check that the

complementary slackness conditions (4.35b), (4.35d), (4.36b) are satisfied. Suppose ¢, < c%~1(xt) <
~b
@. From (4.28b), we infer that o’ = 2. From the fact that ¢¢ = [a%s%(wi)]j’g = 7 1(xb), we

infer that ¢¢ < ¢4 < ¢%. From (4.31b), we infer that &, = &, = 0. SubstitutiI;g into (4.31a), we

infer that our construction satisfies (4.35a). Suppose ¢/ ~!(nt) < ¢%. From (4.28a), we infer that

¢% = ¢b. Hence, our construction satisfies (4.35a). Suppose ¢ < ¢ ~!(x%). From (4.28c¢), we infer

that ¢% = @. Hence, our construction satisfies (4.35a). Using similar arguments, we can infer that

our construction satisfies (4.35¢) and (4.36a). This proves part (b) of the proposition. O
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