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Abstract

Global energy decarbonization relies on electricity systems with large shares of uncertain and

variable renewable energy sources. Electrification of energy end uses such as transportation and
space heating are further increasing the stochasticity of demand. As a result, system operators must
procure additional operational flexibility to maintain a supply-demand balance in the presence
of production and consumption forecast errors. Beyond flexible resources within the electricity
system, short-term coordination among the various energy systems (e.g., electricity, natural gas, and
district heating), provides additional flexibility which remains largely untapped. Harnessing this
cross-carrier flexibility is appealing since it does not require large infrastructure investments, rather
relying on effective coordination among the various actors in the energy systems. Furthermore,
establishing this coordination in a market-based framework is essential to harness cross-carrier
flexibility in a long-term and sustainable manner.

In this context, the objective of this thesis is to improve the market-based coordination among
energy systems at operational time scales to incentivize, steer, and harness cross-carrier flexibility
in competitive settings. The thesis contributes by developing new market-clearing frameworks
for energy systems, relying on stochastic optimization techniques. Moreover, new commodities
representing flexibility services, such as policy-based reserves, adjustment policies, and variance
minimization services, are proposed which contribute towards a cost-efficient and reliable harness-
ing of cross-carrier flexibility. Using tools from mechanism design and game theory, the proposed
market frameworks are evaluated for their ability to satisfy the desired economic properties of
competitive markets, such as efficiency, cost recovery, and revenue adequacy.

To account for the heterogeneous flexibility providers in the integrated energy system, this thesis
introduces a novel flexibility-centric electricity market-clearing framework. The proposed forward
market admits participants with second-order cone strategy sets and revisits the classical spatial
price equilibrium problem in a second-order cone programming context. Generalizing over
the existing linear programming-based electricity markets, conic markets enable participants to
accurately express the nonlinearities in their costs and constraints through conic bids, and the
network operators to model a physically-accurate flow of energy in the networks. The inclusion of
second-order cone constraints makes electricity markets uncertainty-, asset-, and network-aware,
thereby incentivizing heterogeneous flexibility providers across the integrated energy system to
participate in a market-based flexibility procurement. Under the assumption of perfect competition,
it is analytically proven that moving towards conic electricity markets does not incur the loss of

any desired economic properties inherent to the linear markets.

Harnessing cross-carrier flexibility is expected to propagate short-term uncertainty across the
energy system boundaries. This adversely impacts the reliability and price competitiveness
of the coupled energy systems due to network congestion and the resulting price spikes. To
address that, a new uncertainty-aware coordination framework is proposed to model and mitigate

the uncertainty propagation in coupled electricity and natural gas systems. Flexible assets in
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X ABSTRACT

both systems as well as the network flexibility provided by short-term storage of gas in pipelines
are employed in mitigating the adverse effects of uncertainty propagating from the electricity to
the gas side. Convexification strategies are adopted to manage the non-convexities underlying
the gas system model in stochastic settings. An efficient pricing scheme is developed which
endogenously considers uncertainty and the variance of state variables in the energy systems. In
contrast to deterministic coordination among energy systems, market participants are remunerated

(penalized) for their contribution to mitigating (aggravating) the adverse impacts of uncertainty.



Resumeé

Den globale dekarbonisering er athaengig af elsystemer med store andele af usikre og variable
vedvarende energikilder. En oget elektrificering til f. eks. transport og rumopvarmning eger
eftersporgslen yderligere samt gor den mere stokastisk. Heraf folger det, at systemoperaterer
er nedt til at fremskaffe yderligere fleksibilitet i den daglige operationelle drift for at opretholde
balancen mellem udbud og efterspergsel som felge af prognoseusikkerheder af produktion of
forbrug. Ud over fleksible ressourcer i elnettet giver kortsigtet koordinering mellem de forskellige
energisystemer (f.eks. el, naturgas og fjernvarme) yderligere fleksibilitet, som er stort set uudnyttet
indtil nu. Atudnytte denne fleksibilitet pa tveers af operaterer er tiltalende, da det ikke kreever store
infrastrukturinvesteringer, men snarere er athengigt af effektiv koordinering mellem de forskellige
aktorer i energisystemerne. Desuden er etableringen af denne koordinering i en markedsbaseret
ramme afgorende for at udnytte fleksibiliteten pa tveers af energisystemerne pa en langsigtet og
beeredygtig made.

I denne kontekst er formalet med denne afthandling at forbedre den markedsbaserede koordinering
mellem energisystemer pa operationelle tidsskalaer for at tilskynde til, styre og udnytte tveergdende
fleksibilitet i et markedsbaseret miljo. Specialet bidrager ved at udvikle nye teknikker til at
cleare markeder for energisystemer, baseret pa stokastiske optimeringsteknikker. Desuden
foreslas nye produkter, der repraesenterer fleksibilitetsydelser, sdisom regelbaserede reserver,
tilpasningsydelser og ydelser til minimering af varians, som bidrager til en omkostningseffektiv
og palidelig udnyttelse af fleksibilitet pa tveers af energisystemer. Ved brug af mekanisme
design og spilteori evalueres de foresldede teknikker til at cleare markeder for deres evne til
at tilfredsstille de enskede skonomiske egenskaber pa konkurrencepraegede markeder, sdsom
effektivitet, omkostningsdeekning og indtaegtstilstraekkelighed.

For at tage hejde for de heterogene fleksibilitetsudbydere i det integrerede energisystem, intro-
ducerer denne afhandling en ny fleksibilitetscentreret ramme for clearing af elmarkedet. Det
foresldede forward marked tillader deltagelse med strategier af konisk form af andenordens grad,
og det klassiske prisligeveegtsproblem i en andenordens konisk programmerings kontekst bliver
revideret. Ved at generalisere over de eksisterende elmarkeder baseret pé linezer programmering
gor markeder baseret pa konisk programmering deltagerne i stand til nejagtigt at udtrykke
ikke-lineariteter i deres omkostninger og begraensninger gennem koniske bud, og netveerksoper-
atererne kan modellere en nejagtig fysisk strom af energi i nettet. Inkluderingen af andenordens
koniske begreensninger gor elmarkederne usikkerheds-, aktiv- og netveerksbevidste, hvilket giver
incitament til heterogene fleksibilitetsudbydere pa tveers af det integrerede energisystem til at
deltage i markedsbaserede fleksibilitetsydelser. Under antagelsen om perfekt konkurrence er det
analytisk bevist, at beveegelse mod koniske elmarkeder ikke medforer tab af enskede gkonomiske
egenskaber, der er forbundet med de linezere markeder.

Udnyttelse af tveergdende fleksibilitet i energisystemet forventes at propagere kortsigtet usikkerhed

pa tveers af energisystemets graenser. Dette pavirker de koblede energisystemers palidelighed
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xii RESUME

og priskonkurrenceevne negativt pd grund af overbelastning af nettet og de deraf folgende
prisstigninger. For at imedega dette foreslas en ny usikkerhedsbevidst koordinationsramme
for at modellere og afbede preepareringen af usikkerhed i koblede el- og naturgassystemer.
Fleksible aktiver i begge systemer savel som netveerksfleksibiliteten ved korttidsopbevaring af
gas i rerledninger bruges til at afbede de negative virkninger af usikkerhed, der forplanter sig fra
elektriciteten til gassiden. Konvekse strategier er vedtaget for at handtere de ikke-konveksiteter, der
ligger til grund for gassystemmodellen i et stokastisk milje. Der udvikles en effektiv prisseetning,
som endogent tager hejde for usikkerhed og variansen af tilstandsvariable i energisystemerne.
I modseetning til deterministisk koordinering mellem energisystemer bliver markedsdeltagere
honoreret (straffet) for deres bidrag til at afbede (forveerre) de negative virkninger af usikkerhed.



Introduction

1.1 Context and motivation

To address the challenge of climate change, countries are reducing their dependence on fossil
fuels. This global energy transition is supported primarily by the increasing shares of uncertain
and variable renewable energy sources (RES), such as wind and solar power production, in the
electricity (or electric power) system [1]. Meanwhile, energy end uses, e.g., transportation and
space heating, are undergoing electrification, which not only increases the volume of electricity
demand but also its uncertainty and variability across time and space. Stochastic production
and consumption must match in real-time to ensure a continuous supply-demand balance in the
electricity grid. Any imbalance, if left uncorrected, may lead to large-scale cascading blackouts
[2]. An adaptive, flexible operation of the electricity system is therefore crucial to achieving COx
emission reduction targets while ensuring reliable supply to consumers. This motivates electricity
system operators to procure additional operational flexibility' to maintain the supply-demand

balance in presence of the errors associated with production and consumption forecasts.

As a parallel development, various energy systems, such as electricity, natural gas, and district
heating (or cooling) systems are becoming interdependent with increasing physical, operational,
and economic interactions among them. Leveraging the synergies from this integration of energy
systems has recently received significant attention as a source of operational flexibility [4, 5]. These
synergies arise from the flexible operation of so-called boundary agents, who operate at the interface
of the energy systems. Examples of such boundary agents include gas-fired power plants (using
natural gas as fuel to produce electricity), combined heat and power (CHP) plants (typically,
burning gas to produce heat and electricity), heat pumps (using electricity to provide heating), and
the upcoming power-to-gas units (using electricity to produce hydrogen or natural gas). Energy
conversion enabled by the flexible operation of boundary agents also allows the short-term storage
of natural gas in pipelines and of hot (cold) water in the heating (cooling) supply networks. This
form of network flexibility can be utilized to balance variability from RES in the electricity system.

In general, harnessing the existing cross-carrier flexibility? is appealing compared to investing in new
flexibility options within the electricity system [6], such as setting up large-scale energy storages or
expanding the transmission grids, or building new flexible power plants. Coordination among
energy systems in the short-term (for instance, in the day-ahead of operation time scale) unlocks a
significant amount of flexibility for the electricity system at low capital investment on infrastructure
[7]. A holistic approach towards the coordinated operation of these energy systems is therefore
regarded as the next step in their evolution, transforming them from the current practice of systems

operating in silos towards an integrated energy system [8, 9].

In the context of this thesis, operational flexibility, or simply flexibility, refers to the capability of a system to modify
its output or state in response to a signal. In electricity systems under uncertainty, the quantification of forecast errors
(estimated or realized) could be such a signal. See [3] for a discussion on the various definitions of flexibility in the literature.

2Operational flexibility from energy system integration is termed as ‘cross-carrier flexibility’, referring to its origin
from energy systems involving energy carriers other than electricity, e.g., natural gas, hot or cold water.
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1.2 Challenges in harnessing cross-carrier flexibility

To leverage energy system integration for flexibility, physical coupling among the energy systems
should be supported by coordinated planning and control [10-12] as well as coordination among

the market structures [7].

Currently, markets in the various energy systems operate independently and asynchronously, i.e.,
energy products are traded as commodities in separate, pool-based wholesale forward markets
which operate with different time scales and temporal resolutions. These forward markets ensure
the security of energy supply and price competitiveness. Apart from the physically delivered
commodities, long-term financial products are traded in futures markets, wherein the inherent
risks and price volatility can be mitigated via hedging. This thesis focuses on the short-term
wholesale forward markets of energy, which are typically cleared 12 to 36 hours ahead of the actual
delivery of energy, i.e., at the day-ahead stage®. At these time scales, the markets are cleared under
uncertainty about the production and consumption forecasts. In the specific context of electricity
markets, procuring operational flexibility, e.g., cross-carrier flexibility, is crucial to the mitigation of
uncertainty during the subsequent real-time operation stage.

Considering the multiple uncoupled markets to which boundary agents are exposed, market-based
coordination among energy systems exists via the trading and operating strategies of such agents.
However, such ad-hoc, agent-driven coordination is neither cost-optimal for the integrated system
nor does it allow for a reliable harnessing of cross-carrier flexibility. Moreover, due to the sequential
and separate nature of the energy markets, limited information exchange among the energy markets
leads to a potential misrepresentation of the actual costs and constraints faced by the agents.
Therefore, the cross-carrier flexibility potential is either over-estimated or remains under-utilized.
Market mechanisms and products that enable market-based coordination among the actors in the
various energy systems are crucial for optimally harnessing the available cross-carrier flexibility in
a long-term and sustainable manner [19].

To that end, this thesis addresses some of the challenges associated with establishing market-
based coordination among energy systems at operational time scales. Establishing market-based
coordination faces challenges on technical, operational, economic, and regulatory fronts.

First, technical challenges arise from the mathematical complexity of modeling the energy system
assets, especially while considering uncertainty. This is further exacerbated by the propagation
of short- and long-term uncertainty among the energy systems, due to their interdependencies
[20]. Second, there are operational challenges rooted in the different flow dynamics of energy
vectors within the various networks, i.e., gas or water molecules and electrons. This makes the
reliable operation of integrated energy systems a complex control problem spread over multiple
geographical and temporal scales [7]. At the same time, the slower flow dynamics of gas and
heat networks as compared to the electricity system enables these networks to provide network
flexibility in the form of short-term energy storage [21, 22]. Third, there exist economic challenges
in establishing efficient markets while taking the preferences and operational constraints of a
variety of market actors into account. Thus, technology-agnostic and non-discriminatory markets,
which do not favor any specific actor (or group of actors) based on their asset types, location, etc.,

SInterested readers are referred to [13] for a comprehensive introduction to electricity markets, while [14] provides the
specific context of market integration of weather-dependent RES. Introduction to the natural gas system and markets can
be found in [15, 16] and [17] provides an introduction to the district heating market in the Danish context. A discussion on
the sequence of energy market clearings can be found in [18, Chapter 2].
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Integrated energy system Challenges in harnessing cross-carrier flexibility
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Figure 1.1: Illustration of the challenges in harnessing cross-carrier flexibility and the research
directions (RD1 and RD2) adopted in this thesis to address them. RD1: Flexibility-centric electricity
markets, RD2: Uncertainty-aware coordination among energy systems.

are necessary yet challenging to achieve [23, 24]. Finally, regulatory challenges stem from the
historically independent operations of these energy systems with limited coordination among
the system operators and markets. While this operational paradigm continues to evolve with the
coupling of energy systems due to the boundary agents, existing (and foreseen) regulatory barriers

force these agents to make decisions with limited information.

Overcoming these various challenges with well-designed market-based coordination schemes
paves the way to (i) increase the economic efficiency of the overall integrated energy system, (ii)
enable the market actors to meet their operational goals, and eventually, (iii) lead to the right price
signals for sustainable business models to unlock cross-carrier flexibility. To achieve these goals, a
rethinking of existing market structures is necessary. Considering the multidimensional challenges
involved, this thesis adopts a multidisciplinary research approach. In particular, concepts from
energy system modeling are combined with control theory, stochastic programming, mechanism
design, and game theory to develop and analyze new market-clearing frameworks and products

to improve the market-based coordination for harnessing cross-carrier flexibility.

1.3 Research directions

As illustrated in Figure 1.1, this thesis presents the findings of two research directions addressing
the aforementioned challenges. Focusing on the technical and economic challenges, the first
direction, RD1, rethinks electricity markets such that flexibility is unlocked by steering the
operation of heterogeneous market actors, i.e., those facing a variety of nonlinear physical costs
and constraints. The second research direction, RD2, addresses the technical and operational
challenges. A methodology is proposed for uncertainty-aware coordination between the electricity
and natural gas systems, focusing on endogenous modeling of uncertainty and its propagation via
boundary agents. A pricing scheme is developed to provide flexible agents with efficient financial
remuneration for mitigating uncertainty. The following elaborates on these research directions.

1.3.1 Flexibility-centric electricity markets

Since the liberalization of the electricity sector, electricity markets in many countries typically have
sought a spatial price equilibrium* by solving a linear programming (LP) market-clearing problem.

4 A spatial price equilibrium is a set of commodity prices and trade flows that satisfy partial equilibrium conditions
over a network while accounting for the transportation costs and constraints associated with the trade flows [25].
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When network constraints are fully taken into account, solutions to this problem include optimal
production and consumption quantities and the spatially-differentiated nodal energy prices, also
known as locational marginal prices (LMPs) [26, 27].

However, the LP framework is inadequate to match the following developments in electricity
systems under the green transition. First, a majority of supply bids in the electricity markets are
expected to arise from weather-dependent RES which incur a near-zero marginal production cost
and are non-dispatchable, i.e., their real-time production can not be planned with a high degree
of certainty [13, 28]. Consequently, short-term electricity markets are exposed to uncertainty,
which should be endogenously considered in the market-clearing problem with more advanced
uncertainty modeling tools than those available within the LP framework. Second, mitigating
uncertainty requires a market-based procurement of operational flexibility, e.g., cross-carrier
flexibility, from a variety of flexibility providers within the integrated energy system. These
flexibility providers largely have nonlinear operational costs and constraints. Approximating
these costs and constraints by linear functions renders it unattractive for these agents to provide
flexibility. Third, with the inexact linear approximations that model power flows in the electricity
network, markets may procure flexibility that cannot be physically delivered. This may lead to
increased curtailment of RES and in the worst cases, risk disturbing the supply-demand imbalance.

Extending the spatial price equilibrium beyond the LP framework to more general convex
optimization frameworks overcomes these limitations to a great extent. First, it enables physically
accurate modeling of costs and constraints of the assets and energy flows in the networks comprising
the integrated energy system. For instance, recent work by [29] extends electricity markets by the
inclusion of quadratic costs faced by flexible power producers. Similarly, [30] proposes a pricing
scheme for electricity networks considering a physically accurate nonlinear model for flows in
electricity networks. Second, the extension beyond the LP framework provides opportunities to
introduce a more accurate characterization of uncertainty and risk within the market-clearing
framework. In that context, recent works [31, 32] propose stochastic electricity markets, involving
nonlinear constraints, which outperform existing stochastic market clearing alternatives within the
LP framework [33-35].

As reflected by this growing research focus (see, e.g., [36] for a recent comprehensive survey), it is
clear that the prevalent LP-based electricity markets should evolve to meet future energy system
needs. This evolution should be guided by several key considerations. Electricity markets do
not need to fundamentally drift away from the goal of seeking a spatial price equilibrium, rather
should be broadened to reflect the physical realities of the market participants and the network
[23]. Existing economic interpretations and desired properties of the spatial price equilibrium
must be retained while the electricity market design is extended to allow uncertainty modeling
and mitigation in a cost-efficient way. Furthermore, electricity markets must evolve such that
flexibility provision is rewarded appropriately [24]. This is crucial since revenues from flexibility
products and services are expected to become more prominent for the market participants, as
the average value of LMPs is suppressed while their volatility increases with higher shares of
weather-dependent RES [37]. Prior works [29-32] adopt a limited view of addressing only one
of the previously-discussed shortcomings of LP-based markets, lacking a broader rethinking of
electricity markets to make them future-proof.

To this end, one of the research goals of this thesis is to propose a flexibility-centric electricity
market-clearing framework. Such a market framework admits an endogenous consideration of
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uncertainty and provides non-discriminatory access to a wide variety of heterogeneous flexibility
sources within the integrated energy system to mitigate it. At the same time, the optimal production
and consumption quantities are obtained while considering an accurate model for the flow of
electricity in the network required to fulfill the energy and flexibility trades.

1.3.2 Uncertainty-aware coordination among energy systems

Harnessing operational flexibility from market-based coordination of integrated energy systems
leads to increased interdependence. On the one hand, this necessitates that energy markets are
cleared while taking system-coupling constraints into account. Recent research works have focused
on that, e.g., clearing the electricity market while ensuring gas network constraints are met [38] or
clearing the heat market while considering the flexibility needs of the coupled electricity system
[39]. On the other hand, the interdependence also propagates short-term uncertainty from the
electricity system to the coupled natural gas and district heating systems. This is evident from
the increasing volumes of natural gas traded in short-term forward markets such as Gaspoint
Nordic as opposed to the conventional long-term supply contracts, typical to the gas industry [40].
Further evidence is from China where electricity-agnostic heat dispatch of CHPs leads to constraint

violations in the electricity system and curtailment of wind power production by up to 20% [41].

In particular, natural gas and electricity systems have become highly coupled due to the recent
proliferation of gas-fired power plants, driven by their fast commissioning along with access to
cheap gas supply® [43, 44]. Gas-fired power plants have a lower CO, footprint and emit less
particulate matter compared to conventional coal power plants while having the ability to rapidly
change their production set points to provide operational flexibility. Consequently, natural gas is
regarded as a ‘transition fuel” in the evolving generation mix on the path towards decarbonization
of electricity systems [45]. However, in providing operational flexibility to the electricity system,
the natural gas system increasingly faces challenges caused by the short-term uncertainty in gas
withdrawals [20]. Specifically, the gas demand from gas-fired power plants differs from traditional
gas demands due to its time-varying and unpredictable nature. This leads to an increase in the
frequency of network congestion and price spikes, thereby reducing the affordability of gas and
reliability of the natural gas system [46].

The harnessing of cross-carrier flexibility should therefore be augmented by the consideration
of uncertainty propagation among energy systems. Studying uncertainty propagation entails
several aspects. First, the analytical and computational issues arising from nonlinearities and
non-convexities inherent to the asset and network models of energy systems should be resolved.
Second, probabilistic methods should be deployed to model various sources of uncertainty within
the integrated energy system [47]. Third, recourse actions necessary to mitigate the uncertainty
should be quantified and allocated among the flexibility providers. Next, the flexibility provided
should be remunerated in a market-based, economically-efficient manner to ensure a reliable
operation in the long term [48]. Finally, the impact of uncertainty propagation on the variance
of state variables of the coupled network should be quantified, e.g., how does unpredictable gas
uptake needed for the flexible operation of gas-fired power plants translate to changes in flow
rates and nodal pressures in the gas system. Prior works, e.g., [49-51], have largely neglected these
crucial aspects of uncertainty propagation across the energy system boundaries.

SInterestingly, as of March 2022, various geo-political reasons combined with a series of market trends and mishaps
have led to historically high natural gas prices [42]. Therefore, some of the statements made in this thesis need rethinking
based on future developments in this context.
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Therefore, the second research goal of this thesis is to develop a methodology to steer the available
cross-carrier flexibility while accounting for the uncertainty propagation among the energy systems.
This involves developing uncertainty-aware models for flexibility providers, studying the impact
of uncertainty propagation on operational constraints, and finally, developing market-clearing
mechanisms that endogenously reward uncertainty and variance mitigation.

1.4 Scientific contributions

The primary objective of this thesis is to address challenges associated with harnessing cross-carrier
flexibility by improving market-based coordination among energy systems. Aligned with the
research directions introduced in Section 1.3, this is enabled (i) by proposing and analyzing a novel
flexibility-centric design of electricity markets in [Paper A] and [Paper B], and (ii) by developing a
new methodology for modeling and mitigating uncertainty propagation among the integrated
energy systems in [Paper C] and [Paper D].

Towards flexibility-centric markets, [Paper A] proposes a new multi-period and multi-commodity
forward electricity market-clearing framework which admits heterogeneous market participants
with second-order cone (SOC) strategy sets. The resulting market-clearing problem takes the form
of a second-order cone programming (SOCP) problem, which is a generalization of classical LP
problems, within the convex optimization realm. Admitting SOC strategy sets in the market enables
participants to express the SOC-representable nonlinearities in their costs and constraints. The
multi-period market allows flexibility providers to reflect temporally-coupled costs and constraints
in their market participation strategies. Multiple commodities in the market move the trades
beyond electricity, i.e., towards endogenous consideration of a variety of possible flexibility services
as additional commodities. The proposed SOCP-based electricity market-clearing framework

results in scientific contributions from various perspectives.

From an operational perspective, the generic nature of the proposed market framework provides
non-discriminatory access for flexibility providers within the integrated energy system. Moreover,
admitting SOC constraints in the market-clearing problem enables a physically realistic representa-
tion of flows in the energy networks. Physical equations governing the steady-state flow of energy,
when represented by SOC constraints, typically improve over the linear approximations used in
LP-based markets [52]. Leveraging the multi-commodity feature, system operators can introduce
new flexibility products tailored to effectively harness various kinds of operational flexibility, as
required to mitigate the adverse impacts of uncertainty during real-time operation. From a market
design® perspective, the proposed market-clearing framework is the first work to study spatial price
equilibrium in a conic optimization framework. This is relevant to competitive settings beyond
energy markets that involve physical or non-physical systems, where cost- and constraint-related
nonlinearities are currently handled by linear approximations. In addition, desired economic
properties of the market equilibrium, e.g., existence, uniqueness, market efficiency, cost recovery
for the market participants, and revenue adequacy in the market, are analytically proven to hold
under the assumption of perfect competition [27]. This demonstrates that the economic principles
and properties underlying the existing LP-based markets are retained while the electricity markets
seek a conic spatial price equilibrium.

®In the context of this thesis, market design refers to auction-based marketplaces involving non-cooperative players who
make simultaneous decisions under perfect but incomplete information about the game underlying the market clearing
[53]. This implies that players know their own strategy sets and cost functions perfectly, however the costs and strategy
sets of their competitors are unknown to them [54]. In this setting, classical concepts from mechanism design literature,
e.g., [55, 56], are adopted in the thesis to evaluate the proposed market-clearing frameworks.
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Considering the relevance of endogenous pricing of uncertainty, [Paper B] studies a specific variant
of the general market framework proposed in [Paper A]. In [Paper B], a day-ahead stochastic
electricity market-clearing mechanism is proposed wherein energy and flexibility in the form of
operating reserves are procured jointly. Compared to the current practice of sequential, separate
markets for procuring energy and flexibility adopted by a majority of electricity markets [57], the
proposed co-optimization leads to a lower expected cost of system operation while providing
guarantees for reliable operation despite the uncertain RES production. These cost savings arise
from an optimal dimensioning of the amount of flexibility procured, enabled by considering
uncertainty endogenous to the joint market clearing.

A new class of flexibility products, called policy-based reserves based on affine control policies [58] are
studied. These policies are rules, agreed at the day-ahead market stage, that govern how flexibility
providers respond to forecast error realizations during or close to real-time operation. Contrary to
the capacity-based reserves, policy-based reserves, when considered in the joint market-clearing
setting, tightly couple the flexibility provider’s actual operational constraints with the delivery of
the flexibility service. Consequently, the flexibility procured is priced dynamically, consistent with
actual flexibility needs in the electricity system. While a market for energy and reserves based on
affine policies within a robust optimization framework was proposed in [59], [Paper B] optimizes
these policies in a chance-constrained optimization framework [60]. Employing chance-constrained
optimization enables analytical proofs of the desired economic properties, built on mathematical
tools from game theory and equilibrium analysis [61, 62].

Numerical results in [Paper A] and [Paper B] illustrate how the market redesign, coupled with the
policy-based reserves, equip the electricity system operator with a tool to procure a risk-adjusted
amount of flexibility from various flexibility providers in the integrated energy system. However,
the adaptive response by agents in delivering flexibility leads to the propagation of short-term
uncertainty across the energy system boundaries, which is addressed in [Paper C] and [Paper D].

Towards studying uncertainty propagation in integrated energy systems, [Paper C] develops a
stochastic co-optimization of electricity and natural gas systems. In addition to the flexibility
providers in both energy systems, network flexibility from short-term storage of gas in the
pipelines of the gas network, i.e., linepack flexibility, is considered. Optimal recourse actions in
the form of affine control policies are allocated such that the state variables in the gas system,
i.e.,, nodal pressures and flows in pipelines, are adjusted to effectively harness the linepack
flexibility. This ensures the availability of fuel for the withdrawals by gas-fired power plants to
mitigate the uncertainty from RES in the coupled electricity system. The study of uncertainty
propagation is modeled in a distributionally-robust chance-constrained optimization framework,
which generalizes chance-constrained optimization by providing stronger reliability guarantees
against unknown distributions. While a co-optimization of electricity and gas systems is not
practical due to the regulatory barriers, the framework developed is relevant to system operators
since it can be regarded as an ideal benchmark for market-based coordination among energy

systems focused on uncertainty propagation.

From a methodological perspective, [Paper C] develops novel convexification approaches for
nonlinear and non-convex flow dynamics of the gas network under uncertainty. These approaches
are required to attain computational tractability of the stochastic co-optimization problem under
the nonlinear and non-convex constraints. Out-of-sample simulations illustrate the trade-off faced

by system operators between the expected day-ahead cost of operation and the robustness of the
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solution against adverse uncertainty realizations. Furthermore, state variables in the gas system
were found particularly susceptible to constraint violations that worsen the relaxation errors
induced by the convexification step. Thus, establishing a strong analytical dependency between
the random forecast errors and the response of the gas system is crucial to mitigate their effects.

To that end, [Paper D] establishes affine control policies such that gas system state variables
admit closed-form analytical expressions involving nominal and recourse components. The
recourse components depend on the actions of the controllable flexibility providers, i.e., gas
suppliers and active pipelines hosting compressors or valves that provide pressure regulation.
A linearization strategy is adopted to address the non-convexities in the gas system as opposed
to convex relaxations in [Paper C]. The closed-form analytical characterization of state variables
developed in [Paper D] results in scientific contributions from different perspectives.

From an operational perspective, system operators are provided with the confidence that the
gas network state remains feasible during the real-time operation stage with a very high (preset)
probability. Real-time constraint feasibility of the gas system is guaranteed, up to the quality of
forecasts available at the day-ahead stage. A priori worst-case performance metrics defining the
upper bounds on feasibility errors are provided. Further, analytical expressions for state variables
enable a variance penalization scheme so that system operators can trade off the expected cost of

operation with the variance of the state variables anticipated due to the uncertainty propagation.

From a market design perspective, a market-clearing framework for gas systems is developed, which
is not only uncertainty-aware but also variance-aware’. In contrast to prevalent deterministic
gas markets, the endogenous consideration of uncertainty and variance leads to an efficient
pricing scheme for flexibility services mitigating these economic externalities. Consequently,
market participants are remunerated (or penalized) for their contribution towards mitigating (or
aggravating) uncertainty and variance. Leveraging a combination of LP and SOCP duality theory,
the market-clearing outcomes are analytically proven to satisfy the desired economic properties,
cost recovery and revenue adequacy, in expectation.

1.5 Thesis structure

This thesis introduces the main concepts underlying the research directions pursued and summa-
rizes the contributions of the scientific publications during the Ph.D. project. While Chapters 2-3
summarize the methodology and scientific contributions, the scientific publications attached in the
Appendix provide details on relevant literature, methodology, and simulation results.

Focusing on the first research direction, Chapter 2 discusses the contributions of this thesis towards
harnessing cross-carrier flexibility enabled by flexibility-centric electricity markets. The first part
introduces a general energy market-clearing problem and its relation to spatial price equilibrium.
The need to move beyond linear markets for energy systems is motivated, considering the
nonlinearities inherent to the asset and network models in these systems. The second part discusses
the multi-period and multi-commodity conic electricity market, highlighting the methodological
and theoretical contributions of [Paper A]. The last part discusses numerical results from [Paper A]
and [Paper B] in the context of a specific variant of the general conic market, a two-commodity
uncertainty-aware electricity market that entails endogenous pricing of uncertainty.

“While uncertainty-awareness refers to the mitigation of uncertain gas withdrawals by gas-fired power plants,
variance-awareness refers to the ability to control the variance of state variables in the gas system with high fidelity.
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Addressing the second research direction, Chapter 3 presents the framework developed for
studying uncertainty propagation from the electricity to the natural gas systems. The first part of
the chapter introduces a general nonlinear and non-convex framework for studying uncertainty
propagation in a coupled electricity and natural gas system in a centralized coordination paradigm.
The challenges associated with studying uncertainty propagation are highlighted. The second
part summarizes the methodological and numerical contributions of [Paper C] in developing and
validating the convexification strategies which enable a tractable reformulation of the original
non-convex problem. The last part discusses the contributions of [Paper D] in establishing a gas
network response model to the uncertainty propagated and introduces an efficient pricing scheme
for mitigation of uncertainty and variance of gas system state variables.

Chapter 4 concludes the thesis, summarizing its main contributions and discussing future research
directions.

Notation: In the interest of notational coherence, mathematical formulations in this thesis have
been adjusted compared to the original formulations in the scientific publications. The set of
real and non-negative real numbers are denoted by R and R;. Upper case alphabets with a
script typeface, such as A, represent sets, while vectors are denoted by lower case boldface and
matrices by upper case boldface alphabets. For a vector v, operator v denotes its transpose, ||v||
denotes its Euclidean norm and diag(v) returns a diagonal matrix with vector v as the leading
diagonal. The k-th element of vector v is retrieved as the scalar v, whereas the operator [-]; extracts
the k-th element of a vector expression. 0 and 1 are vectors of zeros and ones. For a matrix
M € RP*4, [M]. ) € RP retrieves its k-th column while [M], ., € R'*? retrieves its k-th row.
The operator tr(M) returns the trace of the matrix M, while the expression M > 0 indicates its
positive-definiteness. Arithmetic operators <, =, and > on vectors and matrices are understood

element-wise. Operation o is the element-wise product while ® denotes the Kronecker product.

1.6 List of publications

The relevant publications which are summarized in this thesis are listed as follows:

[Paper A] A.Ratha, P. Pinson, H. Le Cadre, A. Virag and ]. Kazempour, “Moving from Linear to Conic
Markets for Electricity,” submitted to European Journal of Operational Research, (under review,
first round), 2021.

[Paper B] A.Ratha, ]J. Kazempour, A. Virag and P. Pinson, “Exploring Market Properties of Policy-based
Reserve Procurement for Power Systems,” in 2019 IEEE 58th Conference on Decision and Control
(CDC), 2019, pp. 7498-7505, doi: 10.1109/CDC40024.2019.9029777.

[Paper C] A.Ratha, A. Schwele, J. Kazempour, P. Pinson, S. Shariat Torbhagan and A. Virag, “Affine
Policies for Flexibility Provision by Natural Gas Networks to Power Systems,” in Electric
Power Systems Research, Volume 189, 2020, doi: 10.1016/j.epsr.2020.106565.

[Paper D] V.Dvorkin, A. Ratha, P. Pinson and J. Kazempour, “Stochastic Control and Pricing for Natural
Gas Networks,” in IEEE Transactions on Control of Network Systems (Early Access), 2021, doi:
10.1109/TCNS.2021.3112764.

The following publications have also been prepared during the Ph.D. study, but have been omitted
from the thesis because they are not directly related to the primary objective.
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[Pub. E] A. Ratha, P. Pinson, H. Le Cadre and J. Kazempour, “Statistical Learning in Strategic
Environments: An Energy Market Perspective,” (Working paper).

[Pub. F] Y. Werner, A. Ratha and J. Kazempour, “Network-Aware Procurement of Reserves in
Electricity Markets” (Working paper).



Flexibility-centric Electricity
Markets

This chapter presents the contributions of this thesis towards proposing a novel electricity market-

clearing framework based on SOC constraints. Including SOC constraints improve uncertainty-,
asset-, and network-awareness of the electricity market, which among other advantages within the
electricity system, helps unlock cross-carrier flexibility. Using an illustrative energy market-clearing
problem, Section 2.1 motivates the move beyond LP-based markets by highlighting nonlinearities
and non-convexities in energy systems. Leveraging the market framework developed in [Paper A],
Section 2.2 formulates a multi-period, multi-commodity conic electricity market and provides
theoretical results associated with the market equilibrium. An uncertainty-aware variant of the
general conic market is presented in Section 2.3 and numerical results based on [Paper A] and
[Paper B] are discussed. Finally, Section 2.4 discusses future research perspectives.

2.1 Beyond linear markets for energy systems

Energy markets seek to achieve a spatial price equilibrium with optimal prices and trade flows
that satisfy partial equilibrium conditions over a network [63, 64]. Historically, such problems
rely on LP theory to derive the marginal prices [65], leading to linear energy markets. However,
the LP framework is limiting in energy systems as it fails to accurately represent the operational
characteristics of physical assets and the network. These limitations are highlighted in the following
via an illustrative market-clearing problem.

Consider a pool-based energy market with market participants (buyers and sellers) collected in a
setZ ={1,2,...,1}, where I > 2. Let g, € Q; denote the decision vector of the i-th participant
drawn from a strategy set Q;. Let each participant incur a cost function ¢;(g;), increasing in
g;. Assume a sign convention: ¢;(g;) > 0 applies to sellers, indicating a convex cost of selling,
whereas ¢;(g;) < 0 applies to buyers, indicating a concave utility of buying. In a two-sided auction
framework, price-quantity sell offers and buy bids are matched by an auctioneer to maximize
the social welfare, contingent on the spatial constraints'. In its abstract form, this network-based
market clearing is given by a centrally-solved optimization problem

n},i.n Zci(Qi) (2.1a)
‘ €T
st. g, € Q;, Vi 2.1b)
M{gitier) € FM (2.1¢)
MN{qitiez) € FN, (2.1d)

INot all energy markets involve such two-sided auctions. For instance, due to limited competition and the critical
nature of the heat supply, the heat market in the Greater Copenhagen area is organized based solely on least-cost dispatch
considering technical limits of the heat producers and the district heating network, such that heat producers compete on
production costs while the retail prices are predetermined and fixed [66].

11
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where a market operator (acting as the auctioneer) minimizes social disutility (or maximizes social
welfare) in (2.1a) subject to the individual constraints of each participant (2.1b) and coupling

constraints (2.1c) - (2.1d) involving decision vectors of multiple participants.

The continuous, vector-valued functions fM(-) and fN(-) comprising the coupling constraints
ensure that the allocations {q; };c7 are in feasible sets M and FY, respectively. The function fM()
typically encodes information about the location of participants within the network and their
preferences on quantities to trade. Accordingly, the set F M contains allocations {q; };c7 that are
market-feasible, implying that the market-clearing conditions, e.g., supply-demand balance, are
satisfied. The function fN(-) transforms the participant-specific quantities bought or sold to physical
flows in the network required to fulfill the trades during physical delivery. Therefore, the set FN
contains allocations that are network-feasible, i.e., allocations resulting in energy flows in the network
that remain within the network limits. Such network limits include flow capacities, physical
bounds on state variables, network operator’s safety limit prescriptions, etc. While marginal prices
are determined from shadow prices associated with (2.1c), shadow prices associated with (2.1d)
can be interpreted as prices that arise from reaching network limits®. In energy systems, the set of
network-feasible allocations FV is generally larger than the set of market-feasible allocations 7M.
As a result, possibly multiple optimal solutions to problem (2.1) are obtained contingent to market
feasibility in (2.1c) and a minimum of social disutility (2.1a) subject to individual constraints (2.1b).

Convexity of the centrally-solved market-clearing problem (2.1) is highly desirable since it enables
deriving globally optimal prices and quantities leveraging Lagrangian duality [68, Chapter 5] as
opposed to locally optimal solutions. Economic interpretations for such pool-based markets arise
from the equivalence of the optimization problem (2.1) with a spatial price equilibrium involving
non-cooperative players [69]: market participants, a network operator, and a market operator®. In
classical game theory, the existence of Nash equilibria in such equilibrium problems is given under
common assumptions of convexity and compactness of the players’ strategy sets and continuity of
their cost functions [71]. With the optimization-equilibrium problem equivalence, the uniqueness
of the market-clearing outcomes, i.e., optimal quantities and prices, are conditioned on the strict
convexity of cost functions comprising the objective function (2.1a) [72, Chapter 16]. In energy
systems, satisfying these assumptions requires convex approximations and relaxations due to the
nonlinearity and non-convexity of the physical characteristics of participants and the network®.

In the specific case of the electricity system, based on a number of simplifying assumptions, many
countries adopt an LP-based market-clearing problem to obtain the optimal quantities and prices.
However, the limitations due to these assumptions are now exacerbated in electricity systems
under the green transition, wherein appropriately harnessing and remunerating flexibility is
essential. In the context of problem (2.1), these assumptions and their limitations in addressing the
nonlinearities and non-convexities faced by electricity markets are discussed.

2For instance, [Paper D] employs the gas network operator’s prescribed variance criteria to obtain a price for high
variance of state variables (nodal pressures and gas flows) in the network. See [32, 67] for applications of such variance
minimization technique to power flows in electricity network.

3The separation of roles of the network operator and the market operator may be virtual since energy markets around
the world adopt various organizational structures to assign these roles. For instance, electricity markets in the United
States adopt a consolidation of these roles into an independent system operator (ISO), see e.g., [70], whereas markets in
Europe typically have separate entities responsible for operating the network and the market, respectively.

4As an example, the steady-state flow of gas in pipelines is governed by non-convex Weymouth equations. However,
in the interest of simplicity, short-term trades in natural gas markets rely on simple entry-exit models in the EU that ignore
the network constraints and transportation path [15].
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2.1.1 Nonlinearities and non-convexities in electricity markets

The nonlinearities and non-convexities are highlighted below from the perspective of market
participants, modeling energy flow in the network, and accounting for uncertainty.

Participants cost functions and strategy sets

Market participants in (2.1) face cost (utility) functions ¢;(-) which are typically modeled as quadratic
functions, given the operational characteristics of the physical assets producing (consuming) energy
[13]. Ramping costs incurred from frequent adaptations in the operational state to provide flexibility
are also modeled as quadratic functions [29]. In LP-based electricity markets, these costs and
utilities are usually accounted for via linear or piecewise-linear approximations. Such linear
approximations may fail to fully capture the costs of these participants, thereby deterring them
from market participation and flexibility provision. Cost functions aside, an LP-based market only
admits participants with polyhedral strategy sets Q, in (2.1b). Whereas, the feasible operating
regions of various assets are typically nonlinear. When an inner (outer) polyhedral approximation
is enforced, their feasibility sets are shrunk (expanded), thereby undermining (over-estimating)
the amount of flexibility that can be harnessed. Apart from nonlinearities, non-convexity of Q;
also arises from integrality constraints associated with the commitment status of power producers
[73]. This non-convexity is resolved in practice by solving a unit-commitment problem as a
mixed-integer linear programming (MILP) problem prior to the actual market clearing® from

which optimal prices and quantities are derived [74].

Nonlinear and non-convex network constraints

Representing energy flow dynamics, (2.1d) is governed by nonlinear and non-convex functions,
even under steady-state conditions [75]. To attain convexity, electricity markets generally adopt a
linearized direct current (DC) approximation of the nonlinear and non-convex alternating current
(AC) power flow equations, relying on a number of assumptions [76]. In that case, the feasibility set
FN reduces to a polyhedron, whereas the function fN(-) is an affine function including the power
flow distribution factor (PTDF) matrix together with an incidence matrix mapping the location of
market participants w.r.t. the power lines. However, the network flows at the resulting market
equilibrium are typically not feasible w.r.t. the AC power flows in the lines [77]. Furthermore,
with increasing decentralization of the electricity system, a significant portion of energy trades
are expected to occur within the distribution grid, by so-called “prosumers" of electricity [78],
via decentralized market structures [79]. The assumptions underlying the linearization of power
flows suffer severe inaccuracies for such decentralized market structures operating in the playing
field of the distribution grid. Accurate operational modeling of flexible assets must be augmented
by a physically accurate representation of the network constraints as the flexible resources are
likely to be dispersed across the electricity network. With the inexact linear approximation, the
market-clearing outcomes for the delivery of flexibility services are not feasible in the real world.

Nonlinearities in modeling uncertainty and risk

With increasing shares of weather-dependent RES, electricity markets are exposed to significant
uncertainty which needs to be accounted for by stochastic market-clearing practices. This implies

SEuropean markets usually do not solve a unit commitment problem, while admitting complex bid structure to enable
market participants to internalize their commitment decisions and costs associated within the bids.
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that the variable g; in (2.1) is no longer deterministic and rather adopts the structure of a stochastic
variable g;(§), where £ represents the uncertainty faced by the market participants. Classical
approaches within the LP framework include scenario-based stochastic programs [33, 34, 80] and
robust optimization techniques [35, 59], which are unsuitable in practical settings as they suffer
from computational intractability and solution conservativism, respectively. Options beyond the
LP framework include chance-constrained programming, which admits nonlinear yet convex,
computationally tractable® and analytically expressable uncertainty models [31, 82]. Moreover,
uncertainty propagation across the energy systems while harnessing cross-carrier flexibility leads
to increased variance of state variables in the coupled system. Modeling this variance also requires
the use of nonlinear constraints [67, 83].

Non-convexities aside, a nonlinear yet convex market-clearing problem beyond the LP framework
alleviates these limitations to a large extent. For instance, within the realm of convex optimization,
the SOCP framework based on second-order cones generalizes the LP framework [68]. The choice
of LP in the early stages of electricity markets was motivated by the simplicity of economic
interpretations and the computational capabilities available at the time to solve large-scale LP
problems. However, recent mathematical and computational advances in conic programming
[84, 85] have made SOCP markets a practical option. Leveraging these developments, [Paper A]
proposes and analyzes a conic electricity market-clearing mechanism based on the SOCP framework.
SOCP-based electricity markets enable a more accurate representation of physical assets and the
network as well as uncertainty while retaining the advantages of LP in terms of optimality,
economic interpretations, and computational ease. In what follows, the contributions of [Paper A]

are briefly outlined in the context of prior works.

2.1.2 Towards conic markets for electricity

The market-clearing framework proposed in [Paper A] is uncertainty-aware by design since it
admits a chance-constrained stochastic market clearing based on a conic reformulation of the
probabilistic constraints [60]. More details on these constraints are given in Section 2.3. Regarding
participants’ strategies, the market framework in [Paper A] allows participants to express their
SOC-representable nonlinearities via convex strategy sets Q; formed by an intersection of polyhedra
and second-order cones [86, 87]. Further, participants are allowed to submit convex quadratic
cost functions ¢;(-) in (2.1a), since such functions are admissible in SOCP problems by constraint
reformulation [85]. These characteristics enable electricity markets to be asset-aware. Finally, convex
quadratic relaxations to the non-convex AC power flow equations have been proposed utilizing
the SOC relaxation [88-90], which improve the physical accuracy of power flow models over linear
approximations. The network feasibility set 7~ in (2.1d) may thus be formed by an intersection of
polyhedra and second-order cones, instead of being restricted to polyhedral sets. This leads to
network-aware electricity markets, potentially reducing the re-dispatch of market participants to
ensure network feasibility [91]. To summarize, SOCP-based markets improve the uncertainty-,

asset-, and network-awareness of electricity markets.

Beyond energy markets, conic constraints in an equilibrium context were first discussed in [92],
focusing on mitigation of financial risk. In contrast, [Paper A] approaches the spatial price

6Theoretically, an optimization problem is considered computationally tractable if it can be solved in polynomial time.
However, as discussed in [81], tractability in practice refers to the reformulation of problems as linear or conic programs,
solvable using off-the-shelf solvers.
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equilibrium problem with conic constraints to alleviate the simplifications and approximation
errors induced by linearization in markets underlying physical systems and networks, e.g., energy
networks [26, 93, 94], water networks [95], telecommunication networks [96], supply chain and
logistics networks [97], etc.

In the context of electricity markets, SOC constraints have recently gained interest in market
proposals based on chance-constrained programming [31, 32]. The single-period stochastic market
clearing proposed in [31] discusses the internalization of uncertainty in the price formation
process, highlighting the advantages of chance-constrained electricity markets over scenario-
based stochastic markets in terms of potential acceptability in a real-world implementation. The
work in [32] showed that SOC reformulations of chance constraints also enable an analytical
characterization of the risk faced by electricity markets in mitigating the uncertain RES, leading
to risk- and variance-aware electricity prices. In regards to asset-awareness, [29] study quadratic
costs of deliverability in unit commitment problems, essential to modeling ramping costs while
providing flexibility. Finally, towards network-awareness, considering the SOC relaxation of
power flows in distribution systems, pricing schemes based on conic duality were proposed in
a deterministic setting in [30], and extended in [98] to include uncertainty modeled via chance

constraints.

Previous works have focused on only one of the three aspects, i.e., uncertainty-, asset-, or network-
awareness of the markets, whereas integration of large shares of RES in electricity markets requires
a combined approach. This thesis generalizes the prior works, such that heterogeneous market
participants with nonlinear (and potentially inter-temporal constraints) and quadratic costs could
participate in multiple commodity trades in an electricity market aimed at harnessing flexibility in
anetwork-aware, cost-efficient manner. Consequently, flexibility providers take a central role in the
proposed market design, transforming electricity markets from energy-centric to flexibility-centric.

Remark 1 (Addressing non-convexities). Non-convexity of participants” strategy sets in (2.1)
implies that the optimal quantity allocations and prices do not necessarily support social welfare-
maximizing equilibrium, i.e., producers may not recover their costs [99]. This is resolved in practice
by out-of-market payments, called uplift payments, which are in turn minimized by adopting a
convex hull pricing scheme, see [100, 101] for details’. Neglecting cost recovery of participants,
similar to the two-step unit commitment approach using MILP [74], these non-convexities can
be practically incorporated as an extension to the proposed framework in [Paper A], rendering
the problem as a mixed-integer second-order cone program (MISOCP), e.g., see [31]. Commercial
nonlinear programming (NLP) and conic solvers can already solve MISOCP problems, adopting a
variety of algorithms [104]. However, further computational advances are needed prior to adoption

in real-world electricity markets.

2.2 A general conic market for electricity

In addition to uncertainty-, asset-, and network-awareness of the electricity market framework
proposed in [Paper A], its generality is augmented by considering multiple time periods and
involving trades over multiple commodities, as will be discussed in Section 2.2.1. The general conic
market is formulated in Section 2.2.2, while Section 2.2.3 presents the market-clearing problem as a

spatial price equilibrium and discusses the economic properties underlying the market equilibrium.

7To alleviate the computational issues associated with computing convex hull prices in real-world electricity markets,
[102] develops a SOCP reformulation of the Lagrangian dual of the unit commitment problem under linear network flow
approximations. This was recently further generalized in [103] to include AC power flows via convex relaxations such
as the SOC relaxation. These approaches align well with the proposal of moving towards conic electricity markets in
[Paper A], as they indicate the readiness of the electricity markets to admit nonlinearities in the market-clearing problem.
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221 Towards a multi-period and multi-commodity electricity market

The optimization problem (2.1) is extended over discrete periods within a finite horizon, e.g., a
day-ahead electricity market cleared hourly with the periods collected ina set 7 = {1,2,...,T},
where T' = 24. Let P = {1,2,..., P} denote the set of P hourly-traded commodities in the market.
The P commodities are of two kinds: energy and flexibility services. While energy represents the
quantity bought or sold in MWh at a given period, flexibility services refer to the exchanges that
facilitate a reliable operation of the electricity system during the real-time stage, e.g., ensuring
supply-demand balance, managing network congestion, providing voltage control, etc. Section 2.3
discusses such a flexibility service called adjustment policies, focusing on real-time supply-demand
balance. The following introduces the context of heterogeneous participants in a multi-period and
multi-commodity SOCP-based electricity market. Further notation is developed to add specifics to
the illustrative example (2.1).

Including heterogeneous market participants

The market framework proposed in [Paper A] admits several types of heterogeneous participants:
(i) dispatchable (and flexible, to varying degrees) power producers such as gas-fired power plants,
hydro power plants, etc., (ii) non-dispatchable power producers such as weather-dependent
RES, (iii) flexible energy consumers, and finally, (iv) actors that trade the flexibility services only,
e.g., firms operating (physical or virtual) energy storage or power-to-gas units. To enable for
a multi-period market framework, let the decision vector of the i-th participant g; € R%T be
comprised of subvectors g;; € RXi where K; > P denotes the number of decision variables at
period t. This implies that in addition to possible contributions towards trades involving the P
commodities, participants may have K; — P state variables involved in their operational constraints.
This segregation enables a variety of flexibility providers to accurately reflect their operational
constraints in the proposed conic market, via a bid structure that takes their state variables into
account. Cost functions ¢;:(g;:) : RE: — R in (2.1a) denote the participant’s time-separated costs.
This cost structure preserves the convexity of (2.1a) while enabling the participation of flexibility
providers, such as energy storage units, who could change roles from sellers (while discharging)
to buyers (while charging). For compactness of notation, subvectors g;, € R” denote the trades
towards the p-th commodity for the participant i over all 7" hours. Finally, the market participants
may face inter-temporal operational constraints that link their strategies across multiple periods,
e.g., constraints that limit the rate of change in quantities across subsequent periods, constraints
that couple the decisions over time periods. Such constraints affect the strategy set Q;, however,
they are admissible in the market as long as the (); are convex and conic.

Including SOC constraints

Any linear or convex quadratic inequalities involving the decision vector g; in (2.1) can be

represented by SOC constraints of the general form
|Aij qi +byjl| < d;;’ q; + eij, Vj € Ji, (2.2)

where the set J; collects the J; SOC constraints faced by participant ¢ [86]. Each constraint in
(2.2) admits parameters A;; € R™*KT b, € R™i, d;; € R57T and ¢;; € R, corresponding
to a (m;; + 1)-dimensional second-order cone C C R™i !, While the parameters embody the

structural and geometrical information for each constraint, the dimensions reflect the relationships
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among the decision variables. As illustrated in [Paper A], these parameters and dimensions are
not identical among the various participants or even among various SOC constraints of a single
participant. The feasibility region for (2.2) is formed by the Cartesian product of J; second-order
cones C; = Hjem Cij = Ci1 X -+ x Ciy,, which is convex.

Ensuring market and network feasibility in the multi-commodity market

In the multi-commodity setup, market feasibility as given by (2.1c) can be rewritten as
> Gip qip =07, VPP, (2.3)
i€T
where G;, € RT*T represents a commodity-specific coupling matrix for each participant. For the
commodity representing energy, typically, identity matrices form this coupling matrix for electricity
producers and consumers. However, in the context of integrated energy system, these coupling
matrices may crucially encode energy conversion efficiencies for flexibility providers. From a
market design perspective, the market feasibility modeling approach in (2.3) enables defining new
flexibility services that may involve trades among a subset of participants, i.e., G;, might be null
matrices for some commodities for some participants.

In modeling network feasibility, a linear PTDF formulation of power flows is adopted for simplicity
of exposition®. Let the electricity network be represented by a directed graph (N, £) comprised of
nodes V' = {1,2,..., N} and a set of power lines £ collecting pairs of connected nodes (n,n’). Let
subsets Z,, C Z, Vn € N collect the participants located at various nodes. The network feasibility
constraint (2.1d) for each market-clearing period is

S e [ DD [Gip gl || <5, W, 2.4)

neN €L, pEP

where ¥ € RZ*N denotes the PTDF matrix of the electricity network and s € R” denotes the
power line capacity limits. The absolute value operator enforces symmetric limits on line capacities,
but the formulation in (2.4) can be altered to include capacity limits that depend on the flow
direction. While the summation over all commodities in (2.4) reflects that all commodities share
the common physical network for trade fulfillment, alternative formulations can be envisioned,
e.g., flexibility services may be purely financial instruments to hedge risk in electricity markets
[105, 106].

2.2.2 SOCP-based market clearing as centrally-solved optimization

Adapting the illustrative problem in (2.1) to the multi-period and multi-commodity conic electricity
market setting leads to a market-clearing problem

min > (qn diag(cy) gt + qn) (2.5a)
i€ teT
s.t. ||Ai; @i +byj| < d” qi +eij, V5 € Ti, Vi (g, Vig) (2.5b)
F;qi=h;, Vi t (i) (2.5¢)
Z Gip qip =07, Vp t(Ap) (2.5d)
i€z
Z (,n) Z Z ip qu <5, Vta : (Qta Et) (256)
neN €L, pEP

8Example EC.3 in [Paper A] illustrates an extension to include the SOC-based convex relaxation of the non-convex AC
power flow equations.
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where the objective function is comprised of linear and quadratic cost (utility) terms cf, c2 € R,

RE KT and

respectively. Aside from the inequalities, constraint (2.5c) with parameters F; €
h; € R® models the R; participant-specific equality constraints that may arise in modeling
temporal or spatial dynamics underlying the physical asset models. For instance, in the integrated
energy system, modeling network flexibility from linepack involves such spatial dynamics, whereas
energy evolution equations in energy storage units model temporal dynamics via such linear

equality constraints.

The Lagrange multipliers associated with the constraints in (2.5) are shown in parentheses next to
them. For the SOC constraints (2.5b), a tuple of dual variables comprised of Lagrange multiples
pij € R™i and v;; € R, arise from dualization of the SOC constraints as detailed in Appendix A
[Paper A]. Participant-specific equality constraints (2.5c) have dual variable ~; € R associated
with them. The shadow prices A, € R” linked to market feasibility conditions in (2.5d) for the P
commodities are interpreted as the system-wide commodity prices. Finally, the dual variables
9, 0 € Rﬁ in (2.5e) are the shadow prices associated with the line flow limits.

Objective function reformulation and strict convexity

For computational tractability and analytical simplicity, the objective function (2.5a) is reformulated
by defining auxiliary variables z; € R”, Vi, as discussed in detail in Example EC.1 in [Paper A].
As a result, the final SOCP-based market-clearing problem writes as

min Z Z (zit + c}tT qit) (2.6a)

BoF NET ter
2
s.t. ]C?t gl <z, Vt, Vi (2.6b)
(2.5b) — (2.5¢), (2.6¢)

where the constraint (2.6b) is a special form of the general SOC constraint, called the rotated SOC
constraint [85]. The matrix parameter C is a factorization of the original quadratic cost matrix,
such that, diag(c3l) = C%TC% Observe that (2.6a) is strictly convex if every market participant
incurs a non-zero quadratic cost at each hour. Mathematically, this implies that strict convexity of
(2.6a) is guaranteed only if the quadratic cost matrix is positive definite, i.e., diag(c$3) > 0, V¢, Vi.

Conic market bids

Rethinking the market-clearing framework provides an opportunity to introduce a new bid format.
In the interest of generality, a common bid format for supply offers and demand bids is adopted
and jointly referred to as bids. A conic market bid B; by participant ¢ is a tuple

Bi = (ni7 {ALJ7bLJ7dZJ?eZJ}J€jL7 F’iahia {GiP}P€P7 {C%aCth}teT)a (27)

where n; € N is the electricity network node at which the participant i is located. Parameters
A;j,bij,dij, €55, Vi € J; are associated with the J; SOC constraints; G;p,, Vp € P are the coupling
matrices for the P commodities; F; and h; correspond to the R; equality constraints; and finally,
¢, cl, vt € T represent the temporally-separated quadratic and linear bid prices. In contrast to
classical price-quantity bids prevalent in LP-based electricity markets, e.g., [107], the conic bids
enable participants to explicitly reflect the physical nonlinearities in their costs and operational
constraints. Furthermore, market participation in terms of supply (or demand) quantity towards

a specific commodity is decoupled from the costs and constraints associated with the state
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variables of the market participants. Compared to the price-quantity bids, the proposed bid
format requires a more complex exchange of information between the market participants and the
market operator. However, the additional modeling fidelity available to heterogeneous market
participants (including flexibility providers) can be argued to outweigh the increased complexity of
communication. In practice, a simple bid transformation software layer could convert the standard
price-quantity bids by participants into the conic bid format, prior to the market clearing in (2.6).
Section EC.1 of [Paper A] uses modeling examples to illustrate the parameters constituting the
conic market bids by heterogeneous market participants.

2.2.3 Economic interpretations and equilibrium analysis

Given the convexity of the centrally-solved market-clearing problem (2.6), a combination of linear
and conic Lagrangian duality theory is leveraged to derive the spatially-differentiated prices of the
various commodities. The first step is to establish strong duality for the primal market-clearing
problem (2.6) and its dual problem, formulated in Appendix A of [Paper A]. In what follows, key
theoretical results on the spatial price equilibrium underlying the problem (2.6) are summarized,
while all proofs can be found in Appendix B of [Paper A].

Deriving prices for commodities

Unlike duality in LP problems where merely the feasibility of primal and dual problems guarantees
strong duality, SOCP problems require essentially strict feasibility of primal and dual problems for
strong duality to hold [87]. [Paper A] proves the existence of strong duality for problem (2.6) by
relying on the existence of finite bounds on the Euclidean norm of participants’ decision vectors
gi, Vi, as formalized in the following.

Lemma 1 (Boundedness). Given the feasibility of problem (2.6), there exist sufficiently large finite scalar
bounds E? € R, on the Euclidean norm of decision vectors q;, given by ||g;|| < 5?, Vi, such that the
optimal solution to problem (2.6) remains unchanged with addition of the norm bounds.

The existence of such bounds is justified for the physical assets involved in the electricity market.
Lemma 1 enables proving essentially strict feasibility of the dual problem to (2.6) using a variant
of the Big-M method [108], while essentially strict feasibility of the primal market is proven using
a variation of Phase-I method [68]. Conventionally, in a market-clearing context, the existence
of strictly feasible or even merely feasible solutions is assumed while studying the equilibrium.
However, in the interest of generality and wider acceptance of the electricity market redesign
proposed in [Paper A], these issues are addressed theoretically at the market design stage.

Theorem 1 (Conic Spatial Prices). Given that the set of feasible solutions to the primal problem (2.6) is
non-empty and Lemma 1 holds, the following conditions are met at the optimal solution:

(i) Strong duality holds for the primal market-clearing problem (2.6) and its dual problem.

(i) Optimal trade allocations q;,,, Vi € Z for the p € P commodities are obtained and the market clears
with optimal nodal prices IL}; € RN*T for the p-th commodity given by

* T /—* *
H[*):A])—\II (p _B)v VpeP, (28)

where p*, p* € REXT and A% € RN*T are auxiliary variables with stacked columns of optimal
Lagrangian multipliers ¥, ©f , Vt and A, Vn, respectively, over the T' market-clearing periods, i.e.,

pr=loi - orl, pt=le] - eyl and Ap =15 ® A
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The structure of the conic spatial prices in Theorem 1 is analogous to the LMPs in the LP-based
markets. It comprises of a nodal price component A} and a network price component that is
non-zero only if congestion arises due to power flows required for the physical fulfillment of the
commodity trades. The proof relies on deriving the sensitivity of the partial Lagrangian function
for (2.6) to commodity demands. A partial Lagrangian function of (2.6) is obtained by considering
only the coupling constraints (2.5d) - (2.5e) while relaxing the participant-specific constraints.

Interpretation as a spatial price equilibrium problem

To study the equilibria underlying the market-clearing problem (2.6), the following actors in the
market are considered: market participants, a market operator acting as a price setter, and a network
operator acting as a spatial arbitrager. While the market operator collects the bids (2.7) from the
market participants and is responsible for clearing the market, the network operator is responsible
for the physical fulfillment of the trades, collecting a non-zero congestion rent whenever trades
lead to network congestion.

To better illustrate the spatial price equilibrium resulting from interactions among these actors in
the multi-period and multi-commodity setting, a few auxiliary variables need to be defined. First,
for each participant, let W;, € RV*T denote the hourly quantities of p-th commodity transacted
(bought or sold) at all the N nodes of the network. Second, let the variable y; € R denote net
power injection at the N network nodes w.r.t. all commodities and all market participants. Finally,
to decompose the trades across the commodities, let a commodity-specific net nodal injection
variable Qp’ € RV*T be defined as

.o . —I—
Q) = [Ziell (Gip‘Iip)T iet, (G'ipqizv)—r T YieTn (Gil’qip)-r ) (2.9)

The spatial price equilibrium is formed by the individual profit-maximizing problems of the I
market participants (2.10), the congestion rent maximization problem of the network operator
(2.11), and the market-clearing conditions upheld by the market operator (2.12). In (2.10), the prices
IT, given by Theorem 1 appear as parameters whereas the price components, i.e., ,, @, and Ay,
are shadow prices in the network operator’s problem (2.11) and the market operator’s equalities
(2.12), respectively. The market-clearing condition (2.12a) ensures that net injection at each node
at each period is balanced by transport service provided by the network operator, such that the
shadow price w; € RY is interpreted as the price of transmitting power from an arbitrary hub to
each of the NV nodes. Condition (2.12b) ensures the system-wide balance of traded commodities,

as discussed previously.

Theorem 2 (Spatial Price Equilibrium). The centrally-solved market-clearing problem (2.6) is equivalent
to a competitive spatial price equilibrium comprised of market participants, i € I, each solving the profit
maximization (2.10), the network operator solving the congestion rent maximization (2.11), and the market
operator clearing the market by enforcing the equalities (2.12).

The proof for Theorem 2 relies on the equivalence of the Karush-Kuhn-Tucker (KKT) optimality
conditions of the two problems. As a corollary to Theorem 2, the existence of an equilibrium is
proven based on showing convexity and compactness of strategy sets and continuity of the payoff
functions in (2.10) and (2.11) due to [71, Theorem 1]. Lastly, observe that while the market-clearing
allocations g are unique, conditioned on the strict convexity of the objective function (2.6a), no

such guarantees on the uniqueness of the prices IT; can be given since the dual problem to (2.6)
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Market participant profit maximization, Vi € I:

max ) Z t1r(1'IpT Wip) — Z (zit + ciLtT Qit) - Z Wi (Z ([Mp](:,t) — 1, [Gip qz‘p}t))

qi, zi,W;

peEP teT teT pEP
transaction cost (utility) of transport cost
revenues production (consumption) for trade fulfillment
(2.10a)
o 2
st. Hcit gl <z, Wt (2.10b)
A qi + bij|| < d;;‘ qi +eij, Vi ET; (2.10c)
F, q; = h; (2.104)
W, 1 =Gip qip, VpEP (2.10e)
Network operator congestion rent maximization:
T
max 211
1a Z Wt Yt (2.11a)
teT
st. —s< WPy, <5 : (g,, 1) (2.11b)
Market clearing constraints:

S IQM ) = wr, (wy) (2.12a)

peP
Z Gip qip =0, VpeP H(Ap) (2.12b)

s

(formulated in Appendix A of [Paper A]) does not have a strictly convex objective function. The
conditions on the uniqueness of the allocations at equilibrium closely correspond to those in

prevalent LP-based markets’, see [110] for example.

Satisfaction of desired economic properties

In classical mechanism design theory, competitive markets are evaluated for their ability to
satisfy certain economic properties [27, 69, 111]: efficiency of the market, cost recovery of market
participants, revenue adequacy of the market operator, and incentive compatibility of bids.
Assuming a finite number of participants competing in the market, these properties cannot be
satisfied simultaneously without additional assumptions [55, 56]. Further, the satisfaction of these
properties relies on the choice of payment mechanism adopted, i.e., how the auctioneer (market
operator) characterizes rules for collecting payments from buyers and distributes them to the
sellers. In [Paper A], aligned with a majority of electricity markets worldwide, a marginal pricing
or uniform pricing scheme is adopted for pricing of commodities, implying that all accepted bids
are cleared at a common price at a given location in the network. Under the uniform pricing scheme
and assuming perfect competition (i.e., all market participants are price takers), the following
theorem formalizes theoretical results of [Paper A] on the satisfaction of economic properties.

Theorem 3 (Economic Properties). The market-clearing problem (2.6) results in allocations q;, Vi €
and spatial commodity prices Iy, Vp € P such that at optimality the following hold:

°If the strict convexity assumption is dropped, [109] provides conditions on network connectivity, PTDF matrix
parameters, and the structure of participants’ cost functions under which unique equilibrium allocations are obtained in a
market with linear constraints. Further research is needed to study these conditions for the proposed SOCP-based market.
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(i) Market efficiency: Under the perfect competition assumption, social welfare is maximized, i.e., no
participant has incentives to unilaterally deviate from the market-clearing outcomes.

(ii) Cost recovery: Let the bids B; for each market participant i € T be such that e;; > ||bsjl|, Vj € J;
and h; = 0. Then, the optimal allocations q;, Vi € I and optimal spatial commodity prices
IT}, Vp € P ensure cost recovery for the market participants.

(iii) Revenue adequacy: The market operator does not incur financial deficit at the end of the market-
clearing horizon, i.e.,

SN ramt W) =Y wi Ty >0

pEP €T teT

The property of market efficiency in Theorem 3 is proven under the assumption of perfect
competition involving rational and self-interested participants and relies on the equivalence of
optimization and the equilibrium as given by Theorem 2. Cost recovery for each participant is
proven using strong duality of their individual profit maximization problem (2.10) in combination
with Cauchy-Schwarz inequality, conditioned on specific aspects of participants’ strategy sets
defined by the SOC constraints (2.5b) and linear equalities (2.5c). In particular, the condition
ei; = ||bsijll, Vj € J; relates the parameters of SOC constraints (2.5b) and holds true in most
practical settings, except for participants having a non-zero lower bound on their decision variables.
This practical issue of cost recovery not being guaranteed for such market participants also exists
in LP-based electricity markets. The condition h; = 0 requires homogeneity of the linear equality
constraint (2.5c), i.e., g; = 0 should be feasible for the participants. The revenue adequacy condition
is satisfied when the net payments made to the operator towards all commodity trades is at least
as large as the payments made to the network operator towards transmission services. Revenue
adequacy (and budget balance'®) of the market operator is proven using the KKT optimality
conditions of the market-clearing problem (2.6). Finally, incentive compatibility of the bids is
generally satisfied for uniform pricing scheme only while considering an infinite number of
market actors, i.e., the incentive of an individual participant to deviate from price-taking, perfectly
competitive behavior while submitting their bids tends to zero as the number of participants goes
to infinity [113]. Akin to the prevalent LP-based markets, the proposed conic market mechanism
achieves incentive compatibility at the limit. This implies that if a very large number of participants
compete in the market, then they bid according to their true preferences.

2.3 Case study: An uncertainty-aware electricity market

This section discusses the modeling details and numerical results associated with an uncertainty-
aware electricity market, a variant of the general conic electricity market proposed in [Paper A].
This specific variant focuses on the redesign of electricity markets to endogenously model the
uncertainty, while introducing a new flexibility service, called adjustment policies, to mitigate it.
Such uncertainty faced by a day-ahead electricity market could arise, for instance, from imperfect
forecasts of the power production from weather-dependent RES or from imperfect load forecasts

10Budget balance condition in mechanism design is a refinement of the revenue adequacy property, which is reached
when the market operator does not accrue any surplus revenue at the optimal market-clearing outcomes, i.e., the statement
(iii) in Theorem 3 is satisfied with an equality. From an economic perspective, this is an improvement over surplus-
generating outcomes, since the auctioneer’s (market operator’s) surplus represents a loss in social welfare (sum of utilities
of participants), which can be viewed as the cost of truthfulness [112].
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for consumers. An uncertainty-aware market clearing takes the form of a stochastic program. The

illustrative market-clearing problem (2.1) is rewritten as the following stochastic program:

min €% [; i(@(9))] (2.13a)
st (&) e Q;, Vi (2.13b)
M{Gi(€)}ier) € FM (2.130)
MN{@:(&)}ier) € FN. (2.13d)

The participants’ strategies g; () are stochastic variables such that optimal allocations from (2.13)
depend on realizations of a continuous random variable §& ~ P¢, where P is a probability
distribution function. The objective (2.13a) is to minimize the expected social disutility w.r.t. the
probability distribution P¢. Although it involves a finite number of variables, due to the presence
of an infinite number of constraints based on the possibly infinitely many realizations of &, problem
(2.13) is a semi-infinite program [114]. Computational intractability aside, such semi-infinite
programs complicate the economic interpretations associated with Lagrangian duality [115].

In a market setting, the intractability of such stochastic programs is typically resolved using robust
optimization techniques [116], scenario-based methods, and chance-constrained optimization
approach [117]. Scenario-based approximations replace the random variable £ with samples
corresponding to finitely many scenarios sampled from P¢, each scenario associated with a known
probability such that all probabilities add up to 1. Robust optimization approaches approximate
the infinite set from which £ draws to a finite, well-defined convex uncertainty set, e.g., polyhedral,
ellipsoid, etc., over which the objective is to minimize cost against the worst-case realization
within the uncertainty set. However, in practical market settings, these approaches suffer from
computational intractability due to a large number of scenarios needed to represent uncertainty
accurately and conservativism of the worst-case optimal solution, respectively. Chance-constrained
programming offers a promising alternative to approximate the stochastic market clearing (2.13)
by providing computational tractability and analytical reformulations under mild conditions, e.g.,
feasibility region formed by (2.13b) - (2.13d) is polyhedral [117].

In Section 2.3.1 adjustment policies are introduced, while discussing the chance-constrained
optimization framework adopted to optimize them. Considering a single-period, single-node
electricity system, Section 2.3.2 draws numerical results from [Paper B] to demonstrate how
introducing this flexibility service results in endogenous pricing of uncertainty and remunerates
agents for its mitigation. Section 2.3.3 presents results from [Paper A] where the approach
is generalized to consider a network with heterogeneous market participants that face inter-
temporal constraints. The numerical results justify the move towards conic markets for uncertainty
management by comparing it with LP-based uncertainty-aware market alternatives.

2.3.1 Adjustment policies: A flexibility service

An electricity market under uncertainty, such as (2.13), can be seen as a two-stage problem:
day-ahead market-clearing followed by the real-time operation stage. Since the day-ahead market
makes decisions prior to the realization of uncertainty, it should account for recourse actions
by flexibility providers in response to uncertainty. In [Paper A] and [Paper B], a flexibility
service called adjustment policies is proposed and analyzed. Adjustment policies embody the
recourse actions in uncertainty-aware electricity markets and are activated during or close to
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Day-ahead market-clearing Real-time operation
Commodity 1: energy o energy physically delivered
Commodity 2: adjustment policies (flexibility) ® hourly-activated policies
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Day: (D — 1) Day: D
1 t 24
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Figure 2.1: Illustration of commodities traded in an uncertainty-aware electricity market. Repro-
duced from [Paper A].

real-time operation stage when uncertainty is revealed. These policies are in per unit (or represent
percentages) and characterize the contribution of each flexibility provider towards the mitigation
of potential real-time imbalance in the electricity system. Optimal adjustment policies are obtained
while making look-ahead decisions at the day-ahead market stage by jointly clearing energy and
flexibility in a two-commodity chance-constrained electricity market. Figure 2.1 illustrates the
market-clearing timeline of the uncertainty-aware electricity market. The setting in [Paper B]
focuses solely on power producers as flexibility providers. Whereas, [Paper A] generalizes the
market with SOC constraints that enables heterogeneous flexibility providers within (and possibly
beyond) the electricity system (e.g., flexible generators, energy storage, flexible consumers, etc.) to
submit bids for energy and flexibility. In addition to the payments for energy, flexibility providers
are paid upfront for the flexibility services, i.e., at the day-ahead stage, while the actual activation
of flexibility occurs closer to real-time when uncertainty is revealed.

While more general nonlinear but convex recourse decisions could potentially be admitted in the
proposed market framework based on [118], [Paper A] and [Paper B] employ affine adjustment
policies since they provide a computationally-tractable approximation of the stochastic program
(2.13) that can be solved without requiring an iterative solution approach. Such affine policies stem
from the theory of linear decision rules (LDR), which are well-studied in the field of operations
research to make an operational decision under uncertainty [58, 119, 120].

From historical data and forecasts to affine adjustment policies

At the day-ahead market-clearing stage, typically the market operator has access to load and RES
generation forecasts for the hours of physical delivery the next day. In addition to the forecasts, it
is reasonable to assume that the market operator has historical measurements of these uncertain
parameters, such that a model of the stochastic process driving this uncertainty can be constructed.
Using a single-period electricity market for simplicity of notation, the following further illustrates
the adjustment policies within the chance-constrained optimization framework.

Lettheset W = {1,2,..., W} collect the W independent sources of uncertainty faced by the market
operator and the vector £ € RWY denote the random forecast errors. The set W C T could, for
instance, denote a set of weather-dependent RES. Assume that £ follows a probability distribution
P¢ which is sufficiently parameterized by the its first- and second-order moments, i.e., mean
p € RY and covariance ¥ € R"*W. The moments of the error distribution are estimated by the
market operator having access to a finite number of historical measurements. Without loss of

generality, the stochastic power production ¢; € R during real-time operation can be modeled as
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where ¢; denotes a nominal production quantity, usually given by the best available forecast at
the time of bid submission and ¢; is the i-th element of the forecast error vector £. To mitigate
this uncertainty, the stochastic power production by a flexible power producer during real-time
operation is modeled as an affine recourse function of the uncertainty,

G = q; +9:(€), Vi € F, (2.14b)

where F C 7 collects the set of flexible power producers and g; : R" ~ R. Since [Paper A] and

1

[Paper B] employ global uncertainty characterizations!!, i.e., flexibility providers respond to the

net uncertainty faced by the system, we have g;(¢) = 17¢, where 1 € RY is a vector of ones.

Under the chance-constrained optimization framework, the market operator allocates adjustment
policies to flexibility providers while allowing them to violate their operational constraints with a
small probability € € (0,1), typically ¢ <« 1. For instance, a chance constraint limiting the total
production, i.e., sum of nominal and adjustment, is written as

Pe(qi +i(17€) <Q;) > (1—¢), Vi € F, (2.14¢)

where «; is the adjustment policy allocated to producer i. This probabilistic non-convex constraint
admits a convex analytical approximation based on [60, 117] and reformulates as a (W + 1)-
dimensional SOC constraint

rel|XT i Q; — i — 17 p cvan, (2.14d)

where X € RW>*W denotes a factorization of the covariance matrix such that ¥ = XX'. For
instance, such a factorization can be obtained in a computationally efficient manner using Cholesky
decomposition, resulting in X having a lower-triangular structure. Parameter r. € R is a safety
parameter chosen by the market operator relying on the knowledge of the distribution P¢, such
that r. increases as € reduces. For instance, when £ is normally distributed, the safety parameter
r. is given by the inverse cumulative distribution function of the standard Gaussian distribution
evaluated at (1 — &) quantile, where ¢ < 0.5. Constraint (2.14d) is represented by the general SOC
constraint (2.2), for some fixed j, with parameters

A= [@ X]]} , by =0, djj =—-1/r¢ [1 T]T/,L}T and e;; = Q; /..

Further modeling details involving the SOC reformulations of chance constraints of participants
with inter-temporal constraints, e.g., energy storage, as well as joint chance constraints, as opposed
to the individual constraint example in (2.14c), are provided in Section EC.2 of [Paper A].

Optimizing policies in chance-constrained programs

A few intermediate steps are followed to reach the final tractable form of the chance-constrained
electricity market-clearing problem. First, the chance constraints on participants’ linear inequalities
as well as the power flows in the network are analytically reformulated as SOC constraints of
varying dimensions, following a procedure similar to above. The expectation term in the objective
function involving the costs of the participants, as in (2.13a), is expanded and reformulated
as a rotated SOC as discussed in Section 2.2.2. The resulting market-clearing problem is a

11t is possible to have adjustment policies that exhibit higher fidelity of uncertainty response, e.g., in gas networks,
[Paper D] employs nodal response to uncertainty, i.e., adjustment policies of flexibility providers are individually tuned to
each uncertainty source, considering their location in network as well as potential network congestion.
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tractable SOCP problem solved centrally by the market operator using off-the-shelf commercial
conic solvers, such as MOSEK, Gurobi, CPLEX, etc. At the optimal solution, nominal dispatch
of the participants and adjustment policies are obtained. Each flexibility provider is allocated
an adjustment policy at a given market-clearing period while ensuring a least-cost delivery of
flexibility considering participant’s individual constraints as well as the coupled market and
network feasibility constraints. A description of intermediate steps and the formulation of the
final SOCP-based market-clearing problem is provided in Section EC.2 of [Paper A].

2.3.2 Endogenous pricing of uncertainty: A simple example

To demonstrate the endogenous pricing of uncertainty enabled by the proposed market framework,
[Paper B] considers a simple single-period, single-node electricity market setting. Only flexible
power producers with limits on minimum and maximum production capacity and available
flexible capacity are considered as flexibility providers. Electricity demand is considered inflexible
and inelastic, while wind farms are the sources of uncertainty in the system. The hourly market
is simulated over a clearing horizon of 24 hours, considering 1000 realizations of the uncertain
power production from the wind farms. Further details on modeling of the market participants,
e.g., their cost and constraint parameters, are in [Paper B]. The market framework entails a
chance-constrained co-optimization of energy and adjustment policies wherein adopting the
following assumptions result in an LP-based electricity market:

Assumption 1. The forecast errors are spatially and temporally uncorrelated, i.e., the covariance

matrix X is a diagonal matrix with variances of individual uncertainty sources in the diagonal.

Assumption 2. The adjustment policies characterizing the flexibility provided by flexible power

producers are non-negative.

Assumption 3. The forecast errors are assumed to follow a zero-mean Gaussian distribution, such
that &£ ~ N (0,X).

In Assumption 1, while spatial independence of forecast errors is realistic for electricity markets
over large geographical area [82], the absence of temporal correlation enables the study of a
single-period electricity market by decoupling the market-clearing hours. Assumption 2 implies
that during the real-time operation, flexible power producers adapt their production aligned with
the overall system imbalance, i.e., if 1 T¢ > 0indicates a deficit in real-time production from RES as
compared to the day-ahead forecast, all power producers increase their production. While it appears
intuitive that this should always hold true, considering the network topology and congestion due
to energy flows and flexibility provision, it might be beneficial for flexibility providers to respond
in opposition to system needs provided it leads to higher social welfare'?. The Gaussianity of
forecast errors in Assumption 3, coupled with Assumption 2, enables exact analytical reformulation
of chance constraints into linear inequalities. The resulting LP-based market facilitates easier
economic interpretations using LP duality theory and represents a soft change compared to
prevalent LP-based markets while introducing uncertainty-awareness. However, Assumptions 1-3
introduce restrictions that potentially limit practical adoption, and are therefore dropped in
[Paper A] while introducing a multi-period market involving network constraints.

12Considering inflexible and inelastic demand, the market-clearing problem involving social welfare maximization is
equivalent to a cost minimization problem for sellers since buyers exhibit an infinite utility. Hereafter, in this thesis, we use
cost minimization as a proxy for social welfare maximization.
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Table 2.1: Comparison between expected market clearing costs (averaged over 1000 scenarios) for
the deterministic benchmark and the proposed market-clearing framework.

Deterministic Uncertainty-aware
ki
Costs k€] VRR=200MW 4 =05 ~=1.0 ~=30
Operations 4014 398.2 400.9 408.0
Reserves 70.2 0.6 2 38.1
Total 471.6 398.6 402.9 446.1
Change [%] - -15.5% -14.6% -5.4%

Comparison with a deterministic benchmark

To illustrate the effectiveness of the proposed uncertainty-aware market framework in [Paper B],
it was evaluated against a benchmark deterministic co-optimization of energy and reserve
procurement via out-of-sample simulations'®. In the absence of currently operational joint
clearing of energy and reserves in European electricity markets, this benchmark reflects a natural
extension to the prevalent sequential market-clearing approach. The market operator enforces
an exogenously-determined minimum reserve requirement (MRR) to procure flexibility from the
flexibility providers. As detailed in [Paper B], for the system parameters considered, an MRR
of 200 MW was empirically evaluated to be an optimal choice to compare against the proposed
market framework. Atlower values, the expected cost of operation in the deterministic benchmark
was higher and had high variability associated with it, due to load shedding needed during the
real-time operation stage. Whereas higher MRR values correspond to over-dimensioning of the
reserves such that the total system operation cost increases.

Table 2.1 compares the expected day-ahead market clearing costs for the deterministic benchmark
and the proposed uncertainty-aware market averaged over the 1000 wind forecasts realization
scenarios. The parameter v represents the degree of unbiasedness of the Gaussian distribution
assumed by the chance constraints as compared to the distribution from which actual realization
scenarios are drawn, such that v = 1 indicates that historical forecast errors distribution perfectly
represent the actual probability distribution. For values of v < 1, the uncertainty-aware market
underestimates the actual uncertainty, resulting in lower costs of day-ahead reserve procurement,
whereas for values of y larger than 1, the problem overestimates the actual wind forecast errors
and thus allocates affine adjustment policies for reserves such that the cost of reserves is higher.
For the deterministic benchmark, the cost of reserves is higher than the uncertainty-aware market,
even for the case of v = 3 which reflects the case when the chance constraints are reformulated
using a distribution of uncertainty that is three times as dispersed as the actual realization. This
demonstrates the robustness of the uncertainty-aware market, given Assumption 3 holds, against

large forecast errors as compared to the deterministic benchmark.

Optimal dispatch, price of uncertainty and adjustment policies

Figure 2.2(a) and 2.2(b) compare the optimal dispatch of power producers to meet the inflexible
demand. While reserve capacity is scheduled in the deterministic benchmark, in the uncertainty-
aware market explicit reserve capacity procurement is replaced by adjustment policies. Optimal
day-ahead price for energy and flexibility (only available for the uncertainty-aware market) are

13Here, the notion of out-of-sample (OOS) simulations refers to different covariance matrices of the Gaussian distribution
from which scenarios of actual wind realizations are drawn. In contrast, stochastic programming literature typically
considers random scenarios drawn from other distributions as OOS.



28 CHAPTER 2. FLEXIBILITY-CENTRIC ELECTRICITY MARKETS

(a) Pget (Mg = 200 MW) (b) Pee (v=1)
3000 3000
= =
é‘ 2000 R:élesrves é‘ 2000 ene
< <
(& (&
2 2
21000 21000
A A
< <
A A
0 0
5 10 15 20 5 10 15 20
Hours Hours
(c) APA for Hours 10 to 15 2000 (d) ARP for Hours 10 to 15

Reserve Policy Price [EUR]

10 11 12 13 14 15

10 11 12 13 14 15
Hours Hours

Day-Ahead Price [EUR/MWHh]

Figure 2.2: Day-ahead (DA) dispatch and market prices for the deterministic benchmark (Pget)
and proposed uncertainty-aware market framework (P..). Reproduced from [Paper B].

shown in Figure 2.2(c) and Figure 2.2(d), respectively. Hours with higher wind power production
forecasts result in lower day-ahead prices for both the market mechanisms due to the zero marginal
cost of wind farms. Moreover, as Figure 2.2(d) shows, higher values of v result in higher prices
associated with allocating adjustment policies, signifying the overestimation of actual wind forecast
realizations by the market-clearing problem. Figure 2.3 shows the optimal allocation of adjustment
policies among the flexible power producers, labeled G1 through G12. The more expensive
producer G4 is allocated with an adjustment policy only in hours with high wind share and with
higher values of 4. In general, the uncertainty-aware framework provides the market operator
with a high-fidelity tool to optimally procure a risk-adjusted amount of flexibility from providers.

2.3.3 Uncertainty-aware SOCP-based electricity market

Next, Assumptions 1-3 are dropped while considering a two-commodity energy and flexibility
market admitting heterogenous participants: flexible power producers and energy storage units.
Market clearing outcomes are studied for various wind energy share paradigms, ranging from
10% to 60% of total energy demand from consumers met by wind power producers'. As before,
wind farms bid at zero costs to ensure bid acceptance, while energy storage units bid with costs
lower than the cheapest flexible power producer. To highlight the impact of network congestion
on spatial prices, two network configurations are studied: (i) without any network bottlenecks
and (ii) with network bottlenecks induced by reducing the capacity of three transmission lines,
highlighted in blue in Figure 2.4(a). Further details on the participants, wind share paradigms,
and network topology are in [Paper A]. The resulting SOCP problem leads to commodity trades
such that an uncertainty-aware spatial price equilibrium is reached.

4These wind energy share paradigms represent the ongoing green transition of electricity systems across the world,
supported by uncertain and variable RES.
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Figure 2.3: Allocation of adjustment policies with the various chosen degrees of unbiasedness, .
Reproduced from [Paper B].

-103
1.5

1.0

0.5

Net demand [MW]

(b)
o 10% —m— 20% —+— 30%
—— 40% —*— 50% —e— 60%

20 eeseeeee® e

15
10

nay

Energy price [$/MWh]

108
2.4

1.6
0.8

Flexibility payment [$]

Energy Price [$/MWh]
®

Figure 2.4: (a) Electricity network visualizing spatial prices of energy for the configuration with
bottlenecks at hour 23 under the 50% RES paradigm, (b) expected net demand for the 50% RES
paradigm, (c) system-wide prices for energy, and (d) the total hourly flexibility payments for
various RES paradigms. Reproduced from [Paper A].
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Figure 2.5: Expected in-sample market-clearing cost comparison, with increasing RES shares,
among the proposed SOCP-based market M and LP-based benchmarks: deterministic market
R1 and scenario-based stochastic market R2. Reproduced from [Paper A].

Impact of congestion and uncertainty on prices

The density plot in Figure 2.4(a) shows the day-ahead energy price at various network nodes
at hour 23 under the 50% RES paradigm. Figure 2.4(b) shows the day-ahead forecast for the
net demand (energy demand less the wind power forecasts) for the 50% RES paradigm, while
Figures 2.4(c) and 2.4(d) show the prices of energy and payments towards adjustment policies,
respectively. In addition to the difference among the hours as discussed in Section 2.3.2, increasing
uncertainty in the day-ahead market leads to lower energy prices coupled with higher payments
towards procurement of flexibility services, thereby sending right market signals towards increased
participation of flexibility providers over the long run. Observe that, since the adjustment policies
are in per unit, the hourly flexibility payments in Figure 2.4(d) are total payments made by the
market operator towards procuring the flexibility service, which is then allocated among the
flexibility providers based on the policy allocated to them. In particular, as exhaustively covered in
[Paper A], the payment follows a differentiated pricing scheme depending on a number of factors:
(i) level of uncertainty perceived by the market operator (quantified by forecast error covariance
matrix and day-ahead forecast), (ii) network topology, i.e., location of a flexibility provider w.r.t.
uncertainty sources and network congestions, and (iii) whether other flexibility providers are
available, i.e., how scarce is flexibility at a given hour.

Comparison with LP-based benchmarks: In-sample and out-of-sample costs

To highlight the improvements in social welfare while moving towards the SOCP-based uncertainty-
aware market, it is compared against two uncertainty-aware market-clearing references available
within the LP domain. First reference market, R1 is a deterministic market framework based
on MRR, similar to that considered in [Paper B], while the second reference market R2 solves
a scenario-based stochastic market-clearing problem. Further details on the benchmarks as
well as the parameters considered in these numerical experiments are provided in [Paper A].
Figure 2.5 shows the expected in-sample cost comparison between the proposed SOCP-based
market framework, denoted by M and the LP-based benchmarks, R1 and R2. Here, in-sample
refers to evaluating the market-clearing outcomes against an identical set of samples used to
construct the uncertainty model for the chance-constrained program, referring to v = 1 in the

previously-discussed context of [Paper B]. Due to its exogenous consideration of uncertainty, R1
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Figure 2.6: Out-of-sample market-clearing cost comparison for the 50% RES paradigm among
the proposed SOCP-based market M and LP-based benchmarks: deterministic market 1 and
scenario-based stochastic market R2. Reproduced from [Paper A].

leads to higher cost (and eventually infeasibility in the case with network bottlenecks for RES share
of 60%) due to over-dimensioning of reserves procured. While M and R2 lead to comparable
costs, the market outcomes of R2 do not provide any guarantees on the feasibility of the market

beyond these scenarios considered'.

To further compare the performance of these market frameworks, out-of-sample simulations
are performed by considering 500 uncertainty realizations distinct from those considered in
the reformulation of the chance constraints during the real-time operation stage. While the LP
benchmarks R1 and R2 involve a real-time market allowing adjustments (at a premium) up to
the flexible capacity limits defined in the day-ahead market stage, the SOCP-market M strictly
adheres to the activation of the adjustment policies. To account for potential infeasibility during the
real-time stage, contingency actions, i.e., wind power curtailment and load shedding, are allowed
with a high penalty. Figure 2.6 shows the distribution of out-of-sample costs for the various market
frameworks for the 50% RES paradigm®. The deterministic market framework R1 performs poorly
compared to others, as in the in-sample case. Further, the scenario-based market framework R2
exhibits a high variability from the expected in-sample cost, and as further discussed in [Paper A],
requires frequent contingency actions as compared to M. The numerical results demonstrate
the uncertainty-aware SOCP-based market framework outperforms the LP-based benchmarks in

terms of social welfare and its reduced variability.

2.4 Future perspectives

While the discussion in this chapter focuses primarily on electricity markets, the theoretical results
and methodology developed are of potential interest in competitive settings that involve physical
or non-physical systems, where cost- and constraint-related nonlinearities are currently managed
by adopting approximation techniques via linearization. In particular, within the integrated energy
system context, the flexibility-centric redesign of electricity markets presented in this chapter

15 An analytical lower bound on the number of scenarios necessary to provide identical feasibility guarantees for M
and R2 is given in [121, Theorem 5]. Based on the parameters and participant characteristics considered in [Paper A], it
corresponds to 80,000 scenarios, therefore imposing serious computational limitations on practical adoption of R2.

16For each box, the central line indicates the median, the ends indicate the 25th and 75th percentiles, whereas the
whiskers extend up to 1.5 times the interquartile range and rings denote outliers.
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contributes towards a cost-efficient harnessing of cross-carrier flexibility. A SOCP-based electricity
market provides a crucial step in generalizing the prevalent LP-based markets, such that a variety
of heterogeneous flexibility providers are incentivized to reflect their nonlinearities via conic
bids, ensuring cost recovery beyond the linear approximations of their feasibility sets. Further,
a physically accurate representation of flows in the network is also enabled by this step in the
evolution of electricity markets. Finally, as demonstrated by numerical experiments, SOCP-based
markets allow an endogenous characterization of uncertainty faced at the day-ahead stage, thereby
improving social welfare. Beyond the uncertainty-aware variant simulated in the experiments,
the general conic market proposal opens pathways for future research involving one or more
attributes of uncertainty-, asset-, and network-awareness. For instance, studying coordination
between transmission and distribution system operators to harness flexibility in uncertainty-
and network-aware settings. In the integrated energy system context, as covered in Chapter 3,
combining these attributes paves the way for a reliable and resilient system operation in the

coupled energy systems, while harnessing cross-carrier flexibility.



Uncertainty-Aware Coordination
Among Energy Systems

This chapter summarizes the contributions of this thesis towards enabling uncertainty-aware
coordination among energy systems. In addition to the operational costs and constraints of the
flexibility providers within the integrated energy system, consideration of uncertainty and its
propagation across system boundaries is crucial for harnessing cross-carrier flexibility. Section 3.1
presents a general uncertainty-aware centralized coordination framework for electricity and
natural gas systems, discusses the challenges associated with it, and how this thesis addresses
them. Based on [Paper C], Section 3.2 discusses the specific methodology and numerical results
associated with harnessing cross-carrier flexibility under uncertainty propagation. Focusing on
the impact of uncertainty propagation on state variables, Section 3.3 discusses the uncertainty- and
variance-aware gas market framework proposed in [Paper D]. Lastly, Section 3.4 discusses future
research perspectives.

3.1 Uncertainty propagation in integrated energy systems

The increasing interdependence among energy systems leads to the propagation of uncertainty
among them. The challenges with uncertainty propagation are particularly severe for coupled
electricity and natural gas systems. This is because the green energy transition of the electricity
system is supported primarily by the operational flexibility provided by gas-fired power plants.
Figure 3.1 illustrates a coupled electricity and gas system. On the one hand, cross-carrier flexibility
is harnessed via the flexible operation of gas-fired power plants and short-term storage of
natural gas in pipelines, i.e., linepack flexibility. On the other hand, adapting to the supply
fluctuations from weather-dependent RES in the electricity system induces unforeseen changes
in the operational status of the assets and network in the natural gas system. Naturally, the
propagation of uncertainty can be studied in both directions, e.g., considering renewable biogas

sources which induce uncertain supply injections into the electricity system or the impact of

Uncertainty propagation
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Figure 3.1: Illustration of a coupled electricity and natural gas system.
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upcoming power-to-gas units leveraging surplus electricity production from RES. However, for
simplicity of exposition, this thesis studies uni-directional uncertainty propagation, i.e., how the
operational constraints of assets and the network in the coupled natural gas system are impacted
by the uncertainty propagated from the electricity system?.

As discussed in Chapter 1, electricity and natural gas systems are typically dispatched sequentially
in separate markets. Nevertheless, this chapter presents a methodology assuming centralized
dispatch as a first step towards studying uncertainty propagation. Such an uncertainty-aware,
centralized dispatch can be regarded as an ideal benchmark for market-based coordination among
the electricity and gas systems, providing upper bounds on the amount of cross-carrier flexibility

harnessed and uncertainty propagation mitigated.

3.1.1 Centralized electricity and natural gas dispatch under uncertainty

Consider a stochastic centralized dispatch of a coupled electricity and natural gas system formulated
as problem (3.1), to be solved by a central system operator ahead of real-time operation, e.g., at the
day-ahead stage. From an uncertainty modeling perspective, the problem is a distributionally-
robust chance-constrained (DRCC) program. It generalizes the stochastic market-clearing problem
(2.13) as the uncertainty faced by the central system operator is no longer assumed to follow a
specific distribution. Instead, the objective function (3.1a) adopts a min-max structure such that
the total expected system cost over the market-clearing horizon is minimized while the uncertain
variable, &, is drawn from the worst probability distribution within a family of distributions,
collected in an ambiguity set? P. A robust joint chance constraint (3.1b) involves a set of linear
inequalities that are simultaneously satisfied with a probability or reliability level of at least (1 — ¢)
over all probability distributions P¢ contained in the family P. The parameter ¢ € (0, 1) denotes
a preset constraint violation probability encapsulating the system operator’s risk preference.
Modeling the impact of uncertainty on state variables of a physical system using such joint chance
constraints aligns naturally with the well-established reliability metrics used by system operators
to characterize risk. The equality constraints (3.1c) are expected to hold almost surely (a.s.), given

the uncertainty. The uncertainty-aware coordination problem is written as:

min max E%| S0 (0 F)+ Y ()] (3.1a)
X0.5  PeeP teT i€l keK
8,P%p
[N (%, Rr) <O
hX(x¢) <0, h'(Dy) <0
st. min P %) (90) >1—¢e VteT, (3.1b)
Pec? he(o:) <0, h?(p) <0
7R (Re) <O, h¥(eh) <O
_fEM(~t’kt761I;:) =0
GM(o 3 = = =G
y O, Ry, Py, 607) =0
min P fGN ({(t ~t ~t 1.0 L, vteT, (3.1¢)
PgG'P f (‘PtthK/t) :(U)
/P (b, ) =0

1 Aligned with this focus, the framework presented in this thesis represents the gas network with a higher modeling
granularity, i.e., consideration of state variables, whereas the state variables of the electricity network, e.g., bus voltage
magnitudes and phases, power losses, etc. are ignored by assuming lossless DC power flows in lines.

2 Ambiguity sets are typically built using approaches that leverage historical observations or estimated empirical
distributions. For instance, by fitting observations to known probability distributions, by collecting distributions described
by empirically estimated moments of uncertainty (moment-based ambiguity sets), by using probabilistic distance metrics
such as Wasserstein distance measured w.r.t. the empirical distribution (metric-based ambiguity sets), etc. See [122] for an
extensive review.
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where the dependency of the stochastic variables on the uncertainty is omitted from representation
to reduce notational clutter. The gas network is represented by a directed graph (M, £) with gas
nodes denoted by M = {1,2,..., M} and pipelines denoted by £ = {1, 2, ..., E}. Each element of
the set £ is formed by a pair of connected nodes (m, m’). The graph may contain cycles, whereas
parallel pipelines and self-loops should not exist. The set of pipelines hosting pressure regulation
assets such as compressors or valves are called active pipelines and denoted by £, C £. For the
electricity system, as in Chapter 2, a directed graph (N, £) denotes the electricity network with N
nodes and L power lines. Parameters §° € R" and §¢ € R denote the inflexible, inelastic nodal
demand of electricity and gas at the respective nodes of the energy systems. Stochastic variables
x:(€) € RL and 9,(¢) € RY indicate the electricity and natural gas injected by the electricity
producers and gas suppliers, collected in sets Z = {1,2,..., I} and £ = {1,2,..., K}, respectively.
Variables g,(£) € RY, ¢,(¢) € R, and 9,(€) € RY denote the state variables of the natural gas
system, i.e., the nodal gas pressures, gas flows in pipelines, and the amount of linepack available
in the pipelines. Finally, the variable &;(£¢) € RF denotes active, continuous control actions in

regulating gas pressure in the network, i.e., by the operation of compressors and valves.

The terms in objective function (3.1a), cf(¥;;) and ckG(zgkt) denote the convex, twice-differentiable
cost functions of electricity and natural gas injection over the 7 = {1,2,...,T} periods. The set of
linear inequalities comprising the robust joint chance constraint (3.1b) is formed by the power flow
limits in the electricity system, f EN(x¢, k¢) < 0, and bounds on the variables, denoted by functions
taking the form A()(-) < 0. These functions represent the possibly multiple (but finite) number of
linear inequalities on the variables. Apart from physical bounds on the variables, these inequalities
may include system operator’s operational constraints, e.g., ensuring uni-directional gas flows
in active pipelines, maintaining a minimum linepack amount at the end of dispatch horizon,
etc. Linear equality constraints fPM(x;, &¢,85) = 0 and fOM (x4, Oy, K¢, @1, 0F) = 0 represent the
electricity and gas market-clearing conditions, i.e., supply-demand balance, respectively. Observe
that the gas market-clearing condition is the crucial constraint which couples the decisions between
the two systems, such that the fuel consumed by gas-fired power plants is considered as variable
gas withdrawals. The pressure regulation variable &,(£) appears in both the types of balancing
constraints to account for compressors and valves that may operate by consuming electricity or
natural gas. The flows of natural gas in the network is governed by the nonlinear and non-convex
equality fON(@;, 61, i) = 0, representing the steady state flow of gas in pipelines as a function of
nodal pressure and its regulation. Lastly, the linear equality f¥(¢, %) = 0 represents the temporal
dynamics of natural gas linepack.

Similar to problem (2.13), problem (3.1) is a semi-infinite program due to the possibly infinite
number of constraints owing to the stochastic variables. The chance-constrained stochastic
programming problem (2.13) admits computationally-tractable and convex reformulations under
mild conditions. In practice, however, the assumption of a known probability distribution can be
restrictive. On the contrary, optimal solutions to DRCC programs, such as (3.1), provide stronger
reliability guarantees against the possible uncertainty realizations drawing from an unknown
distribution. This is of special relevance to the study of uncertainty propagation as the robustness
of the solution against uncertainty is desirable. Moreover, the conservativeness of the solution
associated with considering the worst-case distribution in the objective function can be adjusted by
refining the ambiguity set and by an appropriate choice the joint constraint violation probability
through data-driven approaches [122]. Despite its modeling advantages, the structure of problem

(3.1) poses analytical and computational challenges that must be resolved to achieve tractability.
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In addition to the tractability issues stemming from the choice of a generic uncertainty model
in (3.1), studying uncertainty propagation as such brings additional challenges. For instance,
the non-convexity associated with gas flow equations in (3.1c) needs to be addressed. Similarly,
analytical characterizations of the impact of uncertainty propagation on the state variables in the
coupled gas network must be obtained. In what follows, these challenges are further elaborated
upon and the specific methodological contributions of [Paper C] and [Paper D] are presented in

the context of prior works.

3.1.2 Challenges in studying uncertainty propagation

Modeling flow dynamics in networks

Under steady-state conditions and adopting simplifying assumptions, the physical equations
governing the flow of gas in pipelines are represented by nonlinear equalities in (3.1c) that are
inherently non-convex®. In deterministic settings, i.e., when all parameters are known with certainty,
problem (3.1) is solved by overcoming non-convexity, typically using convex SOC relaxations
[125] or linearization around exogenously-determined discrete operating points [126]. Without
circumventing non-convexity and without considering the uncertainty propagation perspective, a
deterministic gas network optimization can be solved using specialized algorithmic solvers [124] or
general-purpose nonlinear solvers [127]. However, the consideration of uncertainty in the nonlinear
and non-convex setting of problem (3.1) brings significant challenges since establishing a convex
analytical dependency of the optimization variables on the uncertainty is not straightforward.
Beyond steady-state conditions, a transient model of gas flows in the pipelines is described by a
system of nonlinear partial differential equations, for which no analytical solution is available even
in deterministic settings. While computationally-intensive numerical methods must be deployed
to solve them, deriving meaningful market-clearing prices in presence of such algorithms can be
challenging. Nevertheless, for studying uncertainty propagation with a focus on its market-based
mitigation, it is sufficient to model gas flows under steady-state conditions. This is because all
time derivatives in the partial differential equations can be assumed to be zero for the temporal
resolution under which markets typically operate, i.e., hourly or quarter-hourly periods®.

Analytical characterization of uncertainty response

As problem (3.1) is solved at the day-ahead stage, recourse decisions are necessary to guide the
integrated energy system towards mitigation of uncertainty during the subsequent real-time
operation periods. From an uncertainty propagation perspective, recourse actions, if optimally
decided, provide a network response model in the natural gas system such that an analytical
dependency between the network state and the random forecast errors is established. Classically,
within the DRCC framework, recourse actions based on linear decision rules have been proposed
[129]. Considering the nonlinearity and non-convexity of the steady-state gas flow equation
in (3.1c), linear decision rules provide a tractable approximation of the nonlinear dynamics of
state variables in the natural gas system. Nonlinear decision rules, e.g., quadratic decision rules
proposed in [118], potentially provide a tighter approximation of the stochastic problem, albeit at

3 Also known as the Weymouth equation, these non-convex equalities are obtained by ignoring friction and geographical
tilt in pipelines as well as neglecting any variations in ambient temperature and in gas injections under steady-state
conditions [123, 124].

4This assumption is supported by recent work in [128] who show that these transients rarely survive in large, real-world
gas networks beyond a time step of 3 minutes.
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higher modeling and computational complexity. Nonetheless, if linear decision rules are chosen in
the interest of their modeling simplicity, the solutions to problem (3.1) should be validated via
rigorous in-sample and out-of-sample simulation studies. These simulation studies are aimed
at characterizing the sub-optimality and approximation errors w.r.t the original non-convex
stochastic problem, induced by the adoption of linear decision rules. Another critical aspect
underlying uncertainty propagation among energy systems is analyzing and managing the impact
of uncertainty from the electricity side on the state variables of the natural gas system, i.e., nodal
pressures, flows in the pipelines, and consequently, the amount of linepack available. For that,
simulations aside, analytical expressions characterizing the uncertainty-dependence of these state
variables are necessary.

Convex approximation of robust joint chance constraints

Due to the presence of robust joint chance constraints (3.1b), the problem (3.1) typically admits a non-
convex feasible region and is notoriously difficult to solve, even when the family of distributions
P is a singleton set, i.e., when the chance constraints are not distributionally robust and the
inequalities forming them are linear [130]. Tractable convex approximations and reformulations
that exploit the structure of the problem (3.1) are essential to attain solvability. Several approaches
towards achieving tractability for such problems are summarized in [131] and extensively surveyed
in [122]. Relevant to this thesis, a classical approach uses Bonferroni’s inequality to conservatively
approximate (3.1b) by replacing it with N¢ individual robust chance constraints deriving violation
probabilities from the vector & € ng ,such that 17 & = ¢, asin [60]. This approach is similar to how
non-robust joint chance constraints are treated and provides an inner convex approximation of the
robust joint chance constraint (3.1b), which could be improved upon via an optimal selection [130]
of €. Nevertheless, even a sub-optimal selection of ¢, e.g., £, = Nig, Vk =1,2,..., N provides a
joint constraint feasibility guarantee [130], which is crucial to studying uncertainty propagation.
Similarly, a naive outer convex approximation of non-convex robust joint constraint is obtained
by relaxing the requirement of simultaneous satisfaction of the N¢ linear inequalities in (3.1b).
While it does not provide guarantees on joint constraint satisfaction, this approach can still be
useful in studying complex, temporally-coupled physical systems, as described by problem (3.1),
under uncertainty. In such cases, it is essential to analyze the solution to problem (3.1) through
out-of-sample simulations focusing on actual constraint violations.

3.1.3 Towards uncertainty-aware integrated electricity and gas systems

A large number of prior works, e.g., see [21, 38, 50, 132], have studied the harnessing of cross-carrier
flexibility from integrated electricity and gas systems in deterministic settings. Recently, the
research focus has shifted towards uncertainty-aware coordination among these energy systems
to reflect the reality of high shares of weather-dependent RES in the electricity system. Within
the uncertainty-aware coordination framework, stochastic programs based on scenarios [51, 133],
robust optimization techniques [134-136], and chance-constrained optimization [137, 138] have
been adopted. While scenario approaches face computational tractability issues stemming from
a large number of scenarios required to represent uncertainty adequately, robust optimization
techniques suffer from obtaining overly conservative operational costs [139]. Besides, from an
uncertainty propagation perspective, the major drawback of robust and scenario-based programs
is their ignorance of the gas system state within the prescribed uncertainty set or beyond the

chosen scenarios. This provides barriers to achieving an analytical characterization of a gas system
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uncertainty response model, which is crucial to establish a market-based framework for mitigation
of uncertainty propagation. Lastly, the scenario-based and robust optimization approaches
lead to poor performance of the day-ahead decisions when faced with uncertainty realizations
beyond those forming the uncertainty set and scenario set, respectively. As an alternative, chance-
constrained optimization yields an optimal uncertainty response across the entire forecast error
distribution (or a family of such distributions in the DRCC setting). Furthermore, the convex
analytical reformulations admitted by the probabilistic chance constraints provide opportunities to
establish an analytical dependency between uncertainty and the state of the natural gas system.

Overcoming the previously-discussed challenges, this thesis employs chance-constrained opti-
mization to develop a methodology to analyze and mitigate the uncertainty propagation. First,
[Paper C] develops a unified framework to harness cross-carrier flexibility by allocating affine
recourse policies to flexible agents (e.g., flexible power producers, natural gas suppliers) and state
variables of the gas system which govern linepack flexibility. A tractable convex approximation
of problem (3.1) is obtained by considering a moment-based ambiguity set P that contains all
multivariate distributions from which random variable £ could be drawn, such that they are
described by a known mean and covariance. Empirical estimates of these statistical moments are
obtained from the historical measurements of forecast errors related to the uncertainty, thereby
resulting in day-ahead and recourse decisions consistent with the available information on uncer-
tainty. The non-convexity of gas flow equations and inter-temporal constraints associated with
linepack flexibility in (3.1c) are managed by applying suitable convex relaxation techniques and
reformulations involving the separation of uncertainty coefficients, respectively.

While [Paper C] develops the first methodology to study uncertainty propagation using a tractable
approximation of the non-convex problem (3.1), the affine policies allocated to gas system state
variables fail to capture the impacts of uncertainty propagation in the gas network, governed by
nonlinear physical equations. Consequently, numerical results indicate that state variables are
prone to constraint violations, thereby worsening the errors induced by the convex approximation.

To address that, [Paper D] develops a chance-constrained gas system optimization framework
wherein control policies for flexibility providers, i.e., gas suppliers and active pipelines in the
gas system, are optimized such that the state variables admit closed-form analytical expressions
involving nominal and random components. This is achieved by adopting a linearization strategy
for convexification of the non-convex gas flow equations in (3.1c). The linearization strategy
coupled with the affine control policies ensures that the random state variables are given by affine
functions of the control inputs for flexible gas injections and pressure regulation, thereby capturing
the dependency of the uncertain network state on the system operator’s decisions. As a result,
constraint feasibility of state variables during real-time operation is guaranteed, up to the quality
of the available day-ahead forecasts. Additionally, the variance of state variables under uncertainty
can be explicitly penalized to reflect system operator’s preference on the network state during
the real-time operation stage. Overall, the analytical characterization of uncertainty and variance
mitigation enables efficient pricing of these flexibility services in addition to the natural gas
commodity, leveraging a combination of LP and SOCP duality. Consequently, flexibility providers
are efficiently remunerated for their contribution towards uncertainty and variance mitigation
during the real-time operation stage, such that they recover the costs incurred in providing these
services while the gas market operator remains revenue adequate. The satisfaction of these desired
economic properties is crucial to the real-world adoption of the proposed stochastic control and
pricing approach.
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Figure 3.2: Uncertainty-aware coordinated electricity and natural gas dispatch
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In summary, the stochastic control and market for natural gas systems developed in [Paper D]
provides system operators with tools to efficiently control the uncertainty propagation, while
incentivizing competing agents to provide flexibility services. The final SOCP market-clearing
problem involves an additional variance minimization service, thereby extending the two-commodity
uncertainty-aware conic electricity market discussed in Chapter 2.3 to a three-commodity coupled
electricity and natural gas market that takes uncertainty propagation into account.

The uncertainty-aware coordination framework developed in [Paper C] and [Paper D], elaborated
in the next sections, paves the way for market mechanisms incentivizing the active participation
of gas system agents and the gas network to provide cross-carrier flexibility while mitigating

uncertainty propagation.

3.2 Affine policies for harnessing cross-carrier flexibility

In the following, Section 3.2.1 outlines the methodology developed in [Paper C] to provide
a tractable convex approximation of problem (3.1). Section 3.2.2 presents numerical results
focusing on the trade-off between expected system operation cost and mitigation of the uncertainty
propagated while discussing the quality of the convex approximation to problem (3.1).

3.2.1 Towards a tractable SOCP problem

Figure 3.2 summarizes the DRCC framework proposed in [Paper C] to study uncertainty propa-
gation and its mitigation. A centralized, uncertainty-aware dispatch is solved at the day-ahead
stage by a central system operator responsible for both the electricity and natural gas systems. The
power produced by wind farms during the real-time operation stage is the sole uncertainty source
considered. An ambiguity set constructed using the statistical moments derived from historical
measurements, collected ina set S = {1,2,...,5}, is used to quantify the uncertainty faced by the
system operator. Aside from the modeling assumptions discussed so far, e.g., steady-state flow of
gas in pipelines and lossless DC approximation of power flows, the computational tractability of
problem (3.1) is achieved under the following technical assumptions:

Assumption 4. The true probability distribution underlying the uncertainty is uniquely described
by its first- and second-order moments.

Assumption 5. The directions of gas flows in all pipelines in the gas system are predetermined

and considered to be fixed at the day-ahead stage by the central system operator.

Assumption 6. The pressure regulation actions in the active pipelines in the gas system are

considered lossless, i.e., the pressure regulation does not consume any electricity or gas.
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Assumption 4 is essential to the definition of moment-based ambiguity sets to characterize the
distributional robustness of problem (3.1). Choosing this ambiguity set renders the DRCC program
(3.1) robust against a set of log-concave distributions, which includes common distributions
that forecast errors in energy systems are often modeled to obey, e.g., Gaussian, Weibull, beta
distribution, etc. [140]. Assumption 5 is adopted to enable the approximation of problem (3.1)
as a convex problem. Otherwise, integer variables are necessary to model flow directions. This
introduces additional non-convexities and complexities associated with characterizing recourse
actions in presence of integer variables. Lastly, Assumption 6 is a technical assumption adopted
to simplify the modeling of pressure regulation. Modeling electricity-based pressure regulation
introduces bi-directional uncertainty propagation which is out of the scope of this thesis, whereas
gas-based pressure regulation introduces challenges in convexification of the gas flow equations.
Assumptions 5-6 are dropped in [Paper D] by using a linearization strategy that circumvents these
challenges.

Referring to Figure 3.2, the set O* collects the solution to the central dispatch problem. It is
comprised of an optimal day-ahead schedule and control policies allocated to agents in both energy
systems. The solution quality is evaluated via out-of-sample analysis, using a set of realizations
comprising the test dataset S’ = {1,2,...,5'}, distinct from those used to estimate the statistical
moments. The out-of-sample simulations are performed by fixing the day-ahead decisions while
their performance is evaluated against the test dataset, without re-optimization performed to
ensure real-time feasibility of the problem. Therefore, they are referred to as ex-ante simulations.
The following introduces some additional notation and describes the intermediate steps involved
in obtaining the final tractable SOCP form of the non-convex DRCC problem (3.1).

Moment-based ambiguity set

For the T periods considered, let £ € RWT denote the uncertain forecast errors for wind farms
W ={1,2,...,W}, where W collects the W wind farms in the electricity system. Let the ambiguity
set describing the uncertainty £ be defined such that it contains all multivariate probability
distributions supported by a mean u € RW7 and covariance ¥ € RVT*WT oiven as

P ={Pe e PO(R"T) : E*¢[¢] = u, E¢[¢€"] = =}, (3.2)

where P° denotes all probability distributions in R"Z'. Without losing generality, forecast errors
are considered to follow a zero-mean distribution, i.e., & = 0 and that the true covariance matrix
3 can be empirically estimated from historical measurements. The structure of the positive
semi-definite covariance matrix, X is such that its diagonal blocks, comprised of sub-matrices,
3, € RW*W vt € T, capture the spatial correlation among the forecast errors in period ¢, while
the off-diagonal blocks contain information about spatio-temporal correlation of the uncertain
parameters. The ambiguity set P defined in (3.2) can be extended to include uncertainty regarding
the moments. When the system operator is less confident about the empirical moment estimates,
further robustification of problem (3.1) can be achieved by considering these moments to be inexact
but contained in well-described uncertainty sets, e.g., ellipsoidal [141]. Conversely, the system
operator may impart expert knowledge about the uncertainty to shrink the ambiguity set P, e.g.,
by including higher-order statistical moments [81], or by introducing structural restrictions on
probability distributions such as symmetry [142] or uni-modality [143].
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Affine policies as recourse actions

For the flexible producers of electricity and natural gas, recourse actions defined in the form of
affine policies characterize their response to wind forecast errors realized during the real-time
stage. The real-time production governed by affine policies is

xt + (17 &)y, Vi, (3.3a)
V(&) =0 + (17&)By, V1, (3.3b)
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where x; € R’ and ¥; € R¥ are the nominal quantities produced by the electricity producers
and gas suppliers, respectively, at period ¢. Adopting a global uncertainty characterization, these
flexibility providers respond to the net uncertainty faced by the system through policies a; € R’
and B; € R¥, respectively.

Given the simplified representation of flows in the electricity network adopted in [Paper C] using
PTDFs, the changes in the power flows in the lines are given by the responses of producers
a;, contingent to the balancing constraints satisfied for the spatial configuration of wind farms,

demands, and power producers. Therefore, the electricity market clearing in (3.1c) takes the form
1 O+ (1T &) + 1T (W, — &) =176, Ve, (3.4)

where W, € RY is the best available point forecast of electricity production from wind farms at
the day-ahead stage. Since the support of £, spans R", the infinite-dimensional equality (3.4) is
met almost surely by matching the zero- and first-order coefficients of uncertainty [129], resulting
in a set of deterministic equalities

1T x4+ 1"TW, =176, wt, (3.5a)
1Moy =1, vt (3.5b)

The power flows in the lines during the real-time stage are constrained by the capacity limits
applied to both the nominal flows, i.e., considering perfect forecasts of wind farm production,
and changes to it induced by the real-time adjustments in the production schedule to mitigate
the uncertainty. Given the recourse actions, the resulting individual robust chance-constrained
inequalities are approximated by SOC constraints, as discussed later in this section.

For further clarity of notation, the set of electricity producers in Z is partitioned into two disjoint
subsets, G collecting all gas-fired power plants and C collecting all non-gas power producers.
The uncertainty response of the the coupled natural gas system is therefore characterized by the
recourse actions allocated to flexible gas suppliers (3.3b) and the real-time adjustments to fuel
demand from the gas-fired power producers kS o a;, Vi € G. Here, the parameter k¢ ¢ RI9!
collects the fuel conversion factor of the gas-fired power producers. In turn, th